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Abstract: Mangrove ecosystems are some of the most productive on our planet but have declined
globally by 30-50%. Many species rely on mangrove habitats; thus, their conversion to aquaculture
farms has led to noticeable losses in commodities such as wild fish stocks. This study aimed to
assess the influence of aquaculture and restoration projects on the ecosystem’s ability to provide
resources. We collected data on mangrove vegetation (i.e., biomass, richness, and abundance), soil
nutrients (i.e., organic carbon, aluminium, and nitrogen), crab abundance, and fishing pressure
at six sites. We set up 15 plots at each site and collected data between May and July 2023. Via
generalised linear mixed models, we found that the abundance and richness of crabs was significantly
higher in aquaculture plots than in non-aquaculture plots. Aquaculture plots had higher topsoil
aluminium, higher topsoil and subsoil nitrogen, and lower topsoil carbon than non-aquaculture sites.
Restored sites had less nitrogen in the topsoil than unmanaged sites. The biomass did not change
between aquaculture, restored, and unmanaged plots. We found a negative correlation between crab
abundance and richness and mangrove diameter at breast height (DBH), suggesting that the species
of crabs present preferred areas with propagules for feeding (e.g., Grapsidae crabs). The content
of nitrogen in the subsoil was positively correlated with mangrove richness, diversity, and height,
suggesting the importance of nitrogen availability for mangrove growth. The content of aluminium
in the subsoil was negatively correlated with the content of organic carbon in both the topsoil and
subsoil, suggesting the detrimental effect of aluminium on the carbon cycle. Fishing practices were
observed at all sites during the data collection period. Despite the lack of significant impact on
most vegetation parameters and the limited differences between managed and unmanaged sites, key
variables such as soil aluminium, carbon, and nitrogen contents and crab assemblages exhibited high
variability, highlighting the complex interactions within mangrove ecosystems.
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1. Introduction

Mangroves are highly specialised plant species that provide significant ecological and
economic value [1]. By definition, mangroves are subtropical-to-tropical trees or shrubs
adapted to the extreme conditions posed by intertidal regions of brackish-to-coastal saline
waters [2]. Here, mangroves rely on highly specialised traits to deal with high salinity,
anoxic soil, exposure, and tidal fluxes that can be very large [2—4]. Because of the traits
required to occupy these zones, mangroves have an exceedingly high capacity for carbon
capture and storage, through both biomass and soil [5-7]. Estimates suggest that they
exceed all other aquatic systems and tropical forests (estimates of 5x) and, thus, have a
major role to play in managing global C [8,9]. Likewise, their specialised roots stabilise
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the shoreline by trapping sediment, which reduces coastal erosion and buffers against
storm surges [10-12]. Mangroves intrinsically have high biodiversity value given their
resilience to high salinity, with only a few other species of plant able to occupy the areas
where they thrive [13]. They support a rich diversity of terrestrial and marine life that relies
on mangroves for feeding, spawning, or sheltering during some phase of their life cycle,
with many highly specialised to the habitat [1,2,14,15]. Their presence also enhances the
diversity and biomass of communities in adjacent coral reefs and sea grasses [16]. Their
socio-economic benefits are diverse, extending from sequestering pollutants to providing
timber products, medicinal products, and food, with 80% of fisheries (e.g., crabs, prawns,
oysters, and many fish) being linked to mangroves [17-19].

Despite the importance of mangroves, they are continuing to be lost at an alarming rate,
for a variety of reasons [20,21]. Globally, it has been estimated that between 30 and 50% of
mangrove habitats have disappeared in half a century [9,20]. In some parts of the world, up
to 40% of mangrove species are threatened with extinction [22], as are the other organisms
that rely on mangroves (e.g., [23]). The loss of mangroves has alarming ramifications for
carbon emissions [24]. Stressors on mangrove survival include human-induced climate
change from increased coastal storm intensity and sea levels [21], while more direct human
impacts include overexploitation of fisheries and deforestation for urban and agricultural
development or aquaculture conversions [25,26].

Deforestation of mangroves for agriculture and aquaculture is particularly noticeable in
South-East Asia, which is a mangrove hotspot [13]; for instance, Indonesia alone hosts 22% of
the world’s mangroves [27]. Across South-East Asia, approximately 30% of mangroves have
been lost to aquaculture [28]. Some of these losses come from the planting of palm oil and
rice paddies, requiring felling of the mangroves, and this is predicted to increase [29], but by
far the greatest loss comes from conversion to aquacultural ponds. It is estimated that up to
85% of former mangrove areas in Borneo and Indonesia have been converted to aquaculture
ponds [30]. Aquaculture conversion involves creating walls of mangroves aligned with a
constructed pond, or a pond with an isolated stand (i.e., assemblage of mangrove trees) central
to the pond [31]. It also requires wild mangrove seeds to ensure the stands, which is ironically
made difficult by the loss of wild populations of mangroves. Irrespective of the strategy used
for aquaculture, the stands of mangroves ultimately become fragmented and lose much of
their ecosystem service value beyond cultivating a select group of commercially consumable
species. This is concerning, given that it has been estimated that an intact mangrove can
generate 70% higher output from goods and services than aquaculture ponds [32]. But
simply ceasing aquaculture is unfeasible, as it represents job opportunities, food security, and
substantial profit, especially within countries with low socio-economic development [26,28].
Therefore, there is a need to find more sustainable practices and to incentivise the protection
and restoration of mangroves to ensure that mangrove populations are maintained and the
essential ecosystem services are restored.

