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Abstract: The Limpopo estuary mangrove forest covers about 928 ha, however 382 ha remain intact
and 546 ha were degraded after the 2000 floods. Mangrove replanting campaigns have been carried
out at the site. This article aims to evaluate the structure and carbon pool of aboveground and
belowground living biomass and soil carbon in natural and replanted mangrove forests (2016, 2014
and 2010). The methodology consisted of selecting 40 strata where structural data were collected.
Living biomass above and below ground and soil carbon was obtained based on the methodology
described by Kauffman and Donato (2012). The results showed that A. marina was the most observed
species in all study areas. The carbon reserve of living biomass above and below ground in the
natural forest was 67.9£100.9 MgCha' and 65.0+77.1MgC ha, respectively; and in the planted
forests (2016, 2014, 2010) it was 1.1+0.5MgCha'! and 2.1+1.0MgCha?, 1.8+1.0MgCha' and
3.6+2.0MgCha, 3.7+2.0MgCha" and 5.3+2.5MgCha. Soil carbon reserve was 229.4+119.4 MgCha
in natural forest and 230.3+134.8 MgCha, 234.8+132.7MgC ha", 229.4+119.4 MgCha" in planted
forests (2016, 2014, 2010). The total carbon reserve in the natural forest was 362.3 MgCha and in the
planted forests (2016, 2014, 2010) it was 233.5 MgCha, 240.2 MgCha, 246.4 MgCha'. Natural and
restored forests had similar anoumts of soil carbon, which reinforces the idea that soil is a stabel
carbon pool. Morever, restored forests failed to store the same amount of live biomass (an carbon),
which supports the idea that it is better to prevent habitat degradation than to restore it.

Keywords: Limpopo estuary; mangrove forests; hydrological restoration; mangrove conservation;
biomass; carbon storage

1. Introduction

The mangrove ecosystem is a heterogeneous habitat, with an unusual variety of plants and
animals that grow in the intertidal zone, in tropical and subtropical regions [1]. The trees that make
up the mangrove forest are characterized by structural (aerial root systems), morphological (leaves
with salt extraction glands) and reproductive (dispersion of tidal propagules and viviparous
embryos) adaptations that allow them to thrive in the prevailing conditions of high salinity, tidal
flooding, strong winds, and organic and anaerobic soils [2—4].

Mangrove forests provide a range of ecosystem services to human society and coastal systems,
such as shoreline protection against strong water currents, nutrient recycling, nurseries for many
marine species, construction materials, wood fuel, food products and medicines [5-7]. They also play
a key role in the global and oceanic carbon cycle, thus contributing to climate change mitigation by
acting both as a sink of atmospheric CO2 and as a source of organic and inorganic carbon for adjacent
ecosystems and a source of CO2 for the atmosphere, mostly, through changes in land [8].
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Although they represent only 0.7% of the world's rainforest area, mangroves have been shown
to contain globally significant carbon stores, particularly in the soil. For example, among coastal
wetlands, total carbon stored in mangroves is approximately 1023 Mgha in the tropics, five times
more than seagrass beds (200Mg ha') and almost twice as much as marshes (600 Mg ha™) [3,9,10].

Mozambique has the third largest mangrove area in Africa, with an estimated coverage of just
over 300,000 ha [11]. The greatest extent is on the central coast, followed by North and South [12,13].
In the southern part of the country, the Limpopo mangrove forest covers about 928 ha [14]. Research
has revealed that after the 2000 flood, around 382 ha (41.2%) remained intact and 546 ha (58.8%) were
degraded [14]. This led to the development of restoration initiatives for degraded areas that began
with the involvement of the CDS-ZC and local communities [14]. In 2010 (followed by 2014, 2016,
2018, 2020 and 2022) the first restoration of the mangrove was carried out, with the planting of the
species Avicennia marina, Bruguiera gymnorrhiza, Ceriops tagal, Rhizophora mucronata and
Xylocarpus granatum [14].

Restoration of mangroves has been successfully carried out in several countries, with a view to
recovering ecosystem services. The, quantification of carbon reserves has become increasingly
necessary in order to assess the changes that occur in the forest structure of planted areas and the
recovery of important ecosystem services (carbon reserve) [15,16]. In Mozambique, mangrove
restoration projects with the participation of local communities have been carried out in places like,
the Limpopo river estuary, the Zambezi delta, Nhangau, among others. However, studies that
evaluate the recovery of services ecosystem services in these places, such as carbon storage, were not
carried out [14].

There is a growing interest in studies on carbon estimation in forests due to the possibility of
offsetting greenhouse gas emissions [17] and the need to determine the potential carbon emission
released into the atmosphere due to deforestation and changes in land use [18]. In this context, due
to the ability of the mangrove forest to sequester high amounts of carbon, as well as the various
ecosystem services they provide, this ecosystem is seen as being potentially suitable for these climate
change mitigation strategies [19,20].

This study aims to evaluate the structure, composition and quantify the carbon reserves of living
biomass above and below ground and soil carbon, comparing natural and planted mangrove areas
in the years 2016, 2014 and 2010, in the Limpopo estuary, province from Gaza, Mozambique. The
results of this study can be used to update/calibrate biomass estimation studies that use non-invasive
or indirect methods. These results will also help in the preparation of mangrove conservation and
management plans, as well as in the monitoring, maintenance and recovery of degraded areas in the
country or in other regions.

