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Abstract: Supporting successful global mangrove conservation and policy requires accurate identifi-
cation of anthropogenic and biophysical drivers of mangrove extent, yet such studies are scarce. We
apply a hybrid methodology, combining existing remote sensing mangrove maps with local expert
knowledge of vegetation and land use dynamics. We conducted stratified random sampling in eight
subregions, and local experts visually interpreted over 20,900 plots using high-resolution imagery in
Collect Earth Online. Similar to previous estimates, we found 147,771 km? (£1.4%) of mangroves
globally in 2020 and that rates of mangrove loss have decreased from 2000-2010 to 2010-2020, largely
driven by South and Southeast Asia. Anthropogenic drivers of loss have shifted across subregions,
with oil palm cultivation emerging in South and Southeast Asia and aquaculture in South America
and Western and Central Africa, highlighting the need for ongoing monitoring and adaptable con-
servation efforts. Natural expansion outpaced natural retraction in both periods. This is the first
global study uncovering land use drivers of mangrove decline and recovery, only made possible by
collaboration with local experts. Key breakthroughs include successfully discerning spectrally similar
anthropogenic from biophysical drivers, such as aquaculture from natural retraction, and creating
data collection approaches that streamline visual interpretation efforts.

Keywords: mangrove; land use change; natural expansion; aquaculture; oil palm; agriculture; remote
sensing; visual interpretation

1. Introduction

Identifying and quantifying the anthropogenic and biophysical drivers of global man-
grove losses and gains at a global scale is essential for monitoring mangrove ecosystems and
the services they provide [1]. Identifying these change drivers helps to inform mangrove
conservation and carbon mitigation efforts [2—4]. This assessment can also inform resource
allocation to regions where conservation may be more effective and can identify policies
and programmes that can be actively implemented to improve conservation [5]. Identifying
causes of mangrove loss can address continued threats necessary to move forward toward
zero net loss in global mangroves [2].

With the advancement of automatic classification algorithms, freely available satellite
imagery, and the ease of cloud computation, several global studies have created maps and
estimates of mangrove areas and changes. These include the work of Giri et al. (2011) [6]
based on Landsat data and the more recent Global Mangrove Watch analysis using ALOS-
PALSAR [6-8]. While there is now an emerging consensus that the rate of mangrove
deforestation is decreasing [2,8-10], estimates on the distribution and drivers of mangrove
changes are very scarce and a robust methodology to reliably classify these is needed.

Two studies using remote sensing data have attempted to map drivers of global
mangrove loss [2,11]. Goldberg et al. (2020) [2] used machine learning and post-analysis
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classification trees relying on open data and noted the limitations of this approach, including
difficulty discerning different drivers from satellite data alone and error propagation from
other datasets [2]. Thomas et al. (2017) [11] used manual interpretation of radar mosaic
composite images to detect changes in mangroves and used contextual information and
additional imagery sources to classify them into predefined driver categories. They found
their classification based on human interpretation was time-consuming and potentially
subjective [11].

Understanding mangrove dynamics and supporting global mangrove conservation
and policy needs requires an approach that identifies drivers at a fine thematic level and col-
lects enough samples to accurately assess anthropogenic and biophysical drivers of global
mangrove losses and gains at a global. Our study attempts to overcome previous thematic
limitations by involving local experts in the interpretation of samples, providing them clear
guidelines on how to separate the different classes, and relying on their knowledge of the
local vegetation ecology and land use dynamics.

To improve the precision of change estimates, we used stratified random sampling
and collected data from over 20,900 plots using visual interpretation of medium- and
high-resolution imagery in cloud-based Collect Earth Online [12]. This sample-based
approach allowed us to gain efficiencies in visual interpretation and collect high thematic
resolution data. Our approach covers the years 2000-2020 and complements existing
knowledge by providing additional information on specific mangrove change drivers (oil
palm, aquaculture, rice cultivation, etc.).

2. Materials and Methods
2.1. Study Area

We examined the distribution of mangroves at the global scale and examined regional
patterns in mangrove extent and change [13-15] (Figure 1). The global extent of mangroves
was considered as there is a lack of consistent, reliable and ground-truthed data on the area
of mangroves and changes over time. FAO was in a unique position to fill this gap, given
existing partnerships with local field experts from countries around the world.

Mangroves 2020 Subregions [ Europe [ South and Southeast Asia [ Eastern and Southern Africa
[] Mangroves 2020 [__] North and Central America [E2] Western and Central Asia [_] Northern Africa [ Oceania
[ South America [ East Asia [ Western and Central Africa [ ] Antarctica

Figure 1. The global extent of mangroves. Mangrove extent from GMW v3 [8]. Subregions based
on [15].
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Mangroves (plant families) may be divided into three groups according to their fea-
tures and morphological adaptations: major elements (strict or true mangroves, which
are exclusively found in the mangrove habitat), minor elements and mangrove asso-
ciates [13,14]. To define our study area, we considered the presence of major and minor
mangrove species as defining criteria for mangrove vegetation (see Table S1). We excluded
mangrove associates from our definition of the mangrove ecosystem as they are not limited
to the mangrove environment and do not feature morphological specialisation and/or
physiological mechanisms developed in true mangrove species.

