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A B S T R A C T

This study documents one of the first massive mangrove dieback in Africa caused by hailstorm, occurring in 
Maputo Bay, Mozambique. Field observation and satellite imagery prompted this observation of extensive 
mangrove dieback out of Maputo River Estuary, a regionally significant large mangrove stand, the southernmost 
large mangrove area in the Western Indian Ocean.

This study aimed to determine the causes and extent of mangrove dieback in Maputo River Estuary that 
occurred in September 2019, identify, and quantify the mangrove loss, describe the structure of the mangrove 
forest, describe the soil composition in healthy and impacted areas. To address this Sentinel 2 imagery were 
assessed and calculated the Normalized Difference Vegetation Index (NDVI) to estimate the mangrove dieback 
area and cover change. This was supported by an extensive field survey, impacted and pristine or natural areas 
were assessed by sampling 233 plots of 10×10 m, established along transects separated by 50 m and set 
perpendicularly to the coastal line. Structural parameters assessed included species composition, height, diam
eter at the breast height (DBH), number of live and dead trees, density of stumps and seedling per species.

The mangrove cover reduced nearly half (48 %) of mangrove area in just a year, from 1377.4 Ha in 2019 to 
barely 716.2 Ha in 2020, representing a loss of 661.2 Ha, and 38.7 % of trees were completely dead. Five 
mangrove species were identified, Avicenna marina being largely dominant. The regeneration ratio was 142:10:1, 
way beyond the minimum ecological ratio of standard mangrove forest, 6:3:1. According to local communities 
and meteorological data, it seems plausible that this event was caused by a hailstorm.

These results contribute to understanding climate-related impacts on mangrove forests and its response which 
is crucial for adopting adequate management measures, recovery and climate change adaptation actions and 
monitoring of mangrove forests in Mozambique.

1. Introduction

The mangrove ecosystems are recognized among the most produc
tive and biologically important ecosystems in the world as they provide 
valuable ecological, environmental, and economic benefits for the 
livelihoods of millions of people in coastal areas (Kathiresan and Bing
ham, 2001; FAO, 2007; Giri et al., 2011); Kauffman and Donato, 2012). 
Ecologically, mangroves support soil formation, photosynthesis, pri
mary production, carbon storage, habitat provision for fishery nurseries, 
birds, and nutrients export (Cohen et al., 2013; UNEP, 2014). Mangroves 

also regulate ecological processes such as biological control, coastal 
protection, nutrient cycling, water quality regulation, erosion, wave 
attenuation, sediment accretion and maintenance of biodiversity (FAO, 
2007; Cohen et al., 2013; UNEP, 2014).

Despite their recognized importance, mangrove forests are among 
the most threatened ecosystems worldwide because of natural and 
anthropogenic threats (Kuenzer et al., 2011; Taylor et al., 2003), with 
35 % of the original global area being degraded or destroyed since 1980. 
Global rates of loss run between 1 % and 2 % per annum (Hagger et al., 
2022; Duke et al., 2007; Valiela et al., 2001), and most recently the 
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Global Mangrove Watch Version 3.0, estimated loss of 3.4 % of the 
global mangrove area between 1996 and 2020 (Bunting et al., 2022).

Climate change events are among the main reasons for natural 
mangrove loss in the last decades and are becoming more frequent in the 
21st century, bringing significant impacts to coastal ecosystems (Kweku 
et al., 2018; Servino et al., 2018; Doney et al., 2012; (IPCC, 2001). 
Mangroves regularly experience multiple stressors that cause massive 
loss (Rossi et al., 2020), including changes in temperature, precipitation 
regimes and prolonged drought (Duke et al., 2017; Gilman et al., 2008; 
Asbridge et al., 2018; Servino et al., 2018) and are among the major 
climatic factors that may determine coastal wetland ecosystem exten
sions in the future (Gabler et al., 2017; Feher et al., 2017; Osland et al., 
2017).

Mangrove’s role in coastal protection has been emphasized in several 
studies in Mozambique, such as at the Save Delta, where they have 
protected the coastal village of Nova Mambone during Cyclone Eline 
(Macamo et al., 2016; Cabral et al., 2017). Modelling studies on man
groves vulnerability, focused on central Mozambique, were carried out 

(Charrua et al., 2020) as well as documentation of temporal changes of 
land use and cover due to Cyclone Idai (Bunting et al., 2023; Charrua 
et al., 2021).

