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ABSTRACT

Mangrove forests in Bintuni Bay, West Papua, Indonesia, have been
managed for timber extraction since 1988 to produce wood chips using a
30-year rotation cycle. The first rotation cycle was completed, resulting in
secondary mangrove forests with various stand ages (1-30 years). A large-
scale forest inventory was conducted for all harvested blocks to recognize
actual standing stock for the 2021-2030 management plan. A total of 434
quadrat plots (20 m x 20 m) covering 17.36 ha each were used to observe

forest standing stock. The results present the dynamics of secondary
mangrove forests after the initial rotation cycle. At the end of the first cycle
(30-year-old stand), secondary mangrove forests provided a volume of
290.12 m® ha' and potential extractable biomass of 203.03 ton ha’ with
mean diameter, basal area, and stem density of 16.91 cm, 29.18 m? ha,
and 1,370 stem ha’', respectively. Annual increment of volume, biomass,
and diameter were estimated to be 9.67 m® ha' year”, 6.77 ton ha™ year™,
and 0.56 cm year”, consecutively. The dynamics of secondary mangrove
forests could provide significant information in the context of the
management plan and implementation of the silviculture system to ensure
the sustainability of utilization in managed mangrove forests.
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1. Introduction

Mangroves have been recognized for their environmental benefits along tropical and sub-
tropical coastlines (Aksornkoae 1993; Murdiyarso et al. 2015; Nagelkerken et al. 2008; Spalding
and Leal 2021). Also, mangroves have significant economic benefits for coastal communities and
industrial sectors through various sources of income such as fisheries, timber, and non-timber
forest products (Ruitenbeek 1992; Salem and Mercer 2012; Suharti et al. 2016; Vo et al. 2012;
Walters et al. 2008). Nevertheless, the development of coastal areas and conversion of mangroves
for economic purposes into aquaculture, agriculture, and other land uses have become the main
cause of degradation and deforestation on mangrove ecosystems in tropical regions, especially in
Southeast Asia for recent decades (Friess 2016; Hamilton and Casey 2016; Ilman et al. 2016;
Richards and Friess 2016; Romanach et al. 2018). Mangrove conversion to other land use has
directly impacted biodiversity losses and increased the extinction risk for critically endangered
species (Polidoro et al. 2010). The concern of mangrove loss and degradation has led to a world
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consensus that sustainable management and utilization must be applied to this undervalued
ecosystem so that the benefits for coastal communities’ livelihoods and global benefits such as
blue carbon reserves will be consistently available (Feka and Morrison 2017; Herr and Landis
2016; Murdiyarso et al. 2018; Spalding and Leal 2021; UNEP 2014).

Sustainable use of mangrove forests cannot be carried out by conversion to other land uses
because it will become a permanent barrier for the stand regeneration mechanism, which is an
essential requirement for sustainable use of ecosystem and forest resources (Pribadi 1998; Simon
2010). One of the best approaches to use mangroves is to maintain biophysical conditions and
ecosystem functions, then sell the potential carbon stored on the ecosystem as Payment for
Ecosystem Services (Locatelli et al. 2014; Wylie et al. 2016), considering that mangroves are the
ecosystem type with the highest carbon stock when compared to other ecosystems (Alongi 2014;
Murdiyarso et al. 2015). Besides carbon trade programs which are still at the preliminary stage in
most countries (Friess et al. 2020), utilization of mangrove stands could become an acceptable
option by considering sustainability principles (Carter et al. 2015). The extent of mangrove areas
for utilization should meet the requirements for rotation cycles as a pattern for sustainable use,
which has been implemented in Thailand, India, Malaysia, and Indonesia (Aksornkoae 1993;
Jusoff and Taha 2008; Saenger 2002; Wahyudi 2019). As long as the soil condition is still intact,
covered by natural tidal inundation, and not converted to other land uses (e.g., ponds or palm oil),
even though mangrove trees are harvested or lost to natural causes, carbon stock below ground
will remain in the mangrove site while above-ground biomass is recovering and approaching a
pre-disturbance condition (Adame et al. 2018; Krauss et al. 2018; Nam et al. 2016; Sasmito et al.
2020; Sillanpii et al. 2021).

The mangrove ecosystem in Bintuni Bay, Indonesia, is the third-largest in the world after
Sundarbans in Bangladesh—India and Mimika in Indonesia (Gaveau et al. 2021) and provides
valuable resources for social needs and environmental safeguards (Erftemeijer et al. 1991;
Ruitenbeek 1992). Aside from this, Bintuni Bay’s mangrove has been demonstrated to be
sustainably used for timber utilization as a renewable forest resource (Sillanpdd et al. 2017;
Wahyudi 2019) while engaging the local community as the main partner in the management of the
area (Wahyudi et al. 2014) as well as preserving wildlife and flora biodiversity within the
ecosystem (Yudha et al. 2021). Recent studies in Bintuni Bay on carbon stock across different
stand ages caused by logging suggest that selective logging and sustainable management on the
area could maintain more than 70% mangrove carbon on harvested blocks which are stored below
ground, while carbon above ground post-harvest recovers in the forest stand (Murdiyarso et al.
2021; Sasmito et al. 2020). Management of mangrove forest in Bintuni Bay has been carried out
by the Forest Management Enterprise (FME) since 1988 according to a 20-year license from the
Government, the Republic of Indonesia (henceforth: the Government) with a license extension in
2007 for 45 years until 2052 to manage + 82,120 ha of mangrove forests and surrounding area in
the southern part of Bintuni Bay (MoF RI 2007). The FME implemented sustainability standards
in forest management according to Timber-Legality Assurance System (T-LAS) from the
Government (MoEF RI 2020a), and principles and criteria in forest management from the Forest
Stewardship Council (FSC 2020).

