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Abstract

Mangrove forests in northern Mozambique were impacted by human and natural pressures that
caused channel blockage, permanent flooding, and tree die back. To address the issue, hydrological
restoration was carried out in August 2024, excavating 6.88 km of canals with impact in 38 ha of
degraded mangrove. This study reports on the monitoring results carried out 4 and 10 months later.
Site salinity approached optimal levels for mangrove growth by dropping 56% in high salinity areas,
and increasing above 100% in freshwater invaded areas. The intervention also homogenized the
previously distinct upper, middle and lower zones (Dunn Post-Hoc: p > 0.05). Moreover, seedling
density increased from 57.1+44.1 to 4864+1778.6 seedlings/ha; and regenerating species went increase
innumber (1 to 3 in middle zone; and 0 to 3 in lower zone). More regenerating classes (63:1:1 in upper,
11:1:0 in middle and 6:1:0 in lower) and die back of competing species Juncus kraussii and Cyperus
articulates was also recorded. These changes result from the improved tidal flow and general habitat
conditions in the restored site. This restoration offers a model for scaling restoration efforts across the
region, where ecological restoration remains underrepresented in many mangrove restoration
initiatives.

Keywords: ecological restoration; coastal resilience; natural regeneration; cyclone impact;
Mozambique

1. Introduction

Mangrove forests are essential for a variety of coastal ecosystem services in tropical and
subtropical regions, such as regulating greenhouse gases and carbon sequestration (Djamaluddin et
al., 2019; Ruiz-Guevara et al., 2025); providing coastal protection against wave energy-induced
erosion, coastal storms and cyclones; as well as harboring a great diversity of fauna and flora
(Esguerra-Rodriguez, 2024). Mangroves are nonetheless sensitive and threatened by a variety of
human and natural impacts that cause a reduction in coverage area and bring alterations to the soil,
fauna and flora (Esguerra-Rodriguez, 2024).

In recent years, in recognition to the importance of mangroves and the negative impacts of their
degradation, there has been an increase in restoration and conservation initiatives around the world
(Djamaluddin et al., 2019; Pérez-Ceballos et al., 2020), led by government institutions, civil society
organizations, local communities, and educational institutions (Balidy et al., 2019; Teutli-Hernandez
et al., 2020). Restoration approaches are usually limited to active planting of propagules and
seedlings, aiming to recover degraded areas’ fauna and flora. Despite the efforts, many of the
initiatives have failed to achieve success due to the use of inappropriate methods (Bandeira et al.,
2016; Gatt et al., 2024), in many cases, not eliminating the primary cause of degradation (Lewis III,
2005).
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Depending on the level of the degradation, mangrove forests have the ability to successfully self-
restore or undergo secondary succession within 15 to 30 years if the normal tidal hydrology has not
been affected. Hence any restoration planning should first consider assessing the tidal and inundation
conditions, the need to restore the hydrology and address any pressure that may interfere with
natural recruitment (Lewis III, 2005).

Hydrological restoration, also considered a passive restoration method, is a form of Ecological
Restoration (ER) whose purpose is to recover hydrological conditions by removing the impacts that
obstruct water flow in the degraded, damaged or destroyed ecosystem, to allow natural regeneration
(Lewis III, 2005, Djamaluddin et al., 2019; Pérez-Ceballos et al., 2020; Beeston et al., 2023). Being an
Ecological Restoration method, hydrological restoration serves as an activator to initiate or accelerate
and potentiate processes such as salinity stabilization and natural seed input, which results in the full
natural recovery of a mangrove ecosystem (Teutli-Hernandez et al., 2020; Pérez-Ceballos et al., 2020;
Beeston et al., 2023; Ruiz-Guevara et al., 2025;). This method is particularly effective when human
manipulation and cyclone impact are the primary cause of degradation, and the ecological conditions
have been lost to such an extent that natural regeneration has become unfeasible (Djamaluddin et al.,
2019). This includes abandoned salt pan areas and rice fields, deforested areas where frequent
exposure to solar radiation increased temperature and salinity, and areas affected by coastal
development, dam construction and diversion of water courses (Teutli-Hernandez et al., 2020).