2. Materials and Methods

2.1. Study area

This study was carried out in the Limpopo estuary, located in the Limpopo district,
Zongoene administrative post, Gaza province (Figure 1) [21]. The estuary covers about 505 km? of
surface and a coastline that extends up to 50 km, located between Latitudes 25° 18 'and 25°48' S and
Longitude 33° 19 'and 33°48' E [22].

The total population of Zongoene is 27.404 inhabitants (55% women), with agriculture and
fishing being the main livelihood activities [22]. Five species occur in the Limpopo Estuary
mangroves, namely: Avicennia marina (the most abundant species), Rhizophora mucronata, Bruguiera
gymnorrhiza, Ceriops tagal and Xylocarpus granatum [14,22]. The mangrove forest covers about 928 ha,
out of which only 382 ha (41.2%) remained intact [14]. Mangrove restauration with community
involvement started in 2010, and so far more than 100 have been restored through planting,
hydrological restoration and passive restoration [14].
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Figure 1. Map of the Limpopo Estuary showing the study area.
2.2. Methods

2.2.1. Structural characterization, floristic composition, regeneration and state of conservation of the
mangrove forest

Sampling was carried out in the Limpopo estuary, where the systematic stratified sampling
method was used, which basically consists of selecting strata through an established systematization
scheme, aiming to cover the population in all its extension, obtaining a uniform model [7,23,24]. Ten
quadrats (10 x 10m?) were set in each sampling area (natural forest, forest planted in 2010, 2014 and
2016), totalling 40 quadrats. Within each quadrat, all trees above (300 cm height and 2.5 cm diameter)
were classified as adults; and those below these values as juveniles. All adult trees were identified to
the species level, counted and the following measurements were made: height estimation using a
graduated stick and measurement of the diameter at breast height (DBH) [24]. Based on these data,
structural parameters were calculated, such as species frequency, density, dominance, basal area and
importance value index (VI).

To determine the condition of the forests, regarding cutting intensity, all adult individuals were
classified into one of the five categories of cut, namely: intact; partial cut; severe cut; stump and
natural death [24]. To determine the quality of the poles, the main trunk of adult trees was classified
into one of three categories: straight pole; semi-straight pole and crooked pole [24].

Data on the natural regeneration pattern were obtained by the linear regeneration sampling
method, where within the 10 x 10 m? quadrat, 5 x 5 m? sub-quadrats were set up for identification,
counting and grouping of juveniles according to classes of regeneration I (RCI), for seedlings with
less than 40 cm in height, RCII, for seedlings between 40 and 150 cm; and RCIII], for trees with a
height greater than 1.5 m, but less than 3.0 m (RCIII) [16,25].

2.2.2. Estimation of carbon reserve

The quantification of carbon in living trees above and below ground and soil carbon, as well as
the estimate of the carbon sequestration rate was obtained based on the methodology described by
Kauffman and Donato [26].

Sampling on live trees
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In each quadrat of 10 x 10m?, the height (m) and diameter (cm), of all individuals with DBH >2.5
was carried out. Based on the data, the biomass in living trees abovesc) and below groundecs) was
determined, by the indirect method, from general allometric equations [27,28].

ABG = 0.0509* o *(D)*H
BGB = 0.199* o 059%%(D)2:22

where D is diameter at breast height (cm), H is height (m), o is the wood density of the respective
species, obtained by the World Agroforestry Database and other authors [29-31]. The aboveground
and belowground biomass values were added to obtain the total average biomass for each study area
(Mg ha™). It should be noted that a conversion factor was determined to estimate the carbon reserve
of the vegetation, which was multiplying the biomass by 0.5 kg/C, because the biomass is
approximately 50% of the dry weight [32].

Soil sampling

Soil samples were collected, one per quadrat at depths ranging from 0-15cm, 15-30cm, 30-50cm
and 50-100cm, with the aid of a 1 m probe. At each depth interval, a 5 cm sample of the extracted core
was taken, comprising at least 30 to 50 g of sample mass [26].

Laboratory Analysis

Soil samples collected in the field were weighed (wet weight) and dried in an oven at a constant
temperature of 60°C for a period of 48 hours until reaching constant weight (dry weight). This weight

was used to calculate the apparent density, which is determined using the following equation:
sample volume (m3)

dry sample mass in the oven (g)

Then, soil samples were crushed and 10g of each sample were placed in porcelain crucibles with
known weight, and they were placed in a muffle (furnace) and incinerated at a temperature of 550°C
for 3hrs and weighed. The organic matter content was determined based on the mass loss of the
incinerated residue, considering the material lost by burning in the muffle temperature range from
105°C to 550°C. To calculate the organic matter content, the formula below was used:
(P—(T—-C)*100

P
where P is the weight of the sample (g) after heating to 60°%, C is the tare of the empty crucible (g), T
is the weight of the ash and the crucible (g).

The total soil carbon reservoir was determined by the soil horizon at depth intervals (cm), bulk
density (g cm?) and carbon content (%). Soil carbon per sampled depth interval was calculated using
the following formula:

Bulk density (gcm3) =

Organic matter (%) =

Soil carbon (Mg ha"') = bulk density (g cm-3) * soil depth interval (cm) *% carbon concentration

Total carbon reserve was estimated by the addition of all component reservoirs (carbon from
living biomass above and below soil and soil carbon) [26].