2.2. Sampling Design

Our hybrid methodology used existing remote-sensing mangrove maps for the strat-
ification and sample allocation and local interpreters for the data collection (Figure 2).
To define the strata for our sampling design, we created three key maps: a Mangrove
Vegetation Index (MVI) map, a mangrove presence map and a mangrove change map.
The MVI layers were produced using cloud-free Landsat 7 and Landsat 8 Tier 1 images
following [16], and the band arithmetic equation MVI = (NIR — Green)/(SWIR1 — Green).
Higher values of MVI in a pixel indicate a higher likelihood of mangroves being found in
the pixel.

Global mangrove
extent time-
series data

Calculate
Define stable & mangrove
vegetation index
(Mv1)

change areas

Define population &
create strata

Create strata:

1. change,

2. minimal change,

3. no change forest,

4. no change non-
forest

Random stratified
sample of sub-
regions, proportional
to area

Select
sample

Visual interpretation . .
in Collect Earth High-resolution

Online using local time-series
knowledge imagery

Assess mangrove extent,
2000-2020 change, and
change drivers

Collect & analyze data

Figure 2. Overview of the hybrid methodology used to assess mangroves.
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For the mangrove presence and change maps, the global mangrove mapping products
used were the Global Mangrove Forest Distribution, v1 2000 [6], the Joint Research Center
of the European Commission (JRC) dataset on forest cover change in tropical moist forests
(TMF) 2000-2019 [17] and the Global Mangrove Watch v2 product [7] (Table S2).

First, a 600 m buffer around the Global Mangrove Watch v2 (GMW) layer was created
to capture all mangrove areas off the coast. Within this buffered area, pixels from the
JRC mangrove dataset and the Global Mangrove Forest Distribution v1 2000 dataset were
selected. From the JRC mangrove dataset’s classes, we used the undisturbed mangroves,
mangrove deforestation (2000-2019), mangrove degradation (2000-2019) and mangrove
degraded or regrown before 2000 classes. From the Global Mangrove Forest Distribution v1
2000 dataset, we used the mangrove and non-mangrove pixel information for the year 2000.

This combined dataset was used to generate the two maps. The mangrove presence
(stable mangrove) layer was generated using only pixels where all datasets agreed on the
presence of mangroves. Pixels with disagreements between the datasets were considered
the mangrove change areas. For both maps, we applied a 120 m buffer around mangroves
and changed pixels to ensure we captured all mangroves and changes.

Once we defined our strata, we created our sampling frame. As the basis, we used a
tessellation of the Earth’s surface into equal area hexagons (39.62 hectares each), originating
from a discrete global grid of equally sized hexagons (shared with the FRA 2020 RSS; [18]).
Each hexagon contains a 1-hectare square centroid to collect more detailed information
on land use, land use change and related drivers. All hexagons that overlapped, even
partially, with the mangrove presence and mangrove change areas were selected as part of
the sampling frame.

The final stratification of hexagons into stable and change classes was performed using
the MVI layers for the years 2000 and 2020, along with the mangrove presence and change
maps. If more than 40% of the hexagon area was covered by pixels with change, it was
assigned to the “change” stratum. If between 5-40% of the hexagon area was change pixels,
and there was a maximum of 30% of stable mangroves, it was assigned to the “minimal
change” stratum. If the hexagon area included less than 5% change, less than 10% stable
mangrove, and the MVI indices for 2000 and 2020 were less than 4.5, it was assigned to
the “no change, no forest” stratum. Finally, hexagons meeting the following criteria were
assigned to the “no change forest” stratum: less than 40% of the hexagon area covered by
change pixels and more than 10% covered by stable pixels, or between 5-40% coverage
with change pixels, but more than 30% stable pixels, or less than 5% change coverage, more
than 10% stable mangrove coverage and the 2000 M VI is greater than 4.5, or less than 5%
change, less than 10% stable mangrove and the 2020 MVI is higher than 4.5.

We used stratified random sampling to select samples from each stratum (Table S2).
A total of 20,900 samples were collected, with more samples collected from strata with
larger areas and from the mangrove change strata [18]. All the computations to compile
the maps were performed on the cloud-based platform Google Earth Engine (GEE) [19],
and the random stratified sample selection was performed in Excel [20].

2.3. Data Collection and Validation

Local mangrove experts classified 20,954 samples. Experts were drawn from the
FAO-FRA Remote Sensing network. When local experts were not available, experts from
FAO performed the classification. Visual interpretation of the samples was completed
using Collect Earth Online (CEO), a free and open-source cloud platform for viewing and
interpreting high-resolution satellite imagery [12].

The assessment of mangroves in 2020 was completed based on Sentinel-2 cloud-free
composite mosaics to ensure the consistency of the results globally. Land use changes
were assessed using Landsat mosaics from 2000, 2010, 2018 and 2020. Very high-resolution
images, freely available from Google Earth and Bing Maps, were used as auxiliary data to
facilitate the understanding and classification of the samples.
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Each sample had two levels of analysis: discrete classes at the centroid level (1 ha-
square) and quantitative estimation of each class at the hexagon level (39.6 ha), see Figure 3.
The main land use classes used in this mangrove assessment are structured according to
the terms and definitions used in [21] (Appendix A). The mangrove-specific classes for
land use, land-use change and deforestation drivers are based on a review of the relevant
literature [22-24].

HEXAGON: QUANTITATIVE PROPORTION (40 HA)

E LAND USE CHANGE 00
LAND USE 2020 2000-2010, 2010-2020
Forest Loss 5o
Forest
Mangroves 4E Forest Gain 60|
Other Wooded Land 1) Stable Forest
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Water E1 Mangrove Gain
Stable Mangrove
Stable Mon-forest
CENTROID: DISCRETE CLASSES (1 HA)
LAND USE 2020
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Figure 3. Data were collected for each plot. Modified from [18].