A management plan for 2021-2030 was designed using actual standing stock data as a
reference to determine the target of volume which the FME will harvest during that time. To obtain
information of actual standing stock, a forest inventory was carried out in the entire concession
area as instructed by the MoF RI (2014a), which is conducted every ten years and is one of the
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important stages in terms of planning for sustainable forest management (MoEF RI 2020b). This
activity was used as an opportunity to observe the dynamics of secondary mangrove forests that
were harvested in the first 30-year rotation cycle. Surveys and monitoring of mangrove
regeneration in Bintuni Bay have been carried out previously in several studies (Pribadi 1998;
Sillanpéa et al. 2017; Yudha et al. 2021). However, these studies have not presented the condition
of all stand ages in secondary forests and description of forest structure in the final year of the first
rotation cycle. Thus, this paper is the first to present complete dynamics and standing stock for all
ages of secondary mangrove forests (1-30 years) in the first rotation cycle in Bintuni Bay. The
objectives of this study were to provide an updated observation of forest dynamics and
regeneration based on a concession-wide survey covering a completed harvest rotation of 30 years
and to describe an overview of the potential standing stock that can be used for the next cycle. We
hypothesized that secondary mangrove forests would experience significant growth after being
harvested in the first 30-year cycle with sufficient standing stock for utilization in the next rotation
cycle. The results of this study could provide important information to improve management
planning and silvicultural practices, and could become a contribution to the national database of
Indonesia (MoF RI 2011) regarding an increment of diameter and volume in managed mangrove
forests.

2. Materials and Methods
2.1. Study Area

The study was conducted within the concession area of PT. Bintuni Utama Murni Wood
Industries (PT. BUMWI), located in the Bird's Head of New Guinea big island, which included in
the administrative area of Bintuni Bay Regency, West Papua Province, Republic of Indonesia (Fig.
1). Bintuni Bay is surrounded by extensive mangroves with a total area of more than 220,000 ha
(Gaveau et al. 2021). Mangroves in the north part of Bintuni Bay are designated as protected areas,
while the east part is declared as Nature Conservation Areas (MoF RI 2014b). PT. BUMWI
concession area is located in the south part of the bay, stretches from east to west for more than 70
km, and is dominated by mangroves of 62,945.77 ha covering around 80% of the total concession
area (MoEF RI 2019a). Bintuni Bay’s mangroves are categorized as Estuarine Interior, which
received plenty of rich sediments from upland ecosystems (Sasmito et al. 2020). Timber harvesting
conducted by the FME since 1988 has created secondary mangrove forests with the stand ages
ranging from 1 to 30 years and distributed throughout the concession area where 434 sample plots
of this study were established (Fig. 2).

The concession area is divided into 30 harvest blocks to accommodate a 30-year rotation
cycle with approximately 2,000 ha per block. One block is divided into several compartments as
the smallest management unit within the concession area with around 100 ha per compartment
(PT. BUMWTI 2021). About 25% of the total concession area is allocated as protected areas for
buffer zones and High Conservation Value Forests (IDEAS Consultancy Services 2015). True
mangrove observed in the concession area is composed of 28 species from 11 families, which are
dominated by species from the Rhizophoraceae family (Yudha et al. 2021). The mangrove
ecosystem in the area can provide habitat support for at least 103 bird species, 9 reptiles, 7
mammals, and 24 aquatic fauna. There are 34 species of bird covering 27% of total individual
birds observed during the years 2009-2018 categorized as endemic species, which can only be
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found in New Guinea big island and surrounding satellite islands. Migratory birds from Australia,
Palearctic, and Asia can also be found in Bintuni Bay’s mangroves that use the area as a feeding
ground during the non-breeding season (IDEAS Consultancy Services 2015; Yudha et al. 2021).

133300

Bintuni Bay

Bintuni Bay

BT,

Fig. 1. Area of study. (a) Bintuni Bay is located in the Bird’s Head of New Guinea big island. (b)
The FME is located in the south part of Bintuni Bay. (c) Distribution of sample plot (dots) in
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'

secondary mangrove forests. The area which is not covered by plots is mostly primary forest.
Dark grey is mangroves and wetlands, while light grey is dry land and terrestrial forests.

Fig. 2. Sampling locatio
forests; stand initiation at year 0 (condition after harvested), 5-year-old, 10-year-old, 15-year-old,
and 30-year-old stands (end of one cycle).

2.2. Sampling Design

Forest inventory was carried out from December 2018 to March 2019 in all secondary forest
blocks and compartments with the stand ages that ranged from 1 to 30 years. Additional plots were
also established outside this period to achieve a minimum of 10 plots for each age of secondary
forests. The field work is part of the Periodic Concession Forest Inventory conducted every ten
years as the Government requires (MoEF RI 2015). The results of inventory in the primary forest
were not included in the scope of this study because primary forest conditions have been well
observed in previous studies (Sasmito et al. 2020; Sillanpdd et al. 2017; Yudha et al. 2021).
Furthermore, inventory in the primary forest is part of the silviculture system implementation that
is always carried out in blocks of primary forest two years before harvesting to calculate available
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standing stock and determine volume allowance on each compartment (MoA RI 1978; MoEF RI
2016). Quadrat plot sampling (20 m x 20 m) was used to record vegetation data with 434 plots
covering 17.36 ha. All trees inside the plot with Diameter at Breast High (DBH, 130 cm above
ground) > 10 cm were recorded since trees with this particular DBH are subject to harvesting.
Trees with DBH below 10 cm and seedlings were not measured for this study. Trees with more
than one stem below DBH (multi-stemmed trees) are very common in secondary mangrove forests
(Goessens et al. 2014; Yudha 2021) and are included as a target for harvesting in the concession
area. Therefore, the display of the secondary forest structure that was required in the management
plan is an actual calculation for all existing stems. Measurement of DBH and stem count in this
study was carried out for all stems in the sample plot (stem-based measurement). Thus the
calculation of stem density in this paper did not represent the number of trees individually within
the stands.

