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mangrove forests are however at risk when mangroves are degraded. The restoration of mangrove
areas is considered as a natural solution to recover lost ecosystem services such as securing of
carbon stocks. This study was set to assess the extent to which mangrove planting activities
compensate for the loss of biomass carbon stocks and other structural attributes in Rufiji Delta-
Tanzania through analysis of biomass carbon loss and gain as a result of conversion of man-
groves forest into rice farms and planting of mangroves respectively. Circular sampling plots were
established in good, degraded and restored mangrove areas where total tree heights and Diameter
at Breast Height (DBH) of all standing trees were measured and recorded by species and used to
compute biomass carbon stock. The mangrove species composition changed from 7 in 1989 to
2 species in degraded plots in 2016. The species dominance changed from Avicennia marina in
1989 to Rhizophora mucronata in 2016 in good mangrove plots and from A. marina and Sonneratia
alba to an invasive Baringtonia racemosa in degraded plots. Bruguiera gymnorrhiza was the only
mangrove species used for restoration through planting in the delta and the overall survival rate
was 37%. The above-ground carbon (AGC) and below-ground carbon (BGC) for the good natural
mangrove plots ranged from 28.18 to 299.43 and 16.00-164.51 Mg C ha™! respectively compared
to 0-150.88 and 0-967.01 Mg C ha~! in the degraded plots. The total biomass carbon stock in the
good natural mangrove plots ranged from 44.14 to 463.94 Mg C ha~! while for the degraded plots
the range was 0-247.89 Mg C ha!. The carbon stocks in 5, 10 and 15 year old planted mangroves
were 13.65, 20.13 and 57.53 Mg C ha~! respectively. The biomass loss of 172.91 Mg C ha™! was
estimated in a period of 25 years (1989-2016), equivalent to an annual loss rate of 6.9 Mg C
ha'year™!, demonstrating that degradation has a significant contribution to loss of carbon
stocks. Nevertheless, an average of 3.8 Mg C ha 'year ! was stocked by 15 years old planted
mangroves, demonstrating that there is potential for the planted mangroves to compensate for the
lost carbon if the anthropogenic drivers such as rice farming is controlled. These findings call for
urgent collective actions among stakeholders to consider and improve the integrated management
of the delta.
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1. Introduction

Mangrove ecosystems provide a range of goods, services and support high levels of biodiversity (Duarte et al., 2005). A growing
body of literature suggests that mangroves are highly potential in sequestering significant amounts of CO, (Donato et al., 2011;
Ajonina et al., 2014; Jones et al., 2015; Stringer et al., 2015; Trettin et al., 2016, 2021). Despite their small cover of about 0.81% of the
global tropical forests (Bunting et al., 2018; FAO and UNEP, 2020; Spalding and Leal, 2021), mangroves represent a globally important
carbon sink (Donato et al., 2011; Sanderman et al., 2018). They were reported to store 4.19 billion tons of carbon in 2012, with
Indonesia, Brazil, Malaysia and Papua New Guinea accounting for more than 50% of the global stock (Hamilton and Friess, 2018).
Regardless of this critical role, continued degradation of mangroves world-wide has been highlighted in the recent years (Thomas
et al., 2017; Hamilton and Friess, 2018; FAO and UNEP, 2020; Goldberg et al., 2020; Spalding and Leal, 2021). Thirty five percent of
the global mangrove cover has been lost since early 1990s (Thomas et al., 2017). About 60% of the loss recorded between 2000 and
2016 occurred due to human pressures especially through conversion to aquaculture and agriculture (Goldberg et al., 2020; Spalding
and Leal, 2021). Global-scale remote sensing data shows that annual rates of mangrove deforestation averaged 0.13% between 2000
and 2016 (Goldberg et al., 2020; Spalding and Leal, 2021). Continued degradation and loss contribute to the emission of carbon and
this has large economic impact. Two percent of global mangrove carbon was lost between 2000 and 2012, equivalent to a maximum
potential of 317 million tons of CO; emissions (Hamilton and Friess, 2018), resulting in estimated economic loss of US $ 9.86-42
billion (Pendleton et al., 2012). This justifies the potential of mangroves to the global greenhouse gas budgets and the importance and
urgency for their conservation.

As a measure to safeguard mangrove resources, Tanzania took several initiatives intended to strengthen mangrove management in
the country. Between 1989 and 1991, the country developed the Management Plan for the Mangrove Ecosystem of mainland Tanzania
(Semesi, 1992). The management plan produced mangrove cover maps covering the whole mainland coastline divided in ten blocks
with clusters showing trees species, stand height and stand density. As for state forest reserves, the management plan divided the
mangroves into four management areas; the areas restricted for conservation, degraded and deforested areas for restoration, areas for
sustainable utilization and areas set aside for other sustainable investments (Semesi, 1992). Despite these management arrangements,
there is growing rate of mangrove degradation and deforestation in various mangrove forest reserves in the country, which is largely
associated to inadequate enforcement of the laws and policies responsible for mangrove management (Semesi, 1992; Wang et al.,
2003; Mangora, 2011; Mayunga and Uhinga, 2018; Monga et al., 2018). While several definitions exist for forest degradation and
deforestation (Lund, 2009, 2014, 2015), the ones used by [PCC (2000) are adopted here that deforestation is the conversion of forest
land to non-forest land whilst forest degradation is loss of forest quality, such as a reduction of aboveground biomass, in areas that
remain as forests. The main drivers of mangrove degradation and deforestation are over-exploitation and conversion to other land uses
such as agriculture, aquaculture and salt making (Semesi, 1992; Wang et al., 2003; Mangora, 2011; Mangora et al., 2016; Mayunga and
Uhinga, 2018; Monga et al., 2018). The annual loss rate of 0.52% of mangrove cover has recently been estimated in the Rufiji Delta, the
largest mangrove forest reserve in the country (Monga et al., 2018). Whilst it is well known that conversion to rice farming contributes
most to mangrove degradation in the delta, less is known on the impact of such losses on the mangrove ecosystem function and service
of carbon storage.