The method has been extensively used in Mexico (Isla del Carmen, Campeche, Sian Ka’an,
Quintana Roo, and Progreso, Yucatan (Pérez-Ceballos et al., 2020; Teutli-Hernandez et al., 2020),
Indonesia (Djamaluddin et al., 2019), and other parts of the world, but records of this method date
back to the late 1930’s, in the USA Delaware (Turner & Lewis, 1996). The method gained particular
global attention in the field of coastal wetland restoration in the early 2000’s (Lewis III, 2005; Rivera-
Monroy et al., 2017) due to its effectiveness and low cost, as it generally does not require the
establishment of nurseries or the planting of seedlings or propagules, avoiding costs of planting
labor, transport, and associated equipment after implementation (Glamore et al., 2021). Moreover, by
creating the adequate conditions for spontaneous seedling recruitment, this method produces a
restored forest that is much more similar to a natural forest in terms of forest structure and
functioning, instead of the silvicultural-like monospecific stands that planting produces (Wodehouse
& Rayment, 2019; Ferreira et al.,, 2022). Despite this, a widespread reluctance to move from the
traditional planting persists in many mangrove restoration initiatives (Rodriguez-Rodriguez et al.,
2021). Additionally, the progress of mangrove recovery after this type of intervention remains poorly
documented, even when it is applied (Gerona-Daga & Salmo III, 2022).

In Africa at large, and in the WIO region in particular, the application of this method has been
barely documented. However, it has been proven successful where it was tested (Bandeira and
Balidy, 2016). This article documents the early outcomes of a hydrological restoration initiative
carried out in northern Mozambique. The study is a concrete example of how ecological restoration
approach can be used to recover ecosystems that have been deeply degraded by natural and human
factors, producing restored forests that are closer to natural ones. It also provides guidance for follow-
up measures in order to maintain speed recovery of the forest.

2. Materials and Methods
2.1. Study Area

The Muanangome mangrove forest is located in the Mossuril District, Nampula province, in
northern Mozambique (Figure 1). The population of the district is estimated at 203 727 inhabitants,
with a density of 54 inhab/km?. The coastal population is highly dependent on natural resources for
livelihood, and the main economic activities include fishing, tourism, agriculture and informal trade.
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Figure 1. Geographic location of the study area. Red line Shows the contour of the restoration area in the

mangrove forest of Muanangome. Made in ArcMap by Alberto Fernando.

Mangroves play an important role providing valuable resources, such as wood, firewood and
animal protein to the communities. The forests are dominated by Avicenia marina, but other species,
such as, Ceriops tagal, Rhizophora mucronata, S. alba and L. racemosa also occur. Mangrove associates
Juncus kraussii, Cyperus articulatus, Typha latifolia and Salicornia sp. (Figure 2) dominated the landward
margin of the forest in areas with high mangrove dieback. The presence of these species indicates low
soil and water salinity. The forest was also impacted by excessive logging, permanent freshwater
flooding, channel blockage, conversion to salt pans and rice fields, sedimentation and cyclone impact
(cyclone Gombe, 2022). The mangroves were restored in August of 2024, following hydrological
restoration approach, which consisted in the opening of 6.88 km of mangrove channel. Nineteen
channels were opened manually, with community participation, and reestablishing tidal inundation
in 38 ha of mangrove forest. Reference data covering pH, salinity, temperature, species composition
and seedling density were collected prior to the intervention, to allow the identification of changes
over time. The average soil/water salinity prior to restoration was 46.65 +7.44 PSU, with differences
across tidal range: Upper zone 3.59 + 1.13 PSU; lower zone 63.42 + 7.50; and middle zone 72.95 + 5.02
PSU. The average pH before the intervention was 7.02 + 0.17, distributed as 7.77 + 0.08 in the lower
zone; 6.63+0.21 in the middle zone and 6.67+0.32 in the Upper zone. The average temperature before
the intervention was 30.43 + 0.78 °C. On what regards to regeneration, only RCII was found across all
zones before the intervention.
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Figure 2. Images from the degraded mangrove in Muanangome. Photos ® Alberto Fernando.

