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Abstract: Mangrove forests play crucial roles in the coastal ecosystems of the tropics. Few studies
have addressed long-term changes in the net primary productivity (NPP) of mangroves in relation to
the tropical monsoon climate. We conducted a tree census from 2008 to 2018 in a permanent plot at a
secondary mangrove forest under the tropical monsoon climate of Eastern Thailand. During this
period, the mortality of fast-growing species and the increasing number of newly recruited trees
revealed a temporal change in the plant composition and distribution. Total tree biomass linearly
increased from 283.64 to 381.72 t·ha−1 during the study period. The NPP was calculated by using
the summation method, which included fine root production. The NPP ranged from 21.19 to
29.04 t·ha−1

·yr−1. The fluctuation in NPP and its components were analyzed in relation to climatic
factors by the linear regression model. The NPP did not relate with the annual climatic factors, such as
the mean temperature and annual rainfall. However, both increments in the basal area and living
tree biomass, which is a major component of NPP, were negatively related with the maximum and
mean monthly temperatures in the dry season. The annual mortality rate related positively with
annual rainfall and the maximum monthly temperature in the dry season. Linear regression analyses
showed that some major components of NPP were chiefly affected by the temperature environment in
the dry season. These results indicated that the weather in the dry season was largely restricting the
mangrove NPP due to effects on the saline water dynamics of the soils under the tropical monsoon
climate, which were revealed by our recent study. It implies that the hot-dry season may lead to high
mortality, long-term reduction in the increment of living-trees biomass, and thus lowered the ability
to maintain high NPP of mangrove forests over the long-term.
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1. Introduction

Mangrove ecosystems are ecologically significant contributions to coastal areas, i.e., acting as
marine animal nurseries [1], enhancing the stability of coastal areas [2,3], and storing high carbon
stocks in vegetation [4,5]. Recently, vegetated carbon stocks in coastal ecosystems were proposed as a
strategy for climate change mitigation on a national scale [6]. However, mangrove degradation and
deforestation are occurring simultaneously [7]. Mangrove mortality and loss of area due to climate
change and enhanced extreme events have been reported [9]. Approximately 2% of the long-term
stored carbon in the mangrove ecosystem was released back into the atmosphere at the global scale
due to mangrove deforestation from 2000 to 2012 [4].

In relation to the carbon cycle in mangrove ecosystems, carbon budgets have been addressed
in the form of net primary productivity (NPP) [10–14], net ecosystem production (NEP) [11,15],
and soil respiration [16,17]. Among these, the carbon budgets have been mainly reported in the
form of NPP; this metric has been estimated with the summation method using various components,
such as the growth increment in the aboveground and belowground parts, coarse woody debris flux,
and coastal phytoplankton NPP. The variation in the NPP estimation of mangrove forests depends
on the components included in the NPP estimation and geographical regions with different climatic
conditions [10,12].

Climatic factors, such as rainfall and temperature, are widely predicted as important drivers
of forest productivity and the carbon cycle in tropical terrestrial forests [18–23] and mangrove
forests [24–26]. For the mangrove forest, Sanders et al. [25] analyzed published data from 17 regions
distributed from 22◦ N to 38◦ S and reported that annual rainfall was the best predictor among other
global drivers (temperature, tidal range, and latitude) for carbon stocks of mangrove ecosystems in
Indo-Pacific and Australian regions. Sannigrahi, Sen, and Paul [26] reported that surface moisture
and wetness were highly correlated with the aboveground biomass and NPP from 2000 to 2013 in
Sundarbans mangroves by using the light use efficiency model. However, the temporal variation
in mangrove NPP due to variations in climatic factors has rarely been reported because it requires
long-term data recorded on the permanent study plots.

Under the tropical monsoon climate, we estimated forest productivity by using the data obtained
from 2008 to 2018 in a long-term permanent plot at a secondary mangrove forest in Eastern Thailand.
Long-term forest inventory data have been recorded annually, and several independent projects have
been conducted in this plot under a series of mangrove carbon cycles, including soil respiration [16],
fine root production [27], coarse woody debris flux [13], and seasonal tree-trunk growth related to
salinity changes [28,29]. However, temporal variation in forest productivity over the decade of study
has not been investigated for this plot.

In the present study, we aimed to investigate the variation in forest productivity from 2008 to
2018. It was hypothesized that the variation in forest productivity within the decade was related to
climatic factors, including rainfall and temperature, under the monsoon climate.

2. Materials and Methods

2.1. Study Site

The study site is located in a secondary mangrove forest (12◦12′15.5′′ N, 102◦33′55.0′′ E) in the
estuary of the Trat River, Trat Province, Eastern Thailand (Figure 1). This area was previously subjected
to selective logging for household consumption (e.g., house construction and fishery equipment) of
the local community. Since the late 1980s, the forest has been managed by the Department of Marine
and Coastal Resource of Thailand. Harvesting trees became prohibited, while the local people still
utilize the forest for household fisheries, e.g., fishing and crab trapping. Therefore, the forest has been
naturally rehabilitated as a secondary forest for approximately 30 years.
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divided into subplots of 10 × 10 m2 in size, for a total number of 60 subplots (Figure 1). 