Like in other parts of the world, restoration of mangroves has received a lot of attention in Tanzania in the recent past, in response
to the growing negative impacts of the losses of mangroves. According to accredited definition, forest restoration is intentional ac-
tivities to re-establish the presumed structure, productivity, function and species diversity of the forest originally present at a site
(Gilmour et al., 2000). However, this is not always the case in Tanzania as mangrove restoration activities often focuses on recovery of
forest structure of deforested areas. Some commonly reported negative impacts of mangrove losses in Tanzania include coastal erosion
and decline of fishery resource (Monga et al., 2018; Lagomasino et al., 2019). In Rufiji Delta for instance, river banks erosion is
observed in the deforested areas due to factors highly associated with cutting for rice farming activities (Monga et al., 2018). As an
attempt to support regrowth of mangroves in deforested areas, several restoration programs have been implemented in many parts of
Tanzania including in Rufiji Delta (UNEP, 2020). The restoration programmes in Rufiji Delta started in 1990 s with financial support
from development partners such as Norwegian Agency for Development Cooperation (NORAD), United Nation Development Pro-
gramme (UNDP), Global Environment Facility (GEF) and United Nation Environment Programme (UNEP). Between 1994 and 2005,
NORAD supported planting of 840 ha of mangroves in the Delta through Mangrove Management Project (Peter, 2013). Since then,
there have been growing restoration interest from different stakeholders. Following NORAD's support, another project called Marine
and Coastal Environment Management Project (MACEMP) (funded by GEF) was initiated which planted 112 ha of mangroves by 2011
(Tanzania Forest Service (TFS) Agency office records at Rufiji Delta). Between 2015 and 2019 the Division of Environment under the
Vice President’s Office through Kibiti District Council implemented a mangrove planting project that planted 792 ha (Mangora, pers
comm). While mangrove restoration efforts have increased in terms of number of hectares planted every year, lack of monitoring and
evaluation plans for the restoration programmes has limited knowledge on the extent that planting compensate for the lost carbon
stock in the delta due to degradation. This study was designed to assess the impact of mangrove degradation and deforestation to the
biomass carbon stock and the extent to which restoration activities through planting compensate for the lost carbon stock and
structural attributes by analysis of biomass carbon loss and gain due to degradation and planting activities respectively, with reference
to the adjacent good natural stand.
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2. Materials and methods
2.1. Study area

The Rufiji Delta is located about 200 km south of Tanzania’s largest city of Dar es Salaam. The delta experiences long rain season
between February and May and short rain season between October and December (Japhet et al., 2019). The average precipitation
during long rain seasons is 100-280 mm month ™! and 10-120 mm month ™! during short rain seasons (Nicholson, 2001; Doody and
Hamerlynck, 2003). The mean annual rainfall is around 1200 mm year ' (Semesi, 1992) and the temperature range is 24-31 °C
throughout the year (Richmond et al., 2002). The delta is part of the largest river basin that drains about 20% of the country, with a
mean annual flow of 800 m® s™! (Duvail and Hamerlynck, 2007). Rufiji river has strong flow period during long rain seasons.

The delta contains the largest continuous mangrove forest in East Africa and rich in biological diversity (Semesi, 1992). Eight
mangrove species have been reported to occur and well represented in the delta, namely Avicennia marina, Sonneratia alba, Ceriops
tagal, Lumnitzera racemosa, Bruguiera gymnorrhiza, Rhizophora mucronata, Xylocarpus granatum and Heritiera littoralis (Wagner and
Sallema-Mtui, 2016). One of the distinctive characteristics of the delta is the existence of permanent settlements within the forest
reserve, where about 49,000 people live in the villages in and around the delta (Mwansasu, 2016), dependent on mangroves and
associated resources exploitation such as fisheries and agriculture for livelihoods (Semesi, 1992). Main mangrove ecosystem services of
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Fig. 1. Location of sampling plots in the study site, dark red points are the degraded mangrove plots and light red are the good natural mangrove
plots overlaid on the land cover change map adopted from Monga et al. (2018). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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socio-economic importance to people in the delta include rice farming, mangrove cutting for poles and timber and fishing for both food
and income security (Nyangoko et al., 2021). Rice farming activities in the delta involves clearing of mangroves to allow space for
farming (Semesi, 1992; Nindi et al., 2014; Monga et al., 2018). Mangrove poles and timber from Rufiji Delta feed local markets in
major coastal cities and towns especially Dar es Salaam, Tanga and the islands of Zanzibar. For local area management purposes, the
delta has been categorized into three major blocks: northern, central and southern blocks (Semesi, 1989). The northern block has about
half of the total mangrove cover in the delta. The block receives more freshwater, is relatively more accessible and therefore more
frequently utilized for local and commercial interests than the other blocks (Brown et al., 2016). This study was conducted in the
northern delta block, where clearance of mangroves for rice farming activities is concentrated and therefore vastly targeted for
restoration programmes.