2.2. Monitoring

Based on the site characteristics and mangrove species composition, the study area was divided
in 3 zones across the tidal gradient. Table 1 summarizes the biophysical characteristics of each zone,
highlighting the differences.

Twenty-one 10x10 plots were randomly set across the restored area, 7 in each zone (Figure 3).
Within each plot, soil and water salinity, pH and temperature were measured, using a Hanna HI98194
Multiparameter. Additionally, the number of wild seedlings per species and regeneration class was
counted. The regenerating classes considered were: seedlings up to 40 cm; sapling 40-150 cm; small
tree 150-300 cm. A visual assessment of the channels in the area was made to assert maintenance
needs. Monitoring campaigns were carried out in December 2024 and June 2025, 4 and 10 months
after the intervention, respectively.

Table 1. Main characteristics of the three mangrove zones in the restoration area.

Zones Characteristics
. Salinity: 0 to 30
o Soil: sand and clay, firm to
soft
S Mangrove species: A. marina.
§ o Other characteristics:

dominated by associated species
Typha latifolia and Cyperus sp.; river
influence and stagnation of fresh

water
. Salinity: 50 to above 100;
o Soil: sand and clay, firm to
soft;
v ° Mangrove species: A. marina,
g R. mucronata and S. alba;
"2" . Other characteristics:

intensive logging, canopy gaps; high
density of associated species Juncus
kraussii and Salicornia sp.; stagnant
fresh and salt water
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Indian

o Salinity: 50 to 100

. Soil: sandy, firm to soft

. Mangrove species: A. marina,
C. tagal, R. mucronata, S. alba and L.
racemosa;

Lower

. Other characteristics:
Indian

intensive logging, canopy gaps : Ocean
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Figure 3. Main mangrove zones defined in the study area.

2.3. Statistical Analysis

Statistical analysis was performed using software PAST 5.2.2, IBM SPSS Statistics 25 and R-
Studio. Shapiro-Wilk and Levene testes were used to assess data normality and homogeneity of
variances for seedling densities and environmental parameters. Average values of seedling density
and environmental parameters were compared across the upper, medium and lower zones and
through monitoring periods using ANOVA. Post-Hoc Dunn Testes were then used to identify the
distinct groups. A principal component analysis (PCA) was carried out considering the
environmental parameters to understand the spatial distribution of the three zones over time. Non-
parametric analyses (Kruskal-Wallis) was used to compare seedling density across mangrove zones,
before and after restoration.

3. Results
3.1. Monitoring of Environmental Parameters
3.1.1. Salinity

In the first monitoring the average salinity was 38.14 +4.50 PSU and the last monitoring was
25.28 +3.98 PSU. This represented a reduction of the salinity in 33.72% from the first to last monitoring
and a reduction of 45.82% from the baseline value to the last monitoring.

The upper zone showed an increasing trend in salinity, with 19.23 + 3.60 and 14.26 + 6.32 PSU
after 4 and 10 months. In contrast, salinity dropped after the intervention in the lower and middle
zones, mean values being 42.64 + 7.77 PSU and 52.55 + 5.61 PSU four months later; and 27.73 + 7.28
PSU and 33.84 + 5.63 PSU 10 months after the intervention, respectively (Table 2).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Two-way ANOVA revealed statistically significant differences in salinity when comparing
averages per monitoring period [ANOVA: F(2,54)=39.95, p <0.0001] and mangrove zones [ANOVA:
F(2,54)=10.01, p = 0.0002].