2.4. Data Analysis

Three time periods were collected to facilitate other analyses (2000-2010, 2010-2018
and 2018-2020). For this paper, to facilitate comparison with other research, we combined
the raw data at the plot level prior to any downstream analyses to examine changes only
between 2000-2010, 2010-2020 and 2000-2020. As a result, our numbers will slightly differ
from those in the FAO FRA Mangrove report [25].

Allland use and land use change variables were first put in terms of percentages at the
unit of analysis scale (hexagon or centroid) prior to being scaled up to the subregional level
(Table S3). For data derived from the hexagons, where data were collected as a percentage of
the hexagon area, the mean percentage of each variable across sample plots was calculated
for each stratum (e.g., % of Mangrove Loss). For data derived from the centroids, the
percentage of the centroid with that land use or land use change was calculated. Then, for
both hexagons and centroids, the area for the stratum was calculated by multiplying the
percentage value for each land use or land use change variable by the total area of the plots
in the stratum. These areas were then summed within each subregion. Variances were
calculated based on these estimators using the formulas found in Table S3.

Area data estimated at the hexagon level were more precise than the centroid level.
Thus, estimates of drivers collected at the centroid level were calibrated by multiplying
the area of the specific change by the ratio of the area of the total change in hexagons
to centroids.
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3. Results
3.1. Mangrove Extent in 2020

This study found that the total area of mangroves globally in 2020 was 147,771 km?
(£1.4%). The largest share was in South and Southeast Asia (44%), with smaller areas
found in South America (14.5%), Western and Central Africa (14.2%), North and Central
America (12.5%) and Oceania (9.9%; Table 1).

Table 1. Area and 95% confidence interval of mangroves in 2020 globally and broken down by

subregion.
Subregion Mangrove Area (km?) + (km?) + (%)
North and Central America 18,455 821 4.4%
South America 21,400 727 3.4%
Western and Central Africa 20,926 795 3.8%
Eastern and Southern Africa 7264 493 6.8%
Western and Central Asia 209 95 45.6%
East Asia 150 52 34.7%
South and Southeast Asia 64,755 1313 2.0%
Oceania 14,611 703 4.8%
World Total 147,771 2075 1.4%

3.2. Mangrove Change 2000-2020

Overall, we observed a global trend, which shows a decrease in the net rate of man-
grove deforestation over the last 20 years. While global net change remains negative, the
rate of decline decreases from 1815 km? lost between 2000-2010 to 1067 km? lost between
2010-2020.

However, these global trends mask important differences between subregions (Figure 4).
In South and Southeast Asia, mangrove losses have almost halved between the first and
second decades. This is globally impactful, as most of the world’s mangroves by area are
located in this region. North and Central America and Eastern and Southern Africa also
saw improvements, moving from net losses to net gains in mangrove areas. Conversely,
South America and Oceania all saw increased rates of mangrove loss. Western and Central
Asia, Western and Central Africa and East Asia showed small or no difference in the rate
of change.

Disaggregating net change to look at losses and gains separately, around half of the
total 6314 km? mangroves lost have been offset by the establishment of 3475 km? of new
mangroves. Global losses decrease by 25% between the first and the second decade of the
study period. Global gains show a smaller decrease of 8.3%.

Examining subregional changes, we can identify trends behind differences in net
change (Figure 5). South and Southeast Asia saw declines in the rate of both mangrove
gain and mangrove loss, with a greater magnitude of change in the rate of mangrove loss
leading to a net decrease in the rate of mangrove loss. North and Central America and
Eastern and Southern Africa both saw decreased rates of mangrove loss and increased
rates of mangrove gains, leading to a net increase in mangrove gain. Conversely, South
America and Western and Central Africa both saw increased rates of mangrove loss and
decreased rates of mangrove gain, leading to a net increase in mangrove loss between the
two decades. However, Oceania’s observed net increase in mangrove loss can be attributed
to the decreased rate of mangrove gain instead of any change in the rate of mangrove loss.

3.3. Drivers of Mangrove Loss and Gain

Globally, we found that the most prominent anthropogenic driver of mangrove loss is
conversion to aquaculture (Figures 6 and 7). When comparing the first decade of this study
with the second, the contribution of aquaculture, direct settlement and rice cultivation
notably decreased, while the contribution of indirect settlement, oil palm cultivation and
other drivers notably increased. The “Other” category includes other forms of agriculture
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and conversion to Grasslands for livestock grazing. Breaking down the sources of anthro-
pogenic mangrove gain by subregion shows that there are some large contributions from
artificial restoration in South and Southeast Asia and Eastern and Southern Africa.

1 Net Loss Il Bl Net Gain = North and
1 2000-2010 Central America
[1WW 2010-2020
| South America
= Western and
= Central Africa
—E= Eastern and
- Southern Africa
0 Western and
0 Central Asia
E' East Asia
f South and
o Southeast Asia
_EP Oceania
-1800 -1500 -1200 -900 -600 -300 0 300
Area (km?)

Figure 4. Net change in mangrove area by decade and subregion. Error bars represent standard errors.

North and
Central America

[ Loss M M Gain
1 2000-2010
[ 2010-2020
South America

Western and
Central Africa
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Southern Africa

Western and
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East Asia

South and
Southeast Asia

Oceania

-3000 -2700 -2400 -2100 -1800 -1500 -1200 -900 -600 -300 0 300 600 900 1200
Area (km?)