2.2. Data collection
2.2.1. Sampling procedure

2.2.1.1. Good and degraded mangrove stands. The 1989 mangrove cover maps used to develop the mangrove management plan for
mainland Tanzania, (Semesi and Howell, 1992) was used to guide the purposive designation of two contrasting mangrove areas - a
good natural mangrove that had fairly remained intact by 2016 and a degraded area as a result of clearance for rice farming. The 1989
map was used because it was developed with clusters showing trees species, stand height and stand density of the entire delta. In each
area, purposive allocation of 15 sampling circular plots of 0.04 ha (11.3 m radius) as per Trettin et al. (2016) was done (Fig. 1). The
plots were overlaid on the land cover change map adopted from Monga et al. (2018). The plots were located at least 1 km apart (where
close related pair was found). All field data collection was conducted during February 2017, shortly before the start of the long rains.

2.2.1.2. Planted mangrove stand. Two officers from TFS field station at Nyamisati and 2 community members who had adequate
experience and knowledge of the delta and engaged in the previous restoration activities were consulted to support the selection of the
planted mangrove fields based on age. Twelve planted fields were identified, three each with 2, 5, 10 and 15 year old planted
mangroves. These years were proposed because the consulted community members and TFS field officers could recall the years when
planting was done and distinguish planted mangroves with such age classes. The identified planted fields had different areal sizes, with
the smallest around 3 ha. Three circular sampling plots each with an area of 0.04 ha (11.3 m radius) were established on each of the
selected mangrove planted fields. One plot was established at the center of the planted fields and each of the other two plots at 10 m on
the opposite side of the center plot.

All established plots for the planted site were located on the landward side of the delta, close to where the main Rufiji River
separates into distributaries that feed the delta. This is the area of the delta which has been largely affected by rice farming and
therefore open for restoration activities (Monga et al., 2018). All 12 mangroves planted plots were active with rice cultivation, but at
different stages, some with grown rice and others at preparatory stages. In all planted plots, B. gymnorrhiza was the only species used
for restoration. According to the narratives by the TFS field officers and members of the community, B. gymnorrhiza is preferred for
planting due to its better performance in terms of fast growth and high survival, availability of abundant propagules and their easy of
handling.

2.2.2. Measurements

2.2.2.1. Good natural and degraded mangrove stands. Tree biomass in good natural and degraded mangrove areas

In all plots in both good natural and degraded mangrove areas, all trees (mangroves and non-mangroves) were identified and
diameter at breast height (DBH = 1.3 m above ground) and height was recorded for both the saplings and overstory trees by species. All
trees with DBH less than 10 cm were considered as saplings. DBH was measured using a diameter tape. Height was measured using
Haglof Vertex III hypsometer. Above ground biomass (AGB) and below ground biomass (BGB) pools for mangroves were determined
for each live tree. Species-specific equations (Eqs. 1-6) and the general equations (Eqs. 7-8) for mangroves of Tanzania by Njana et al.
(2016b) were used to calculate AGB and BGB.

Species specific equations:

A. marina
AGB: 0.25128 xdbh>243>! @
BGB: 1-42040xdbh' #4260 )

R. mucronata

AGB: 0.25128 x dbh??26026 3

BGB: 1-42040 xdbh! %7 4
S. alba

AGB: 0.25128 xdbh? 27?7 5)
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BGB: 1-42040 x dbh! 3760 (6)
General equations:

AGB = 0.25128 xdbh? 24034 )

BGB = 1-42040xdbh!>96% @

Loss of carbon

Biomass estimates were converted to carbon equivalent by using carbon concentration factors of 0.39 and 0.50 for below ground
and above ground biomass respectively as suggested by Kauffman and Donato (2012). Amount of carbon loss was estimated as the
result of conversion of mangrove forest into rice fields between 1989 and 2016 (sampled year). Carbon losses were estimated by using
carbon gain-loss and tier 2 methods by IPCC (2006). The carbon stocks differences between natural mangrove stands and planted
mangrove areas (rice farming) were calculated to get the amount of carbon loss.

2.2.2.2. Performance of planted mangrove stand. Determination of survival rate

Mangrove planting space used in Rufiji Delta is 1 m (rows and columns), although not necessarily in strict straight rows. This
planting space is locally suggested by TFS field officers based on experience from natural regeneration. The number of mangrove plants
available in the plots were counted and recorded by species. The total number of mangrove trees planted in a plot was calculated based
on the mangrove planting density in Rufiji Delta (1 m rows and columns, 400 trees/~400 m?). Survival rate of the planted mangroves
in plots was then estimated through Eq. 9. The results of the plots were extrapolated to trees per hectare. All other growing mangroves
out of planted rows and columns but within the plots were considered as natural regeneration and were counted, recorded by species
and their densities (seedlings/ha) computed accordingly. Mangroves that survived but intentionally removed through cutting were
considered by their stumps as survived trees.