2.3. Data Analysis

The forest structure of secondary mangrove forests consisted of volume, stem density, basal
area, and DBH, potential extractable biomass above ground, and species diversity (represented by
Shannon-Wiener index), were obtained and calculated from measurement results. True mangrove
species were determined according to Noor et al. (1999) and Giesen et al. (2007). Trees with a
DBH > 30 cm were categorized as seed trees or parent trees (since mangroves do not produce
seeds) and were not included in the analysis since they could cause significant bias in the
calculation. These trees did not represent regeneration in secondary forests and were only
displayed in this paper to compare the distribution of stem density in different ranges of DBH
between 30-year secondary forests and primary forests. Bosire et al. (2008) termed vegetation with
DBH below 30 cm in reforested mangroves as potential regeneration, which becomes the main
object of this study. Volume and biomass were calculated using allometry determined by Tantra
et al. (2019), which developed from mangrove trees in Bintuni Bay. The allometry was determined
for Rhizophora apiculata (RA, Equation 1 and Equation 4), Bruguiera parviflora (BP, Equation 2
and Equation 5), and Bruguiera gymnorhiza (BG, Equation 3 and Equation 6) as the most
harvested species in the concession area. Based on tree diameter (Do, cm), equations for
merchantable volume (V, m?) are as follows:

1.315 x 107

Vei= T4 29277 D7 M
1.181 x 107

Ver= T4 82677 D7 @
1.093 x 107

Ve = 093 < 10 Dy’ 3)

Allometry of biomass was developed specifically to estimate the dry weight of logs that can
be utilized (excluding roots, branches, and leaves), so it did not represent total biomass above
ground. Equations for potential extractable biomass (W, kg) based on tree diameter (Do, cm) are
as follows:
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Volume and biomass for Rhizophora mucronata were estimated using allometry of R.
apiculata since these two species have a similar growth rate (Yudha 2021). Ceriops decandra and
other species were estimated using allometry of B. gymnorhiza (which has the lowest rate of
volume and biomass compared to R. apiculata and B. parviflora) because growth rates of other
species are relatively slow and become minor composition in mangroves of Bintuni Bay (Yudha
2021; Yudha et al. 2021). Analysis of variance (ANOVA) and Kruskal-Wallis analysis was
implemented to determine the variance of forest structure, biomass, and Shannon-Wiener index
(H’) on different stand ages of secondary forest. Regression analysis was conducted between stand
ages with forest structure, biomass, and index H’. Statistical analysis was carried out using R
version 3.4.4.

3. Results and Discussion
3.1. Results
3.1.1. Forest structure

Volume, stem density, basal area, and DBH at different stand ages (1-30 years) in secondary
mangrove forests were significantly different (Table 1). At the end of the first 30-year rotation
cycle (30 years stand age), mean volume was estimated to be 290.12 m?® ha! with volume
increment of 9.67 m® ha'! year!, while stem density and basal area at this age were 1,370 stem ha"
I'and 29.18 m? ha’!, respectively. Mean DBH at the 30-year-old stand was 16.91 ¢cm with a
diameter increment of 0.56 cm year! (Table 1, Fig. 3). The trend of increment in DBH could not
be observed (R? = 0.104) due to the presence of unharvested trees in logged-over areas (Table 1,
Fig. 3.d). The distribution of DBH was not consistent in the early years after harvest because, in
some sampling plots, there was no tree at all. Thus the mean DBH in some plots was observed as
zero (no data). If data of DBH for stand ages below 10-year-old were not included in regression
analysis, to exclude DBH values from unharvested trees, the relationship between stand ages and
mean value of DBH can be more observed (R? = 0.521) (Fig. 4).

3.1.2. Biodiversity

A total of 10 true mangrove species from 4 families were observed within sample plots. All
of these species were not protected by the Government regulation (MoEF RI 2018) with Least
Concern status according to the [IUCN Red List (IUCN 2020). Rhizophora apiculata was the most
dominant species covering 89.78% of total species composition in all ages (1-30 years) of
secondary mangrove forests. Under the domination of R. apiculata, there were 4 codominant
species from Rhizophoraceae family; Bruguiera parviflora (5.81%), Bruguiera gymnorhiza
(2.15%), Ceriops tagal (0.81%) and Rhizophora mucronata (0.71%). In contrast, the other 5
species from 3 families cover only 0.74% of the total species composition (Fig. 5). Shannon-
Wiener index (H’) at different stand ages (1-30 years) of secondary mangrove forests was
significantly different (p < 0.001) (Table 1). Index H’ of trees was higher in the early ages of
secondary forests and decreased along with the growth of the stands (R?> = 0.677) due to the
domination of R. apiculata in older forests (Fig. 6). Decrement in index H’ of trees (DBH > 10
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cm) was in reverse with index H’ of small stem trees (1 cm > DBH < 5 cm) and seedlings (height
< 1.5 m) which increase along with the time (see Discussion, Fig. 9).

3.1.3. Biomass

The mean of potential extractable biomass at different stand ages (1-30 years) of secondary
mangrove forests was significantly different (p < 0.001) with consistent increment (R? = 0.565)
along with the growth of the stands (Table 1, Fig. 7). Extractable biomass in 30 years stands age
was in the range of 92.20-323.56 ton ha! (mean: 203.03 ton ha''), while annual increment of
biomass was estimated to be 6.77 ton ha™! year!. The results did not represent total biomass above
ground since the allometry was only designated to describe the biomass of merchantable logs
excluding roots, branches, and leaves. Biomass at the early ages of secondary forests was biomass
of unharvested trees as described in the forest structure section above. Volume, basal area, and
biomass have related measurements, so the linear models and coefficient correlations of these three
variables were relatively similar (Table 1, Fig. 3, Fig. 7).

Table 1. Forest structure, extractable biomass, and Shannon-Wiener index (H”) at different stand

ages (1-30 years) in secondary mangrove forests of Bintuni Bay, West Papua, Indonesia
Stand Plot Volume Basal area Density DBH Biomass