There is no question that there is a global need to preserve, manage, and restore
mangrove populations, but there are barriers to this aim. For instance, local communities
still need to benefit from mangroves to incentivise their restoration [33], which needs to be
managed in a sustainable way [25,34]. One of the many challenges here includes tracking
the fluxes in goods and services relative to the mangroves’ health [25,35-38]. Indeed, it is
difficult to measure the success of restoration if success is not well defined. Indonesian
mangrove ecosystems have been shown to host high numbers of marine and terrestrial
species that are at risk of extinction, with active management of mangrove ecosystems
suggested as an effective solution [39]. The aim of this study, then, was to gain some initial
insights into the influence of (1) aquaculture and (2) restoration projects on mangrove sites
in Indonesia. Targeted features were attributes reputed to be useful for detecting shifts in
mangrove health:

- Mangroves’ above- and belowground biomass: A lack of biodiversity is typically
linked with a loss of biomass [40]. Likewise, tree characteristics such as age and
density have been found to directly correlate with biomass [41]. Evaluating the level
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of biomass that a forest contains is vital to ensure that the correct forestry management
practices are implemented [42].

- Mangrove density: The density of the mangroves affects their ability to protect
the coast from storm or wave damage [11]. Although mangroves attenuate waves’
action [12], the more dispersed they are, the less of an impact they have. Density can
also potentially impact wildlife relying on the mudflats, e.g., crabs.

- Soil quality: Soil composition can provide an indication of mangrove ecosystems’
health [36]. Mangroves regulate carbon found within coastal soils through CO,
sequestration and biomass accumulation [43,44]. They can also nullify pollutants and
denitrify waterways that are secured within the soils [45]. The presence of aluminium,
however, can hinder propagule growth and is often associated with aquaculture [46].

- Crab assemblages: Crabs are intertwined with the growth and development of man-
groves [37]. Ferreira et al. [47] suggested that monitoring the abundance of crabs
could be used to measure the success of mangrove restoration. Crabs facilitate litter
decomposition through leaf processing, burying of leaves and mixing of soil and
decomposing bacteria through excavations [15,48-50]. Concurrently, they may also
influence the community density and structure through direct consumption of the
propagules. Furthermore, crabs are also a main food source for local communities.

- Fishing pressure: Pressure from fishing activities can directly impact mangrove health.
Local communities rely on resources from mangroves, but they can be overexploited
through intense use.

2. Materials and Methods
2.1. Site Selection and Descriptions

The Bali Nusa Tenggara region (including Bali, Lombok, Nusa Tenggara, Sumba, and
Timor) hosts ~35,000 ha of mangroves and a similar mangrove diversity to other regions
of Indonesia [51]. Six sites, located on the islands of Bali and Lombok in Indonesia, were
investigated in this study (Figure 1). The sites were categorised as unmanaged or managed
prior to surveying (Table 1). Designations were made based on local knowledge, historical
evidence, and the current use of the land. All sites varied in their perceived mangrove
ecosystem health and management. The sites were matched as best as possible, so managed
and unmanaged sites were in close proximity. One of the couplets (Sites 1-2 in Budeng) was
selected to include a site currently under aquaculture operations. The area near Budeng
includes around 125 ha of mangrove sites on abandoned aquaculture ponds, 35 ha of which
has been restored and is still under management [52,53]. All transects were labelled as
originating from either an unmanaged or managed site, irrespective of whether there was
within-site variation in management.

Table 1. Description and designation of the study areas in Bali and Lombok, Indonesia.

Site Locality Designation Use
Site 1 Budeng Unmanaeed Current aquaculture site that has been unmanaged for more than 10 years,
(Bali Barat) 8 with local communities extracting resources (shrimp and fish).
Current aquaculture site that has been managed and restored over the last
. Budeng ..
Site 2 (Bali Barat) Managed 20 years and is still used as an aquaculture farm for mangrove mud crabs,
shrimp, and oysters.
Under restoration since 2021 by the NGO Sustainable Oceanic Research,
Site 3 Batu Putih Manaced Conservation, and Education initiative (SORCE). This site of around 10 ha
(Lombok Barat) & has been subjected to deforestation of the mangrove habitat to create a
road through the landward area of the mangrove forest [54].
Site selected for future restoration by SORCE but that was unmanaged at
Site 4 Batu Putih Unmanaged the time of the surveys [54]. This site of around 13 ha has seen more
(Lombok Barat) & natural recruitment in these areas than Site 3, with many young Ceriops

species in the areas that could be classed as mudflats.
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Table 1. Cont.

Site Locality Designation Use
A tourist attraction with wooden walkways built within the mangrove
Site 5 Tahura Ngurah Managed forest; however, this has been closed off to the public for several years and
Rai (Kuta, Bali) & needs permission to be entered. There is evidence that restoration was
conducted recently and is ongoing.
Used by local fishermen to moor boats and fish along the mudflats. This
. Tahura Ngurah site is unmanaged and has been historically deforested for economic
Site 6 . : Unmanaged .
Rai (Kuta, Bali) development. Sites 5 and 6 are part of the same mangrove ecosystem of

around 1100 ha [55].