%SR = n/N x 100 ©)

Where: %SR = Survival rate, n = mangroves present in the plot, N = total mangroves initially planted (400 trees/~ 400 m?).

The plot condition such as level and type of disturbances was assessed and recorded. Cutting and farming were considered as
disturbances in the planted areas. Flowering and propagule production of the planted mangroves were also assessed and recorded in all
plots.

Measurement of tree diameter and height

For the planted plots, measuring tape and diameter tape were used to measure height and diameter respectively of the planted
mangrove seedlings, saplings and older trees. Height was measured from the end of the propagule to the highest plant tip where the
stem shoots grow. The root collar diameter (RCD) was measured by a diameter tape at 1 cm above the soil. The DBH of 5, 10 and 15
year old trees were measured and recorded. DBH of 2 year old plants were not measured because of their small sizes. The annual mean
growth rates of RCD, DBH and height of the mangrove age classes were calculated by simple division of the mean RCD, DBH and height
by the age of planted mangroves. As reported by Basyuni et al. (2012), the stem heights, diameters and basal area of planted mangroves
are the indices of plant growth, development and biomass accumulation. Measured height and DBH was then used to estimate above
and below ground biomass using specific Eqs. 10 and 11 developed by Perera et al. (2012) for B. gymnorrhiza.

AGB = 0.289 x D>3%7 (10)
BGB = 0.1 x D*3¢4 11)

Where AGB is above-ground biomass in kg per tree, D is DBH in cm and BGB is below ground biomass in kg per tree.
The biomass densities were respectively multiplied by concentration factors of 0.39 and 0.50 for below ground and above ground
estimates in order to obtain carbon mass (Kauffman and Donato, 2012).

2.3. Statistical analysis

Statistical tests were performed using SPSS version 16 to compare means. Mean values were subjected to paired samples T-test at
significance level of 0.05 to find the variation of mean carbon stocks in different carbon pools between for the good natural mangrove
and degraded mangrove sites. For the planted mangrove data, one-way analysis of variance (ANOVA) was used to test the variation of
means of survival rate, RCD, DBH, BA and height for 2, 5, 10 and 15 year old planted mangroves. The analysis was carried out using
Least Significant Differences (P < 0.05).

3. Results
3.1. Species composition
In 1989, the good natural mangrove plots were dominated by A. marina (7 plots) while degraded plots were dominated by

H. littoralis (7 plots). The dominance of other species in the good natural mangrove site were R. mucronata dominant in 6 plots and
S. alba in 2 plots. The dominance in the other pair (degraded site) were A. marina in 3 plots, S. alba in 3 plots, R. mucronata in 1 plot and
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a mixture of A. marina and C. tagal in 1 plot. In 1989, the pairs of the plots had mangroves of the same height and stand density. The
average height was approximately 10 m for trees in both sites.

In 2016, the plots in the good natural mangrove site were dominated by R. mucronata (6 plots) while the degraded site was
dominated by B. racemosa (4 plots). The dominance of other species in the natural mangrove site was A. marina in 4 plots, C. tagal in 3
plots and X. granatum and S. alba in 1 plot each. The dominance of other species in the degraded site includes A. marina and
B. gymnorrhiza in 1 plot each. Nine (9) plots had no trees in degraded area. Eight mangrove species were recorded in the mangrove plots
in 2016 compared to only 2 mangrove species recorded in the degraded plots. The stand density of mangroves was between 175 and
2925 trees/ha in mangrove site and 300-550 trees/ha in degraded site.

In planted plots, B. gymnorrhiza was the only mangrove species planted. An average of 10,000 seedlings is planted in 1 ha at a
spacing of 1 m. The survival of planted mangroves decreased with age. The highest and lowest survival rates of the planted mangroves
were 45% (4533 trees/ha) and 28% (2766 trees/ha) respectively, recorded at the 2 and 15 year old mangroves plots. The overall
average survival rate was 37% (3691 trees/ha).

3.2. Growth patterns

The average height was greater than 10.6 m for trees in good natural mangrove site and 3.5 m in the degraded site. In planted plots,
height, root collar diameter (RCD) and basal area (BA) increased with age (Table 1). Only two R. mucronata trees were recorded
naturally regenerating within one of the 15 year old planted plots and had height and DBH of 7 m, 8.5 cm and 9.8 m and 10.4 cm
respectively.

The annual mean growth rates of RCD, DBH and height range between 1.45 + 0.41 cm to 1.94 + 0.53 c¢m, 0.38 + 0.15 cm to 0.73
+ 0.44 cm and 0.42 + 0.11 m to 0.57 + 0.16 m respectively for 2, 5, 10 and 15 year old planted mangroves (Table 2). The annual
mean height growth rate decreased with age of planted mangroves. RCD had highest annual growth rates at all mangrove ages (2, 5, 10
and 15) than the rest of other growth parameters (height and DBH). The overall annual mean growth rates of RCD, DBH and height
were 1.67 + 0.43 m, 0.51 + 0.20 m and 0.47 + 0.13 m respectively.