Despite knowing the natural condition for mangrove colonization 
and development, it has been difficult to identify the causes of rapid, 
massive dieback of marshes and mangrove trees (Servino et al., 2018). 
These events have been associated with long-term stress on vegetation 
by sea level and drought (Asbridge et al., 2019; Servino et al., 2018; 
Levelock et al., 2017; Alongi, 2008), lunar cycles (Saintilan et al., 2022), 
associated with climate change effects (Lagomasino et al., 2021). 
Mangrove forests are resilient to multiple environmental changes and 
human impacts, but the capacity to detect and measure those impacts 
are still limited, with effects largely unstudied (Asbridge et al., 2019; 
Servino et al., 2018).

This study aims to determine the extension and causes of mangrove 
dieback in Maputo River Estuary and the impact of this loss on the 
ecosystem. To address this question, change detection was performed 
through spectral analysis of satellite images to (1) identify and quantify 

Fig. 1. Study area, Maputo River estuary.
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the mangrove loss using a Normalized Difference Vegetation Index 
(NDVI, (Rouse et al., 1974; Pettorelli, 2013), (2) describe the structure of 
the mangrove forest in healthy and impacted areas, (3) describe the soil 
composition in healthy and impacted areas and (4) identify the causes of 
the mangrove dieback. This study addresses different commitments that 
Mozambique made, including the recommendations from the recently 
approved mangrove management strategy (Estratégia do Mangal, 
2020–2024) and the millennium SDG 14 target. The results of this study 
will contribute to understanding the impact of climate change events, 
natural mangrove dieback and provide insights into adopting adequate 
mangrove recovery actions.

2. Materials and methods

2.1. Study area

The Maputo River estuary runs from south to northwards (see Fig. 1
below), and its lower basin is located in the coastal plains near the 
southern tip of Mozambique, in the south of Maputo Bay between 26º 
and 27ºS and 32º and 33ºE (MAE, 2005). The estuary opens to the 
southeast Maputo Bay area, one of the largest bays in eastern Africa with 
1280 km2, where mangroves occupy an area of 176 km2 (Ferreira and 
Bandeira, 2014). Maputo Bay is an important fishing ground mainly 
because it has an extensive mangroves area and for being a shallow bay 
(with 10 m of depth on average) (Paula et al., 2014; Bosire et al., 2016).

The climate in the region is subtropical, with two seasons: a dry and 
cooler season from April to September and a wet and warm season from 
October to March. Maximum temperature in the wet season can reach 40 
ºC, while in the dry season, it can go up to 28 ºC (Silva and Rafael, 2014). 
Precipitation varies between 34.7 – 211.9 mm in the wet season and 7.7 
– 77.3 mm in the dry season (Fernando and Bandeira, 2009), with an 
annual average of approximately 884 mm (Dias et al., 2005). The hu
midity ranges from 50 % to 82 %, and salinity ranges from 30 – 39 with 
an annual average of 35 (Macamo et al., 2015).

2.2. Sampling methodology

2.2.1. Mangrove cover
Mangrove cover was assessed at a landscape scale through from 

Sentinel-2 imagery repository (Sentinel, 2014). Only the 10-meter res
olution bands (band 2–4 and 8) were selected to the mapping exercise 
covering both visible (492.4 nm to 664.6 nm) and near infrared regions 
(832.8 nm) (Clevers and Gitelson, 2013; Sentinel, 2014; Pahlevan et al., 
2017). Maximum likelihood Supervised classification algorithm was 
used to map mangrove cover before (June 2019) and after (June 2020) 
the mortality. Mangrove Class was extracted from both dates followed 
by a change detection analysis. The Normalized Difference Vegetation 
Index (NDVI: Rouse et al., 1974) that is the most utilized vegetation 
index (Pettorelli, 2013), was calculated using the formula: 

NDVI =
(NIR − Red)
(NIR − Red)

Where NIR is the near-infrared band and Red is the red band of 
spectral reflectance measurements.

Cloud-contaminated pixels can significantly decrease NDVI values 
(Holben, 1986), so images with cloud influence over the regions of in
terest were discarded. A field survey was conducted at impacted and 
natural Maputo River sites to validate the mangrove imagery data. The 
georeferenced survey sites were overlaid on the map, and then the field 
notes, photos and videos were compared with mapped damage level 
categories (Servino et al., 2018; Long et al., 2016). Information from the 
local communities regarding the mortality event was also taken to 
conduct the analysis.

2.2.2. Mangrove forest structure
Four sites were sampled along the Maputo River estuary, from the 

mouth (most impacted by the dieback) to the inner river. Plots were 
established and distributed in 50 m distant transects perpendicular to 
the coastal line in both impacted and non-impacted areas. Each plot had 
an area of 100 m2 (10 m x 10 m), following standard field protocols 
(Macamo et al., 2018; Nicolau et al., 2017; Kauffman and Donato, 2012; 
Bandeira et al., 2009).