- 3

Figure 1. Location of the study sites in Bali and Lombok, Indonesia. Sites 1 (unmanaged) and 2 (man-
aged) are aquaculture mangrove sites in Budeng, Bali Barat. Sites 3 (managed) and 4 (unmanaged)
are costal mangrove sites in Batu Putih, Lombok Barat. Sites 5 (managed) and 6 (unmanaged) are
costal mangrove sites in Tahura Ngurah Rai, Kuta. Baseline map taken from [56].

2.2. Survey Design

At each site, five transects were placed 60 m apart. On each transect, three 5 m? plots
were measured using a reel marked out at every 5 m (Figure 2) [37,47]. This was for ease of
use in the field to ensure that the corners of the plots were the same throughout the surveys.
The plots started at 5 m, 42.5 m, and 90 m, with a 37.5 m gap in between the plots [37].
Mangroves were classed as trees if they had leaves, due to the premise that propagules
that were less than two months old had not produced leaves and, therefore, may not have
established themselves.
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Figure 2. Layout of the transects and plots to conduct the surveys at each mangrove site in Bali and
Lombok, Indonesia. The red plots show where the crab surveys were conducted and soil samples
were taken. Vegetation data were collected from all plots.

2.3. Mangrove Vegetation

Every mangrove tree in each plot was identified by species, and then their diameter at
breast height (DBH) was measured using a measuring tape. AGB and BGB were calculated
for all of the species present in the study sites. Estimates were calculated using either
species-specific equations (when available) or a common allometric equation specific for
mangroves (Table 2). This common allometric equation required wood density data, which
were sourced from the Tree Functional Attributes and Ecological Database ([57,58]; Table 2).
We further calculated mangrove richness via the Shannon index and abundance (as the total
number of individuals per plot or site) (Table S1). In addition, we differentiated between
different growth stages: saplings (DBH < 5 cm), small trees (5 cm < DBH < 10 cm), medium
trees (10 cm < DBH < 20 cm), and large trees (DBH > 20 cm) (based on [59]).

Table 2. List of mangrove species found across the study sites, along with their respective species-
specific AGB and BGB equations and the sources of the equations. A common allometric equation
was used for all other species. All equations required diameter at breast height (D), and the general
equation required wood density (p).

Species Equation Source

Aboveground biomass
Avicennia marina 0.1848D?23524 [
Rhizophora apiculata 0.38363D%2348 [
Rhizophora mucronata 0.128D2¢ [63]
[
[

60,61]

Rhizophora stylosa 0.105D268

Sonneratia caseolaris 0.04975D1-94748
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Table 2. Cont.

Species Equation Source
All other species * 0.251pD%46 [65]
Belowground biomass

Avicennia marina 1.28DM17 [66]
Rhizophora stylosa 0.134D24 [67]
Sonneratia caseolaris 0.0142D%12146 [64]
All other species 0.19900.899D%22 [65]

* Wood density for species without an equation (p): Avicennia alba (0.72); Avicennia officinalis (0.72); Bruguiera
gymnirosa (0.77); Ceriops decandra (0.78); Ceriops tagal (0.78); Lumnitzera racemosa (0.87); Rhizophora apiculata
(0.85); Rhizophora mucronata (0.82); Sonneratia alba (0.51); Xylocarpus granatum (0.70).

2.4. Soil

Soil samples were taken from six plots per site (Figure 2). Cores were taken from the
centre of the plots of topsoil (0-30 cm) and subsoil (deeper than 30 cm). If the centre was
occupied by a mangrove or crab burrow, the sample was taken immediately adjacent. The
organic carbon, nitrogen, and aluminium levels were analysed at Universitas Udayana.
We calculated the organic carbon (%) via the Walkley and Black method and UV-vis
spectrophotometry, nitrogen (%) via the Kjeldahl method and titration, and available
aluminium (mg/kg) via spark atomic emission spectrometry [68] (Table S2).

2.5. Crabs

A 1 m? quadrat was marked out in six plots per site (Figure 2). This was carried out
in an area along the transect where the entire plot was visible. This was to ensure that no
crabs were missed and that mangrove roots were not obstructing the view of the plot [47].
All members of the team moved away from the area, and a 3 min adjustment period was
given. This was decided because the crabs were previously observed to come out of hiding
after a few minutes after any stimulus was removed. The crab species and abundance were
observed within the quadrat for 10 min to avoid double counting of any individuals [69].
The member of the team conducting this observation sat 1 m away from the plot and
remained motionless for the 10 min period. Furthermore, where the team member sat was
chosen to prevent any visual stimulation, such as shadows, from influencing the crabs’
behaviours or choice to emerge from their burrows. We used morphospecies and identified
the genus when possible (Table S2).

2.6. Fishing Pressure

Fishing activity was recorded ad hoc at each site during the survey period, ranging
from 7 hr 29 min to 20 hr 20 min. We recorded any boats engaged in netting, line fishing, or
returning to the mangrove site. The various fishing pressures observed were categorised as
described in [19]. Fishing pressure, even just from local fishing, can have a large impact on
the fish species richness, their size, and the abundance with which they are found within
the mangroves [70]. In addition to this, if the fishing methods are destructive or continuous,
then the impact and damage caused will be expected to increase over time [70,71].