3.3. Disturbance and reproduction of planted mangroves

The stump density ranged between 133 stumps ha ™' in 2-year-old planted plots to 1733 stumps h™! in 5 year old planted plots
(Table 3). All stumps recorded in 2 year old planted mangroves were H. littoralis and were from natural stock. Stumps in the rest of
other age classes (5, 10 and 15-year-old planted mangroves) were B. gymnorrhiza and were from planted stock. The calculation of
survival rate above considered 83 stumps as survived trees as they grew but were cut by farmers. A total of 4, 52, 5 and 26 stumps were
recorded in 2, 5, 10 and 15 year old planted plots respectively. All 4 stumps recorded in 2 year old planted plots were H. littoralis and
the remaining 83 stumps in 5, 10 and 15 year old planted plots were B. gymnorrhiza. Flowering and seedlings production were observed
on trees 5 year old and above which is an indication that flowering and propagule production of B. gymnorrhiza planted in Rufiji Delta
starts at the age of 5.

3.4. Biomass carbon stocks

Above ground C in the good natural mangrove site was largely contributed by A. marina and B. gymnorhiza, where each contributed
by 36.8% and 22.5% respectively compared to 56.64% and 42.61% contributed by B. racemosa and ground vegetation respectively in
the degraded (rice farming) site. Plot 13 in degraded site had 30 large B. racemosa due to high regeneration of tree species in the area
(Table 4).

Above ground biomass and BGB carbon stock for the degraded site ranged between 0 and 150.88 and 0-97.01 Mg C ha™! and
between 28.18 and 299.43 and 16.00 — 164.51 Mg C ha™! for mangrove site respectively. Total biomass C stock ranged between 0 and
247.89 Mg C ha~! in the degraded site and 44.14-463.94 Mg C ha~! for the mangrove site (Table 4). Tree biomass contributed 63%
and 43% while ground vegetation contributed 0.9% and 31% of the total biomass C of mangrove and degraded plots respectively.
Except for farm field plot 13, all means between two sites were significantly different at p = 0.05, based on individual two-sample t-
tests.

In planted mangrove plots, the lowest biomass C was estimated in the plots of 5 year old mangroves regardless of high tree density
in the area. The highest biomass C was estimated in plots with 15 year old mangroves contrary to low tree density in the plots (Table 5).

Table 1

RCD, DBH, BA and height (mean+SD) of planted mangroves in Rufiji Delta.
Parameters Age (years) Test of variation

2 5 10 15 F P

Survival 4533 + 873 3933 + 1155 3533 + 2517 2766 + 551 24.42 0.001
RCD 2.9 +0.82 8.95 + 2.49 14.76 + 2.56 29.15 +7.94 12.6 0.001
DBH - 3.65 +2.19 3.78 £1.47 6.55 + 3.34 2.8 0.001
BA (m?ha™!) - 8.0+11.4 13.0 £ 12.1 43.0 + 40.2 4.7 0.001
Height (m) 1.14 £ 0.31 2.25+0.5 4.24 +£1.08 6.45 + 2.01 2.5 0.001
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Table 2

Annual growth pattern of planted mangroves at different growth ages (mean+SD).
Year RCD (cm) DBH (cm) Height (m)
2 1.45 + 0.41 - 0.57 £ 0.16
5 1.79 + 0.50 0.73 £ 0.44 0.45 + 0.10
10 1.46 +£ 0.26 0.38 £ 0.15 0.42 +£0.11
15 1.94 + 0.53 0.44 £+ 0.02 0.43 £0.13

Table 3

Plots conditions, disturbances and planted mangroves growth development (arf = active rice field, Hd = High density).
Plot Plot condition Stumps/ha Stump species Flowering
2 Arf 133 H. littoralis (old) No
5 Arf 1733 B. gymnorrhiza Yes
10 Arf 167 B. gymnorrhiza Yes
15 Arf 867 B. gymnorrhiza Yes

Table 4

Carbon density (Mg C ha™!) from biomass within good natural mangrove site and degraded site (rice farms).
Degraded mangrove site Good natural mangrove site
Plots AGC BGC Total Biomass C Plots AGC BGC Total Biomass C
la - - - 1b 73.40 41.82 115.22
2a - - - 2b 299.43 164.51 463.94
3a - - - 3b 53.41 32.75 86.16
4a - - - 4b 264.41 148.94 413.35
5a - - - 5b 105.01 59.77 164.78
6a 0.12 0.07 0.19 6b 28.18 16.00 44.18
7a - - - 7b 72.97 42.15 115.12
8a 3.43 2.25 5.68 8b 92.92 50.27 143.19
9a - - - 9b 236.59 143.69 380.28
10a 5.17 3.38 8.55 10b 53.17 31.98 85.15
11a - - - 11b 109.60 62.45 172.05
12a - - - 12b 264.41 148.94 413.35
13a 150.88 97.01 247.89 13b 60.69 34.47 95.16
14a - - - 14b 53.84 33.46 87.30
15a 3.87 2.30 6.17 15b 110.78 70.35 181.13

The total biomass for the mangroves with 5, 10 and 15 years of the age was 13.65, 20.13 and 57.53 Mg C ha! respectively. Above
ground C and BGB C contributed to the total biomass by 77.5% and 22.5% respectively for all age classes of the planted mangroves. The
annual biomass C accumulation rate for the 5, 10 and 15 year old B. gymnorrhiza was estimated at 2.7, 2.0 and 3.8 Mg C ha~lyear™!
respectively.