For each plot measurements included, the mangrove trees’ height, 
species identity, diameter at the breast height (DBH), and the condition 
of each tree, defined in three categories: Intact trees = no sign of cutting, 
Partially Cut = less than 50 % of cut, Severally Cut = main stem cut or 
more than 50 % cut, and Stump = completely cut at the base, without 
healthy stems and/or branches (Kauffman and Donato, 2012; (Bandeira 
et al., 2009). The quality of the stem was also accessed, following the 
methodology used by Macamo et al. (2018), to determine the proba
bility of being used or cut by local communities; Quality I - for trees with 
erect stems, there is a maximum probability of being used by local 
communities in their activities; Quality II - for trees with semi-erect 
stems, these would require some modification to be used; Quality III - 
for trees with very crooked stems, with no possibility of being used and 
also for dwarf trees whose stems are less than 1 m of height.

The number of live and dead trees and the height and density of 
stumps (Servino et al., 2018). Dead trees were defined by the absence of 
leaves, being classified into three classes: class 1= tree with small 
branches and twigs, class 2= absence of twigs or small branches and may 
have large branches, and class 3 = few or no branches, mostly stand stem 
or broken-topped (Kauffman and Donato, 2012).

Seedling species and number per quadrat were also registered and 
classified into 3 Regeneration Classes (RC) according to their height, RCI 
- seedlings less than 40 cm tall; RCII - with a height between 40 cm and 
1.5 m; and RCIII - small plants with a height between 1.5 and 3 m 
(Bandeira et al., 2009; Kauffman and Donato, 2012; Macamo et al., 
2018; Servino et al., 2018).

2.2.3. Sediment sampling and analysis
To compare sediment characteristics and evaluate possible impacts 

of mangrove dieback on the sediment Organic Matter (OM), two habitats 
(living and dead mangrove forest), each with two replicate sites were 
selected. Five samples were collected from each site, each consisting of a 
pool of 3 cores to reduce variability. Analyses were performed for two 
sediment layers (0–1 cm and 1–5 cm deep).

In the laboratory, the wet volume of each sediment sample was 
measured, and the dry weight density (g dw cm− 3) was determined by 
weighing the sample before and after being dried in an oven at 45ºC for 
72 hours. Further sediment analyses were performed on subsamples 
from each replicate after homogenization (consisting of manually ho
mogenizing in an agate mortar and then in a “Fritsh Planetary Ball” for 
10 min).

For estimation of % Organic Matter (OM), approximately 5 g of each 
dry sample were placed in an aluminum container, and the container 
plus the subsample were weighted. The subsample and container were 
placed in the oven at 450◦C for 4 hours.

OM was calculated as: 

OM (%) = (dry weight – burnt weight)/ dry weight                             

2.3. Data treatment

Analysis of Variance was performed for (DBH (cm), height (m), and 
density (ind ha− 1), to compare stem quality, tree condition, and regen
eration in living and dead mangrove areas. The Shapiro-Wilk normality 
test was used to evaluate data normality, and if significant, the 
nonparametric Kruskal–Wallis’s test was used. The statistical analyses 
were performed using the software Stata Statistical Software, v10 and 
IBM SPSS Statistics, v25.0.
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3. Results

3.1. Assessment of cause of mangrove dieback and change detection

During a preliminary visit to the field in November 2019 to the 
Maputo River area, a massive death in the mangrove area was observed, 
and the local communities and fishermen referred to a hailstorm event 
that occurred in September 2019, and according to the climate data from 
Wordclim (https://www.worldclim.org/data/monthlywth.html), this 
period had a minimum temperature of 150 C, maximum of 290 C, and 
61 mm of precipitation, which is below the average temperature for the 
season of the year in this location. Local news also reported the occur
rence of hailstorms on the same dates, although the National Meteoro
logic Institute don’t have it recorded because it happened in a remote 
site without their coverage; and in the same year, a Category 4 storm, 
tropical Cyclone Idai, caused a massive mangrove dieback in central 
Mozambique.

The maps below show mangrove dynamics in the area between 2019, 
before mangrove dieback, and 2020, after the dieback (A and B, 
respectively). NDVI comparisons made for the sampling area, using data 
from 2019 and 2020, show a loss of 661.22 ha of forest area. In 2019, the 
mangrove extent in Maputo River was estimated at 1377.39 ha, while in 
2020, the mangrove extent was estimated at 716.17 ha in the same area. 
In other words, in one year, the mangrove area in the Maputo River fell 
approximately 50 % (48.0 %) (Fig. 2).

Identifying and representing the areas where this 48.01 % loss of 
mangrove forest occurred was possible. Red lines show the area occu
pied by mangroves in 2019, and black lines indicate the area for 2020. 
The image shows that the area near the mouth was the most impacted by 
the loss, in the left and right margins of the estuary.