2.7. Data Analysis

We tested whether the variables indicating the resource availability and health of
mangrove ecosystems were different between considering management and the presence
of aquaculture. In particular, we considered vegetation parameters (AGB, BGB, species
richness), soil parameters (aluminium, organic carbon, nitrogen), and crab assemblages
(richness, abundance, diversity) as dependent variables. We considered the combined effect
of habitat management (managed vs. unmanaged) and aquaculture (presence vs. absence
of aquaculture) as a fixed factor. We used the nested term (1 | Region/Site) as A random
effect to account for the spatial closeness of the plots. We used the function “glmmTMB”
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to run generalised linear mixed models and tested the family distributions offered by the
corresponding package [72]. We then checked the model residuals plotted via the package
“DHARMa” to decide on the family fit [73]. We additionally checked for multicollinearity
of the predictors via the “check_collinearity” function from the package “performance” and
detected low correlations (Variance Inflation Factor (VIF) < 4) [74]. To check for potential
links between the variables of investigation, we ran Pearson correlations via the “rcorr”
function and plotted them via the “corrplot” function [75]. For this, we considered only
the 36 plots from which we collected all of the data. We used p = 0.05 as the threshold for
significance and p = 0.1 as the threshold to define trends towards significance.

3. Results
3.1. Mangrove Vegetation

Between the six sites, we found 13 species of mangroves, with Site 1 having the highest
richness. Sites 5 and 6 had the highest proportion of large trees, while the other sites,
especially Site 1, were dominated by tree saplings (Table 3; Figure 3). Most of the tree
saplings in Site 1 (98.2%) were from Avicennia marina.

Table 3. Vegetation parameters by site and in total, considering the six sites, in mangrove ecosystems
in Bali and Lombok, Indonesia.

Variable 2 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Total
Richness 12 8 7 6 6 6 13

N trees 1748 460 830 452 22 54 3566
Mean DBH (cm) 9.3 15.7 18.1 18.5 109.0 36.7 345
Mean height (m) 2.5 42 45 41 6.0 49 44
Mean diversity 0.9 0.8 1.2 1.0 0.4 0.6 0.8

@ Mean DBH, height, and diversity were calculated based on 15 plots per site.

100%  pm

- (2]
20,000 S oo | .
m Sum of BGB = Sum of AGB = 80%
g ST || |
< 15,000 - 3 70%
8 ® g%
£ 10,000 £ S0%
@ 000 ¢ S 40%
£ & 30% |
o ©
@ 5000 | 2 20% r
§ 10% |
L %
0 1 2 3 4 5 6
1 3 4 5 6
Saplings m Smalltrees m Mediumtrees M Largetrees
(A) (B)

Figure 3. (A) Total biomass (ABG: aboveground biomass; BGB: belowground biomass) and (B) per-
centages of mangrove trees at different growth stages (saplings (DBH < 5 cm), small trees (5 cm <
DBH < 10 cm), medium trees (10 cm < DBH < 20 cm), and large trees (DBH > 20 cm)) at six sites in
Bali and Lombok, Indonesia.

We found no effects of the presence of management or aquaculture on the richness
and abundance of mangroves or the biomass per plot (Tables Al and A2), although Site 6
had the highest AGB and Site 1 had the lowest (Figure 3).
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3.2. Soil

Aquaculture plots had higher topsoil Al, higher topsoil and subsoil N, and lower
topsoil C than non-aquaculture sites. Restored sites had less N than unmanaged sites
(Figure 4). In particular, Al in topsoil tended to be higher in restored aquaculture plots
than in unmanaged non-aquaculture plots. The unmanaged aquaculture plots had higher
nitrogen contents in the topsoil than non-aquaculture sites (both unmanaged and restored).
The aquaculture plots (both unmanaged and restored) had higher nitrogen contents in the
subsoil than non-aquaculture sites (both unmanaged and restored).

A 40001 _ 0.15
2 X
=< = —
< 1= X
£ 3000 2,] -~ o2
-— o ~e c [\
c [} [
L © s
c c o)
S 2000 1 8 ©0.09 & Aquaculture
= < + No aquaculture
IS I [}
S . © 21 )]
2 h S
é c - —4 006 ] |
£ 5 = ,
< )
14 0.03
Unmanaged Managed Unmanaged Managed Unmanaged Managed
B
2 3000 g e D12
£ 5 g
= &3 1 E 0.100 1
Q o — -
2 2000 c 5
8 . _8 © -+ Aquaculture
» = c 0.075 -+ No aquaculture
IS P [0)
3 o2 2
g 1000 = =
£ = = 0.050 —
< o
Unmanaged Managed Unmanaged Managed Unmanaged Managed
Figure 4. Contents of aluminium (mg/kg), organic carbon (%), and nitrogen (%) in (A) topsoil and
(B) subsoil samples from mangrove ecosystems in Bali and Lombok, Indonesia. Values are estimated
marginal means and 95% confidence intervals.
3.3. Crabs
We found 18 species of crabs overall among the six sites, with Site 1 hosting the highest
richness and abundance, Site 2 hosting the highest diversity, Site 4 hosting the lowest
richness and diversity, and Site 6 hosting the lowest abundance (Table 4).
Table 4. Crab assemblages in the six sites in Bali and Lombok, Indonesia.
Variable Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Total
Richness 14 8 8 3 5 6 18
N individuals 123 65 26 46 63 22 345
Diversity 1.66 1.80 1.45 0.79 1.18 1.52 1.96