Total carbon reserve (Mg ha) = AGBTree + BGBTree + Csoil
where ABG is aboveground biomass, BGB is belowground biomass and C is carbon

The annual carbon increment rate was estimated by calculating the difference of total carbon
(biomass alive above ground and soil carbon) from one year to another dividing by the life of each
forest or useful life of the trees [27,33].
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2.2.3. Data Analysis

Frequencies of categorical variables and calculation of averages and standard deviation for
numerical variables were made. For parametric data, ANOVA test was used and for nonparametric
data was used from Kruskal-Wallis, with a significance level of 5%, to measure group differences.
For cases of significant differences, the TukeyHSD average comparison test was used to detect the
origin of the difference in groups with a 5% significance level. Regression analysis was used to
evaluate the relationship between height and diameter. Other additional tests such as Person
correlation was performed.

3. Results

3.1. Floristic composition

A total of 1075 adult individuals were sampled in the natural forest and planted in different
years (2016, 2014, 2010) in the Limpopo Estuary. In total, 5 species of mangroves were identified.
Among them, A. marina was the most frequently observed species (60%, 46.7%, 100% and 50%), with
greater dominance (83.7%, 82.5%, 100% and 83.2%) and density (58%, 72.9% , 100% and 77.1%) in the
natural area, as well as in the areas planted in 2016, 2014 and 2010 (Table 1). While Xylocarpus
granatum was the rarest species, being observed only in the planted forest in 2010. This corresponded
to a 5.6% of frequency, 0.3% dominance and 0.5% density. Based on importance value indices, A.
marina (201.7%) was the most important species in the natural area. The same scenario is observed
in the areas planted in 2016, 2014 and 2010, accounting for 202.1%, 300% 210.3% of importance value
(Table 1).

Table 1. Relative values of frequency, density, dominance and importance value index (IV) for species
recorded in natural and replanted forest in different years.

Species
Type of forest Relative A.marina R.mucronata B.gymnorhiza  C. tagal X.granatum
values
Natural forest Frequency 60 33.3 6.7 - -
Density 58 34.4 7.6 - -
Dominance 83.7 15 1.3 - -
v 201.7 82.7 15.6 - -
Planted forest ~ Frequency 46.7 26.7 6.7 20 -
2016 Density 72.9 19.8 1.4 5.8 -
Dominance 82.5 8.7 1.5 7.3 -
v 202.1 55.2 9.6 33.1 -
Planted forest Frequency 100 - - - -
2014 Density 100 - - - -
Dominance 100 - - - -
v 300 - - - -
Planted forest ~ Frequency 50 16.7 11.1 16.7 5.6
2010 Density 77.1 15 4.4 3 0.5
Dominance 83.2 115 2.6 2.4 0.3

v 210.3 43.2 18.1 22.1 6.4
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3.2. Structural attributes

The tallest trees were observed in the natural area, whose average height was 4.4+1.9m. In the
forests replanted in 2016, 2014 and 2010, the average heights were 2.6+ 0.6m; 2.9 + 0.7m; 2.8 + 0.7m
(Table 2). Significant differences were found between sites (p<0.001), except for areas planted in 2016
and 2014, p=0.07 (Table 2). As for the diameter distribution, the natural area has higher DBH values
with an average of 12.2+12.5m, in relation to the planted areas (2016, 2014 and 2010) whose average
diameters were 4.3£1m; 515.6; 4.4+1.4m. These differences were significant (p<0.001), except in areas
planted in 2014 and 2016, p=0.982 (Table A1).

The average density of trees in the natural area (108.0+93.0 trees/ha) is relatively lower when
compared to the planted areas in 2014 and 2010, whose average densities were 415.0 + 214.9 trees/ha
and 415.0+214.9 trees/ha. The tests indicate, that there were no significant differences between the
locations (Table A1). The average basal area is greater in the natural area (2.2+0.1m2) when compared
to the planted areas (2016, 2014, 2010), whose total basal area was 0.34+0.003m? 1.8 + 0.02 m?
0.81+0.003 m2. The forest planted in 2010 is the most complex (4,538) in relation to the remaining
study areas (Table 2).

Table 2. Structural attributes of mangroves in the study sites (average values). SD- Standard

desviation.
Type of forest  Species Height +SD DBH + Basal area +SD Density +SD Complexity
SD index

Natural A. marina (91) 5.4+3.7 18.1+21.5 5.6+0.1 114 + 84 3.140
B. gymnorrhiza  3.6+0.5 8.8+3.9 0.1x0.01 120 +120 0.004
(12) 4.2+1.6 9.6+12.1 1+0.1 90+ 75 0.203
R. mucronata 4.4+19 12.2+12.5 2.2+0.07 108+93 1.111
(54)
Average (52.3)

Planted 2016 A. marina (151)  3.1+0.5 4.6+1.7 0.3+0.002 215.0 + 82.0 2.815
B. gymnorrhiza 2.0 +0.6 4.7+0.4 0.010 30.0£30.0 0.0001
(3) 19+1.1 4.9+1.6 0.02+0.001 40.0+43.0 0.002
C. tagal (12) 20+0.3 3.0£0.5 0.03+0 102.0 + 62.0 0.024
R. mucronata 2.6 0.6 4.3+1.0 0.34+0.003 96.0£54.0 0.710
(41)
Average (51.7)