Figure 5. Mangrove gain and loss by decade and subregion. Error bars represent standard errors.
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Figure 6. Examples of anthropogenic and biophysical drivers of mangrove loss and gain. Latest
Google Satellite image refers to the latest very high-resolution image available in Google Earth for
the location.
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Figure 7. Anthropogenic drivers of mangrove loss and gain by decade and subregion.
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Globally, natural retraction is the largest biophysical driver of mangrove loss, and
natural expansion is the largest driver of mangrove gain in both decades (Figures 6 and 8).
While the net global mangrove change was negative over the study period, we found
that areas of natural expansion far surpassed areas lost to natural retraction and natural
disasters. The natural expansion is 158% of the area of natural losses between 2000 and 2010
and 170% of natural losses between 2010 and 2020. Across both decades, this represents an
area of expansion of 2968 km? compared with an area of retraction of 1812 km?.

I Natural Disaster

North and
Central America

South America

Western and
Central Africa

-0 Eastern and

-0 Southern Africa

0|0 Western and

0|0 Central Asia

o b East Asia
South and

Southeast Asia

Oceania

0 200 400 600 800
Area (km?)

Figure 8. Biophysical drivers of mangrove loss and gain by decade and subregion.

We found differences in the area estimates calculated from the hexagons and the
centroids. However, the uncertainty of estimates from centroids is larger than that from the
hexagons, which supported our use of the calibration procedure (Supplementary Materials).

4. Discussion
4.1. Estimates of Mangrove Extent

At the global level, there have been several attempts at mapping mangrove extent and
mangrove area change [6,8,10,17,23,26]. Our estimate of 147,771 km? (£1.4%) of mangroves
globally in 2020 is in line with other available estimates and is particularly close to the
GMW mangrove cover estimate [8] (Table 2).

Similarly, our finding that global mangrove deforestation has slowed in the past
20 years agrees with previous research [8,10]. However, slightly more of the global man-
grove losses were offset by the establishment of new mangrove areas (Table 3). Confi-
dence intervals varied considerably between studies (e.g., compare this study with [8,10]).
Confidence intervals were not calculated for other studies due to methodological limita-
tions [2,23].
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Table 2. Mangrove area estimates by FAO Subregion according to different global mangrove maps.
Areas for the JRC and ESA products calculated using a pixel-counting approach for the digital product.
Only studies with estimates for 2020 are included in the table.

Subregion JRC (2021, km?) ESA (2020, km?) GMW 3.0 (2020, km?)  This Paper (2020, km?)
East Asia 2 247 228 150
Eastern and Southern Africa 4189 9155 7917 7264
North and Central America 14,432 27,961 22,827 18,455
Oceania 11,900 20,920 16,518 14,611
South America 19,538 23,966 20,378 21,400
South and Southeast Asia 52,504 74,009 57,772 64,755
Western and Central Africa 19,849 25,004 21,428 20,926
Western and Central Asia 0 379 285 209
Total 122,414 181,639 147,352 147,771
Table 3. Estimates of total and annual mangrove loss and gain from multiple global studies. Confi-
dence intervals included where studies calculated them. Due to differences in study length, annual
loss and gain estimates may be the most accurate for comparison. Due to differences in how geo-
graphical subdivisions were made, we compared global estimates. NA indicates that the estimate
was not calculated in the study. Adapted from [8].
Study Period Loss in Period (km?) AHTE;IZI;OSS Gain (km?) Am}til‘z();ain
Est. Lower CI Upper CI Est. Lower CI Upper CI
Hamigg{‘;[‘;‘ifasey 2000-2012 1646 NA NA ~137 NA NA NA NA
Goldberg et ali 2020 [2] 2000-2016 —3363 NA NA —210 NA NA NA NA
Murray etal. 2022 [10] ~ 1999-2019 —5561 —6827 —3326 -278 1828 932 2960 91
GMW v3.0 [8] 1996-2020 —9348 ~15,825 ~5568 —390 4130 2238 7012 171
FRA Mangrove RSS 2000-2020 —6314 —6923 —5706 -316 3475 3093 3857 174
(This Study)

4.2. Anthropogenic Drivers of Mangrove Loss and Gain

Previous studies have used remote sensing imagery and sophisticated machine learn-
ing approaches to identify and categorise different types of change in mangrove forests [2,11].
However, these approaches have limitations, including the similarity in spectral signatures
that different land use classes present and reliance on existing datasets which can propagate
error. This is the only global study of land use change leveraging local experts instead
of models.

Using visual interpretation of satellite imagery and local expertise allowed us to use
the surrounding landscape context and location-specific knowledge to identify multiple
difficult-to-classify plots correctly. For example, during data collection, we found instances
where some mangrove wood was harvested in a sustainable way, and it was still classified
as stable mangrove, whereas the same sample could have been classified as mangrove loss
using only satellite imagery. Further, while some anthropogenic and biophysical drivers
have similar spectral signatures, we were able to distinguish between these, allowing us to
distinguish between these.

Despite these different approaches, our results agreed with the earlier findings that
the majority of total global mangrove loss was concentrated in the South and Southeast
Asia region [2,11,23], and the key drivers were anthropogenic [2,11,22]. Broadly, we found
that 72% of losses between 2000 and 2020—75% in the first decade and 68% in the second
decade—were the result of human impacts. This was higher than Goldberg et al.’s (2020) [2]
estimate, which found that 62% of mangrove loss was due to anthropogenic drivers using
remote sensing only [2]. This difference could be attributed to differences in the types of
anthropogenic losses considered, as our drivers included more granularity, e.g., aquaculture,
oil palm and rice vs. commodities, but could also be due to the driver classification method
or methodological approach. The Goldberg et al. (2020) [2] study used a decision-tree
model based on open-source datasets to assign Landsat pixels to each driver; however, due
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to spectral signature similarities between anthropogenic and biophysical land uses/land
covers, they could have failed to correctly assign all the losses [2].