Table 2. Mean salinity variation over the monitoring periods within the three mangrove zones.

Zones Baseline Monitorings

August 2024 December 2024 June 2025
Lower 63.42 £7.50 @D 42.64 +7.77 27.73 £7.28 @
Middle 72.95 +5.022 52.55+5.61 0 33.84 £ 5.63 )
Upper 3.59+1.13 12 19.23 + 3.60 3 14.26 + 6.32

abe Statistically dissimilar monitoring periods (Dunn Post-Hoc: P < 0.05) within zones. %3 Statistically

dissimilar zones (Dunn Post-Hoc: P < 0.05).

3.1.2.pH

In the first and second monitoring’s, average pH values were similar 6.81 + 0.10 and 6.88 +0.13,
respectively. After 4 months, mean pH decreased slightly in all mangrove zones, reaching 7.33+0.09,
6.54+0.06 and 6.56+0.16 in the lower middle and upper zones, respectively. On the tenth month, there
was another slight decrease in the mean pH in the Lower zone, with 6.84+0.09. Mean pH in the middle
zone did not present any noticeable change, recording 6.50+0.13. Meanwhile, in the Upper zone, mean
pH increased to 7.30+0.32 (Table 3).

Monitoring period had no statistically significant effect on pH [ANOVA: F(2,54) = 0.99, p =
0.3789], but in contrast, there was a significant effect of the zones in pH [ANOVA: F(2,54) =12.54, p <

0.001].
Table 3. Mean pH variation over the monitoring periods within the three mangrove zones.
Baseline Monitorings
Zones
August 2024 December 2024 June 2025
Lower 7.77+0.0812 7.33+0.0934 6.84+0.09
Middle 6.63+0.211 6.54+0.063 6.50+0.13
Upper 6.67+0.322 6.56+0.164 7.30+0.32

1234 Statistically dissimilar zones (Dunn Post-Hoc: P <0.05).

3.1.3. Temperature (°C)

Four and 10 months after the intervention, the average temperature was 32.99 + 0.34 °C and 27.97
+0.40 °C respectively.

In the Lower zone, the mean temperature was high before the intervention, 32.78 °C and
decreased to 27.06 °C on the tenth month. The middle zone showed an increase in mean temperature
from the baseline value (28.12 °C) to 33.52 °C after 4 months, followed by a noticeable decrease to
28.40 °C after 10 months. The Upper zone followed a similar pattern, with temperatures rising from
30.38 °C to 32.71 °C after 4 months then dropping to 27.93 °C after 10 months (Table 4).

The analysis revealed a significant effect of the monitoring period [ANOVA: F(2,54) = 26.40, p <
0.0001], with temporal changes in soil temperature across the sampling periods. However, there was
no significant effect of zones [ANOVA: F(2,54) = 0.71, p = 0.4952]. Temporal changes in temperature
were not uniform across zones. This was shown by a significant interaction between monitoring
period and zones [ANOVA: F(4,54) = 3.64, p = 0.0107].

Table 4. Mean temperature variation over the monitoring periods within the three mangrove zones.

Zones Baseline Monitorings
August 2024 December 2024 June 2025
Lower 32.78+1.15@ 32.73+0.61 27.06+0.94 @

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Middle
Upper

28.12+1.17® 33.52+0.56 ®9) 28.40+0.44
30.38+1.27 32.71+0.64 @ 27.93+0.62 @

abed Statistically dissimilar monitoring periods (Dunn Post-Hoc: P < 0.05) within zones.

3.14. PCA

The principal component analyses (PCA) showcase a visual representation of the variations of
placement of the 3 zones, associated with the variations in the salinity, pH and temperature after
hydrological restoration. Prior to the intervention there was a clear separation between the zones
with pronounced differences in salinity, with upper zone standing out with very low salinity values
(Figure 4:A). Meanwhile, middle and lower zones clustered near the salinity and temperature vectors,
reflecting the environmental gradient in these parameters. This gradient is showcased by their slight
overlap of their figures.