Climatic data from 2008 to 2017 were retrieved from the Klong Yai Weather Station 
(Meteorological Department of Thailand), which is the nearest weather station to the study site. The 
Klong Yai Weather Station is located 50 km southeast of the study site. The mean ± SD of the annual 
rainfall was 4974 ± 793 mm from 2008 to 2017. The highest annual rainfall was recorded in 2009 as 
6115 mm. While the annual rainfall levels in 2010 and 2015 were apparently low (Figure 2a), they 
were 3686 and 3918 mm, respectively. The dry season began in November and lasted to April. The 
wet season usually started in May and extended to October; the rainfall was high during this period, 
at 87.3% on average (Figure 2b). The number of rainy days was recorded as 197.7 ± 21.5 d·yr−1 from 
2008 to 2017. The number of rainy days was extremely low in 2013 and 2015, at 168 and 161 days, 
respectively (Figure 2a). However, there was no record of extreme events, such as severe storms, 
extreme droughts, or flooding, occurring at the study site from 2008 to 2017. 

The maximum, minimum, and mean monthly air temperatures from 2008 to 2017 were also 
obtained from this weather station. They were 32.1 ± 0.24, 24.0 ± 0.19, and 27.6 ± 0.23 °C, respectively. 
The average mean monthly temperature was the lowest in January (27.0 °C) of the dry season and 
the highest in April (28.5 °C; Figure 2b). The air temperature began to drop in the middle of the wet 
season in July (27.1 °C). The average maximum monthly temperature was the highest in April (33.4 
°C) and the lowest during the peak of the wet season (July to September, 30.8–31.1 °C). The average 
minimum monthly temperature was the lowest in January and the highest in April. 

  

Figure 1. Map of the study site with a mark indicating the location of the permanent study plot.

A permanent plot of 40 m in width was originally established on a river edge extending 110 m
inland in 2002 in this forest. In 2008, the size of the permanent plot was enlarged to 50 × 120 m2 and
divided into subplots of 10 × 10 m2 in size, for a total number of 60 subplots (Figure 1).

Climatic data from 2008 to 2017 were retrieved from the Klong Yai Weather Station (Meteorological
Department of Thailand), which is the nearest weather station to the study site. The Klong Yai
Weather Station is located 50 km southeast of the study site. The mean ± SD of the annual rainfall
was 4974 ± 793 mm from 2008 to 2017. The highest annual rainfall was recorded in 2009 as 6115 mm.
While the annual rainfall levels in 2010 and 2015 were apparently low (Figure 2a), they were 3686
and 3918 mm, respectively. The dry season began in November and lasted to April. The wet season
usually started in May and extended to October; the rainfall was high during this period, at 87.3%
on average (Figure 2b). The number of rainy days was recorded as 197.7 ± 21.5 d·yr−1 from 2008 to
2017. The number of rainy days was extremely low in 2013 and 2015, at 168 and 161 days, respectively
(Figure 2a). However, there was no record of extreme events, such as severe storms, extreme droughts,
or flooding, occurring at the study site from 2008 to 2017.Forests 2020, 11, x FOR PEER REVIEW 4 of 17 
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Figure 2. Climatic data from the Klong Yai Weather Station, Trat Province from 2008 to 2017
(Meteorological Department of Thailand): (a) annual rainfall and number of rainy days and (b) average
monthly rainfall, average number of rainy days, maximum temperature, minimum temperature,
and mean temperature.

The maximum, minimum, and mean monthly air temperatures from 2008 to 2017 were also
obtained from this weather station. They were 32.1 ± 0.24, 24.0 ± 0.19, and 27.6 ± 0.23 ◦C, respectively.
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The average mean monthly temperature was the lowest in January (27.0 ◦C) of the dry season and the
highest in April (28.5 ◦C; Figure 2b). The air temperature began to drop in the middle of the wet season
in July (27.1 ◦C). The average maximum monthly temperature was the highest in April (33.4 ◦C) and
the lowest during the peak of the wet season (July to September, 30.8–31.1 ◦C). The average minimum
monthly temperature was the lowest in January and the highest in April.

2.2. Tree Census

Trees with stem diameters at breast height (DBHs) larger than 4.5 cm were identified to the species
level. For Rhizophora apiculata and R. mucronata, we measured DR0.3, which is the stem diameter at
30 cm above the highest prop root reaching to the ground. From 2008 to 2015, the annual tree census
of the stem diameter was performed in August. The annual tree censuses from 2016 to 2018 were
performed in January. The tree density of living trees was calculated in each investigation. Dead trees
(DBH > 4.5 cm) and newly recruited trees were also recorded in each investigation. The newly recruited
trees were defined as the trees having DBH or DR0.3 values that reached over 4.5 cm and had not been
recorded in the previous year. The total tree height of all trees in the permanent plot was measured
with a fiberglass pole in 2017.

2.3. Net Primary Productivity

We calculated the aboveground and root biomass of trees (DBH >4.5 cm) by using common
allometric relationships for mangrove trees [30]. The necromass of the dead trees that occurred in each
observation was also estimated by using the same allometric relationships. According to the different
periods of the tree census, the increment in the aboveground biomass (AGB) and root biomass of all
living trees, excluding the biomass of newly recruited trees in the permanent plot, was calculated for
nine years. The first seven years used the data from August to July of the following year, including
Y1 (2008–2009), Y2 (2009–2010), and Y7 (2014–2015). In the last two years (2016 and 2017), Y8 and
Y9, the biomasses were calculated from January to December. The AGB to the root biomass ratio
(AGB/R ratio) was calculated in each year. The annual mortality rate in each year was obtained from
the necromass of the dead trees that occurred between the two consecutive observations.