age (n) (m? ha) (m? ha) (stem ha™) (cm) (ton ha™) H
1 10 8.00 £ 12.63 0.79+1.11 30.00 + 36.89 8.85+10.12 5.57+8.83 0.68
2 14 15.08 +22.14 1.69 +2.42 82.14 +130.25 9.12+9.00 10.34 + 15.17 1.14
3 10 14.32 +12.28 1.42+0.95 52.50 +36.23 18.36 £5.47 9.93 +8.57 0.77
4 10 12.13 £ 15.55 1.39+1.65 75.00 + 83.33 11.86 + 6.64 8.05+10.21 1.38
5 12 35.47 +£32.06 3.28£2.78 122.92 +103.60 15.89 + 6.33 24.07 £21.54 1.25
6 11 25.09 +£31.20 2.56+2.74 134.09 + 105.64 12.71 £5.15 16.59 +20.37 1.19
7 10 21.18 £20.38 2.41+2.07 150.00 + 120.76 11.77+£4.83 14.74 £ 14.22 1.33
8 12 16.24 + 15.40 2.06+ 1.66 156.25 +107.73 11.43+4.22 11.06 + 10.36 0.92
9 10 46.94 £29.76 5.50+3.03 385.00 £ 175.67 13.19+2.31 32.37+£20.70 0.66
10 10 2548 £38.78 3.08£4.61 192.50 +272.60 12.54 +4.79 17.65 +26.71 0.67
11 10 37.68 £ 14.93 423+ 1.60 252.50+101.69 14.72 £2.56 26.25+10.49 0.62
12 10 52.19 + 34.65 6.07+£4.10 417.50 +317.12 12.16 + 4.65 36.19 £ 24.16 0.76
13 17 61.67+47.92 6.55+4.87 370.59 +£ 372.41 15.28 +£3.15 41.85 +32.05 0.88
14 12 77.41 +£35.27 9.77 + 4.64 800.00 +475.30 13.24 +2.28 53.81 +24.61 0.67
15 10 97.24 £37.79 12.12+4.34 932.50 +409.95 13.03 +£2.09 67.37 £26.44 0.43
16 10 91.80 £59.10 10.32 +7.08 647.50 + 574.87 15.17 £3.20 63.70 + 40.77 0.55
17 17 107.84 + 63.65 12.99 £ 6.84 926.47 + 400.34 13.10+1.39 75.27 £ 44 .41 0.34
18 20 110.81 £61.05 12.63 + 6.83 77125+ 486.89 14.17 £ 1.31 76.94 +42.49 0.79
19 10 147.03 +£61.13 17.65+6.41 1260.00 + 444.28 13.20+ 1.96 102.31 +£42.66 0.32
20 14 158.24 + 58.70 17.28 +5.77 1010.71 £373.87 14.84 +2.87 110.63 +40.98 0.23
21 31 217.39+71.50 22.35+6.95 1103.23 +£372.03 15.83+1.42 150.57 +50.37 0.51
22 10 276.32 + 64.29 28.16 £ 5.56 1342.50 £219.55 15.88 +1.01 193.09 £+ 45.06 0.17
23 36 252.73+107.94  25.87+9.87 1277.08 £ 462.54 15.67 +£1.92 176.19 + 76.01 0.31
24 13 227.63 +£57.05 23.63 +£5.88 1200.00 £+ 390.51 15.67 £1.70 159.01 £40.14 0.21
25 20 279.54 £ 97.25 27.06 £ 8.52 1161.25 +£425.46 17.06 +2.41 195.04 + 68.39 0.26
26 34 169.29 + 63.41 18.02 +5.88 967.65 +324.42 15.15+1.81 118.07 £44.21 0.45
27 14 187.66 + 68.85 21.40 + 6.46 1292.86 +£273.94 14.18 £ 0.84 131.35+48.18 0.05
28 11 208.25 +44.59 21.15+4.51 1020.45 +£310.21 16.06 +2.18 144.34 + 30.97 0.54
29 16 265.14+127.34  26.79+12.87 1259.38 £ 615.89 16.11 +1.37 185.14 + 89.40 0.22
30 10 290.12+114.02 29.18+12.22 1370.00 + 686.46 16.91 £2.96 203.03 +79.83 0.04
R?=10.565 R?=0.594 R?=0.533 R?=0.104 R?=10.565 R?=0.677
p<0.001 p<0.001 p <0.001 p<0.001 p<0.001 p <0.001
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Fig. 3. Forest structure at different stand ages (1-30 years, n = 434) in secondary mangrove
forests of Bintuni Bay, West Papua, Indonesia: (a) Volume (m?® ha'!), (b) Basal area (m? ha™'), (¢)
Density (stem ha™!), and (d) DBH (cm).
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Fig. 4. Mean DBH (cm) at stand ages 10-30 years in secondary mangrove forests of Bintuni
Bay, West Papua, Indonesia. The relationship between stand ages and mean DBH can be more
observed in this figure when compared to Fig. 3.d as values from stand ages 1-9 years were
eliminated to avoid bias from the diameter of remaining trees in the early years after harvest.
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Fig. 5. Species composition (%) of trees (DBH > 10 cm) at different stand ages (1-30 years, n =
434) in secondary mangrove forests of Bintuni Bay, West Papua, Indonesia. RA: R. apiculata,
BP: B. parviflora, BG: B. gymnorhiza, RM: R. mucronata, CT: C. tagal.
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Fig. 6. Shannon Wiener index (H’) of trees (DBH > 10 cm) at different stand ages (1-30 years)
in secondary mangrove forests of Bintuni Bay, West Papua, Indonesia.
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Fig. 7. Potential extractable biomass above ground (ton ha™!) (excluding roots, branches, and
leaves) at different stand ages (1-30 years) in secondary mangrove forests of Bintuni Bay, West
Papua, Indonesia. Dots represent potential extractable biomass on each sample plot.

3.2. Discussion

3.2.1. Secondary forest dynamics

Mangrove forests in Bintuni Bay have successfully regenerated and replaced former
vegetation, which was harvested in the first rotation cycle 1988-2017 as reported in the previous
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study (Yudha et al. 2021), with forest structure that is approaching primary forests conditions as
prediction models created by Sillanpéd et al. (2017). Standing stock in the last year of the first
rotation cycle (30-year-old stand) is sufficient for utilization in the next cycle (Table 1, Fig. 3).
These results were consistent with our hypothesis. Secondary forests below 10 years of age were
still in a young stand regeneration phase which did not provide any significant standing stock. The
early stand ages are struggling in various types of natural selection processes due to unfavorable
environmental conditions, including propagule predation (Cannicci et al. 2008; Dahdouh-Guebas
et al. 2011; Pribadi et al. 2014; Van Nedervelde et al. 2014). Success indicator of forest
regeneration can be seen from stem density which is dominated by vegetation with small diameter
classes. In the 30-year-old stand, the largest proportion of the stem density was found in diameter
classes of 10—14 cm and 15-19 cm, covering 80% of total stem density. While according to recent
standing stock inventory results (timber cruising) of a block that will be harvested in 2022 (PT.
BUMWI 2020), the stem density of primary forests in diameter classes of 10-14 cm and 15-19
cm is covering only 54% of total stem density (Fig. 8). Timber cruising as part of silvicultural
practices is conducted two years before harvest using the continuous strip sampling method (see
Table 3). With a diameter increment of 0.56 ¢cm year!, natural seedlings that occurred in the
logged-over area one year after harvest will become trees with a diameter of 10 cm at the age of
18 years. Seedlings planted for afforestation 18 years ago have recently grown and become trees
with DBH > 10 cm. Therefore, the largest volume increment was found between stands ages 18 to
22 years (Fig. 3.a).
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Fig. 8. Comparison of density (stem ha'!) in various DBH ranges between a 30-year secondary
mangrove forest (black bar) and primary mangrove forests (grey bar) of Bintuni Bay, West
Papua, Indonesia.