Post-restoration there was an increased overlap between all zones (Erro! A origem da referéncia
nao foi encontrada.Figure 4:B). By June 2025, the PCA shows a trend toward homogenization of the
zones, with more evident overlap among the Upper, Middle, and Lower zones, and less distinction
along the salinity gradient (Figure 4: C). This may reflect an improvement in hydrological
connectivity and the gradual reentry of saltwater into previously isolated areas, especially in the

Upper zone.
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Figure 4. PCA analysis shows the distribution of mangrove zones before and after hydrological restoration in an

orthogonal space.

3.2. Monitoring of Natural Regeneration
3.2.1. Seedling Density

Prior to the intervention seedlings’ mean density was 57+44 seedlings/ha. Four months later,
mean density increased to 357+212 seedlings/ha then to 4864+1779 seedlings/ha after 10 months.

The lower zone had no seedlings recorded before the intervention. Seedlings were observed 4
months after the intervention, with a mean density of 350 +350 seedlings/ha and a mean density of
2375 #1076 seedlings/ha after 10 months. Both middle and upper zone had low seedling density
before the intervention, with 33 +33 and 150 +150 seedlings/ha. After 4 months, mean seedling density
the middle zone increased to 517+458 seedlings/ha and slightly increased in the upper zone to 125
+75 seedlings/ha. The highest seeding density was recorded in the last monitoring period, being 6450
+3461 in the middle zone and 4975 +3679 seedlings/ha in the upper zone (Figure 5).

mm |ower
180004 m=m Mid
mmm Upper
16000+
‘@ 14000
=]
=
2 12000+
b=
]
% 10000
=
=
@ 8000+
o
[
[m]
6000+
4000+
2000
0 = 5 i—l——
August 2024 December 2024 June 2025

Figure 5. Seedling mean density in the upper, middle and lower zones (mean = se).

There were no statistically significant differences when comparing seedling density across
mangrove zones (Kruskal-Wallis: H(df=2) = 0.135, n = 2, p = 0.935). However, seedlings density
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changed significantly with time (Kruskal-Wallis: H(df=2) = 25.600, n =2, p = 0.00), steadily increasing
throughout all zones.

Seedling species composition also changed, as initially the middle and Upper zones were
monospecific with R. mucronata and A. marina, respectively. After 4 months, A. marina seedlings
dominated all mangrove zones, comprising 100%, 93.5% and 100% of the seedlings in the lower,
middle and upper, respectively. Rhizophora mucronata seedlings were only found in the middle zone,
and comprised 6.5% of the total.

Ten months later the number of recruiting species had increased from 2 to 3 in the middle zone,
as L. racemosa now contributed with 0.5% of the seedlings (Figure 6). The lower zone remained
dominated by A. marina (87.4%), but two new species emerged, these being L. racemosa (5.3%) and S.
alba (7.4%). In the upper zone (which had no regeneration prior to the intervention) A. marina
remained the only species.

7000
6000
—
T 5000
=
=
2 4000
3
2 3000 .
>
2 2000 o
c
()
o

|
1000 I I
0 ] . |
Lower Middle Upper | Lower Middle Upper | Lower Middle Upper

August 2024 December 2024 June 2025

mA. marina ML .racemosa MR.mucronata MS. alba

Figure 6. Variation in seedling distribution after hydrological restoration.

Changes were also observed when comparing regeneration classes.

8000
7000
6000
5000
4000

3000
2000 I
1000

0 — I L

Lower Middle Upper | Lower Middle Upper | Lower Middle Upper

Density (seedlings/ha)

August 2024 December 2024 June 2025

mRCI mRCIl mRCII

Figure 7. Distribution of regeneration classes of natural recruitment in the restoration area among the upper,

mid, and low zones over time.