The AGB and root biomass of the newly recruited trees during the respective year were also
calculated separately by using the abovementioned allometric relationships. Then, the growth of the
newly recruited trees was obtained from the difference in the biomass of the newly recruited trees and
the biomass of the minimum-sized trees (4.5 cm in DBH).

Poungparn et al. [27] studied rates of fine root production (root diameter < 2 mm) in 0–30 cm of
soil depth at the same study plot of the present study. For the estimation of fine root production (FRP)
from Y1 to Y9 of the present study, we adopted the same rates of FRP reported by Poungparn et al. [27].

Finally, the growth increment (∆Y) of the trees in each year was estimated based on the Approach
2 of Clark et al. [31], in which ∆Y included the increment biomass of living trees (∆B), growth of
newly recruited trees (N), annual mortality rate (M), and FRP in each year, as shown by Equation (1)
as follows:

∆Y = ∆B + N + M + FRP = (ΣTotal biomass at t2 − ΣTotal biomass at t1) + N + M + FRP (1)

where t1 and t2 are the two consecutive observations. Then, NPP was calculated by a summation
product of ∆Y and the litter production (L) of the respective year as shown by NPP = ∆Y + L. The grazed
amount in the mangrove forest was assumed to be negligible [10].

To estimate L, a total of 12 litter traps (surface area of 1 m2) were randomly placed throughout the
permanent plot in January 2008. From January 2009 to December 2015, the litterfall in the traps was collected
monthly and oven-dried (105 ◦C until a constant weight). Then, the litterfall was divided into plant parts,
including the leaf, woody, and reproductive parts, which were separately weighed. We estimated L in Y8
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and Y9 from AGB by using a linear relationship between L and AGB obtained from the previous records
(Y1 to Y7) in the study plot. The relationship was as follows: L = 5.539 + 0.724AGB, R2 = 0.738, p = 0.018.

2.4. Relative Elevation and Inundation Periods

In 2017, the relative elevation of the forest floor in the permanent plot was measured at 10 m
intervals by using the TRACON L5–25 level (Ushikata Mfg. Co., Ltd., Yokohama, Japan). The inundation
periods at every 20 m interval of the permanent plot were calculated from the relative elevation and
hourly predicted tide level at the Lame Ngop Station (the Hydrographic Department of the Royal
Thai Navy), which is located 20 km west of the study plot. The predicted tide level at the Lame Ngop
Station was comparable to the water level at the river in front of the study plot [29].

2.5. Data Analysis

All of the data were verified to be in normal distribution by using the Shapiro–Wilk test before
further analysis. A trend analysis was conducted for density, DBH, and the basal area of the living trees,
density and DBH of the dead trees, and of the newly recruited trees by using linear regression analysis.
The relationships between the components of NPP and climatic factors including temperatures and
rainfall were analyzed by using linear regression model. All of the statistical analyses were performed
by using SPSS v.22 for Windows (IBM, Armonk, NY, USA).

3. Results

3.1. Species Distribution and Vegetation Structure

There were 10 tree species from six families found in the permanent plot in August 2008. The species
composition mainly included Rhizophora apiculata, R. mucronata, Avicennia alba, Sonneratia caseolaris,
Bruguiera gymnorrhiza, Xylocarpus granatum, and Ceriops tagal. A few individuals of B. sexangula (five
stems), Lumnitzera littorea (one stem), and Heritiera littoralis (two stems) co-occurred. However, Heritiera
littoralis disappeared from the permanent plot in 2011.

The total tree density significantly decreased from 1995 stems·ha−1 in August 2008 to
1825 stems·ha−1 in January 2018 (Figure 3a). In this period, the average DBH gradually increased
from 11.1 to 12.5 cm (Figure 3b), and the total basal area of living trees also increased from 26.02 to
30.14 m2

·ha−1 (Figure 3b). The number of dead trees varied widely, ranging from 15 to 52 stems·yr−1

(Figure 3c), with an average DBH of 10.0 cm. According to the investigations, the species of dead trees
were mainly A. alba and S. caseolaris in August 2012 and Rhizophora trees in August 2013 and January
2016. The number of newly recruited trees was observed to range from 3 to 27 stems·yr−1 (Figure 3d).
They were mostly suppressed Rhizophora trees under the dense and high canopy. The mean tree height
observed in 2017 was 11.9 ± 3.8 m, and the highest tree was a Rhizophora apiculata individual recorded
as having a height of 23.9 m.

In 2017, the overall vegetation structure in the permanent plot showed that A. alba and S. caseolaris
were fast-growing species distributed within 0–40 m of the river (Figure 4). Rhizophora apiculata and
R. mucronata coexisted at this distance. In the middle part of the permanent plot, the forest was densely
occupied by R. apiculata and R. mucronata within the distance of 40–80 m, and the two species were
purely dominant at the distance of 60–70 m. At the distance of 80–100 m, R. apiculata and R. mucronata
were still dominant and coexisted with Bruguiera gymnorrhiza, Ceriops tagal, and Xylocarpus granatum.
Few trees of B. sexangula, and Lumnitzera littorea were also present. The dominance of R. apiculata
tended to decrease in the landward part of the permanent plot, where X. granatum was codominant
with R. apiculata from 110 to 120 m.
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Figure 3. Changes in the forest structure from 2008 to 2018 of the permanent plot: (a) density of the living
trees; (b) average diameter at breast height (DBH) and total basal area of the living trees; (c) number and
average DBH of the dead trees; and (d) number and average DBH of the newly recruited trees. The regression
lines indicate a significant level at p < 0.05.