Planted 2014 A. marina 29+0.7 5+5.6 1.8 +0.02 415.0 £214.9 1.953
(344)

Planted 2010 A. marina (283) 3.7 +1.02 5.1+2.2 0.68+0.002 314.0+152.0 22.311
B. gymnorrhiza  1.9+0.7 3.9+1.3 0.02+0.001 80.0 £56.0 0.005
(16) 1.7+0.2 4.6x1.4 0.02+0.001 36.0+37.0 0.001
C. tagal (11) 39+1.2 4.5+1.3 0.09+0.001 102.0 +£62.0 0.374
R. mucronata 2.6+0.5 4.0+0.7 0+0 183.0 +£56.0 0
(55) 2.8+0.7 44+1.4 0.81+0.003 126.0+64.0 4.538

X. granatum (2)
Average (73.4)
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3.2.1. Relationship between height and diameter

The regression graphs between height and diameter were presented only for the species with
the highest importance value index (A. marina). The box plot displays the distribution of percentiles
in each case. The ends of the boxes are positioned at the 25th and 75th percentiles that correspond to
the maximum and minimum values observed in the data set (Figure 2). In the natural area, most of
the A. marina trees had most trees with diameter below 25cm and height between 2.5-7 m. Based on
values of R? = 0.6, the correlation between height and diameter is moderate with significant
differences (p < 0.001). In the area planted in 2016, A. marina had more trees with a diameter below
5.2cm and heights ranging between 2.8-3.2m. R? = 0.14, it can be stated that the correlation is very
weak and with significant differences (p <0.001). In the area planted in 2014, most A. marina had
diameter below 5cm and heights between 2.8-3.2m, and based on the values of R?=0.17, it is observed
that the correlation was very weak and with significant differences (p<0.001). In the area planted in
2010, A. marina presented most of the individuals with a diameter below 6.5cm and heights that vary
between 2.5-4.5m, and based on the values of R2=0.22, it is observed that the correlation is weak and
statistically significant (p<0.001) (Figure 2).

Natural forest Planted 2010
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Figure 2. Relationship between height and diameter for the species Avicennia marina in the study
areas.

3.2.2. Mangrove logging in the natural and planted area

Intact trees compose the majority of trees in natural and planted areas (2016, 2014 and 2010)
(Figure 3). In the natural area, 36.8% of the sampled trees of A. marina are intact, followed by R.
mucronata (35.7%). There were significant differences in the average density of intact trees in the
natural forest when compared to the replanted forests (Kruskal-Wallis; p<0.001) (Figure Al). Among
the planted forests, there were no differences in the mean density of intact trees (p>0.001). The species
B. gymnorhiza had the highest percentage of partial (33.3%) and severely cut trees (33.3%). In the
planted areas (2016, 2014 and 2010), there are considerable percentages of partial cutting (12.5%,
31.8% and 31.6%, respectively) and severe cutting (18.2%, 21.1%, respectively) in A. marina (Figure 3)
(Kruskal-Wallis; p > 0.001) (Figure A2, A3).
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Figure 3. Density (trees/ha) of trees at different cutting levels.

As for the quality of the stems, in the natural forest, 42.9% of the sampled R. mucronata trees are
semi-straight, followed by B. gymnorhiza (33.3%). Avicennia marina had the highest percentage of
straight and crooked stems (37.5%; 37.5%, respectively) (Figure 4). In the replanted forests (2016, 2014
and 2010), most of the sampled trees had straight stems. Semi-straight stems composed about 34% of
all stems (36.8%, 35.7% and 34.6% for 2016, 2014 and 2010, respectively); and crooked stems composed
between 28% and 36% of stems in (36.8%, 28.6% and 30.8%, in the same years, respectively). There
were significant differences in the densities of straight poles, except for the 2014 and 2016 planted
forests (Kruskal-Wallis; p < 0.001) (Figure A4, A5, A6).

@8 straight poles @@ semi-straight poles @B curved poles

Natural Plantada 2010

X. granatum
R. mucronata 28.6% m 28.6%
C. tagal

B. gymnorrhiza-| 33.3% 33.3%

Plantada 2014
X. granatum

R. mucronata
C. tagal

B. gymnorrhiza-

A. marina-|

Figure 4. Density (trees/ha) of trees and quality of cuttings in natural and replanted forests.

3.2.3. Pattern of natural regeneration in natural and replanted forests

Regeneration was observed at all study sites. The average density of juveniles in the natural area
was higher in RCI (2185+2323 seedlings/ha), followed by RCII (17852331 seedlings/ha) and RCIII
(3314654 seedlings/ha), with the ration of RCI: RCIL:RCIII was 7:5:1. In the areas planted in 2016, the
average density of juveniles was higher in RCII (779+927 seedlings/ha), followed by RCI (657736
seedlings/ha) and RCIII (414+740 seedlings/ha), with the ration of RCI: RCIL:RCIII was 2:2:1. In the
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areas planted in 2014 and 2010, the average density of juveniles was higher for RCI (810+1083
seedlings/ha; 867+851seedlings/ha), followed by RCII (420+ 561seedlings/ha; 687669 seedlings/ha)
and RCIII (350+740 seedlings/ha; 233+253 seedlings/ha), with the ration being 2:1:1 and 4:3:1 (Table
3). Based on the statistical tests, there were no significant differences in the average density of
juveniles between the sites, in the regeneration classes, in the natural forest when compared to
replanted forests (Kruskal-Wallis; p>0.001) (Table A2)

Table 3. Juvenile density by regeneration classes.