3.2. Mangrove forest structure

3.2.1. Structural parameters
Five species, including Avicennia marina, Bruguiera gymnorhiza, Cer

iops tagal, Rhizophora mucronata and Xylocarpus granatum were recorded 
during the fieldwork. All five species were present only on site 4 (near 
the river mouth) and only four on the first three sites where X. granatum 
was not observed (Table 1). Avicenna marina was the dominant species in 
all four sites, with an Importance Value Index above 100, followed by 
R. mucronata on sites 1, 2 and 3, and C. tagal on site 4.

The forest has trees with an overall mean DBH of 16.6 ± 0.4 cm 
(mean ± SE) and a mean height of 2.32 ± 0.03 m. Structural parameters 
were not significantly different in all four sites, and the maximum DBH 
was found on site 2 (23.4 ±1.7 cm) compared to sites 1, 3 and 4 
(Table 2). The forest has trees with heights varying from 2.0 m to 
3.12 m. The maximum mean height was observed on site 3 (3.1 
±0.04 m), followed by sites 2, 1 and 4, with 3.0 ±0.1 m, 2.4 ±0.06 and 
2.0 ±0.04, respectively (Table 2).

4. Stand density

The total mean stand density for the whole forest (sampled sites) was 
estimated at 1213.6 ±89.8 ind ha− 1. Site 1 had the highest mean, esti
mated at 1661.5 ±262.8 ind ha− 1, followed by sites 3 and 4 with 1356.7 
±217.55 ind ha− 1 and 1204.6 ±126.6 ind ha− 1, respectively, and the 
minimum mean was found in site 2 with 659.3 ±100.5 ind ha− 1 (Fig. 3). 
There are statistical differences when comparing the means for each site 
(Kruskal-Wallis H=14.096; gl=3, N=191, p<0.05).

Data from the density of the tree individuals by species have shown 
that, globally, A. marina had the highest density among sites 1, 2 and 4, 
and R. mucronata was the species with the highest density in site 3. The 
species with the second highest to the species with the minimum density 
are different depending on the sites.(Fig. 4)

Fig. 5 below shows the calculated mean density for all species found 
in Maputo River mangrove forest by sampling site. It is notable that in 

site 1, A. marina was the most abundant species (Fig. 6), with a mean 
density of 1348 ±271.5 ind ha− 1 followed by B. gymnorhiza (840 
±132.7 ind ha− 1), R. mucronata (666.7 ±202.8) and C. tagal (325 
±143.6 ind ha− 1).

Despite having identified four species in Sites 2 and 3, only two 
species (A. marina, with 611.1 ±98.2 ind ha− 1 and B. gymnorhiza with 
300.0 ±100.0) had sufficient data for statistical analysis, and only three 
in Site 3, where the species with the highest density was R. mucronata 
(1922.2 ±456.1), followed by A. marina (810.7 ±107.6) and 
B. gymnorhiza (150.0 ±50.0). For site 4, A. marina (1157.94 ±127.8 ind 
ha− 1) had the highest density, followed by R. mucronata (616.67 
±271.31 ind ha− 1), B. gymnorhiza (420.0 ±226.7 ind ha− 1), and C. tagal 
(200.0 ±100.0 ind ha− 1) (X. granatum had insufficient data for statistical 
analysis). Shapiro-Wilk tests have shown normal distribution for all 
species densities (p>0.05). ANOVA comparison did not show any sta
tistical difference between species densities in all four sampled sites.

5. DBH and height

The mangrove forest had 16.6 ±0.4 cm of DBH globally and 2.3 
±0.3 m height. Along the four sampled sites, trees’ DBH varied between 
15.3 ±0.5 cm in site 4, and 23.3 ±1.7 cm in site 2. Site 1 had a close 
DBH to Site 4 (Fig. 4), with 15.7 cm, while site 3 had 18.9 ±0.9 cm. Tree 
height varied between 2.0 ±0.0 m in site 4, and 3.1 ±0.1 m in site 3. In 
sites 1 and 2, trees’ mean height was 2.4 ±0.1 m and 3±0.1 m, 
respectively (Fig. 6).

DBH and tree height data from this study did not show a normal 
distribution (Shapiro-Wilk (H=0.72; df=2081; p<0.001 and H=0.931; 
df=2081; p<0.001, respectively). Kruskal-Wallis for DBH did not find 
similarities between sites (Kruskal-Wallis’ test: H (3, N=2320) = 95.02; 
p<0.001). However, pairwise comparisons found significant similarities 
when comparing sites 1 and 4, and sites 2 and 3 (p>0.05) (Table 3).