Forests 2020, 11, x FOR PEER REVIEW 6 of 17 

 

dominance of R. apiculata tended to decrease in the landward part of the permanent plot, where X. 
granatum was codominant with R. apiculata from 110 to 120 m. 

 
Figure 3. Changes in the forest structure from 2008 to 2018 of the permanent plot: (a) density of the 
living trees; (b) average diameter at breast height (DBH) and total basal area of the living trees; (c) 
number and average DBH of the dead trees; and (d) number and average DBH of the newly recruited 
trees. The regression lines indicate a significant level at p < 0.05. 

 
Figure 4. Relative elevation (cm) of the study plot shown by line contours reference to the datum 
point located on the river edge, and position of trees with DBH > 4.5 cm, including Sonneratia caseolaris 
and Avicennia alba (indicated with a red circle symbol), Rhizophora apiculata and R. mucronata (green 
circle symbol), and the other species (yellow circle symbol) in the permanent plot in 2017. 

3.2. Growth Increment (ΔY) and Net Primary Productivity (NPP) 

The total tree biomass in the permanent plot gradually increased from 283.64 t·ha−1 in August 
2008 to 381.72 t·ha−1 in January 2018. On average, the AGB and root biomass shared 71.15% and 
28.85% of the total biomass, respectively. The average AGB/R ratio was calculated at 2.47. The 
components of NPP in Y1 to Y9 are shown in Table 1 The mean basal area and total biomass increment 

N

Ri
ve

ri
ne

I n
la

nd

50 m

0 m 20 m 40 m 60 m 80 m 100 m 120 m

30 40

40

30

3 020
10

40

50

50
50

6 0

60 70

70

80
80

80

90 90

D
at

um
 P

oi
nt

20 30 8 070

50

60

40

Figure 4. Relative elevation (cm) of the study plot shown by line contours reference to the datum point
located on the river edge, and position of trees with DBH > 4.5 cm, including Sonneratia caseolaris and
Avicennia alba (indicated with a red circle symbol), Rhizophora apiculata and R. mucronata (green circle
symbol), and the other species (yellow circle symbol) in the permanent plot in 2017.

3.2. Growth Increment (∆Y) and Net Primary Productivity (NPP)

The total tree biomass in the permanent plot gradually increased from 283.64 t·ha−1 in August
2008 to 381.72 t·ha−1 in January 2018. On average, the AGB and root biomass shared 71.15% and 28.85%
of the total biomass, respectively. The average AGB/R ratio was calculated at 2.47. The components of
NPP in Y1 to Y9 are shown in Table 1 The mean basal area and total biomass increment in living trees
from Y1 to Y9 were calculated at 0.43 ± 0.23 m2

·ha−1
·yr−1 and 7.41 ± 2.26 t· ha−1

· yr−1, respectively.
The highest biomass increment was observed in Y1 (10.619 t· ha−1

· yr−1), when the basal area increment
was the highest, at 0.79 m2

·ha−1
·yr−1. The lowest biomass increment was found in Y4; the increment
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in the basal area was as low as 0.29 m2
·ha−1

·yr−1. The annual mortality rate was the highest in Y5,
when the basal area increment was the lowest, at 0.10 m2

·ha−1
·yr−1. The mass of newly recruited

trees showed a decreasing trend from Y6 to Y9. The FRP was constantly calculated during the study
period as 3.64 t· ha−1

· yr−1, which was greater than the estimated root biomass increment (Table 1).
The growth increment (∆Y) from Y1 to Y9 varied in a range from 12.81 to 17.57 t· ha−1

· yr−1, with an
average value of 14.54 ± 1.71 t· ha−1

· yr−1. The ∆Y values of Y7 and Y9 were relatively low compared
to those in other periods. In this study, 45.6% of the ∆Y contributed to the root growth of mangroves
(root biomass increment and FRP).

Table 1. Basal area increment, growth increment (∆Y), litter production (L), and NPP in the permanent
plot at a secondary mangrove forest in Trat from Y1 to Y9.

Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9

Basal area increment (m2·ha−1·yr−1)
0.79 0.51 0.76 0.29 0.1 0.46 0.36 0.28 0.36

(1) Biomass increment in living trees (t·ha−1·yr−1)
Aboveground 7.816 5.659 7.651 3.835 5.366 6.275 4.08 4.152 4.659
Root 2.803 1.947 2.735 1.318 1.747 2.227 1.40 1.421 1.60
Total 10.619 7.606 10.386 5.153 7.113 8.502 5.479 5.573 6.259

(2) Increment of newly recruited trees mass (t·ha−1·yr−1)
Aboveground 0.014 0.041 0.029 0.025 0.024 0.005 0.000 0.018 0.001
Root 0.007 0.023 0.015 0.012 0.013 0.003 0.001 0.009 0.000
Total 0.021 0.064 0.044 0.037 0.037 0.008 0.001 0.027 0.001

(3) Annual mortality rate (t·ha−1·yr−1)
Aboveground 2.27 1.94 1.66 3.19 3.56 1.39 2.70 3.03 2.03
Root 1.02 0.86 0.74 1.31 1.57 0.64 1.08 1.28 0.88
Total 3.29 2.80 2.40 4.50 5.13 2.03 3.78 4.31 2.91