Density (seedlings/ha)
Area Species RCI RCII RCIII RCI: RCII: RCIII
0-40 cm 40.1 - 150 cm 150.1 - 300 cm

A. marina 1267 +2129 250 +378 433 +873

Natural forest ~ R. mucronata 2971 +2334 3100 + 2525 243 + 447 7
Total 2185 +2323 1785 + 2331 331+ 654
A. marina 567 + 641 217 +214 450 +753
C. tagal 575 + 675 725 + 386 600 + 1134

Replanted 2016 2:2:1
R. mucronata 875 + 1056 1675 + 1338 175+ 126
Total 657 £ 736 779 £927 414 +740
A. marina 1012 £1128 425 + 634 412 +824

Replanted 2014
C. tagal 100 + 141 400 + 141 100 + 141 2:1:1
Total 810 + 1083 420 + 561 350 + 740
A. marina 1040 + 693 610 + 536 290 + 260

Replanted 2010 C. tagal 833 + 1443 1267 + 1026 167 +289
X. granatum 50+71 200 + 141 50+71 s
Total 867 + 851 687 + 669 233 +253

3.3. Carbon stored in natural and restored forests

3.3.1. Biomass above and below ground

Aboveground and belowground living biomass carbon stock varied remarkably in the natural
area compared to the planted areas. The average biomass for living trees above and below ground in
the natural area was estimated at 135.8 + 201.8 Mg ha and 130.0 + 154.3 Mg ha"!, respectively (Table
4). In the planted areas, aboveground and belowground living biomass reserves at the four-year
planting age (2016) were 2.2+ 1.1 Mg ha' and 4.3x1.9 Mg ha' (Table 4). Aboveground and
belowground biomass increased after six years of age (2014), with an estimate of 3.6+2.1 Mg ha and
1.8+1.0 Mg ha'! (Table 4). After ten years the biomass reserves were estimated at 7.4 + 4.0 Mg ha' and
10.6 +4.9 Mg ha, respectively (Table 4). Based on the tests, there were significant differences between
the study areas (p<0.001), except for areas planted in 2014 and 2010 (p>0.001) (Figure A7, A8).
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Table 4. Average values of above and belowground biomass and carbon in natural and planted
forests.
Above-ground biomass Below-ground biomass
Biomass (Mg ha) Carbon (Mg ha) Biomass (Mg Carbon (Mg
ha?) ha?)

Area Average Average Average Average
Natural forest 135.8 +201.8 67.9 £100.9 130.0 +154.3 65.0 £77.1
Planted forest 2016 22+1.1 1.1£0.5 4.3+1.9 21+1.0
Planted forest 2014 3.6+21 1.8+1.0 71+4.0 3.6+2.0
Planted forest 2010 74+4.0 3.7+20 10.6 +4.9 53+25

3.3.2. Soil carbon reserve

Bulk density decreases with depth and the organic matter content increases with depth in all
study sites and based on the tests there were statistically significant differences in bulk density and
organic matter content in different depth intervals (p<0.001) (Figure 5, 6, 7, 8). The average amount of
carbon stored in the soil in this study was higher in replanted forests than in natural forest and this
tends to increase with depth (Figure 5, 6, 7, 8).). The average soil carbon was estimated at 229.4 +119.4
Mg ha in the natural forest, while in the replanted forests (2016, 2014 and 2010) it was estimated at
230.3 + 134.8 Mg ha', 234.8 + 132.7 Mg ha', and 237.4 + 142.6 Mg ha", for years 2016, 2014 and 2010,
respectively (Table 5). There were no statistically significant differences in total soil carbon in all
study sites (p>0.001) (Table 5).

Table 5. Summary of statistical tests of the total values of bulk density, organic matter and soil carbon.
IAverage * Standard deviation ?Kruskal-Wallis.

Natural forest  Planted 2016 Planted 2014 Planted 2010 p-value?

Apparently density 0.8 0.5 0.5+04 0.8 0.5 0.7 £0.5 0.020
(gem?)
Organic matter (%) 18.6 +13.8 35.8 +32.3 21.0 +19.2 22.1+18.9 0.030
soil carbon (Mg ha) 229.4 +119.4 230.3 +134.8 234.8 +132.7 237.4 +142.6 0.8
Density( g cm?) " Organﬂiﬁ matter (ZED) ” Carbon (Mg ha™)
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Figure 5. Variation of bulk density, organic matter content and soil carbon as a function of depth in
the natural forest.
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Figure 6. Variation of apparent density, organic matter content and soil carbon as a function of depth
in planted forest-2016.
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Figure 7. Variation of apparent density, organic matter content and soil carbon as a function of depth
in planted forest-2014.