Comparisons for tree height also did not find similarities between 
sites (Kruskal-Wallis’s test: H (3, N= 2081) =321.26; p<0.001). Pair
wise Comparisons only found significant similarities when comparing 
site 2 and 3 (p>0.05) but did not find similarities comparing other sites 
(p<0.05) (Table 4).

The scatter plots show that trees are mostly young in all 4 sites 
sampled (Figs. 7 and 8). The highest density of trees in these locations is 
found in DBH classes ranging from 0 to 15 cm (Fig. 8). Statistical anal
ysis also revealed that although there is a similar trend in the distribu
tion of the diameter classes in the 4 sampled sites, there is a notable 
difference in the distribution and density of stumps (Fig. 8).

At sites 1, 2 and 3, most of the stumps sampled had diameters in the 
0–15 cm range, while at site 4, the range with the highest stump density 
was 15–30 cm (Fig. 9: D).

5.1. Tree condition

It was found that 56.7 % of the trees sampled in Maputo River 
mangrove were dead trees (dieback), which was statistically significant 
(Kruskal-Wallis test: H (5, N= 4032) =147.52; p <0.001) when 
compared to other conditions, corresponding to 30.2 % Intact trees, 6 % 
Partially Cut (PC), 5.3 % Stump, 0.9 % Severally Cut (SC) and 0.9 %, 
Partially Dead trees (Fig. 9).

Out of the alive trees (intact), another characteristic visible in this 
forest was the presence of some intact and partially cut trees with a Dead 
Main Stem (DMS). The trees with DMS represented 0.80 % out of the 
30.2 % intact trees in the forest, Partially Cut trees represented 6.0 %, 
and 0.1 % had a DMS.

In all sampled sites, the density of dead trees was high, with site 4 
being the only one where the density of dead trees was higher than the 
density of living trees (Fig. 10) (intact, partially cut or severely cut), with 
an average of 278.7 ±38.8 tree ha− 1 which corresponds to a ratio of 11:1 
(Dieback: Living trees). Site 4 was located near Maputo River mouth, 
where the majority of the trees were dead or partially dead (20.2 ±5.3 
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Fig. 2. Mangrove loss from 2019 to 2020. The first map (A) shows the mangrove area cover in 2019 and 2020, and the B the overlapping NDVI maps from 2019 
and 2020.
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tree ha− 1). Sites 1, 2 and 3 were the only sites with the highest density of 
intact trees (1334.6 ±36.5, 47.2 ±10.5 and 123.8 ±27.5 tree ha− 1), 
against dead trees (35.6 ±11.1, 14.8 ±6.0 and 38.3 ±8.9 tree ha− 1).

Sites 1 and 2 presented the same ratio for Dieback and living trees 
(1:6), the lowest ratio found in this forest, followed by the ratio found in 
site 3 (1:4). More than half of the dead trees were A. marina, corre
sponding to 53.4 % of the data, followed by R. mucronata (2.0 %), 
B. gymnorhiza and C. tagal with 0.8 % and 0.5 %. All partially dead trees 
found during sampling were A. marina (0.9 %). For intact trees, 
A. marina and R. mucronata were the most evident in the forest. These 
two species represented 19.4 % and 8.0 % of intact trees, respectively.

5.2. Tree quality

Observations in the field showed that most of the sampled trees had 
quality III stems, with the highest average found in site 1, 1311.5 
±238.7 tree ha− 1, followed by site 3, with 760 ±90 tree ha− 1, site 2 and 
site 1 with 504 ±85.14 tree ha− 1 and 235.7 ±47.6 tree ha− 1, 
respectively.

A significant number of individuals corresponds to the quality I 
stems, with means ranging from 350.0 ±50.0 tree ha− 1 and 671.4 
±202.0 tree ha− 1 for sites 2 and 3, respectively, with the remaining 
individuals being those with quality II stems (211.1 ±42.3 tree ha− 1 and 
463.6 ±104.7 tree ha− 1 for site 2 and 3, respectively). At sites 1 and 4, 
no individual with stem quality I was identified, but only individuals 
with quality II stems with an average of 133.3 ±33.3 tree ha− 1 and 
240.0 ±50.9 tree ha− 1 for sites 4 and 1, respectively.

5.3. Regeneration

A total of 202 700 ind ha− 1 of seedlings were identified, of which 
most individuals belonged to class I regeneration. Site 1 had the highest 
seedling density in class I with 4175.0 ±1720.8 ind ha− 1, followed by 

site 3, site 2 and site 4 (with means of 1 589.5 ±385.9 ind ha− 1; 1 428.6 
±311.3 and 1 154.6 ±196.7 ind ha− 1, respectively), at site 4 no seed
lings in regeneration class III was identified (Fig. 11).