The largest of the anthropogenic drivers is conversion for the production of agricultural
commodities, including aquaculture, oil palm and rice. We found that these accounted
for 44.5% of the global mangrove losses between 2000 and 2020; Goldberg et al. (2020) [2]
found that these same commodities accounted for 47 per cent of mangrove losses between
2000 and 2016 [2]. Overall, we anticipate that while the rate of loss has slowed over the
past 20 years, agriculture will remain the predominant anthropogenic driver of mangrove
losses globally.

However, this global pattern hides some important regional differences. For example,
declines in the rate of loss due to aquaculture are driven by reductions in South and
Southeast Asia. In this region, the overall rate of net loss declined in the past 10 years due to
growing awareness of the importance of mangroves for climate mitigation and adaptation,
as well as for biodiversity, fisheries and livelihoods [27]. Other positive factors in this
region include efforts to restore mangroves by governments and communities, improved
regulation of the use and conversion of mangroves and increasing the area of mangroves
under protection [28]. Yet, while conversion for aquaculture declined, conversion to oil
palm in South and Southeast Asia sharply increased between the first and second decade
of this study, as anticipated by Richards and Friess (2016) [22]. In comparison, in North and
Central America, South America and Western and Central Africa, mangrove conversion
to aquaculture sharply increased, indicating that better management of this driver will
be needed to ensure a suitable combination of conservation and maintenance of local
livelihoods [24,29].

In Western and Central Africa, the subregion with the highest rate of mangrove loss
in 2010-2020, drivers of mangrove deforestation have shifted considerably in the last two
decades from direct settlement to indirect settlement and agriculture. In the coming years,
mangroves could continue to be threatened in this subregion by conversion to aquaculture
and other forms of agriculture, natural retraction and indirect settlement, as large areas of
mangroves (69%) remain unprotected [1]. Overall, anthropogenic pressure is still the most
relevant through shrimp farming in South and Southeast Asia, while drivers in Africa seem
closely connected to increasing demographic pressure in the region [30,31].

4.3. Biophysical Drivers of Mangrove Loss and Gain

Natural retraction due to shoreline erosion and extreme weather events was an impor-
tant driver of mangrove loss observed in all sub-regions, in line with other research [2,11].
Yet, natural expansion was also an important driver of mangrove gain and mangrove
retreat and regrowth were commonly observed simultaneously (see also [11]).

Moreover, the area of natural expansion was much greater than natural retraction.
Given the impacts of global climate change on mangroves, including sea level rise; increases
in atmospheric CO,; rise in temperature; changes in rainfall; and a predicted increase in the
frequency and severity of extreme weather, we might expect that natural retraction would
outpace natural expansion [32]. Other researchers have suggested that climate change
will impact different regions in different ways, likely increasing mangrove growth in areas
with increased precipitation and warming and decreasing it in areas with sea level rise,
increased cyclonic activity or where precipitation decreases [33-36]. Yet, where the effect
sizes have been estimated, the negative impacts are much greater [35].

However, our results found the opposite trend, highlighting the difficulty in predicting
the influence of global climate change on mangrove communities, given the complex
interplay between local biophysical conditions and the consequences of global warming [37].
Other possible explanations include that humans are changing places where mangroves can
naturally retract, e.g., by sediment removal, and the resilience of mangroves in responding
to environmental changes and rapidly colonising suitable habitats when propagules are
available (e.g., [38]).
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4.4. Methodological Strengths, Tradeoffs and Lessons Learned

This hybrid methodology fills a gap in the literature and provides improved resolution
for both anthropogenic and biophysical drivers of mangrove loss and gain while matching
existing estimates of global mangrove areas and rates of change. The two broad types of
approaches for evaluating mangroves—existing approaches using machine learning and
our hybrid approach—each have different strengths and weaknesses and roles to play in
mangrove conservation policy.

Many recent studies have leveraged advancements in automatic classification algo-
rithms, freely available satellite imagery and the ease of cloud computation to produce
maps of regional and global mangrove extent using automatic and semi-automatic clas-
sification, e.g., [10,17]. These approaches allow for wall-to-wall mapping and manually
collected verification data, area estimates and confidence intervals.

Yet, distinguishing land use and between specific drivers requires additional datasets,
and there are limitations imposed both by the sensor characteristics of the imagery used,
persistent cloud cover and machine learning methods [2,8,39]. Further, area estimates
obtained with these methods may have omission and commission errors introduced using
additional data layers [2]. Many maps do not provide error analyses or confidence intervals
to users, making them less useful for decision-making [40].