Density( g cm”) Organic matter (%) Carbon (Mg ha ')
1 2 3 50 100 200 400 800 800
K d . : d i 3
15 em 1 16omy 17 15¢em+ T
o o
o = <
o ~ I
ﬂ o w
Z o o
30emy o 30cm1q @ | 9 30em4 4 g
P f=1 - o —_ "
£ Ll ) I £ - o = A
8 R i 2 S |o & B
£ o P £ ® 2 = 7?2
3 S5 - o8 B s |3
] [ZRE] @ e e I ] o
a " o - |4 I
50 cm - e 50 cm+ @ 50¢em i
5 5
llf= o kgt
g = z
I I=!
B 5 o
100 em ] 4 100 em = 100 cm

Figure 8. Variation of apparent density, organic matter content and soil carbon as a function of depth
in planted forest-2010.

3.3.3. Total carbon reserve

The natural forest had the highest amount of carbon with 362.3 Mg ha"!, while in the replanted
forests (2016, 2014 and 2010) it was estimated 233.5 MgCha", 240.2 MgCha' and 246.4 MgCha,
respectively (Table 5). Among replanted forests, the longer the year of replanting, the greater the
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estimated carbon reserve. Baased on the amount of carbon that was stored in each replanted forest,
we estimated an average carbon sequestration rate of 2.45 MgCO:zha! per year (Table 5).

Table 5. Total carbon values in natural and replanted forests and annual carbon sequestration rate.

Area Total carbon (MgCha™) Annual carbon sequestration rate
(MgCO:zha'! per annum)

Natural forest 362.3 -

Planted forest 2016 233.5 3.3

Planted forest 2014 240.2 15

Planted forest 2010 246.4 -

4. Discussion

4.1. Floristic composition

Five mangrove species were found in the Limpopo estuary: A. marina, C. tagal, R. mucronata, B.
gymnorhiza and X. granatum which was very rare with only a few individuals sampled. Avicennia
marina was the species with the highest density, dominance and indices of importance values, in the
natural and replanted forests. This result was expected due to several reasons. Avicennia marina is a
very common species in the mangrove forests of Mozambique, and in southern Mozambique it is
usually dominant [34]. Additionally, the species is resilient and resistant to environmental stressors.
The species has high capacity to survive in conditions of salinity variation and high salinity, has a
rapid regeneration capacity and resistance to events such as floods that have frequently occurred in
the area [14,34].

In the case of the Limpopo, where 59% of the area was wiped away during the 2000 floods, A.
marina survived, while other species became very uncommon and X. granatum was extinct from the
area [14].

4.2. Structural attributes

Trees with greater height and average diameters were observed in the natural forest, indicating
the maturation of the forest, while short trees with smaller diameters were found mainly in the
replanted forests, because the mangrove is in an active process of regeneration and growth [35].
Planted and natural forests have specific characteristics at different stages of development [18]and
growth in height and diameter for most mangrove species is influenced by factors such as forest age,
disturbance, site conditions and suppression by the dominant species [36].

The average density of trees in the natural forest was relatively lower when compared to the
replanted forests and it was verified that there were no significant differences. The average of the
total basal area was higher in the natural forest in relation to the replanted ones. During the
development of forests, they go through a period in which the land is occupied by a high density of
trees, as in the case of replanted forests, with reduced diameter and height, until a phase of greater
maturation, when the volume is compensated by some large trees, as in the case of natural forests,
where the diameter and height are greater. Thus, the density is reduced with the maturation of the
forests, thus justifying the results obtained in this study [35].

4.3. Height-to-diameter ratio

The relationship between diameter and height varied in the natural forest and in the replanted
forests. Metabolic ecology predicts that trees should increase in diameter faster than in height. It is
known that the height-DBH relationship changes with time and stabilizes when adult trees reach
maturity, justifying the moderate relationship between the two parameters in the natural forest [37].
According to [38] the relationship between tree height and diameter is important to understand tree
growth patterns and is often a necessary variable in tree volume and biomass models.
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In the replanted forests (2016, 2014 and 2010), the correlation between diameter and height for
A. marina was weak to very weak and with significant differences. These results were expected, as it
is often observed in forests in formation [16]. The weak relationship between height and DBH in
planted forests reflects the high spatiotemporal heterogeneity in the development and succession of
planted mangroves and indirectly demonstrates the sensitivity of planting to fluctuations in
environmental conditions, such as climate disturbances and pathogenic outbreaks, during succession
[16].

4.4. State of conservation in the natural and planted area

As for the cutting condition, both in the natural forest and in the replanted ones, the highest
average densities are related to intact trees. These results also coincide with studies carried out in the
Quirimbas National Park, where they found that the intact stands had the highest average density in
the entire research area [7]. These results may be associated with the efforts of community leaders
and community members in the process of mangrove replanting and management, which marked
the beginning of a common understanding of a broader estuarine system that previously lacked a
community management structure [14].

The mangrove species that exhibited more partial and severe cutting in the natural and planted
forest were A. marina, B. gymnorhiza and R. mucronata. Similar results were also documented by [24].
In most of East Africa, A. marina wood is used for many purposes, such as charcoal and firewood
production, boat building, traditional drums, among other products [39-41]. Rhizophora mucronata,
on the other hand, is mainly used for construction and charcoal production; while the wood of B.
gymnorhiza, characterized by being heavy and durable, but difficult to saw and work, is used for
construction, furniture, house posts and poles [40,42]. In the natural forest, there is a greater
availability of semi-straight poles, while in the forests planted in 2016, 2014 and 2010, the poles are
straight. This result was expected, since, according to [43], in planted forests, the spacing is mostly
regular and closer, which induces the competitive interaction that may be responsible for the
straightness of the main stem, thus having trees with narrower stakes in planted forests compared to
natural forest. Poles quality also depends on site conditions and sivicultural treatments, for example,
pruning.