Table 5 presents the percentage of seedlings in each different class 
per sampled site. Most of the seedlings fell into class I, most of which 
were planted by local communities after the dieback.

Shapiro-Wilk tests have shown that data are not normal for RCI 
(p<0.05) but are normal for the other regeneration classes (p>0.05). The 
comparative test Kruskal-Wallis (for RCI) and ANOVA (for RCII and 
RCIII) did not find any significant difference between groups (p>0.05). 
However, it was noticed that sites 1 and 2 were closer to the standard 
ratio compared to sites 3 and 4 (Table 6).

Local communities have been involved in restoration activities in the 
Maputo River area as illustrated in the Fig. 12 bellow. In the first picture, 
seedlings of Ceriops tagal and Bruguiera gymnorhiza planted have 
germinated and natural regeneration of other species such as Avicennia 
marina is also present. The second picture is of mangrove propagules 
planted in the severely impacted area where almost 100 % of those died 
and never germinated.

5.4. Organic matter assessment

In the dead mangrove, the percentage of Organic Matter (OM) in the 
1st cm of sediment is lower than in the 1st cm of the live mangrove. This 
indicates that mangrove mortality resulted in a 30.0 % reduction in OM 
storage (8.4 % versus 11.9 %). Unlike the dead mangrove, in the live 
mangrove the percentage OM is higher on the surface. It is logical that 
the surface sediment has more OM than in-depth due to decomposition, 
that is, the OM of the oldest sediments was decomposed over a longer 
period (Fig. 13).

In the dead mangrove is different due to the recent reduction in OM 
sequestration caused by mangrove mortality. This observation supports 
the hypothesis that mangrove mortality reduced carbon sequestration 
and storage. The % OM of 1–5 cm is not significantly different between 
dead and live mangroves. This suggests that before mortality, the OM 
sequestration was similar in the two sites and consequently, the envi
ronmental conditions related to carbon sequestration were not different.

Table 1 
Importance Index Value for all mangrove species found in Maputo River.

Relative values

Site Species Density Dominance Frequency IVI

Site 1 Avicenna marina 62.5 58.0 19.5 140.0
Bruguiera gymnorhiza 12.5 8.4 2.4 23.4
Ceriops tagal 10.0 16.3 0.8 27.6
Rhizophora mucronata 15.0 17.3 2.3 34.6

Site 2 Avicenna marina 87.1 54.8 23.8 165.1
Bruguiera gymnorhiza 6.5 9.6 0.8 16.9
Ceriops tagal 3.2 4.7 0.3 8.2
Rhizophora mucronata 3.2 30.9 0.7 34.8

Site 3 Avicenna marina 68.3 73.0 13.9 155.3
Bruguiera gymnorhiza 4.9 3.8 0.2 8.8
Ceriops tagal 4.9 8.9 0.3 14.0
Rhizophora mucronata 22.0 14.3 10.6 46.9

Site 4 Avicenna marina 88.4 28.2 23.8 140.4
Bruguiera gymnorhiza 4.1 6.5 0.4 11.0
Ceriops tagal 1.7 34.5 0.2 36.3
Rhizophora mucronata 5.0 3.0 0.7 8.7
Xylocarpus granatum 0.8 27.9 0.0 28.7

Table 2 
Structural parameters.

Site 1 Site 2 Site 3 Site 4

N=432 Q=40 N=178 Q=31 N=407 Q=41 N=1303 Q=121

Mean DBH (cm) ± SE 15.7 ±0.9 23.4 ±1.7 18.9 ±0.9 15.3 ±0.5
Mean Height (m) ± SE 2.4 ±0.1 3.0 ±0.1 3.1 ±0.1 2.0 ±0.04
Number of species 4 4 3 4
Mean density (ind ha− 1) ± SE 1662 ±262.8 659 ±100.5 1357 ±217.6 1205 ±126.6
Basal Area (m2 ha− 1) 79.7 58.3 88.2 242.7
Complexity Index 203.3 107.8 282.5 446.4

Fig. 3. Average density of trees in the three sampled sites.
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Fig. 5. Mean Density for all species sampled in all sampled sites. Am – Avicennia marina, Bg – Bruguiera gymnorhiza, Ct – Ceriops tagal, Rm – Rhizo
phora mucronata.

Fig. 6. Mean DBH (cm) and Height (m) for trees in all sampled sites.

Table 3 
p-values from pairwise comparisons for DBH.

Site 1 Site 2 Site 3

Site 2 <0.001
Site 3 0.001 0.069
Site 4 0.110 <0.001 <0.001

Table 4 
Multiple comparison tests (P values) of the variable Height.