Our approach allows for improved resolution of drivers using a network of people
knowledgeable about the local environment. The approach is robust, and local experts were
able to classify samples even with high cloud cover and differentiate between different
land use and land use change dynamics, including those that cannot be discriminated
between using remote sensing-only approaches, e.g., [2]. Using Collect Earth Online (CEO)
allowed for rapid data collection as the cloud platform is easy to use and teach to remote
users in a short period of time. The use of the CEO platform allowed data collection to
proceed quickly with an easy-to-use interface and our simple questionnaire that could
be remotely taught in a half-day webinar. The approach is technically straightforward,
requiring only basic remote sensing knowledge for the data collection and standard area
estimation techniques for obtaining uncertainty with confidence intervals around land use
change drivers, e.g., [41]. While no maps are produced, this approach is flexible, and it is
possible to increase sampling density where additional granularity is required, such as at
the country scale. In addition, the approach is repeatable, and organisations can replicate
this assessment periodically, using the same network of local interpreters to maintain
consistency.

This work involved 48 interpreters from all around the world, recruited from a pre-
viously established global network of remote sensing experts [18]. Organising this data
collection effort was challenged by the ongoing COVID-19 pandemic in 2020 and 2021, as
in-person workshops could not be held. While contact had already been established with
most of the interpreters during past in-person workshops, it has sometimes been difficult
to follow up with them and obtain quick results due to the remote-working modality. In
addition, conversations about different land use dynamics occurring in different parts of
the world emerged from the remote workshops. These discussions made it clear that local
knowledge of the landscape is essential. They also reinforced the opinion that at least part
of a data collection process of this type should be live, to better facilitate these emergent
discussions and achieve better results.

During this data collection effort, we also learned some lessons regarding the sample
plots. First, the interpretation of the hexagons using 10% area intervals was very successful.
These were visually assessed by the interpreters, often without the use of a ruler. This
approach was much faster than having many sample points within the plot (e.g., 100 evenly
spaced grid points) and was just as accurate. In fact, after 5-6 days of data collection, the
interpreters were very accurate, and an internal check found that these visual estimates
were very close to estimates obtained by precisely measuring using the ruler tool in Google
Earth. To ensure and improve accuracy, we used exercises ahead of data collection to
become accustomed to estimating the hexagon’s area visually.
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Additionally, combining the easy classification of the centroids with the more precise
area estimates from the hexagons was a good approach. This approach requires benchmark-
ing the centroid estimates of driver loss and gain with the hexagon estimates of loss and
gain. The approach was successful at engaging local experts, as classifying driver loss and
gain across the entire hexagon is too large of an effort. However, only using the centroids
loses precision, something we have also found with using small plots of half a hectare [42].

Employing robust QAQC protocols was also important. To reduce bias in our area
estimates as much as possible, we used the same definition for mangrove, mangrove change
and mangrove drivers globally and employed quality control after the data collection. In
addition, due to resource constraints and COVID-19 travel limitations, it was more difficult
to engage interpreters for some areas of the world who were highly knowledgeable about
all different types of mangrove ecosystems, requiring robust QAQC protocols. This shows
how essential it is to involve local interpreters to obtain correct land use classifications.

From a policy standpoint, FAO is especially interested in reporting on land use and
land use change in forestry, instead of land cover, to support countries in their assessment
and monitoring of forest resources. Understanding forest resources and their changes is
key to national and international environmental and developmental policy processes and
is required by many international commitments, including the Paris Agreement of the
United Nations Framework Convention on Climate Change (UNFCCC), the Kunming-
Montreal Global Biodiversity Framework of the Convention on Biological Diversity (CBD),
the United Nations Convention to Combat Desertification (UNCCD), the United Nations
Strategic Plan for Forests 2030 and the Sustainable Development Goals of the Agenda 2030
(SDGs; [43]).

5. Conclusions

Using remote sensing and the knowledge of local specialists, we devised a reliable and
repeatable technique. This approach was successfully used to collect data on mangrove
areas in 2020, mangrove area changes between 2000 and 2020 and, most importantly, both
anthropogenic and biophysical drivers of mangrove change for these periods. This is the
first global study that provides information on land use based on direct interpretation of
satellite imagery and not land cover for those variables, a result which was only possible
with the involvement of local experts.

In line with previous estimates, our results found that globally there were 147,771 km?
(£1.4%) of mangroves in 2020 and that the rate of mangrove loss has decreased between
2000-2010 and 2010 to 2020, largely driven by decreasing rates of loss in South and Southeast
Asia. The contribution of different anthropogenic and biophysical drivers of loss and gain
during these periods has shifted considerably. For anthropogenic drivers, aquaculture
is an emerging concern in South America and Western and Central Africa, and oil palm
cultivation is an emerging concern in South and Southeast Asia. For biophysical drivers,
natural expansion continues to be larger than natural retraction and natural disasters
combined.

Areas of future research to be considered start with deepening the analysis of the
drivers. This includes collecting data on mangrove degradation, a parameter difficult to
map using remote sensing but which could be addressed with sample-based interpretation
by human interpreters. Our land use change drivers had relatively broad confidence
intervals, so increasing the number of samples would reduce the confidence intervals for
the drivers’ estimates.

Another opportunity that our sampling-based methodology offers is the intensification
at a national or sub-national level to assess changes and trends in mangroves and obtain
better mangrove statistics for a particular country’s national inventory [44]. FAO is already
collaborating with some countries, such as Indonesia and Cuba, to use this methodology to
possibly integrate the new data in their own national forest inventories. The resulting area
estimates can be used to report to international conventions and processes.
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Finally, there is a need for a robust global drivers database for mangrove deforesta-
tion [45] that is periodically updated. Our future assessments will focus on collecting data
about drivers of loss and gain using this hybrid methodology.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Appendix A. Classification Scheme
Appendix A.1. Terms and Definitions

The following terms and definitions for the mangrove assessment are structured
according to the FRA 2020 Terms and Definitions.