Four months after the intervention RCI, which did not exist before restoration, was observed in
all zones: 1400+00 seedlings/ha (100%) in the lower zone; 1450 +1350 seedlings/ha (93.5%) in the
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middle zone and 150+50 seedlings/ha (33.3%) in the upper zone. Ten months later RCI dominated all
zones and RCIII was also observed in the upper zone. The upper zone had all 3 RCs (4750+3555, 150
+50 and 600 +00 seedlings/ha corresponding to 95.5%, 1.5%, and 3% for RCI, RCII and RCIII,
respectively); the middle zone had 5933 +3212 seedlings/ha for RCI and 1033 +884 saplings/ha for
RCII which corresponded to 92.0% and 8.0% respectively. The Lower zone which started with no
seedlings, had 1620 +882 and 1400 +00 seedlings and saplings per hectare (RCI and RCII),
corresponding to 85.3% and 14.7%, respectively.

4. Discussion
4.1. Mangrove Degradation and the Need for Hydrological Restoration

This study reports on the changes that occurred in a mangrove forest, after an intervention to
restore the hydrology of the site was made. The study site had been impacted by river sedimentation
that changed the local hydrology, blocking water passages, and causing permanent flooding in some
areas while reducing tidal flooding in others. The local communities also reported that cyclone
Gombe (2022) had recently brought new sediments and blocked channels, whilst also causing
mechanical damage and massive die back. Moreover, intense wood harvesting was reported in the
site. These changes hindered forest natural regeneration and exacerbated heterogeneity in the
intertidal area (lower, middle and upper), as presented in Figure 4:A.

Excessive sediment input is often associated to natural phenomena, such as cyclones, heavy rains
and even natural sedimentation patterns. Excessive sedimentation can be detrimental to mangroves
due to the burial of roots and channel blockage, which is associated to altered flooding regimes and
water stagnation (Ngole-Jeme et al., 2016; Lopez-Adame et al., 2026; Medina et al., 1990). Stagnated
sea water evaporates over time, increasing water and soil salinity to levels that are incompatible with
mangrove growth (Medina-Calderdn, et al., 2021; Ahmed, et al., 2022). Stagnated water also gets
rapidly oxygen-depleted, as a result of the continued organic matter decomposition, creating anoxic
conditions in the water and in the soil (Monsalve & Vergara, 2023). Such conditions quickly lead to
the death of organisms, including mangrove fauna and flora. The subsequent organic matter
decomposition under anoxic conditions produces toxic gases, such as hydrogen sulfide (H:S),
methane (CHs4, which is simultaneously a greenhouse gas) and ammonia (NHs) (Sanchez-Carrillo et
al., 2021). Water stagnation can also induce algal blooms. All these conditions lead to mangrove loss
and degradation (Radabaugh et al., 2021), if water circulation is not re-established.

Healthy and structurally complex mangrove forests are capable to withstand the impacts of
cyclones and recover to pre-cyclones conditions in relatively short time (Blankespoor, et al., 2017;
Herrera-Silveira, et al., 2022; Sunkur, et al.,, 2023). However, unhealthy and frequently impacted
forests may need longer periods to recover, and in some instances the damages may be permanent
(Macamo et al., 2016; Blankespoor, et al., 2017; Asbridge, et al., 2025). The northern Mozambique
region has been impacted by at least 6 cyclones in the last 20 years (https://www.unocha.org/), some
of which expected to have caused direct or residual impacts to the mangroves. Climate changes are
altering the frequency and intensity of cyclones in many parts of the globe, and in Nampula province
there seems to be an increase in both frequency and intensity (Table 5). This may represent a big
challenge to mangrove ecosystem conservation. Cyclone Gombe made landfall in Mossoril district in
2022. The category 3 cyclone had maximum wind speed of 190 km/ha, and caused heavy rainfall of
up to 200 mm in 24 hours (Table 5). The strong winds and storm surges caused tree uprooting and
mechanical damage to trees, mangroves included. The heavy rainfall also increased river flow and
sediment input, which is consistent with the reported impact of heavy sedimentation and freshwater
flooding in the mangroves. The total mangrove area impacted by cyclone Gombe is yet to be
quantified. However, by evaluating the pre-intervention ecological conditions, this study shows how
the cyclone potentially created significant changes along the forest gradient, even in an area as small
as 38 ha.
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Mangrove cutting reduces forest cover and creates large canopy gaps that expose the soil to solar
radiation, increasing evaporation rate, changing its characteristics and preventing forest regeneration
(Ellis and Bell, 2004; Alongi and Carvalho, 2008; Simon, 2012; Ahidjo, et al., 2015; Ahmed, et al., 2022).
However, when conducted in small scale, mangrove logging can stimulate rapid forest regeneration
and produce high quality mangrove poles (Murdiyarso, et al., 2021). In the present study site,
mangrove cutting did not seem sustainable, as trees were clear-cut in large extensions. In some
instances, it also seemed that trees were cut after dead, in which case the ecological impacts are
reduced.