3.5. Carbon loss and gain

Biomass C stock equivalent to 179.46 Mg C ha~! was lost from mangrove ecosystem in the Rufiji Delta between 1989 and 2016 (25
years) due to degradation caused especially by rice farming. This is equivalent to emission rate of 7.18 Mg C ha 'year . In the same
delta, mangrove restoration activities support estimated biomass C accumulation of 57.53 Mg Cha ! in a period of 15 years, equivalent
to 3.8 Mg C ha lyear .

Table 5
Tree density and biomass of the planted mangroves in the Delta.
Age of mangroves (Years) Tree density (Trees ha™') AGC (Mg Cha™1) BGC (Mg Cha™1) Total biomass C (Mg C ha™')
5 3933 10.63 3.02 13.65
10 3533 15.65 4.48 20.13
15 2766 44.49 13.04 57.53
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4. Discussion
4.1. Species composition, height and stand density

There have been changes in species composition in both, mangrove and degraded sites. In 1989, the degraded and mangrove study
sites in the Rufiji Delta had 8 mangrove species with the same height and density. In 2016, 6 species were not found in the degraded
site. The change of the dominance of A. marina to R. mucronata in the mangrove site could be due to legal and illegal cutting for poles in
the delta. Trettin et al. (2016) recorded up to 8550 stumps ha™! in inventory plots in Rufiji Delta, suggesting the removal of mangroves
by cutting in the area. However, Trettin et al. (2016) did not specifically report which species the stumps represented, which could
indicate species preference for cutting. The disturbances of mangroves including uncontrolled cutting has been reported to contribute
to the changes of mangrove species composition (Dahdouh-Guebas et al., 2005). The dominance of R. mucronata is not only in the delta
but has recently been reported in other mangrove stands in Tanzania (Alavaisha and Mangora, 2016; Njana et al., 2017).

In the degraded site the species dominance changed from H. littoralis to B. racemosa, a mangrove associate due to rice farming
activities. Monga et al. (2018) reported rice farming activities in the delta was of shifting nature, where the abandoned and fallow
fields were highly colonized by B. racemosa. Japhet et al. (2019) reported two factors might have contributed to rapid colonization of
B. racemosa in the degraded site. Firstly, is the nature of the seed of B. racemosa, which is coated with buoyant fibrous tissue allowing
them to be carried great distances by water currents. Secondly, B. racemosa can sprout from stumps. Sprouting is important in forest
regeneration, as many species can produce either sprouts originating from boles or branches (above ground sprouts) or subterranean
tissues (root sprouts) (Guariguata and Ostertag, 2001). This second factor is however only possible in the agriculture fields where
farmers do not apply fire in the clearance of the farm fields. In the process of farm preparation some farmers in the delta cut trees and
set fire to clear the area ready for rice planting. B. racemosa has pioneering characteristic and is also a freshwater bound species and
therefore an ecological indicator for availability of freshwater and land suitable for agriculture in the delta.

The mangrove planted plots were part of degraded plots and originally had diverse mangrove species. Most of mangrove planted
areas in the delta were initially covered by H. littoralis before they were cleared by small scale traditional rice farmers (Brown et al.,
2016; Monga et al., 2018). The plots have been planted by only one species of mangrove, B. gymnorrhiza. Based on local experience,
B. gymnorrhiza perform better than other species. The better performance of B. gymnorrhiza for restoration activities in the delta
compared to other species can be associated with high tolerance of wide range of ecological and environmental parameters which
influence early growth of mangroves. Mangora et al. (2016) found that B. gymnorrhiza seedlings perform better in a broad range of
light, salinity and waterlogging compared to H. littoralis seedlings which are limited to a small range and concluded that B. gymnorrhiza
is a potential candidate species for restoring vulnerable mangrove forests.

There has been little increase of the average height of trees from approximately 10 m to greater than 15 m in a period of 30 years in
the mangrove site. This could be due to change in species composition because of human disturbances including cutting for poles and
logging for timber. The average trees height of 5 m estimated from some plots with trees in the degraded site recorded in 2016 may be
explained by shifting nature of rice farming activities in the delta. Farms in the delta are cultivated in a rotation of 3-5 years before
farmers move on to open new farm plots by clearing mangrove forests (Monga et al., 2018). This rotational farming seems to allow
regeneration and growth of trees to approximately 5 m. Hastuti and Hastuti (2018) reported the growth height of up to 5.2 m and
7.8 m for A. marina and R. mucronata respectively in a period of 5 years. The ongoing planting activities in the delta could also explain
for the availability of mangroves in some degraded plots. The lowest mangrove stand density recorded in the mangrove site in plot 6 in
2016 could be due to cutting pressure. The species composition in plot 6 changed from R. mucronata dominant in 1989 to A. marina
dominant in 2016 suggesting the removal of R. mucronata in the area. Rhizophora mucronata is among most mangrove preferred species
for poles in Rufiji Delta (Semesi, 1998; Monga et al., 2018).