(4) Fine root production (t·ha−1·yr−1)
3.64 3.64 3.64 3.64 3.64 3.64 3.64 3.64 3.64

(1+2+3+4) Growth increment;4Y (t·ha−1·yr−1)
Aboveground 10.10 7.64 9.34 7.05 8.95 7.67 6.78 7.20 6.69
Root 7.47 6.47 7.13 6.28 6.97 6.51 6.12 6.35 6.12
Total 17.57 14.11 16.47 13.33 15.92 14.18 12.90 13.55 12.81

Litter production (t·ha−1·yr−1)
Leaf 8.12 7.50 6.09 6.41 6.69 6.84 6.89 - -
Wood 1.21 1.04 0.56 0.55 0.69 1.11 0.89 - -
Reproductive organ 2.14 1.40 0.67 0.90 1.54 1.76 1.56 - -
Total 11.47 9.94 7.32 7.86 8.92 9.71 9.34 8.56 * 8.91 *

NPP (t·ha−1·yr−1)
Aboveground 21.57 17.58 16.66 14.91 17.87 17.38 16.12 15.76 15.60
Root 7.47 6.47 7.13 6.28 6.97 6.51 6.12 6.35 6.12
Total 29.04 24.05 23.79 21.19 24.84 23.89 22.24 22.11 21.72

Remark: (-) means no data and (*) means an estimated value.

Litter production (L) ranged from 7.32 to 11.47 t·ha−1
·yr−1, with an average value of 9.22±1.38 t·ha−1

·yr−1

from Y1 to Y9 (Table 1). The leaf litter shared the highest proportion of L (75.7%), followed by the reproductive
parts (15.1%) and the woody litter (9.2%). The highest L was found in Y1, while the L value was noticeably
lower than 8 t· ha−1

· yr−1 in Y3 and Y4 and included a low proportion of reproductive parts.
The NPP in the permanent plot from Y1 to Y9 ranged from 21.19 to 29.04 t· ha−1

· yr−1 (Table 1)
with an average of 23.65 ± 2.37 t· ha−1

· yr−1. The aboveground NPP shared 72.0% of the average total
NPP. The total NPP contributed by ∆Y was 61.47% on average.

The climatic data, including rainfall, number of rainy days, and air temperature, obtained from
the Klong Yai Weather Station of Trat Province from 2008 to 2017 were also calculated annually from
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Y1 to Y9 (Figure 5). The percentage of deviation of the climatic data from the means obtained from Y1
to Y9 is also shown in Figure 5c as positive and negative values that indicate values that were higher
and lower, respectively, than the mean value. The average annual rainfall from Y1 to Y9 was 5004 mm.
It was apparent that the annual rainfall in Y3, Y7, and Y9 was lower than approximately 10% of the
mean. Moreover, the maximum monthly temperature in Y7 was relatively high across the nine periods.
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Figure 5. Climatic data at the Klong Yai Weather Station in Trat Province from Y1 to Y9; (a) annual rainfall
and number of rainy days; (b) average minimum, maximum, and mean air temperature; and (c) percent
deviation of the climatic data from the mean values from Y1 to Y9.

We performed the linear regression analysis between the parameters relating to NPP (basal area
increment, biomass increment in living trees, annual mortality rate, ∆Y, L, and NPP) and climatic
variables, including rainfall and air temperature (Figure 6). The maximum and mean monthly
temperatures were negatively related with the increment in the basal area and biomass of the living
trees (p < 0.05). The highest R2 was obtained from a negative relationship of the increment in basal
area and the maximum monthly temperature in the dry season (p < 0.001). The annual rainfall showed
a significantly positive relationship with the annual mortality rate (p < 0.05). The annual mortality
rate also had a positive relationship with the maximum and mean monthly temperature in the dry
season (p < 0.05). Nevertheless, the ∆Y, L, and NPP values showed non-significant relationships with
the climatic factors during the study period (p > 0.05, Figure 6).
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Figure 6. Linear regression models between the parameters relating to NPP (namely; basal area
increment, m2

·ha−1
·yr−1; biomass increment of living trees, t· ha−1

· yr−1; annual mortality rate, t· ha−1
· yr−1;

∆Y, t· ha−1
· yr−1; L, t· ha−1

· yr−1; and NPP, t· ha−1
· yr−1) and climatic factors, including annual rainfall (a),

annual minimum temperature (b), annual maximum temperature (c), annual mean temperature (d), average
maximum temperature in dry season (e), average mean temperature in dry season (f), average maximum
temperature in wet season (g), and average mean temperature in wet season (h) from Y1 to Y9. Data without
linear regression lines indicate models are not significant. The relationships and lines of the regression were
shown for p < 0.05.

3.3. Relative Elevation and Inundation Periods

The relative elevation of the permanent plot in 2017 increased by a distance of 0–10 m from the
river edge, as it increased to 30 cm (Figure 4). The inundation period at this distance was 7.3 hr·d−1

on average. The elevation increased gradually between the distances of 10 and 80 m from the river,
increasing from 30 to 60 cm. The inundation period was an average of 3.5 hr·d−1 within this distance.
At a distance of 90–120 m from the river edge, the inundation period was relatively short, with an
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average value of 51 min·d−1. The highest relative elevation of 90 cm was measured at a distance of
110–120 m from the river.