Table 5. Cyclones that made landfall in Nampula province 2008 to 2025. Source: https://www.unocha.org ;
https://mozambique.unfpa.org/; https://ingd.gov.mz/relatorio-das-epocas-chuvosas/.

Category "
Cyclone, year(Saffir-Simpson Characteristics Ma11'1 impacts Nam.pula
scale) province (Mozambique)

Landfall site: Nampula Province,

JOKWE, 1 -Tropical between Nacala and Moz. Island

March 2008 cyclone

Affected 642 383 people, 53
Wind speeds up to 190 km/h; 200  deaths and 77 injured; over 23

GOMBE, 3 — Tropical mm in 24 hours; 994 people displaced; damages to
March 2022 cyclone Most affected areas: Mozambique electricity infrastructure; 707 km
island, Lunga; of road impacted. Damage

estimated at USD 81.9 million.

Wind speeds up to 120km/h and
CHIDO, . reaching 260 km/h; 250 mm in
4-equivalent -
December Tropical cyclone 24hours;
2024 Most affected areas: Cabo Delgado,
Nampula and Niassa;
Wind speed: 150 km/ha up to
180km/h; 210.4 to 247 mm;
Most affected areas: Nampula
Province, between Nacala Porto

Affected 175 169 people, 493
injured and 45 people dead (37 in
Cabo Delgado, 5 in Nampula and

3 in Niassa)

DIKELEDI, 2 -Tropical
January 2025 cyclone

Affected 283 333 people, 48 heath
facilities, 221 schools

and Liupo
Wind speed: 120 km/ha; more than Affected over 390 000 people, 13
200mm in 24 hours; deaths, 135 injured. 81 health
DE h
JUDE, Marc 1 - Hurricane Most affected areas: Nampula facilities, 272 schools, 18
2025 . .

Province between Memba and  bridges, 48 water systems, and

Mossuril 73km of electricity lines

By restoring the hydrology of the area, permanently flooded areas were drained (Figure 8: A),
while dry areas started to be regularly flooded. Regular, but not permanent sea water flooding
reduced the salinity in very saline areas, and increased the salinity in low salinity areas,
homogenizing the environmental conditions to those closer to a healthy mangrove forest. Ideal
conditions also include pH, which ranged within normal mangrove values of between 5.6 and 9.4
(Muttaqin et al., 2024).

Moreover, mangrove competitive species (e.g.,: Juncus kraussii, Typha latifolia and Salicornia sp)
were completely wiped out in most of the mangrove areas as the ideal conditions for mangrove
growth were reestablished (Figure 8:B).
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August, 2024 before hydrological restoration December, 2024 after hydrological restoration

Figure 8. Photos of the degraded mangrove forest before hydrological restoration (left) and the changes after the

artificial channels were opened (right). Photos ® Alberto Fernando.