The abundance and richness of crabs was significantly higher in aquaculture sites than
in non-aquaculture sites; in particular, the unmanaged aquaculture sites had higher abun-
dance and richness than non-aquaculture sites (either unmanaged or restored) (Figure 5).
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Figure 5. Estimated marginal means and 95% confidence intervals of crabs” (A) abundance and
(B) richness in 5 m? plots in mangrove ecosystems in Bali and Lombok, Indonesia, based on gener-

alised linear mixed models.

3.4. Correlations between Variables

Apart from the correlations that were expected between richness, abundance, and
diversity, we found the following correlations that are worth highlighting (Figure 6): The
mean DBH of mangroves in plots was negatively correlated with crab abundance and
richness, and the mean height of mangroves in plots was negatively correlated with crab
abundance. The content of nitrogen in the subsoil was positively correlated with mangrove
richness, diversity, and height. The content of aluminium in the subsoil was negatively
correlated with the content of organic carbon in both topsoil and subsoil.

(\(’Q, 2
& S N
S N < L&
F P G S 00
q;\é\ 0\40 (o“el \o& \o& \6‘0 ‘o& ©
S & O O O S 0 R AR (R PP LY
FFRPEFTETPEES S F&FE
1
CrabAbundance =0.37-0.34
CrabRichness -0.38 08
CrabDiversity
06
MangroveAbundance
MangroveRichness 0.47 04
MangroveDiversity 0.44 0.48
02
MangroveDBH 0.50
MangroveHeight 0.43 0.35 0
AGB
0.2
BGB
AlTop 0.4
CTop -0.43
06
NTop 0.40
AlSub -0.47 08
CSub

Y

Figure 6. Correlation matrix of the variables taken into consideration for the investigation of man-
grove ecosystems in Bali and Lombok, Indonesia. Only significant (p < 0.05) correlation coefficients

are shown.
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3.5. Fishing Pressure

Fishing practices were observed at all sites during the data collection periods (Figure 7).
Boats would sell their fish at a fish market near the mangrove sites; thus, they were classed
as offshore commercial fisheries. Inshore mixed-species fisheries included people standing
onshore or waist-deep in the ocean using a rod-and-line fishing method. Other fishing
practices were also observed, including the use of gill nets cast in a circular motion by
people standing in hip-deep shallow water, who then reduced the net area to entrap the fish,
as well as people casting small gill nets or using the rod-and-line method from a small boat.
The inshore mollusc and crustacean fishing included mangrove crab traps, digging for
molluscs and crustaceans when the tide was lower, and sifting the water to collect shrimp.

[any
o

7] m Offshore commercial fisheries (boats)

Inshore mollusks and crustaceans fisheries

m Inshore mixed species fisheries

Frequency of events/hr
O R, N W M OO N O ©
1

7 | ]
[ || e || |
1 2 3 4 5 6

Figure 7. Fishing pressure events recorded during the observation times in mangrove ecosystems in
Bali and Lombok, Indonesia.

4. Discussion

From our investigation, we found that the vegetation parameters were not affected by
the presence of aquaculture or restoration management, although we found site-specific
variability. Crab richness and abundance were higher in aquaculture sites, and plots with
smaller trees were preferred. Soil characteristics (carbon, nitrogen, and aluminium) were
highly impacted by the presence of aquaculture and restoration management. In addition,
nitrogen in the subsoil was positively correlated with mangrove richness, diversity, and
mean height, and aluminium in the subsoil was linked with a decrease in organic carbon
in both the subsoil and topsoil. There were no differences between the AGB and BGB
throughout the sites that were surveyed. Site 1, with non-restored aquaculture, was the
site with the least amount of biomass. This could have been due to the lack of natural
recruitment able to take place due to the typographic changes created by the aquaculture’s
establishment, therefore limiting the access for seeds or propagules to secure themselves.
Most of the propagules at Site 1 were Avicennia marina, a pioneer mangrove species that
has relatively low sapling survival rates [76,77]. Therefore, the active restoration of the
mangroves with the promotion of a diversity of saplings has been successful in increasing
the biomass of the ecosystem. Studies suggest that this allows for increased resources with
regard to carbon sequestration and a healthier ecosystem [78].

It has been reported that the higher the biomass of a forest, the more potential for
carbon sequestration it contains, and that biomass data can be used to calculate carbon
storage [6]. Organisations such as the International Union for Conservation of Nature
(IUCN) are driving for blue carbon to be introduced to REDD+ [79], which may be able to
provide short-term funding for conservation projects involved in the restoration of man-
grove ecosystems. This short-term funding could be provided by governments or private
businesses involved in offsetting carbon emissions [79,80]. This provides stakeholders
with the motivation to support the agreements that governments have made to reach an
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equilibrium between human-made emissions and their absorption by 2100 [81]. Even
though this may not be applicable on a global scale, for countries such as Indonesia, blue
carbon could become a large source of carbon storage to help meet the objectives set by the
Paris Agreement [81,82].