4. Discussion

4.1. Mangrove Forest Structure and Biomass

The species distribution of mangroves is partly controlled by geomorphology, such as surface
elevation [32], resulting in a zonation pattern [33]. Mangrove zonation is a common characteristic of
mangrove forests and manifests as a change in the dominant tree species inland from the seaward
margins [34–36]. The surface elevation is a primary cause of zonation because of environmental
gradients, such as inundation regimes [37], which might cause seasonal changes in the salinity
environment [28,29].

In our study plot in Trat, Avicennia alba and Sonneratia caseolaris occupied the lowest elevation,
which was from 0 to 40 cm (Figure 4) and had a relatively long period of inundation. The Rhizophora
and Xylocarpus trees were distributed inland, where the inundation periods were relatively short.
The variation in inundation frequency and period affects the soil salinity distribution in the mangrove
forest. At the same study site as that investigated in our study, Komiyama et al. [28] reported that the
horizontal distribution of soil–water salinity differed remarkably between the dry and rainy seasons.
During the dry season, the salinity levels were high on the river edge occupied by Sonneratia and
Avicennia trees and became low towards the inland areas dominated by the Rhizophora and Xylocarpus
trees. In contrast, during the rainy season, the salinity decreased to nearly 0.0% from the river edge to
the Rhizophora zone. The high salinity conditions during the rainy season were investigated only in the
Xylocarpus zone.

Thus, the soil–water salinity showed both spatial and seasonal fluctuations [28] corresponding
to the species distribution in our study plot. Supporting the distribution of the Avicennia and
Sonneratia trees in a wide range of soil salinities, Parida and Jha [38] reviewed that the two genera
had three mechanisms of salt adaptation, namely, salt secretion, salt exclusion, and salt accumulation.
The Rhizophora tree had a mechanism of salt exclusion and accumulation, while the Xylocarpus tree
exhibited only salt accumulation [38]. Furthermore, an extremely high growth rate of A. alba trees
during the wet season was reported [28]. These results suggest that the seasonality of soil–water
salinity induced by the surface elevation might determine the distribution and growth of mangroves
in the estuarine areas under the monsoon climate.

When the dynamics of mangrove forests are considered spatially and temporally on a broad scale,
changes in species composition may be found. Dahdouh-Guebas et al. [39] used sequential aerial
photographs to study the dynamics of a mangrove area in Southern Sri Lanka from 1956 to 1994 and
reported changes in the fundamental floristic and structural characteristics of the mangroves when
compared to those in the past. Our study plot in Trat, the species composition rarely changed during
the 10-year period of the study. Nevertheless, the tree density tended to decrease over 10 years in
the study plot (Figure 3a) because the mortality rates were usually higher than the recruitment rates
(Figure 3c,d). The increasing number of newly recruited Rhizophora trees under the dense and high
canopy and dead individuals of the two fast-growing tree species (A. alba and S. caseolaris) revealed
that temporal changes in species distribution and composition have been occurring at this study site.

Despite the decreasing tree density, increases in the basal area and tree biomass occurred from
Y1 to Y9 (Figure 3b). Although the mangrove forest in the present study is a secondary forest, it was
noticeable that the AGB values from Y1 to Y9 in our study plot (201.0–254.2 t·ha−1) were comparable
to those of primary mangrove forests dominated by Rhizophora trees with basal areas of less than
20 m2

·ha−1 at Halmahera, Indonesia (216.8 t·ha−1; [40]), and Andaman Island, India (214.0 t·ha−1; [41]).
However, the AGB in our study plot was higher than those of primary mangrove forests with basal areas
greater than 20 m2

·ha−1 and dominated by Sonneratia trees in Halmahera, Indonesia (169.1 t·ha−1; [40]);
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Avicennia trees in Sri Lanka (193.0 t·ha−1; [42]); and Heritiera fomes and A. officinalis forest in the
Sundarbans, Bangladesh (154.8 t·ha−1; [43]).

When we considered the potential of carbon stocks accumulated in the forest biomass of the
secondary mangrove forest in Trat together with temporal changes in species distribution and
composition in the study plot, it showed a trend of rapid biomass development over the study decade.
Moreover, Komiyama et al. [10] reviewed the magnitude of AGB in mangrove forests and suggested
that the AGB was high at low latitudes due to optimal climatic conditions in tropical regions. The AGB
in the monsoon tropical forest at the Trat plot was higher than those of the subtropical mangroves on
Okinawa Island [44] and Ishigaki Island in Southwestern Japan [14], which reportedly range from 125.1
to 164.6 t·ha−1. Therefore, forest dynamics, including changing tree density and basal area, would
impact the range of accumulated biomass and carbon stocks of the mangrove forests.

The AGB/R ratio of the mangrove forests in the present study was calculated at 2.47 on average.
Komiyama et al. [10] revealed that the AGB/R ratio of mangrove forests generally varied between 2.0
and 3.0, indicating that a large amount of biomass was allocated to the root system of mangroves,
including aerial roots. Therefore, our study also confirmed the character of high biomass accumulation
in the root systems of mangroves. This may suggest that the roots of mangroves act as a significant
carbon stock due to the slow decomposition process under the anoxic soils of mangrove forests [45].