Results of this study could become a significant contribution to the Government national
data regarding an increment of diameter and volume for Indonesian natural forests. The current
national data for diameter and volume increment (commercial species) in natural forests are 0.69
cm year! and 1.749 m® ha'! year'!, consecutively (MoF RI 2011). Specific increment for mangrove
forests is not available in the national database because results from permanent plots in mangrove
forests that could become a scientific reference have never been reported. The FME has some
permanent plots within the concession area, which were established in several harvested blocks
and are being measured every year as instructed by the MoF RI (2007). However, the oldest age
of these permanent plots is 13-year-old, and the data of measurement has not yet reached the
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increment for one rotation cycle. There is a permanent plot in the concession area with a stand age
of 26 years (Yudha 2021) that is purely planted without natural seedlings from parent trees, but
the plot size is relatively small (1.6 ha) and the condition does not resemble natural secondary
forests. Thus, this paper could become a relevant reference to describe increment in secondary
mangrove forests since the sampling area covered all stand ages of the first rotation cycle with a
total plot size of 17.36 ha. This study showed that the increment of diameter and volume for
commercial species in secondary mangrove forests were 0.56 cm year! and 9.67 m? ha'! year!,
respectively. Another study conducted in Bintuni Bay by Yudha et al. (2021), for commercial
species with DBH > 10 cm and oldest sample stand of 23 years, shows that increment of diameter
and volume was estimated to be 0.69 cm year! and 7.92 m? ha'! year!, consecutively. Moreover,
the result from Sillanpdi et al. (2017) (DBH > 5 cm, all species, oldest sample stand: 25 years)
shows diameter increment of 0.46 ¢cm year! and volume increment of 9.97 m? ha'! year!. The
differences in previous studies occurred because of different sampling methods and the oldest
stand age was limited to 25 years.

When compared to forest structure in primary mangrove forests of Bintuni Bay, mean
volume in a 30-year-old stand had reached 73% of mean volume in the primary forest even though
mean DBH at the 30-year-old stand was only 57% of mean DBH in primary forest. The mean
DBH of the 30-year-old stand is 16.91 cm, while in the primary forest is 29.64 cm (Table 2). It
could have happened because of multi-stemmed trees; one tree individual in secondary forests can
have more than one main stem because the main stem branched below DBH. About 24% of planted
mangroves in Bintuni Bay are categorized as multi-stemmed trees with a maximum of 8 stems that
can occur in a single tree. These multi-stemmed trees can increase the standing stock of volume in
secondary mangrove forests by up to 33% (Yudha 2021). However, stem density in secondary
forests can still decrease significantly due to extensive natural thinning in mangroves (Deshar et
al. 2012; Gong and Ong 1995; Pranchai 2017). The mean volume of secondary mangrove forest
in a 30-year-old stand in Bintuni Bay (290.12 m?® ha') is higher compared to other managed
mangroves of the same age class. As mentioned by Kairo et al. (2002), the volume in a 30-year-
old stand in Matang, Malaysia is 153 m? ha! (Haron 1981), while in Ranong, Thailand is 226 m?
ha'! (Aksornkoae 1993). Different allometric equations could influence these differences since
they vary across regions and the global standardized framework for mangroves allometry is
currently unavailable (Rovai et al. 2021; Sasmito et al. 2020). Future studies in Bintuni Bay after
completion of several rotation cycles need to be carried out to observe whether the productivity of
the forests is declining as has occurred in Matang, Malaysia (Gong and Ong 1995), so further
research or silvicultural improvements could be conducted to prevent or reduce such decrement.

Table 2. Comparison of mean forest structure and index H’ between a 30-year secondary
mangrove forest and primary mangrove forests of Bintuni Bay, West Papua, Indonesia

Variable Primary forests** 30-year secondary forest***
Volume (m® ha™') 393.82 290.12
Basal area (m® ha™) 26.78 29.18
Stem density (stem ha™)* 474 1,370
DBH (cm) 29.64 16.91
Index H’ 1.51 0.04

Notes: * Stem density in the 30-year secondary forest did not represent the density of individual trees since all stems
which occurred in a single tree (multi-stemmed trees) were measured; ** Data according to Yudha et al. (2021) (n =
594); *** The results of this study (n = 10).
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The Shannon-Wiener index (H) of trees was decreasing over time, with R. apiculata as the
most dominant species. Index H’ in the 30-year-old stand was 0.04 and remarkably different from
primary forests of 1.51 (Table 2). This condition is in reverse with index H’ of small stem trees
and seedlings in secondary mangrove forests of Bintuni Bay that increased along with the growth
of the stand. Comparison of index H’ between different stratum can be seen in Fig. 9; trees (as the
main object of this study) are vegetation with DBH > 10 c¢m, small stem trees according to
Sillanpéé et al. (2017) are vegetation with 1 cm > DBH < 5 cm (the below solid line is the
regression of H” for small stem trees) and seedlings according to Yudha et al. (2021) are vegetation
with height < 1.5 m (the above solid line is the regression of H’ for seedlings). Higher index H’
for small stem trees and seedlings in older forests indicate that recruitment of natural regeneration
in secondary forests can occur even though the above stratum is stand dominated by R. apiculata.
Natural recruitment of species that are not planted in monospecific stands can increase productivity
and ecosystem stability, as stated by Bosire et al. (2003) and Bosire et al. (2006). However, future
research in secondary mangrove forests of Bintuni Bay needs to be carried out to investigate further
development of these lower stratums so that it can be observed whether high biodiversity in small
stem trees and seedlings can survive and grow under monospecific stands and whether domination
of R. apiculata in the secondary forest can decrease as the lower stratum are growing. Investigation
of growth in old mature secondary forests is important in the context of ecological dynamics,
considering that secondary mangrove forests have a characteristic of extensive natural thinning
(Deshar et al. 2012; Gong and Ong 1995; Pranchai 2017) which can provide canopy gaps for other
codominant species.
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Fig. 9. Comparison of Shannon-Wiener index (H’) for trees (dash line, as regression model from
Fig. 6), small stem trees (triangle, according to Sillanpda et al. (2017), n = 36), and seedlings
(cross, according to Yudha et al. (2021), n = 1,863) at different stand ages (1-30 years) in
secondary mangrove forests of Bintuni Bay, West Papua, Indonesia.