Site 1 Site 2 Site 3

Site 2 <0.001
Site 3 <0.001 1000
Site 4 <0.001 <0.001 <0.001

Fig. 4. Aspect of dead mangrove forest in Maputo River (photos: Vilma Machava-António).
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6. Discussion

In 2019 the area of mangroves in the Maputo River estuary was 
estimated at 1 377.39 ha, and in 2020 the same area was estimated at 
716.17 ha, meaning that in one year, the mangrove area in Maputo 
River estuary decreased by approximately 50 % (a loss of 661.22 ha) of 
the total area found in 2019. Approximately 70 % of published 
mangrove dieback events around the world are due to natural causes 
(Rossi et al., 2020) that occurred as a result of an extreme weather event 
(Duke et al., 2017; Asbridge et al., 2018; Servino et al., 2018), including 
the potential effects of climate change and increasing intensity of flood 
and drought events and frequency of storms (Macamo et al., 2016; 
Alongi, 2008; Gilman et al., 2008).

Using change detection tools, Sentinel 2 imagery and NDVI, this 
study documented for the first time a massive loss (nearly 50 %) of the 
mangrove area that has occurred in a short period of time (less than a 
year from 2019 to 2020). Elsewhere, with similar pattern of degradation 
and severity specially a dieback of around 50 % in short period of time 
caused by extreme weather impact was documented in Australia 
(Asbridge et al., 2018; Asbridge et al., 2019; Duke et al., 2017; Lovelock 
et al., 2017), in the USA (Florida) mangrove dieback due to the impact of 
Hurricane Irma (Lagomasino et al., 2021) and in Brazil caused by hail
storm impact (Servino et al., 2018). This study adds a new dimension in 
documenting mangrove loss due to climate-related events in Africa.

Climate change is likely to impact hailstorm frequency and size 
(Raupach et al., 2021) and such conditions may impact on canopy 
defoliation, bark damage and loss of floral buds and fruits (Houston, 
1999; Clarke, 1992), a condition that might impact cause dieback.

Avicennia marina is dominant in southeast Africa, composing around 
90 % of the trees (Macamo et al., 2015, Machava-António et al., 2022) 
and so does this study. A. marina was reported complete mortality due to 
climate change impact (Asbridge et al., 2019; Asbridge and Lucas, 
2016).

The mangrove forest in Maputo Bay has been dominated by mostly 
young, short, and small trees with small DBH and low height. The 
average height of mangrove forests in early 2000 in Maputo Bay was 
3.7 m, corresponding to the lowest average when compared to the 
provinces toward the north of Mozambique, more tropical which ranged 
between 4.0–15.9 m (Fernando and Bandeira, 2009; Fatoyinbo et al., 
2008). Macamo et al. (Macamo et al., 2015) documented the mangrove 
forest in the Incomati Estuary (northern Maputo Bay) that had an 
average height of 2.6 m and an average DBH of 7.46 cm. And most 
recently, Machava-Antonio et al. (2022) who assessed mangrove forests 

in the entire bay, obtained the average height of the trees (1.74 ±
0.034 m) and the average DBH (6.89 ± 0.24 cm), suggesting that the 
forest structure parameters are decreasing in size. Globally mangrove 
fragmentation is commonly reported (Imbert, 2018), however antagonic 
data exists documenting both mangrove size decrease in this study and 
also increase in mangrove size.

The extension of the mangrove defoliation damage, the prospectus 
for recovery of the degraded mangrove and the rate of re-establishment 
thus seemingly depend on local environmental conditions (McCarthy 
et al., 2021; Radabaugh et al., 2020; Rivera-Monroy et al., 2019) and, 
especially the availability of seeds and seedlings (Kennedy et al., 2020); 
Alongi, 2009). This study documented the existence of many seedlings 
either from natural regeneration or active restoration conducted by 
communities (pers. Observation).

The study documented an abnormal ratio of 142:10:1, not 
approaching the standard minimum ecological ratio of 6:3:1 regenera
tion class. This ratio was also promoted by restoration which might not 
be efficient, as documented by other actors, where despite this initial 
recovery, there was mortality post-storm after some months (Fickert, 
2020; Kennedy et al., 2020; Alongi, 2009), an indication that many 
seedlings never reach a size of a small plant (Macamo et al., 2018; 
Machava-António et al., 2022).

Mozambique’s geographical location makes the coastal area 
vulnerable to extreme events of meteorological origin, such as droughts, 
floods, and tropical cyclones (FAO, 2007; MICOA, 2005). Several 
climate-related events affect different areas across the country (Charrua 
et al., 2020; Macamo et al., 2018), with highlight of the tropical Cyclone 
Idai that occurred in March 2019 in central Mozambique (Bunting et al., 
2023; Charrua et al., 2021), but the evidence of hailstorm affecting 
mangrove areas is new or undocumented.