Some of the definitions and terms used in the land use classification categories that are
explained below are based on the definitions of the 2006 IPCC (Intergovernmental Panel on
Climate Change) Guidelines for National Greenhouse Gas Inventories, in which volume 4
provides guidance for preparing annual Greenhouse Gas Inventories in the Agriculture,
Forestry and Other Land Use (AFOLU) sector.

e  Global Forest Resources Assessment 2020 Terms and Definitions Document: http:
//www.fao.org/3/I8661EN /i8661en.pdf (accessed on 30 July 2023).

e 2006 IPCC Guidelines for National Greenhouse Gas Inventories, Volume 4 Agriculture,
Forestry and Other Land Use (Chapter 3 Consistent Representation of lands, 3.2. Land
Use Categories): https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4
/V4_03_Ch3_Representation.pdf (accessed on 30 July 2023).

Appendix A.2. Definitions for Centroid and Hexagon Current Land Use 2020
See Figure Al.
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Level 1
Forest:

Land spanning more than 0.5 hectares with trees higher than 5 m and a canopy cover
of more than 10 per cent or trees able to reach these thresholds in situ.

It does not include land that is predominantly under agricultural or urban land use.

Forest is determined both by the presence of trees and the absence of other predomi-
nant land uses.

The trees should be able to reach a minimum height of 5 m in situ.

The Forest definition also includes forest roads, firebreaks and other small open areas
inside the forest.

It also includes Windbreaks, Shelterbelts and Corridors of trees, but those should
provide forest ecosystem services and not be used for livestock breeding or for crops under
the trees.

It also includes abandoned shifting cultivation land with the regeneration of trees that
have, or are expected to reach, a canopy cover of 10 per cent and a height of 5 m.

Please refer to the FRA 2020 Terms and Definitions document for other explanatory
notes.

Other Wooded Land:

Land not classified as “Forest”, spanning more than 0.5 hectares, with trees higher
than 5 m and a canopy cover of 5-10 per cent, or trees able to reach these thresholds in situ,
or with a combined cover of shrubs, bushes and trees above 10 per cent.

It does not include land that is predominantly under agricultural or urban land use.

Other Land:

All land that is not classified as “Forest” or “Other wooded land”.

Explanatory notes:

Includes agricultural lands, meadows and pastures, built-up areas, barren lands, lands
under permanent ice, etc.

Includes all areas considered as “Other land with tree cover”.

Level 2
Under Forest:
Naturally regenerated forest:

Forests are predominantly composed of trees established through natural regeneration.
Explanatory notes:

1. Includes forests for which it is not possible to distinguish whether planted or naturally
regenerated.

2. Includes forests with a mix of naturally regenerated native tree species and planted/
seeded trees, and where the naturally regenerated trees are expected to constitute the
major part of the growing stock at stand maturity.

3. Includes coppice from trees originally established through natural regeneration.

4. Itincludes naturally regenerated trees of the introduced species.

Planted Forest:

Forests are predominantly composed of trees established through planting and/or
deliberate seeding.
Explanatory notes:

1. In this context, it predominantly means that the planted/seeded trees are expected to
constitute more than 50 per cent of the growing stock at maturity.
2. Includes coppice from trees that were originally planted or seeded.

And

A planted forest is intensively managed and meets all the following criteria at planting
and stands maturity: one or two species, even age class and regular spacing.

Explanatory notes:
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Specifically includes short rotation plantation for wood, fibre and energy.
Specifically excludes forests planted for protection or ecosystem restoration.

3. Specifically excludes forest established through planting or seeding which at stand
maturity resembles or will resemble naturally regenerating forest.

N

Mangroves:

Forest predominantly composed of true mangroves (listed in Table S1) established
through natural regeneration or through planting and/or deliberate seeding.

Under Other Land:
Cropland

This category includes arable and tillable land, rice fields and agroforestry systems.

Cropland includes all annual and perennial crops as well as temporary fallow land
(i.e., land set at rest for one or several years before being cultivated again).

Annual crops include cereals, oilseeds, vegetables, root crops and forages. Perennial
crops include trees and shrubs, in combination with herbaceous crops (e.g., agroforestry)
or as orchards, vineyards and plantations such as cocoa, coffee, tea, oil palm, coconut and
bananas.

Grassland

This category includes all pasture lands, all-natural Grasslands and also agricultural
and silvo-pastoral systems.

The term Grassland for our RSS is closely linked to livestock breeding, independent of
whether the tree cover is high in situ.

If the use is to raise livestock, it must be categorised as Grassland regardless of whether
there is a high density of trees, bushes or a mixture of shrubs with trees, such as the two
pictures on the side.

Settlement

This category includes all developed land, including transportation infrastructure and
human settlements of any size.

It includes trees in urban settings such as in parks and gardens. It also includes mining
areas, which are not considered bare soil because it is soil bared by human activities.

Bare Soil

This category includes all-bare soil for natural site conditions: rocks, sand (beaches or
desert) and snow-covered mountain tops.

Oil palm
This category includes all oil palm (Elaeis sp.) plantations for commercial agriculture

in the production of palm oil.
Level 3

Other Land with Tree Cover (subcategory for Cropland, Grassland and Settlement):

Land classified as “other land”, spanning more than 0.5 hectares with a canopy cover
of more than 10 per cent of trees able to reach a height of 5 m at maturity.
Explanatory notes:

1.  Land use is the key criterion for distinguishing between forest and other land with
tree cover.

2. Specifically includes palms (coconut, dates, etc.), tree orchards (fruit, nuts, olive, etc.),
agroforestry and trees in urban settings.