The collected soil samples showed that there were increased levels of Al and N com-
pared to those of non-aquaculture sites. This was mostly likely due to human disturbances,
such as aquaculture, disrupting the natural levels of N within the ecosystem [21]. This
is also supported by other research showing that the levels of N increase in mangrove
ecosystems where there is increased human influence [37]. This suggests that mangrove
ecosystems that have had aquaculture present have potentially influenced the nitrifying
bacteria in the ecosystem, which have the ability to break down and release N [21]. Even
though N is essential for growth, the increased levels can create an unbalanced ecosystem.
However, areas that have been restored showed decreased levels of N compared to the un-
managed sites. This could be because the activities required for restoration to occur hinder
the amount of N within the ecosystem. Furthermore, areas that are undergoing restoration
or are exposed to any human disturbances could potentially alter ecosystem resources
provided by the mangroves [83]. Whilst the restoration influence the observed N content,
the benefits of restoring these ecosystems should outweigh the impacts of increasing the N
levels during any restoration activities.

The topsoil of the restored aquaculture site had higher levels of Al than that of the
unmanaged site. This could be due to the restored site having more active aquaculture
occurring than the unmanaged site, therefore increasing the level of Al observed. Whilst
this was true for the aquaculture site, overall the influence of aquaculture showed an
increase in the amount of Al, thus suggesting that any aquaculture present increases the
amount of Al released into the ecosystem [84]. This can be harmful to the growth of
propagules, therefore influencing the amount of growth occurring within the ecosystem,
although it has also been stated that mangroves are able to withstand aluminium, and this
does not influence their growth as much as the varying environmental factors [85,86]. This
is supported by the little variance in the biomass across the sites; therefore, it could be
argued that metals found in mangroves are not necessarily influenced by aquaculture but,
rather, through the composition of the soil itself [87]. The results gathered from this study
support this due to the increased levels of Al observed at the aquaculture sites. However,
this could be explained by the positioning of these sites being set further inland compared
to the others, as a result of which the soil composition would be different. Even though
this is true, the other sites showed similarities in their subsoil Al levels, suggesting that the
soil composition differences may not be the sole contributing factor to the increase in Al in
the topsoil.

The most frequently observed family of crabs, throughout all ecosystems, was Grapsi-
dae, which typically predate upon propagules as their main source of food [88]. As such,
increased propagule availability could also increase the abundance of crabs from this fam-
ily, given the propensity of these species to feed on the propagules. In particular, smaller
propagules have been shown to be at greater risk of predation from crabs [89]. On the other
hand, since it can take up to six years for a mangrove to produce propagules [90], areas
where there are predominantly younger mangroves are likely to have fewer propagules.
For example, mangrove ecosystems that are being restored from a completely degraded
state could see fewer Grapsidae species when conducting these surveys at the beginning
of the restoration. It should be noted, however, that the average age of individual trees
present is not the only factor that could influence propagule abundance. For example,
mangrove ecosystems that are degraded could also produce fewer propagules due to a
change in the coastal environment [35] and could therefore see fewer crabs. In addition,
the diversity of saplings in restored areas has been found to be a key factor for maintaining
high diversity of crabs [50].

Sites 3 and 4 are located within the Gita Nada Marine Protected Area (MPA), which has
an area of 210 km? [91]. At both of these sites, rod-and-line fishing methods were observed.
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When looking at this area on the Marine Conservation Institute [91] database of MAPs,
the level of protection for fishing in this area is classed as “Less Protected /Unknown”.
According to local knowledge, the area where the mangrove ecosystems that were surveyed
are located is classed as a rod-and-line or sustenance-only fishing zone. This could also
explain why there was an increase in the number of fish sightings at these sites, as the zone
implemented minimises the impact that fishing has on the fish assemblages in the area [92].
Sites 1 and 2 proved to be interesting in terms of their aquaculture observations. The
utilisation of the mangroves in this way was seen at both sites; however, Site 1 was found
to have more additional fishing pressure. This is most likely due to the protection offered
by the local department of forestry at Site 2, where they are conducting the restoration and
allowing locals to use the site for aquaculture and, thus, may be restricting fishing access.
Additionally, the aquaculture permitted appears to be minimal based on the observations
made at the site during this study.

This was not the same for the restored Site 5, where numerous fishing techniques were
observed. Given that there appeared to be very little presence of the organisations running
the restoration program at that site, it is highly probable that the site is not being effectively
monitored, which may have led to an increase in fishing pressure. Additionally, the survey
at this site only took a total of ten hours and ten minutes, so this only provides a snapshot
of the fishing pressure, suggesting that it could be greater than was observed. On the
other hand, the short survey time also means that any monitoring that is in place for this
site could have been missed. Additionally, Site 6 appeared to have few-to-no regulations
regarding any of the fishing vessels seen or the fishing methods being used. Monitoring
fishing pressure is vital to ensure the productivity of the mangrove ecosystems and to
ensure that local people are able to benefit from them not only now, but in the future as
well [93]. Sites 5 and 6 both support a large fishing industry for the local communities
surrounding them [94]. As such, both sites should be continually monitored, with data
being collected not only on the health of the mangroves but also regarding the fishing
pressure and catch per unit effort. These data could not only provide vital information on
the fish diversity and richness of the species that are occupying the mangroves but also
provide insight into those of the areas outside of the MPAs or protected ecosystems that are
benefitting from a spillover effect [95].