Biomass increment in secondary forests was remarkably observed over time along with the
growth of the stands. The annual increment of biomass was estimated to be 6.77 ton ha'! year!
with average biomass of 203.03 ton ha'! in 30-year-old secondary forest (Table 1, Fig. 6). Results
from this study are consistent with a previous study in Bintuni Bay which discovered that biomass
above ground is lost due to removal of trees in the recently logged over area and then recover when
forest regeneration grows over time (Murdiyarso et al. 2021). Sasmito et al. (2020) found that live
biomass in mangroves 25 years post-harvest was not significantly different from live biomass in
undisturbed mangrove forests of Bintuni Bay. This could have happened because of multi-
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stemmed trees that can significantly increase standing stock in secondary forests (Yudha 2021);
thus, live biomass in older ages of secondary forests is almost in range with primary forests’ live
biomass. Goessens et al. (2014) observed the same condition in managed mangrove of Matang,
Malaysia that total above-ground biomass in a 30-year-old stand (372 ton ha') is almost similar
with virgin jungle reserves of 415 ton ha'!. Considering that mangrove wood is one of the highest
calorific values wood and steady-burned over a long period (Ahmed et al. 2012), sustainable
management on mangroves could provide long-term availability of biomass for subsistence use,
charcoal, and the industrial sector for renewable energy (Aksornkoae 1993; Atheull et al. 2009;
Sathe et al. 2013; Thongjoo et al. 2018). Furthermore, rotational and selective logging on managed
mangroves as implemented in Bintuni Bay can contribute to climate change mitigation and
adaptation actions since above-ground biomass can be secured and soil carbon stocks are preserved
throughout the cutting cycle (Murdiyarso et al. 2021).

3.2.2. Mangrove silvicultural practices

One of the key factors in the sustainable use of mangrove forests is the implementation of
suitable silvicultural practices (Saenger 2002). The Matang Mangrove Forest Reserve (MMFR) in
Malaysia is considered as the best-managed mangroves in the world that have implemented clear
cut and plantation method for more than a century (Goessens et al. 2014; Jusoff and Taha 2008).
Thus, a comparison of the silviculture system between the MMFR and Bintuni Bay that uses
selective logging and parent trees method during the first rotation cycle is worthy of description.
Implementation of silviculture system in Bintuni Bay starts three years before harvest by
conducting area planning, timber cruising, and zone marking. Timber extraction is allowed on each
annual block by leaving parent trees (40 trees ha!) distributed throughout the harvest area. A
census of vegetation in logged-over areas is conducted two years after harvest to observe the
availability of natural regeneration categorized as seedlings (height < 1.5 m) and saplings (height
> 1.5 m, DBH < 10 cm). Before conducting afforestation, parent trees and surrounding unharvested
area are expected to contribute the maximum number of seedlings as natural regeneration in the
logged-over area to achieve ecologically functional forest as in natural mangrove stand (Bosire et
al. 2006, 2008) and to avoid impairments in secondary succession (Rovai et al. 2012).

There is a weak correlation between harvested area and the availability of natural
regeneration in the logged-over area (R? = 0.506) with an average natural seedling of 1.021 stem
ha! and saplings of 198 stem ha'! that are available in logged-over area as displayed in Fig. 10.
The dashed line in Fig. 10 is the minimum stocking required by the Government (MoA RI 1978),
while the solid line is a regression model between harvest area (ha) and the availability of natural
regeneration (stem). Data according to Post-Harvest Forest Inventory results within harvest blocks
of 2010 to 2014 (PT. BUMWI 2016). The activity is part of silvicultural practices, by conducting
a census to count existing natural regeneration using 20 m x 20 m plots in all logged-over areas to
estimate the total amount of seedlings needed for afforestation. Area with less natural regeneration
then planted three years after logging by seedlings and propagules from the FME’s nursery to gain
minimum stocking of 2,500 stem ha! (2 m x 2 m planting distance) as required by the Government
(MoA RI 1978). Seedlings and propagules that used for afforestation mostly are R. apiculata as
the most harvested species in the concession area, covering 95% of total planted seedlings over
the last 10 years (PT. BUMWI, unpublished data). In planted mangrove stands, this species can

95



Yudha et al. (2022) Jurnal Sylva Lestari 10(1): 83-106

provide high standing stock for future utilization when compared to other mangrove species
(Yudha 2021).
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Fig. 10. The availability of natural regeneration (seedlings and saplings) two years after harvest
in the logged-over mangrove area of Bintuni Bay, West Papua, Indonesia.