3. Includes groups of trees and scattered trees (e.g., trees outside the forest) in agricultural
landscapes, parks, gardens and around buildings, provided that area, height and
canopy cover criteria are met.

4. Itincludes tree stands in agricultural production systems, such as fruit tree planta-
tions/orchards. In these cases, the height threshold can be lower than 5 m.

5. Includes agroforestry systems when crops are grown under tree cover and tree planta-
tions established mainly for purposes other than wood.
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6.  Excludes scattered trees with a canopy cover of less than 10 per cent, small groups of
trees covering less than 0.5 hectares and tree lines less than 20 m wide (the latter are
included under Forest).

Level 4
Aquaculture:

Aquaculture or farming in water is the aquatic equivalent of agriculture or farming
on land. Agriculture, defined broadly, includes farming both animals (animal husbandry)
and plants (agronomy, horticulture and forestry in part). Similarly, aquaculture covers the
farming of both animals (including crustaceans, finfish and molluscs) and plants (including
seaweeds and freshwater macrophytes). While agriculture is predominantly based on the
use of freshwater, aquaculture occurs in both inland (freshwater) and coastal (brackish
water, seawater) areas.

FAO (1988) introduced a clear definition of aquaculture:

Aquaculture is the farming of aquatic organisms, including fish, molluscs, crustaceans
and aquatic plants. Farming implies some form of intervention in the rearing process
to enhance production, such as regular stocking, feeding, protection from predators,
etc. Farming also implies individual or corporate ownership of the stock being culti-
vated. For statistical purposes, aquatic organisms that are harvested by an individual
or corporate body which has owned them throughout their rearing period contribute
to aquaculture, while aquatic organisms, which are exploitable by the public as a com-
mon property resource, with or without appropriate licences, are the harvest of fisheries.
http:/ /www.fao.org/3/x6941e/x6941e04.htm (accessed on 30 July 2023)

Rice fields:

Any cultivation of rice (Oryza sativa sp.), submerged or not.
It includes rice-cum-fish cultures, which are the mixed rice cultivation and harvesting
of fish in the same ponds.

Natural Mangrove Grasslands:

Natural grasses that grow in mangrove habitats, which are mangrove associate species
(not true mangroves).

Human Settlement:
Any human settlement of any size.
Infrastructure:
It is any transportation infrastructure, such as railways and highways.
Mining:
It is any area designated for the extraction of valuable minerals or other geological
materials from the Earth.

Appendix A.3. Definitions for Centroid and Hexagon Changes 20002010, 2010-2018 and
2018-2020

See Figure A2.
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Level 1
Forest Loss or Mangrove Loss

This category indicates any land use change from Forest Use to any other Non-Forest
Use (Other Land Use, water or—in very rare cases—OWL).
Forest Gain or Mangrove Gain

This category indicates any land use change from Non-Forest Use to Forest Use. It
can be a new forest plantation established on a previously barren area or natural forest
expansion.

Stable N. R. Forest

This category refers to areas in which forest land use remains during the study period.
It includes temporarily unstocked areas because of forest management or natural causes.
It includes planted forests.

Stable Mangrove

This category refers to areas in which the mangrove vegetation and forest land use
remains during the study period.

Stable Non-Forest

This category refers to areas in which the OWL or Other Land Use (Cropland, settle-
ment, Grassland, etc.) remains during the study period.

Level 2
Loss to Aquaculture

Change of land use from forest to any type of aquaculture.
Loss to Rice fields

Change of land use from forest to any type of rice field.
Loss to Oil Palm plantations

Change of land use from forest to any type of oil palm plantation.
Loss to Direct Settlement (Urbanisation and infrastructure)

Forest loss to urbanisation and other types of infrastructures, such as roads or mining
activities.

Loss to Indirect settlement (salinisation, wetland drying)

Forest loss because of pedological, microclimatic and hydrologic changes in the area
indirectly generated by human actions (e.g., the construction of a dam upstream).
Loss to Charcoal and fuel wood extraction

Forest loss because of any type of wood extraction. It includes wood extraction for
timber, fuel and charcoal production.

Wood extraction for fuelwood and charcoal can be a gradual process, starting with
the loss of a few trees at a time, which, however, if continuous, will lead to ecosystem
degradation. Only when the ecosystem is degraded, and the trees cannot reach the forest
threshold anymore, with visible forest loss in the imagery, will it be classified as forest loss.
Loss to Natural disasters

In case of particularly severe natural disasters such as floods, storm surges, tsunamis

or landslides, the pedological, microclimatic and hydrologic conditions of the area can
irrevocably change and not allow the growth of mangrove vegetation anymore.

Loss to Natural retraction

Regarding mangroves, natural changes or movements in riverbeds and sediments
input or sea level rise may lead to the local extinction of the mangrove ecosystem.
Loss to Others

Any other type of land use change from forest to non-forest, which is not included in
the previous categories.
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Gain—Natural expansion

Regarding mangroves, natural changes or movements in riverbeds and sediment input
may lead to the local colonisation of the new areas by mangrove vegetation.

Gain—Restoration

Change of land use from non-forest to forest because of direct human action.

It includes reforestation and afforestation projects, both through direct planting/seeding
and through hydrological restoration and control of disturbances that result in the natural
regeneration of mangroves. It also includes protected areas ensured by new regulations,
where the forest is naturally regrowing because the laws have banned human disturbance.
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