4.2. Growth, NPP Estimation, and Its Components

Fine root production (FRP) is considered as an essential part of NPP estimation in mangrove forests.
The FRP was estimated at 3.64 t· ha−1

· yr−1, according to the rate of FRP given by Poungparn et al. [27]
from the same study site. It was higher than FRP reported in the subtropical mangrove on the Florida
Coastal Everglades (1.0–1.5 t· ha−1

· yr−1 in 0–90 cm of soil depth by the ingrowth core; see [46]) and in
Dongzhai Bay, China (0.57–2.84 t· ha−1

· yr−1 in 0–40 cm of soil depth by the sequential coring method;
see [47]). Additionally, our estimated FRP was higher than the FRP in high-rainfall mangrove forests
of Micronesia (0.46–1.17 t· ha−1

· yr−1 in 0–45 cm of soil depth by the ingrowth bag method; see [48]).
Our high FRP supported the significant role of mangrove roots as a source of soil carbon stocks because
FRP was positively related to the soil carbon [47], of which 25% was contributed by the mangrove
roots [49].

The annual mortality rate included in ∆Y for the NPP calculation was an important component.
It shared 14.81% on average from Y1 to Y9 and was positively related with the annual rainfall and
with the maximum and mean monthly air temperature in the dry season (Figure 6a,e,f). High annual
rainfall usually occurs with monsoon storms and strong winds in tropical monsoon regions. It may
have led to the increasing mortality of large A. alba and S. caeseolaris trees (in Y4 and Y5), which have
low wood density [30,50]. The increasing mortality rate in the years with high temperature in the dry
season may be attributed to an increase in evaporation demand under hypersaline conditions [51].
The dead trees were usually small to medium in size (particularly in Y7), making them less tolerant of
hypersaline conditions than large trees.

The litter production (L) in the mangrove forest in Trat was in the range reported from 91 tropical
and subtropical mangrove forests by Saenger and Snedaker [52]. We found low L values in Y3 and
Y4 due to the small amount of the reproductive parts. It was noticeable that the reproductive parts
made up a high portion of the L value due to the abundant large propagules that dropped from the
Rhizophora trees in the present study. The characteristics of the propagule are a recruitment strategy
tailored to intertidal zones [53] and consequently increase the survival rate of seedlings in the mangrove
forest conditions.

Komiyama et al. [10] reviewed the NPP values from 20 mangrove forests and reported a wide
range of ∆Y as 0.92–20.00 t· ha−1

· yr−1. According to them, none of the studies took FRP into the
consideration in NPP estimation. The highest ∆Y in their report was found in a primary Rhizophora
stand in Southern Thailand, which had crown heights over 20 m [54]. Our estimated ∆Y in the
permanent plot in Trat from Y1 to Y9 ranged from 12.81 to 17.57 t· ha−1

· yr−1 (Table 1), skewing in the
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upper range of the report of Komiyama et al. [10], thus supporting the character of a high growth
increment in the mangrove forest.

The average NPP in the present study was 23.65 ± 2.37 t· ha−1
· yr−1 (Table 1), and the aboveground

NPP was 14.66 t· ha−1
· yr−1. Our estimation of the aboveground NPP was higher than the global rate of

mangrove aboveground NPP, which has been estimated at 11.1 t· ha−1
· yr−1 [12]. Our estimation was

also higher than the NPP reported for subtropical mangrove forests on Ishigaki Island of Southwestern
Japan (mean aboveground NPP 10.66 t· ha−1

· yr−1; see [14]) and in Futian mangroves in Shenzhen,
China (total NPP 15.34–23.60 t· ha−1

· yr−1; see [55]).
However, the estimated NPP in Trat was lower than that of a subtropical mangrove forest on

Okinawa Island (NPP 42.5 t· ha−1
· yr−1; see [44]) because Kamruzzaman et al. [44] took the high

dead root necromass (8.8 t· ha−1
· yr−1) into account in the NPP estimation and showed higher litter

production (11.8 t· ha−1
· yr−1) than that used in our estimation. When we compared the estimated NPP

in Trat with the NPP estimated in other tropical mangrove forests, we found that our estimation was
comparable to the NPP of a mangrove forest in the oligosaline zone in the Sundarbans, Bangladesh
(NPP 21.0 t· ha−1

· yr−1; see [43]), where the tree height (9.2 m on average) was comparable to that in our
study (11.9 ± 3.8 m). In tropical mangrove forests with tree heights greater than 20 m in Malaysia [56]
and Mexico [57], the aboveground NPP was 23.64 and 24.58 t· ha−1

· yr−1, respectively. Therefore,
the magnitude of NPP in the mangrove forest was influenced by the crown height, component of NPP,
and climatic region.

4.3. Temperature as an Initial Factor Regulating the NPP Magnitude

The NPP and its components in this study varied from Y1 to Y9 and showed no fixed patterns
throughout the study period (Table 1). Interannual variations in rainfall and temperature were observed
in this study (Figure 5c). This implied that the variation in NPP and its components in the present
study might be influenced by fluctuations in climatic factors.

The annual climatic factors showed no significant relationship with the NPP and the growth
increment in this study (Figure 6). We inferred that the maximum and mean monthly temperatures in
the dry season may have influenced the magnitude of NPP by significantly decreasing the biomass
increment in living trees and increasing the mortality rate (Figure 6e,f). The warmer dry seasons
could lead to higher mortality, long-term reduction in living biomass, and thus lowered the ability to
maintain high NPP of mangrove forests in this region in a long term. Clark et al. [19] reported that the
NPP decreased in the warmer years in a terrestrial tropical wet forest at La Selva in Costa Rica during
two decades of study.