The density of stocking after selective logging in Bintuni Bay (2,500 stem ha'!) is lower
compared to density in the MMFR on the initial stocking after the clear cut that uses 1.2 m x 1.2
m for R. apiculata (6,944 stem ha') and 1.8 m x 1.8 m for R. mucronata (3,086 stem ha'')
(Goessens et al. 2014). Young stand vegetation in the MMFR that survived after natural selection
(Cannicci et al. 2008) does not have sufficient space to grow and develop due to the high initial
stocking density. Therefore, two periods of thinning during one rotation cycle have a significant
impact on providing adequate space for secondary forests in the MMFR so that DBH increment
and biomass can be optimized (Gong and Ong 1995). DBH at the end of a 30-year cycle in
mangrove stands of the MMFR after two thinning is in the range of 15.0-22.5 cm (Goessens et al.
2014). While according to this study, DBH in a 30-year-old stand on Bintuni Bay was in the range
of 14.76-24.11 cm. In Indonesia, artificial thinning in managed mangrove forests is allowed by
the Government regulation (MoA RI 1978) between stand ages of 15 to 20 years, although the first
rotation cycle in Bintuni Bay was completed without artificial thinning. Even though artificial
thinning was not implemented in Bintuni Bay, the range of diameter at the same stand age (30-
year-old) at the end of one rotation cycle is similar to the MMFR mangrove stands. Thus, the
density of initial stocking in Bintuni Bay (2 m x 2 m) seems suitable to accommodate the growth
of mangrove stands for production purposes without artificial thinning.

The purpose of mangrove utilization in the MMFR is to produce charcoal products so that
trees with diameters below 10 cm can still be used through artificial thinning to obtain additional
economic value and optimally use the standing stock before it is lost to natural thinning (Gong and
Ong 1995). While in Bintuni Bay, mangroves are harvested to produce wood chips, and the
minimum diameter that can be utilized is 10 cm (MoF RI2007). This study showed that mangroves
that grow from initial stocking in Bintuni Bay would achieve a diameter of 10 cm around 18 years
stand age. If the FME implemented artificial thinning, the appropriate time would be in 18- to 20-
year-old stands to compromise with the Government regulation. However, thinning in Bintuni Bay
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is not a priority because primary forests are still widely available for utilization (MoEF RI 2019a).
In addition, the results of this study also show that even without artificial thinning, standing stock
at the end of the first 30-year rotation cycle is sufficient to be harvested for the next cycle. Current
regulation from the Government has accommodated clear-cut harvest method with artificial
regeneration in the silviculture system of mangrove forests (MoEF RI 2016). According to the
results of this study with comparison to the implementation of silvicultural practices in the MMFR
Malaysia, the spacing distance of 2 m x 2 m (density of 2,500 seedlings ha'') seems appropriate to
be implemented in an initial stocking if the clear cut method is used in Bintuni Bay instead of
parent trees method.

3.2.3. Biodiversity conservation

R. apiculata was the most dominant in secondary forests, covering 89.78% of total species
composition, which correlated with low biodiversity in the tree stratum (Fig. 5, Fig. 6). It can be
explained as follows; (1) R. apiculata naturally is the most dominant species in primary mangrove
forests of Bintuni Bay (Sasmito et al. 2020; Sillanpéé et al. 2017; Yudha et al. 2021), (2) growth
rate of R. apiculata is the highest compared to other dominant species in Bintuni Bay (Yudha
2021), (3) 63.06% of natural regeneration (seedlings and saplings) and 71.47% of the parent trees
that available in the logged-over area are R. apiculata (PT. BUMWI 2016) and (4) more than 95%
of seedlings used for afforestation in the concession area, according to data recorded over the last
10 years, are R. apiculata (PT. BUMWI, unpublished data). In MMFR Malaysia, species beside
Rhizophora are cleared from the stands during artificial thinning at the age of 15 and 20 years.
Species composition at the end of the 30-year cycle is expected to become a homogenous stand of
Rhizophora (Goessens et al. 2014). In Bintuni Bay, all dominant species that appear in secondary
forests can still be used for timber utilization. Therefore, the opportunity for forestry engineering
to make species composition in secondary forests closer to primary forests is wide open to be
applied in terms of silvicultural system implementation.

Timber cruising, which is carried out two years before logging (MoA RI 1978; MoEF RI
2016), can provide comprehensive data on the species composition in a block of primary forest.
This data then can be used as a reference for afforestation post-logging so that species composition
planted in the logged-over area could resemble the composition of species prior to logging. About
93% of species composition in primary mangrove forests of Bintuni Bay only consists of 5
dominant species (Yudha et al. 2021), with the variation of percentages amongst area and zonation
(Table 3). Since mangroves are naturally given as poor biodiversity-ecosystem (Saenger 2002),
the determination of species for afforestation should be focused on these 5 species according to
percentages of species composition obtained from timber cruising activities in each compartment
and block. If this is accommodated as part of silviculture system implementation, species
composition at the end of the second rotation cycle as a result of afforestation in logged-over areas
could be expected to become more diverse secondary forests without being entirely dominated by
R. apiculata. Furthermore, the secondary forests will become more ecologically resilient from
perturbation (Bosire et al. 2006) and could become habitats that offer more various niches to attract
fauna from various taxa (Bosire et al. 2008; Nagelkerken et al. 2008).
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Table 3. Species composition in primary mangrove forests of Bintuni Bay, West Papua, Indonesia,
according to various surveys and reports

No Sampling design Species composition (%) References™
) Method Sample size (ha) RA BP BG RM CT  Others
1 Quadrat plot 23.76 46.16 27.59 834 881 2.74 6.36  Yudhaetal. 2021
2 Continuous strip 74.65 62.24 14.85 13.02 3.41 5.09 1.39  PT. BUMWI 2020
3 Circle plot 0.06 3272 1471 9.19 846 30.88 4.04  Sasmito et al. 2020
4  Circle plot 0.09 4193 12.79 6.71 2159 1447 251  Sillanpai et al. 2017

Notes: * Measurement of vegetation in No. 1 and 2 was conducted for trees with DBH > 10 cm, while No. 3 and 4 for
DBH > 5 cm; RA: R. apiculata, BP: B. parviflora, BG: B. gymnorhiza, RM: R. mucronata, CT: C. tagal.