5. Conclusions

In conclusion, we found that presence of aquaculture and management does not
necessarily impact the vegetation structure in mangrove ecosystems, but there are more
hidden mechanisms that should be considered. First, the aluminium content is high in
aquaculture sites, and this also causes a negative flow of organic carbon available. Second,
the nitrogen content, which is positively linked with mangrove growth, was higher in
aquaculture sites, but this may be due to the presence of nitrifying bacteria in the ecosystem
that have the ability to break down and release N. The presence of restoration projects
decreased the available nitrogen in the ecosystem, potentially suggesting that the activities
required for restoration to occur are hindering the amount of N that is available within
the ecosystem. Crab richness and abundance were higher at aquaculture sites and in
plots with tree saplings, suggesting that the species of crabs present preferred areas with
propagules for feeding. Finally, on a worrying note, we found fishing pressure at all of the
sites surveyed during our assessment, and we suggest that the sustainability of fishing
should be evaluated. Management is a potential solution to preserve the variety of fauna
and flora hosted and the ecosystem services provided by mangrove ecosystems, but our
study did not find substantial improvements of vegetation, soil, crabs, or fishing pressure
compared to unmanaged sites. We suggest promoting the diversity of mangrove saplings,
targeting larger areas for restoration (restoration activities focused on only a small fraction
of the sites selected for restoration), and monitoring restoration success (including soil and
biodiversity parameters and resource use) over time.
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Appendix A

Table Al. Results of the generalised linear mixed models.

Response Variable Predictor Estimate Std. Error Z Value p Value
Crab abundance Intercept 3.09 0.35 8.93 ** <0.001
No aquaculture vs. aquaculture -1.30 0.49 —2.59 ** 0.010
Managed vs. unmanaged —0.72 0.53 —1.36 0.174
Interaction effect 0.85 0.73 1.16 0.246
Crab richness Intercept 1.51 0.29 5.27 ** <0.001
No aquaculture vs. aquaculture —-1.21 0.45 —2.69 ** 0.007
Managed vs. unmanaged —0.70 0.48 —1.46 0.146
Interaction effect 0.80 0.68 1.18 0.239
Crab diversity Intercept —0.58 0.56 —1.04 0.297
No aquaculture vs. aquaculture -1.13 0.83 -1.37 0.171
Managed vs. unmanaged —0.36 0.85 —043 0.668
Interaction effect —0.01 1.26 —0.01 0.994
Mangrove abundance Intercept 4.16 2.02 2.06 * 0.039
No aquaculture vs. aquaculture -1.13 2.02 —0.56 0.575
Managed vs. unmanaged —0.10 0.62 —0.16 0.874
Interaction effect —0.26 0.80 —0.33 0.744
Mangrove AGB Intercept 591 0.39 15.15** <0.001
No aquaculture vs. aquaculture 0.71 0.47 1.53 0.126
Managed vs. unmanaged 0.45 0.54 0.83 0.409
Interaction effect —0.67 0.65 —1.02 0.306
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Table Al. Cont.
Response Variable Predictor Estimate Std. Error Z Value p Value
Mangrove BGB Intercept 5.64 0.36 15.48 ** <0.001
No aquaculture vs. aquaculture 0.04 0.45 0.10 0.925
Managed vs. unmanaged 0.17 0.51 0.33 0.742
Interaction effect —0.02 0.62 —0.03 0.979
Mangrove richness Intercept 1.18 1.22 0.94 0.335
No aquaculture vs. aquaculture —0.79 1.23 —0.64 0.522
Managed vs. unmanaged —0.23 0.33 —0.68 0.500
Interaction effect 0.09 0.41 0.23 0.822
Subsoil Al Intercept 6.95 0.37 19.01 ** <0.001
No aquaculture vs. aquaculture —0.31 0.57 —0.54 0.589
Managed vs. unmanaged 0.49 0.47 1.04 0.297
Interaction effect 0.21 0.60 0.34 0.731
Subsoil C Intercept 2.20 0.49 4.48 ** <0.001
No aquaculture vs. aquaculture 0.95 0.60 1.57 0.116
Managed vs. unmanaged 0.59 0.70 0.84 0.400
Interaction effect —0.64 0.85 —0.76 0.450
Subsoil N Intercept —2.26 0.17 —13.53 ** <0.001
No aquaculture vs. aquaculture —0.85 0.23 —3.64 ** <0.001
Managed vs. unmanaged 0.08 0.23 0.37 0.715
Interaction effect —0.04 0.32 -0.12 0.902
Topsoil Al Intercept 7.30 0.42 17.48 ** <0.001
No aquaculture vs. aquaculture -1.17 0.60 —1.93¢ 0.054
Managed vs. unmanaged 0.24 0.57 0.42 0.672
Interaction effect 0.84 0.78 1.08 0.280
Topsoil C Intercept 2.07 0.48 4.35** <0.001
No aquaculture vs. aquaculture 1.01 0.58 1.73t 0.084
Managed vs. unmanaged 0.38 0.67 0.56 0.573
Interaction effect —0.58 0.82 —0.71 0.480
Topsoil N Intercept —2.07 0.17 —11.97 ** <0.001
No aquaculture vs. aquaculture —0.93 0.24 —3.82** <0.001
Managed vs. unmanaged —047 0.27 —1.75¢ 0.080
Interaction effect 0.61 0.36 1.72¢ 0.086
tp<0.1;*p<0.05* p <00l
Table A2. Contrast ratios (means and SE) and corresponding Z values and p values for the in-
teraction effects between no aquaculture (NoA) vs. aquaculture (Aqu) and managed (Man) vs.
unmanaged (Unm).
Ambem paut Al NeAnm NeAummd panan
Crab abundance %6:0232 1*',75 =0.047 %Ofli,l ;QOE 0.524 %1:121%;5}73: 0.087 %5:7f 19(5,3; =0.737 %8:7%93%2 =0.994 12'5:3022%% 0.862
3.35 £ 1.50 2,01 +0.96 3.01+1.33 0.60 £ 0.31 0.90 + 0.44 1.50 + 0.77