In this study, 58.0–69.2% of the NPP was contributed from ∆Y, which was composed of an
average biomass increment of 50.4%. Since the tree biomass was estimated with a common allometric
relationship that uses DBH and wood density as the independent variables, the biomass increment
was determined by the basal area increment; the species composition rarely changed during the
period of the study. Xiong et al. [58] also stated that the global pattern of stand wood production
in non-plantation mangroves is primarily determined by the stand mean DBH increment rate of
individual trees.

We investigated the climatic factors related to the basal area increment and found that the basal
area increment and biomass of the living trees was inversely related with the mean and maximum
monthly temperature in the dry season (Figure 6e,f). The higher the air temperature was in the
dry season, the smaller the increment in the tree trunk diameter. The maximum temperature had
a strong negative effect on stem growth over a 30-year period in a terrestrial tropical forest under
the Thai monsoon climate; it increased respiration, reduced stomatal conductance, and thus lessened
high transpiration demand by directly decreasing photosynthesis [22]. To minimize the rate of water
loss under high temperature conditions, plant maintained low stomatal conductance resulting in a
decreased photosynthetic rate and consequently reduced plant growth.
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However, in the case of tropical mangrove forests situated in saline habitats, not only the high
temperature, but also the low osmotic potentials of saline soil water decrease the photosynthesis of
mangroves because water acquisition and transportation are more difficult in these conditions than in
wet and non-saline soils [59]. Therefore, we discussed the low biomass increment in living trees in the
years with a hot-dry season in our present study by taking into consideration of the effects of saline
soil water [28].

The change in the saline environment in the coastal vegetation was induced by increasing air
temperature, sea-level rise, and unusual climatic events [60–62]. The mangrove forest in the present
study site was usually inundated by high-salinity water (approximately 3.00%) in the dry season
from January to April [28]. Figure 2 shows that in the present study, the mean value of the maximum
monthly temperature in April from 2008 to 2017 was 33.4 ◦C. The high air temperature during the dry
season might have increased the rate of evaporation of the seawater throughout the period of the dry
season. When seawater inundated the forest floor, the soil–water salinity level increased [29].

Salinity was a primary limiting factor determining the distribution of mangrove flora in the
Sundarbans mangrove forest, leading to spatial variation in biomass [63]. The increase in soil–water
salinity in the dry season decreased the rate of trunk growth of the major species of mangroves, i.e.,
Rhizophora apiculata [64], Avicennia alba [28], and Brugueira gymnorrhiza [64]. The decreased rate of trunk
growth in the year that the monthly temperature in the dry season was higher than the mean value
(Figure 5c) resulted in a low biomass increment in living trees (Table 1).

In contrast, Xiong et al. [58] analyzed the global pattern of tree DBH growth rate using 70 studies
of mangroves across the global mangrove distributions and found that the DBH increment rate
in non-plantation mangroves was influenced by precipitation during the driest season and by the
precipitation seasonality. The high annual rainfall in the tropical monsoon climate of Trat in Eastern
Thailand (average 4974 ± 793 mm·yr−1 from 2008 to 2017) may weaken the influence of rainfall on
trunk growth in the mangrove forest in Trat during the overall study period. At our study site, which is
under a tropical monsoon climate, the annual rainfall may have less influence on the magnitude of
NPP than the maximum and mean monthly temperatures in the dry season. Therefore, we proposed
that the temperature environment in the dry season is an initial climatic factor influencing the forest
productivity in mangrove forests under the tropical monsoon climates with abundant annual rainfall.

According to long-term global climate change scenarios in a global scale (i.e., [65,66]), the global
mean temperature has been projected to continuously increase by between 2 and more than 5 ◦C by
2100. This may imply a decrease in NPP in the tropical monsoon mangrove forest in the next several
decades. Moreover, high temperatures generally promote a high rate of carbon dioxide efflux via
soil respiration in mangrove forests in the tropics [16] and subtropics [17]. Therefore, a long-term
increase in the mean air temperature will affect the carbon dynamics in the mangrove ecosystems by
decreasing the NPP magnitude and increasing the rate of carbon dioxide efflux into the atmosphere
via the respiration processes. Consequently, the potential of carbon accumulation will be reduced in
the mangrove ecosystem, which currently provides significant vegetated carbon storage in coastal
areas [6].

5. Conclusions

We demonstrated that a secondary mangrove forest under a tropical monsoon climate might have
a rapid development of forest biomass within a decade. The temporal changes in plant composition
and distribution in the study plot during the study period were due to the relative elevation affecting
the variation in inundation periods and the soil-salinity distributions demonstrated at the same
study site by previous studies [28,29]. The role of high root biomass production, including fine
roots, was confirmed as a prominent mechanism for carbon storage in mangrove soils. Our analysis,
which was based on the data from 10 consecutive years in a permanent plot, supported the hypothesis
that the variation in forest productivity was related to climatic factors, including annual rainfall and
temperatures. We propose that the temperature environment in the dry season was a significant
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climatic factor influencing the mangrove NPP through the saline–water dynamics in the soils under
tropical monsoon climates. With the continuous progression of the global warming phenomenon,
such an area-based study on long-term carbon dynamics will provide precious ecological information
for carbon mitigation in mangrove forests under the tropical monsoon climate.
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