3.2.4. Extended rotation cycle

The unique fact about the utilization of mangrove forests in Bintuni Bay, which ecologically
contributes to the conservation of wildlife habitat and economically ensures maximum increment
of the stands, is regarding the extended rotation cycle. Even though the rotation cycle for
harvesting is a 30-year cycle, the actual cycle of utilization in secondary forests will be carried out
on a 60-year cycle. The area of mangroves that can be harvested (hereafter referred to as production
zone) after respecting buffer zones and High Conservation Value Forests is approximately
1,658.28 ha year™! with a total production zone that can be utilized for a 30-year cycle of 49,748.45
ha (MoEF RI 2021b). Meanwhile, the harvested area within the production zone for the first
rotation cycle (30 years, 1988-2017) was 18,458.42 ha or 615 ha year™! (Teo and Sillanpdi 2019).
The total harvested area for the last 3 years (2018-2020) was 807.33 ha (269 ha year!), with the
extracted volume of 257,262.68 m? (318.65 m® ha'! year!) (MoEF RI 2021a). Harvested areas
have been declining over the last few years due to the limitation of worker availability, as well as
the global effect of the COVID-19 pandemic. During the first 30-year cycle, harvesting activities
from felling, debarking, and skidding were conducted manually by humans instead of heavy
equipment. Therefore, mechanization in harvesting activities must be implemented to optimize
timber products from mangrove forests utilization in Bintuni Bay, with maximum efforts to
minimize the environmental impacts from mechanization (PT. BUMWI 2021).

The maximum capacity that is allowed by the MoF RI (2005a) for the wood industry owned
by the FME to process mangrove logs into wood chips is 193,536 m? year! (volume without bark).
If this volume is converted to standing trees volume with a bark portion of 13.32% from total
standing volume (Tantra et al. 2019) and waste ratio of 13% (PT. BUMWI, unpublished data),
then volume allowance to be harvested from the forests is 262,671 m? year!. If the standing
volume of primary forest is 393.82 m? ha'! (Yudha et al. 2021), then the total area which is needed
for harvesting to fulfill the maximum capacity of the FME’s industry is around 667 ha year.
Important to be underlined that the mean volume of primary forests varies among areas, but most
studies and surveys in Bintuni Bay so far have shown the volume of primary forest around 400 m?
ha™! (PT. BUMWI 2020; Sillanpéi et al. 2017; Yudha et al. 2021). By using the estimated harvest
area above (667 ha year™!) or the average harvested area in the first 30-year cycle of 615 ha year!
(Teo and Sillanpéd 2019), the total mangrove area that was harvested during the first rotation cycle
was around 37-40% from the production zone. Thus, the logged-over area in the first cycle, which
has recovered to be second-growth forest ready for harvest, will not be harvested in the second
cycle because the primary forest is still available for utilization. To optimize the sustainability of
forest products, primary forest is a priority for utilization (MoEF RI 2015). Therefore, secondary
mangrove forests of Bintuni Bay, as results from harvesting in the first cycle, still have an
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opportunity to grow approaching the structure and composition of primary mangrove forests (Luo
et al. 2010; Sillanpéa et al. 2017).

Ministry of Environment and Forestry, the Republic of Indonesia, has officially introduced
silvicultural intensification or Silvikultur Intensif (SILIN) since 2005 that aims to increase the
productivity of timber forest products from natural forests (MoF RI 2005b; MoEF RI 2019b; c).
This silvicultural intensification could result in remarkably progressive yield from natural forests
(Pamoengkas and Prasetia 2014; Ruslandi et al. 2017; Wahyudi 2016) so that utilization of natural
forests in Indonesia would be expected to provide maximum output for the national and global
wood industry. Even though the silvicultural practices are not adopting SILIN, the progressive
yield from mangrove forests in Bintuni Bay can be obtained by providing longer growth
opportunities in secondary forests. Mangrove forests that are harvested in year one will be
harvested again in year 61 (the third rotation) due to a low harvest rate of the first rotation cycle,
and standing stock in the primary forest is still available for utilization in the second rotation.
Therefore, a 30-year rotation cycle is appropriate for mangrove utilization in Bintuni Bay since
the forests are only half harvested in one cycle, and the other half can still grow to maximize
incremental growth to obtain a progressive yield from the stands while providing extension time
for soil nutrients and sediment to recovery approaching pre-disturbance condition (Sillanpii et al.
2021). Unharvested mangroves on each annual block have a significant function as the source of
propagules for natural seedlings recruitment in logged-over areas; thus, ecosystem productivity
and stability could be increased (Bosire et al. 2003, 2006). The large extent of unharvested stands
because of a low harvest rate each year also has an important function as a conservation reserve
and refugee habitat for wildlife surrounding logged-over areas so the biodiversity of flora and
fauna in managed mangrove forests can be optimally conserved (Yudha et al. 2021).

4. Conclusions

Mangrove forests are renewable resources that could be utilized sustainably with responsible
forestry, while silvicultural practices in managed mangrove forests play a significant role in
ensuring regeneration post-harvesting. At the end of the first rotation cycle (30-year-old stand),
secondary mangrove forests of Bintuni Bay could provide volume and potential extractable
biomass 0f 290.12 m® ha'! and 203.03 ton ha'!, respectively as a standing stock for the next rotation
cycle. This standing stock even still has an opportunity to attain the structure and composition of
primary forest since the FME will not harvest it yet due to the availability of primary forest for
utilization in the second rotation cycle; thus, secondary forests could become more ecologically
resilient forests. Unharvested mangroves during the first 30-year cycle are larger than the harvested
area due to the low annual harvest rate, which contributed to supporting natural regeneration in
logged-over areas and becoming refugee habitat for wildlife so that the biodiversity can be
maintained. Results from pre-harvesting surveys (timber cruising) on forest standing stock and
native species composition could become the reference for species determination in afforestation
post-harvesting; thus, biodiversity of mangroves in secondary forests could be improved and
resemble pre-disturbance condition although other species seem difficult to compete with the
domination of R. apiculata. After primary mangrove forests in the production zone are completely
harvested, utilization of secondary mangrove forests in Bintuni Bay on the third rotation cycle and
forward is the utilization of renewable natural resources. With science- and rule-based
management, managed mangrove of Bintuni Bay could resemble the success story of managed
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mangrove in the MMFR, Malaysia in sustaining the production function of mangrove forests and
even have a greater opportunity to maintain the ecological function of the system with appropriate
sustainable management. Future challenges in the area are to implement a clear-cut harvesting
method sustainably with environmentally friendly mechanization, so the utilization of mangrove
forests could be economically beneficial, socially responsible, and ecologically acceptable as has
been carried out for more than three decades in Bintuni Bay.
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