Z=08,p=0859
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Table A2. Cont.
Variabl AquUnm/ AquUnm/ AquUnm/ NoAUnm/ NoAUnm/ AquMan/
anable NoAUnm AquMan NoAMan AquMan NoAMan NoAMan
Crab diversit 3.10 +2.56 144 +123 4.50 + 4.05 0.47 + 041 145+ 135 3.13 +2.98
y Z=14,p=0520 Z=04,p=0974 Z=17,p=0337 Z=-09,p=0823 Z=04,p=0978 Z=12,p=0630
Mangrove 3.11+6.27 1.10 & 0.69 445+£9.23 0.36 £ 0.58 143 +0.71 4.03 + 6.80
abundance Z=06,p=0944 Z=02,p=0999 Z=07,p=0.889 Z=-0.6,p=0920 Z=07,p=0888 Z=08,p=0842
Manerove AGB 049 +0.23 0.64 +0.35 0.61 +0.29 1.31 £ 059 1.25 £ 0.46 0.96 & 0.4
g Z=-15p=0420 Z=-08,p=0842 Z=-10,p=0722 Z=06,p=0935 Z=06,p=0931 Z=-0.1,p=0999
Manerove BGB 0.96 +0.43 0.85 4 0.43 0.82 4+ 0.37 0.88 4 0.39 0.85 4+ 0.31 0.98 +0.43
5 Z=-01,p=099  Z=-03,p=0988 Z=-04,p=0972  Z=-03,p=0992 Z=-04,p=0975  Z=-0.1,p=1.000
Mangrove richness 220 £ 271 1.25 4 0.42 251 +3.15 0.57 + 0.56 1.14 +£0.28 2.00 & 2.03
8 Z=06,p=0919 Z=07,p=0907 Z=07,p=0884 Z=—06,p=0941 Z=05,p=0949 Z=07,p=0902
Subsoil Al 1.36 £0.77 0.61 +0.29 0.68 4 0.34 0.45 4+ 0.25 0.50 4+ 0.19 1.11 £ 0.54
Z=05,p =099 Z=-1.0,p=0.880 Z=-08,p=0968  Z=-14,p=0634 Z=-19,p=0326  Z=02,p=1.000
Subsoil C 0.71+0.16 0.80 £ 0.24 073 +0.16 113 +0.23 1.02 4+ 0.22 0.90 £ 0.24
Z=-16,p=0454  Z=-08,p=0741 Z=-15,0454 Z=06,p=0742 Z=0.1,p=0907 Z=-05,p=0742
Subsoil N 2.33 +0.54 0.92 & 0.21 2.23 £ 051 0.40 % 0.09 0.96 & 0.22 2424055
Z=3.6*,p=0.002 Z=-04,p=0983 Z=347*,p=0.003 Z=-41*,p<0.001 Z=-02,p=0997 Z=39*,p<0.001
Tosoil Al 321+1.94 0.79 £ 0.45 1.09 4 0.56 0.25 +0.14 034 +0.18 1.34 +0.68
P Z=19,p=0281 Z=-04,p=0999 Z=0.2,p=1.000 Z=-24%p=009%  Z=-20,p=0226  Z=0.66p=0986
Topsoil C 0.67 +0.19 0.85 & 0.20 072 +0.18 126 £0.21 1.07 £0.14 0.85 % 0.20
P Z=-17,p=0535  Z=-06,p=0673 Z=-14,p=0535  Z=11,p=0580 Z=04,p=0673 Z=-07,p=0673
Topsoil N 2.54 £ 0.62 1.60 +0.43 2.20 +0.52 0.63 +0.17 0.87 4+ 0.20 1.38 £0.36
P Z=38*,p<0001 Z=17,p=0122 Z=332%,p=0003 Z=-17,p=0122 Z=-06,p=0538  Z=12,p=0264
tp <0.1;*p < 0.05;* p < 0.01.
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