4.5. Regeneration rate

When evaluating the ratio obtained in the natural forest (7:5:1) and planted in 2014 (2:1:1) and
2010 (4:3:1) it is noted that there is a higher proportion of seedlings in class I, while in the forest
replanted in 2016 (2:2:1), there is a higher proportion of seedlings in class II. The lowest proportion
of seedlings is evidenced in regeneration class I, in all study sites. According to the results of that
study, regeneration did not reach the effective stocking rate of 6:3:1 for juveniles, as described by [44].
The reason for this may be the shading effects created by the parental canopy that prevent light from
reaching the ground, thus limiting seedling growth in regeneration class L. crucial role in limiting
seedling recruitment [45,46]. However, based on seedling densities, mangroves can potentially be
considered to have good regeneration capacity.

4.6. Biomass carbon above and below ground.

The higher biomass and carbon above and below ground observed in the natural forest can be
attributed to the relatively higher DBH and height values in relation to planted forests. It is known
that height and DBH are extremely important variables in tree volume and biomass models [38]. The
average biomass of living trees above and below ground found in this study (135.8 Mg ha! and 130
Mg ha') is above the limits found by [47] in Sofala Bay (84 Mg ha' and 64.7 Mg ha') and [48], in
Maputo Bay (4.59 Mg ha'). On the other hand, these results are below the limits found by [23] in the
Zambezi Delta in the highest classes for AGB (268.5 Mg ha') and above the limits found in the highest
classes for BGB (72.8 Mg ha'). These differences may be associated with tree density, species
composition and height and DBH values that have a great influence on carbon sequestration [49]. The
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average biomass of living trees above and below ground in planted forests varies with the age of the
forest, that is, the older the forest, the greater the estimated carbon reserve (2.2+1.1 Mg ha' and 4.3+1.9
Mg ha’, forest planted 2016; 3.6+2.1 Mg ha! and 7.1+4.0 Mg ha, forest planted 2014; 7.4+4.0 Mg ha"
and 10.6+4.9 Mg ha", forest planted 2010), indicating that with age, trees invest more in the stem than
in other components, consequently increasing their biomass [16]. Restoration studies in Indonesia
also showed that the age of planted mangroves had a significant effect on aboveground and
belowground carbon stocks ranging from 2.13 Mg ha to 1.0 Mg ha in the youngest stands (4 years),
15.81 Mg ha! and 3.98 Mg ha™' (5 years), 46.53 Mg ha' and 10.26 Mg ha! (7 years) [50].

4.7. Soil carbon

The results of this study demonstrated that the largest carbon reserves in the studied mangrove
forests were found in the soil in relation to aboveground and belowground biomass. These results
are similar to values observed in other tropical mangrove areas, where the largest carbon reserves
were found in the soil, as shown in the following reports: Zambezi Delta [23]; Sofala Bay [47];
Madagascar [51]; Asia-Pacific region [10] and Micronesia [52,53].

The amount of total carbon stored in the soil in this study was higher in forests planted in 2010,
2014 and 2016 (230.3+134.8 MgCha; 234.8+132.7 MgCha, and 237.4+142.6 MgCha', respectively)
compared to natural forest (229.4+119.4 Mg ha''). These results are similar to those found on the East
Coast of India [54], where replanted forest (151.5£7.9 Mg ha') had higher soil carbon than natural
forest (143.4+8.2 Mg ha'). These results may be associated with the silvicultural activities that take
place regularly in the replanted areas, allowing the entrance of tidal water in each population in an
adequate way, thus making the tidal flow more favorable, and allowing a good biological activity
and greater accumulation of organic matter deposited in the soil [54]. On the other hand, it could be
that the carbon stored in the soil remained stable in degraded areas.

4.8. Total carbon reserve

The results indicate that the natural forest (362.3 Mg ha) has a higher amount of total carbon
than the forests planted in 2016, 2014 and 2010 (233.5 Mg ha'; 240.2 Mg ha''; 246.4 Mg ha™). These
results may be associated with the structural patterns of the forest, average tree density, basal area
and height, having been relatively higher in the natural forest in relation to the replanted ones. This
pattern of larger area carbon reserves represented by large trees can also be explained by the
combination of nutrient input from alluvial material and tidal action that allows the assimilation of
carbon by mangrove plants [55]. However, our results show that overall carbon storage in the natural
mangrove forest is lower compared to those reported by other authors, eg [56] who recorded an
average of 534 Mg ha" of total carbon in the Zambezi Delta, Dominican Republic with 853 Mg ha-!
[57] and Indonesia with 879 MgCha [58] . These differences may be associated with variations in
tree species composition, forest structure (tree density and average diameter) forest conservation
status, carbon concentration and soil water content in each region [47,59]. Also this study only
targeted on the main carbon pools (soil, and above and below biomass), while others also included
minor pools such as litter.

The average annual rate of carbon increase is comparable to carbon sequestration rates found in
the Sundarbans, where it was found an annual increase of 1.69 Mg C ha a™* for live biomass and
0.012 Mg C ha a™! for carbon in the sediment (Ray et al.,, 2011). However this number is way below
that of the Philippines, where an annual increase of 10.2 MgCha'year was found. Carbon
sequestration rates vary according to several factors, including the natural conditions of the site such
as rainfall, species composition and temperature.