The survival rate of the planted mangroves in Rufiji Delta has been estimated at 37% for the B. gymnorrhiza. This can be considered
as moderate rate when compared to survival rates reported in other countries. The survival rate of 28% of planted B. gymnorrhiza was
reported at Gazi Bay in Kenya just after two years (Kirui et al., 2008). In the same Bay, high survival rates of 86.2% and 87.3% of
A. marina and C. tagal were respectively recorded, albeit on experimental plots (Kirui et al., 2008). Lower survival rate of
B. gymnorrhiza in Gazi Bay was attributed by high salinity level in the area beyond 8-26 PSU which result into high mortality rate for
both samplings and trees (Kirui et al., 2008), unlike Rufiji Delta that receive regular freshwater inflow. Ha et al. (2003) reported 30%
survival rate of Kandelia candel in North Vietnam after one year, this low survival rate was due to what was thought to be strong waves
in the planted area. The survival rate of the planted mangroves in the delta might improve if some measures would be taken to control
farming activities in the area. Currently, most of planted areas are still active rice farms with evidence of removal of planted man-
groves. Fresh stumps recorded in the restored areas indicate that farmers are cutting down restored mangroves as a strategy to enhance
light and space for rice to grow well. The ongoing farming activities in the restored areas are due to land tenure issues between TFS
Agency and community members in the delta (Mshale et al., 2017). Community members believe that they deserve to continue living
and farming in the delta because they have been living in the delta before the area was gazetted as forest reserve in early 1900 s.
However, TFS understand that all human activities in the delta are illegal because the area was gazette as a forest reserve.

4.2. Biomass carbon stocks
Higher total biomass carbon stock recorded in the mangrove plots (44.14-463.94 Mg C ha™1) than in the degraded (0-247.89 Mg C

ha™1) and restored plots (13.65-57.53 Mg C ha™!) is due to the nature of rice farming activities in the Delta where large areas are
totally cleared to pave way for farm fields. The restored plots are also active farms. Depending on the nature, the land use change can
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remove nearly all biomass carbon (Sasmito et al., 2016). Sasmito et al. (2016) estimated total remove of biomass carbon due to forest
cutting and removal of up to 85% of biomass carbon due to aquaculture activities. The average total biomass carbon stocked in 15 year
old restored mangroves (57.53 Mg C ha™!) is about 30% of the average carbon stocked by mangrove plots (natural stand) (197.36 Mg C
ha™!) and three times more than the carbon stocked in degraded plots (17.9 Mg C ha™1). Cameron et al. (2018) reported similar
observation in restored mangroves of Sulawesi, India which accumulated one-third of the total carbon stocked by natural mangrove
stand after 10 years. Mangroves reach their growth maturity at the age between 10-15 years and literatures suggest mature mangrove
systems are carbon neutral (Alongi, 2014). Estrada and Soares (2017) also reported that the carbon stock in the above ground biomass
tends to increase and sequestration tends to decrease linearly with age. The time period for the restored mangroves to restock the same
quantity of carbon stored by undisturbed mangroves depend on annual accumulation rate. Sasmito et al. (2020) reported an average of
25 years for the restored mangrove to stock carbon equivalent to that stocked by the natural stands at biomass accumulation rates of
3.6 + 1.1 Mg C ha~! year ™! if disturbances are controlled. Similar annual accumulation rate of 3.8 Mg C ha™! year! has been reported
by this study in Rufiji Delta. However, the time period to accumulate the same quantity of carbon as natural stand in the delta may be
longer because rice farming activities are not controlled in restored plots in Rufiji Delta.

The AGC recorded by this study in the mangrove plots (28.18-299.43 Mg C ha™!) is within range of C biomass reported by several
other recent studies. Stringer et al. (2015) reported AGB C ranged from 75.4 to 268.5 Mg C ha~! depending on mangrove height classes
in Zambezi river delta; Kirui (2006) reported 226 Mg C ha~! for mangroves in Gazi Bay and Abino et al. (2014) reported 263.8 Mg C
ha~! in mangrove forest of Bahile in Philippines. Other studies reported values different from values obtained by this study. Alemayehu
et al. (2014) reported the ABG C was 148.07 Mg C ha™! for mangroves in Mida Creek and Ajonina et al. (2014) reported 537.7 Mg C
ha~! in undisturbed mangroves of central African countries. Above ground biomass carbon reported by this study in the degraded plots
(0-150.73 Mg C ha™ ') differs from values reported by other studies in disturbed mangroves. For instance, Ajonina et al. (2014) re-
ported 64.1 Mg C ha lin heavily exploited mangroves in central African countries. The highest AGC stock was recorded in plot 13
which had larger trees of B. racemosa. The plot appeared to have been completely abandoned from rice farming activities. The quantity
of carbon stocked by restored mangroves in Rufiji Delta at the age of 5 (13.65 Mg C ha™?), 10 (20.13 Mg C ha™!) and 15 (57.53 Mg C
ha~!) varies with the value reported elsewhere. For instance, Matsui et al. (2012) reported R. mucronata and B. cylindrica stocked 98.7
Mg C ha~'and 28.8 Mg C ha 'respectively 10 years after they were planted in excavated area. Contrary, low rates of biomass accu-
mulation, 1.04 Mg C ha~for R. mucronata and 0.53 Mg C ha™? for BC was reported in the unexcavated area in the same period. This
suggest that the quantity of carbon stocked and the rate of stocking is influenced by number of factors including the age of the restored
forest, management approach and planted species.