4.2. Seed Recruitment and Natural Regeneration

Soil and water salinity is key for mangrove forest natural regeneration. In general, seedlings
show optimum growth at salinities between 5 and 20 PSU, but some species can cope with salinity
levels up to 35 PSU (Chen and Ye, 2014; Silva and Amarasinghe, 2021). In the present study the
density and species richness of seedlings increased significantly after the hydrological restoration, a
trend that had been reported from other sites (Teutli-Herndndez et al.,, 2017). Opened channels
brought seeds and propagules from other areas, which then recruited and germinated in the most
suitable sites (Teutli-Hernandez et al., 2017; Su et al., 2020). Seedlings of Lumnitzera racemosa, (adult
trees only occurred in the lower zone), were observed in the middle zone 10 months after the
intervention (Figure 9), reinforcing the idea that the artificial channels reestablished the connectivity
between zones, and that such connectivity is key for ecosystem diversity and health (Teutli-
Hernandez et al., 2017, Numbare, 2021).
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Figure 9. Representation of the distribution of mangrove seedlings per species after hydrological restoration,

and the expansion of Lumnitzera racemosa to the middle zone.

The increase in seedling density in the study site was remarkable, and remained stable despite
the occurrence of cyclones Chido (December 2024) and Diikeledi (January 2025) (INGD, 2024; INGD,
2025). Both events caused severe destruction in the province’s infrastructure, and negatively
impacted the reproductive cycle of mangrove species, particularly A. marina, which seed maturation
period matched with cyclone landfall (Rodrigues, 2024). Local communities also reported loss of
seedlings and damages in mangrove nurseries (U. Amade, personal communication, June 22, 2025).
Given this, it seems reasonable to believe that seedling density could be much higher without the
cyclones, and that wild seedlings from hydrological restoration resilient to extreme climatic events,
because only the fittest seed will germinate, and only at the best spots in the forest (Teutli-Hernandez
et al., 2017; Lewis IIL, 2005).

Before the hydrological restoration, the regeneration potential in all zones was far from the
minimum ecological ratio for mangrove forest regeneration of 6:3:1 as described by FAO (1994). In
the upper and middle zones, regeneration was restricted to saplings (0:1:0), with no seedlings or
young trees. There was no regeneration at all in the lower zone (0:0:0), reflecting severe
environmental constraints, likely associated with excessive salinity. Shortly after the intervention, a
positive response in natural regeneration was recorded, particularly in the middle zone, where the
proportion shifted to 15:1:0. The upper zone also showed improvement (1:2:0), while the lower zone
exhibited an initial recovery (1:0:0), with A. marina seedlings. In the upper zone, regeneration ratio
reached 63:1:1, indicating massive recruitment of seedlings and the first occurrence of young trees,
suggesting the beginning of structural maturity of new plants. The middle and lower zones
maintained high seedling abundance (11:1:0) and (6:1:0), respectively but lacked young trees.

5. Conclusion

The hydrological restoration implemented in Muanangome has shown clear ecological benefits
within a relatively short time frame. Restoration efforts effectively reduced salinity levels, improved
soil pH and stabilized the temperature, enhancing drainage in the middle and lower zones. These
changes created more favorable conditions for seedling establishment and survival, directly
supporting natural regeneration processes. The expansion of Lumnitzera racemosa seedlings to new
areas further indicates that hydrological restoration facilitated seed dispersal and forest connectivity.
The progressive emergence of RCIII individuals in the Upper zone also suggests early signs of
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structural maturation in the forest. This hydrological reconnection contributed to a more balanced
distribution of species and regeneration classes across the landscape, a critical component for the
resilience and long-term stability of the ecosystem. Given the positive results of this project, it is
recommended a wider use of hydrological restoration for mangroves restoration in the country and
in the WIO region. The method should be included in more mangrove restoration guidelines, which
should bring more cases of success and encourage the use of this method when planting does not
seem to be appropriate.
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