5. Conclusions

This study looked at the forest structure, conservation condition and carbon storage of natural
and replanted mangrove forests of the Limpopo Estuary, southern Mozambique. The results of the
study indicate that there are still significant differences between the natural and the replanted forests,
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however some forest characteristics are not significantly different. Mangrove restoration creates
opportunity for forest enhancement, such as reintroducing new species. On what regards to carbon
storage, the natural forest stores larger amounts of carbon above and below ground, while soil
reserves were higher in planted forests. This results indicate that, even though restored forest do not
fully perform like a natural forest, they still deliver a number of worthy services, particularly on what
pertains to carbon sequestration and storage, and climate change mitigation.. Thus, the results
reported in this study reinforce the importance of drawing up conservation and management plans
for mangroves, as well as the maintenance and restoration of mangrove forests in coastal areas is an
urgent task. The results of this study can also be used to update/calibrate biomass estimation studies
that use non-invasive or indirect methods.
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Appendix

Table Al. summary of statistical tests of structural taxes in the study sites.

Natural forest vs Replanted 2016

Variable Test p-value Alpha
Species density t 0,360 0,05
DBH Mann Whitney <0.001 0,05
Height Mann Whitney <0.001 0,05
Natural forest vs Replanted 2014
Variable Test p-value Alpha
Species density t 0,014 0,05
DBH Mann Whitney <0.001 0,05
Height Mann Whitney <0.001 0,05
Natural forest vs Replanted 2010
Variable Test p-value Alpha
Species density t 0,191 0,05
DBH Mann Whitney <0.001 0,05
Height Mann Whitney <0.001 0,05
Forest replanted 2010 vs Replanted 2016
Variable Test p-value Alpha
Species density t 0,360 0,05
DBH Mann Whitney <0.001 0,05
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Height Mann Whitney <0.001 0,05
Forest Replanted 2010 vs Replanted 2014
Variable Test p-value Alpha
Species density t 0,235 0,05
DBH Mann Whitney <0.001 0,05
Height Mann Whitney <0.001 0,05

Forest Replanted 2014 vs Replanted 2016

Variable Test p-value Alpha
Species density t 0,079 0,05
DBH Mann Whitney 0,982 0,05
Height Mann Whitney 0,070 0,05

Type of forest B3 Natural forest B8 Planted 2016 B8 Planted 2014 B3 Planted 2010
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Figure A1l. Statistical test to compare the density of intact trees in the study areas.
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Figure A2. Statistical tests for comparing the density of partially cut trees in the study areas.
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Figure A3. Statistical test for comparing the average density (tree/ha) of trees in natural and replanted

forests.
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Figure A4. Statistical test to compare the density of straight trees in the study areas.
Type of forest BE Natural forest B8 Planted 2016 B Planted 2014 EJ Planted 2010
0.86
T 1
1
T 1
0.88
T T
0.004
200 f 1
0.005
f
0.0038
T Kruskal-Wallis, p = 0.0035 1
3
g
=
F
Z
@
2 100
.
.
I .
0

Natural forest Planted 2016 Planted 2014 Planted 2010
Replanted forest

Figure A5. Statistical test to compare the density of semi-straight trees in the study areas.
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Figure A6. Statistical test to compare the density of curved trees in the study areas.

Table A2. Summary of statistical tests of regeneration in the study areas.

Natural forest vs Replanted 2016

Variable Test p-value Alpha
RCI seedling density Kruskal-Wallis 0,941 0.05
RCII seedling density Kruskal-Wallis 0,370 0.05
RCIII seedling density Kruskal-Wallis 0,735 0.05

Natural forest vs Replanted 2014

Variable Test p-value Alpha
RCI seedling density Kruskal-Wallis 0,941 0.05
RCII seedling density Kruskal-Wallis 0,370 0.05
RCIII seedling density Kruskal-Wallis 0,334 0.05

Natural forest vs Replanted 2010

Variable Test p-value Alpha
RCI seedling density Kruskal-Wallis 0,941 0.05
RCII seedling density Kruskal-Wallis 0,735 0.05
RCIII seedling density Kruskal-Wallis 0,334 0.05
Replanted forest 2010 vs Replanted2016
Variable Test p-value Alpha
RCI seedling density Kruskal-Wallis 0,941 0.05
RCII seedling density Kruskal-Wallis 1,000 0.05
RCIII seedling density Kruskal-Wallis 0,849 0.05
Replanted forest 2010 vs Replanted 2014
Variable Test p-value Alpha
Densidade de plantulas CR 1 Kruskal-Wallis 0,941 0.05
Densidade de plantulas CR II Kruskal-Wallis 0,370 0.05
Densidade de plantulas CR III Kruskal-Wallis 0,849 0.05

Replanted forest 2014 vs Replanted 2016

Variable Test p-value Alpha
Densidade de plantulas da CR I Kruskal-Wallis 0,941 0.05
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Densidade de plantulas da CRII Kruskal-Wallis 0,370 0.05
Densidade de plantulas da CRIII Kruskal-Wallis 0,956 0.05
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Figure A7. Biomass variation as a function of sampling areas.
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Figure A8. Carbon variation as a function of sampling areas.
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