Local fishermen and community members, in the Maputo River es
tuary, reported that there was a hailstorm in the area in the month of 
September 2019, and after that the mangrove plants started dying 
massively and the dead condition continued for more than two years 
without signs of natural regeneration (Houston, 1999; Servino et al., 
2018). The continued degradation after the hailstorm suggests that 
environmental stress persisted, as documented in studies about 
mangrove recovery after hailstorms and hurricanes that had a recovery 
period longer than one year (Roth, 1992; Houston, 1999; Long et al., 
2016; Servino et al., 2018; Raupach et al., 2021).

The hailstorm damage to the Maputo River estuary impacted more 
than 50 % of the forest, and nothing similar has been documented in 
Southern Africa. Local communities conducted mangrove replantation. 

Fig. 7. Distribution of trees according to their Height and DBH.
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However, most of those die a few weeks after being planted, a scenario 
that can be caused by the soil condition that continues degrading even 
years after the dieback, with an absence of seedling growth and no 
regeneration of fresh leaves in the impacted sites (Servino et al., 2018), 
and these are among the major climatic factors that may determine 
coastal wetland ecosystem extensions in the future (Gabler et al., 2017; 
Feher et al., 2017; Osland et al., 2017).

In the Maputo River estuary, the soil composition was affected by the 
mangrove mortality, and the results of this study indicate that this 
mortality resulted in a 30.0 % reduction in OM storage. Furthermore, 
the surface sediment has more OM than in-depth due to decomposition, 
that is, the organic matter of the oldest sediments had more time to 
decompose, and the mangrove mortality reduced carbon sequestration. 
Before mortality, the OM sequestration was similar in the two sites and, 
consequently, the environmental conditions related to carbon seques
tration were not different (Huston, 1999; Servino et al., 2018).

Survival and recovery of mangroves are influenced by soil saliniza
tion during drought events, where the reduction in freshwater input may 

Fig. 8. Distribution of living trees in DBH classes. A, B, C and D, represent the distribution of stumps in DBH classes to the respective sites.

Fig. 9. Tree condition proportion in the sampled areas.
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also impair mangrove health and recovery from water stress (Cintrón 
et al., 1978; Ball, 1988; Houston, 1999; MacKay et al., 2010).

The results of this study and the statement from the community 
indicate the need to assess the impact of this mangrove loss on the 
ecosystem services provided to the local community and the entire 
ecosystem, acquire techniques for appropriate restoration, assess the 
hydrology and engage communities in the restoration.

7. Conclusion

This study documents for the first time a massive mangrove dieback 
in Africa’s sub-tropical context, contributing, therefore, to the wider 
understanding of this phenomenon. The assessment through local 
community members pointed to the September 2019 hailstorm as the 
cause of the mangrove’s death. This extreme event might have started by 
damaging the mangrove trees’ bark, concomitantly loss of floral buds 

Fig. 10. Mean density for trees under different conditions found in all sites.

Fig. 11. Seedling densities within each regeneration class.

Table 5 
Percentage of seedlings per regeneration class.

Percentage of seedlings per regeneration class

RCI RCII RCIII
Site 1 91.9 % 7.9 % 0.2 %
Site 2 76.5 % 19.6 % 3.8 %
Site 3 64.4 % 14.9 % 20.7 %
Site 4 98.8 % 1.2 %

Table 6 
Number of seedlings per regeneration class.

Seedlings per Regeneration class

RCI RCII RCIII
Site 1 418 36 1
Site 2 20 5 1
Site 3 3 1 1
Site 4 85 1 0
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and fruits and major canopy.
The mangrove cover was reduced by nearly half, from 1377.4 Ha in 

2019 to barely 716.2 Ha in 2020, representing a loss of 661.2 Ha of 
mangrove area in just a year. In the sampled areas, 38.7 % of trees were 
completely dead. Five mangrove species were identified, Avicenna 
marina with the highest Importance Value Index, B. gymnorhiza, C. tagal, 
R. mucronata and X. granatum. The regeneration ratio was 142:10:1, way 
beyond the minimum ecological ratio of standard mangrove forest, 
6:3:1. Mangrove dieback within Maputo Estuary triggered by hail in 
2019 and has continued 2 years after having little or no sign of recovery.

Local communities conducted mangrove replantation in the 
impacted area, but most of the seedlings die before reaching 40 cm of 
height. These results contribute to understanding natural mangrove 
dieback, the adoption of adequate mangrove recovery actions, climate 
change adaptation actions and monitoring of mangrove forests in 
Mozambique.
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