4.3. Growth pattern, disturbance and reproduction of planted mangroves

The basal area reported in restored areas in the delta increased with the age of planted mangroves. This is the normal growth
pattern as the larger the trees the larger the basal area (Japhet et al., 2019). Japhet et al. (2019) estimated basal areas of 0.12 m?ha™!
(98 trees/ha) and 0.98 m? ha™! (334 trees/ha) of mangroves regenerated naturally in rice abandoned fields about 5 years ago (early
succession) and 10-15 years ago (intermediate succession) respectively. This implies that restoration activities support fast regen-
eration of degraded mangrove areas in the delta than natural regeneration. This study reported larger basal area (43.0 m? ha™! + 40)
in 15 year old planted mangroves than in undisturbed 20 year old mangroves (17.6 m? ha~" reported by Japhet et al. (2019). This
variation could be due to high steam density (2766 trees/ha) in 15 year old planted plots compared to 417 trees/ha reported in 20 year
old undisturbed mangroves in Rufiji Delta (Japhet et al., 2019). The lower mean annual growth of height and DBH compared to RCD at
the first 2 years of the planted mangroves in the delta could be explained that this is the stage when the seedlings are in stressful
condition trying to acclimatize harsh conditions. These harsh conditions include salinity and water waves and therefore mangroves
below 2 years old invest more on the primary growth including development of strong root system (Fromard et al., 1998). Planted
mangroves in abandoned paddy farms in Myanmar showed similar growth patterns for B. sexangula at 4, 8 and 10 year old plants
planted at an interval of 1.5 x 1.5 m (Aye and Takeda, 2020). The fastest mean annual growth of the RCD and DBH were recorded at
the age between 10 and 15 years. This is can be related as the period when mangroves grow to its maturity and therefore plants invest
more energy to increase its biomass.

Although planting activities in the delta have been conducted for over 3 decades, it has been done without specific guideline. The
recently produced Guidelines on Mangrove Ecosystem Restoration for the Western Indian Ocean Region (UNEP-Nairobi Con-
vention/USAID/WIOMSA, 2020) will assist future projects. The manual is critical for provision of important guidelines to be observed
to improve restoration outcomes. Currently, important criteria for successful restoration such as site and seedlings selections are not
well analyzed before planting activities. Open and easily accessible areas are mostly selected for restoration activities without any
further assessment of soil and hydrological characteristics of the selected sites. Similar to site selection, there are also no seedlings
quality control measures. Villagers are commissioned by restoration programmes to collect seedlings from nearby forest and sold to the
restoration progamme ready for planting (UNEP, 2020). Consideration and control of the quality of seedlings is important as among
other factors determines the survival rate and the quality of the forest stands (Srivastava and Bal, 1984; Krauss et al., 2008). Whilst the
analysis indicated that the planted mangroves were performing better in the delta in terms of survival of seedlings and growth of trees,
human pressure, which threatens planted mangroves still existed. High number of stumps was recorded in 5 and 15 year old planted
plots. Planted mangroves in the delta were recorded to start flowering at the age of 5, therefore farmers are cutting more trees at this
age to discourage future seedlings production. Another reason could be cutting for building poles. Mainoya et al. (1986) reported
B. gymnorrhiza with the size of 8-16 cm basal diameter were highly preferred by coastal communities in Tanzania as construction poles
because they are tough and termite-resistant.
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5. Conclusion

Mangroves in Rufiji Delta store significant amount of biomass carbon and therefore critical for climate change mitigation pro-
grammes such as REDD+. However, rice farming activities in the area substantially increases carbon loss through degradation and
reduce sequestration capacity of mangroves. The restoration activities in the delta have indicated some potential to compensate for the
lost biomass carbon stocks. The amount of carbon loss due to rice farming activities in the Rufiji Delta established and presented by this
work is a wakeup call to all actors to commit investment in mangrove conservation and management in the delta. To reduce pressure to
mangroves, community members in the delta must be empowered to engage in ecosystem friendly off-farm livelihoods such as fishing
and beekeeping. For restoration of ecological functionality of the degraded mangrove areas, planting of multiple species commonly
found in the delta such as R. mucronata, A. marina, C. tagal and B. gymnorhiza should be piloted and promoted contrary to the current
promotion of single species of B. gymnorhiza. Further, the government (TFS) should devise practical mechanisms to collaborate with
other stakeholders in developing and implementing an integrated delta management plan.

5.1. Limitations and assumptions

Mangrove restoration may compensate for the loss of both biomass and soil carbon stocks (Sasmito et al., 2019). However this study
report only on how planted mangroves compensate for the loss of biomass carbon stocks. Soil component was excluded from this study
because baseline soil carbon data for deforested areas could not be obtained. In addition, in this study we assumed that change in
mangrove species composition in deforested areas in Rufiji Delta is mainly attributed to degradation. Other factors such as change in
salinity and hydrological systems might have also influenced such changes, which warrants further studies.
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