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Abstract: Mangroves are a type of vegetation distributed in warm areas of the planet. Despite their
importance, this flora is seriously threatened by both human activities and climate change. One of
the main benefits provided by mangroves is carbon capture and storage, which is key for climate
change mitigation. The main objective of this study was to identify the potential distribution and
carbon sequestration potential of Rhizophora mangle L. in El Vizcaíno Biosphere Reserve. Potential
distribution models were obtained for Baja California Sur, Mexico, using the MaxLike algorithm.
For each projection, we used bioclimatic variables from the WorldClim project for current and
future conditions (2050 and 2070), two Shared Socioeconomic Pathways (SSP2-4.5 and SSP5-8.5)
and three General Circulation Models (ACCESS-CM2, EC-Earth3-Veg and MPI-ESM1-2-HR). The
potential distribution models were developed within the perimeter of El Vizcaíno Biosphere Reserve
as a case study to establish the potential for carbon sequestration under different climate change
scenarios. Our results show a possible future carbon sequestration from 10,177,174 Mg of CO2 and
up to 14,022,367 Mg of CO2 for the ACCESS-CM2 SSP5-8.5 to 2070 and MPI-ESM1-2-HR SSP2-4.5 to
2070 projections, respectively. Mangrove species such as Rhizophora mangle can be an important part
of climate change mitigation and adaptation.

Keywords: ecological niche; mitigation; carbon sinks; red mangrove

1. Introduction

Mangroves are a plant community that inhabits the banks of rivers or lagoons, are
strongly influenced by seawater and withstand strong changes in tide levels and salin-
ity [1,2]. Depending on climate, soil conditions, topography and water salinity, this type
of vegetation can grow as trees or shrubs [3]. Mangroves are very important because
they provide habitat for many terrestrial and marine species, and the functioning of the
ecosystem provides extensive benefits to human communities, which are called ecosystem
services [4]. Mangroves can provide human populations with food, building and raw
materials, water and recreational and tourist areas, among others [3,5].

In addition, mangroves provide various services that help ensure the well-being of
coastal communities. They create a wall between land and sea, protecting the coasts from
storms and erosion [5,6], and can even attenuate tsunami-induced waves [7]. In addition,
mangroves are among the world’s most carbon-rich forests and can help to reduce the
impact of increasing CO2 concentrations in the atmosphere [8]. Unlike tropical forests, the
storage of organic carbon in these coastal ecosystems occurs primarily in the soil itself,
and less so in the plant material found above ground [5]. The sequestration of carbon
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dioxide by mangroves is almost 30% higher than that of the rainforests, thus increasing
their climate change mitigation potential. For this reason, mangroves are an important
component of socioecological systems, providing an excellent example of synergy between
mitigation, adaptation and sustainable development. A very good strategy to encourage
cooperation between public and private actors and the users of environmental services is
blue carbon, which is encouraging the creation of alliances between public, private and
social entities through mechanisms of payment for environmental services, credits or the
voluntary carbon market [9].

Mexico has the fourth largest mangrove area in the world with 905,086 hectares [10]
and is one of the countries with the largest extensions of blue carbon capture and storage
ecosystems [11,12]. In Mexico, the most important actions in favor of mangroves have
been the inclusion of four species (Rhizophora mangle L., Laguncularia racemosa (L.) C.F.
Gaertn., Avicennia germinans (L.) L. and Conocarpus erectus L.) in an Official Mexican Norm
(NOM), NOM-059-SEMARNAT-2010, which considers these species in the threatened
category. In addition, the protection of the mangrove ecosystem is broadly considered
and any change that affects its integrity is prohibited, which has been one of the best
strategies of the Mexican Government to halt the destruction and promote the recovery of
this ecosystem [10]. Another important tool to conserve ecosystems and protect mangroves
are Natural Protected Areas (PNAs), which aim to preserve natural environments and their
ecosystems in order to ensure the balance and continuity of evolutionary and biological
processes. Additionally, PNAs also contribute to enabling the adaptation of biodiversity
and to addressing the effects of climate change. By functioning as natural deposits of
significant amounts of carbon in the biomass of the ecosystems present in them, PNAs
serve as natural carbon sinks, thus contributing to the mitigation of climate change.

The El Vizcaíno Biosphere Reserve (REBIVI), with an area of 2,546,790 hectares [13], is
the most extensive PNA in Mexico, and one of the largest protected areas of the American
Continent. Examples of the valuable assets of the area are its natural attractions, with
almost 3500 hectares of mangroves [10].

However, despite the importance of mangroves, the ecosystem is highly threatened.
The global loss of mangroves has been attributed mainly to human activity such as defor-
estation, conversion to aquaculture and urban development [14]. One of the consequences
of these processes is the release of large amounts of previously stored carbon into the
atmosphere, contributing substantially to global warming [15,16]. The main goal of this
study is to estimate the potential carbon sequestration of R. mangle in El Vizcaíno Biosphere
Reserve under different climate change scenarios.

2. Materials and Methods
2.1. Study Area

The El Vizcaíno Biosphere Reserve (REBIVI) is located in the northern part of Baja Cal-
ifornia Sur (Figure 1). The main economic activities in the reserve are fishing, aquaculture,
alternative tourism and agriculture. The landscapes of the REBIVI present a unique scenic
beauty, with many endemic species such as the pronghorn peninsular (Antilocapra americana
peninsularis) and migratory species such as the gray whale (Eschrichtius robustus) [17], as
well as the cultural attraction of the cave paintings in Sierra de San Francisco, which have
become a World Heritage Site [18].
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Figure 1. Location of El Vizcaíno Biosphere Reserve.

2.2. Potential Distribution Maps

To study the likely patterns of the impact of climate change on the distribution of
species, the use of Ecological Niche Modeling (ENM) has been recurrently used to envision
what shape the hypothesized environmental changes suggested by suitable scenarios could
take in the future. ENM is a tool that uses records of the occurrence of the species and
bioclimatic variables to identify and analyze the relationships between these variables and
the ecological behavior of the species, which eventually has a geographic realization [19,20].

To generate the potential distribution models of R. mangle, the modeling area was
defined from the coastline of all of Mexico to a distance of 40 km inland [21]. Records
of presence from the National Biodiversity Information System (SNIB) of the National
Commission for the Knowledge and Use of Biodiversity (CONABIO) of Mexico and the
Global Biodiversity Information Facility (GBIF) were used for this purpose. Records
without coordinates, with repeated coordinates and all of those outside the modeling area
were excluded. The study verified that each presence record was in the corresponding
locality using a geographic information system and Google Earth Pro © 2022 Google LLC
ver. 7.3.6.9796 software. A total of 186 presence records were used. Most of the presence
records used fall within the period 1970–2000, and to a lesser extent, within the periods
1960–1970 and 2000–2010. Meteorological information from those years was also used to
generate the base bioclimatic variables [22].

The study used bioclimatic variables at “current” conditions [22] (https://www.
worldclim.org/data/worldclim21.html (accessed on 19 April 2023)), as well as elevation
and future bioclimatic variables (https://www.worldclim.org/data/cmip6/cmip6_clim3
0s.html (accessed on 14 April 2023)) with 30as (~1 km2) resolution from two Shared Socioe-
conomic Pathways (SSPs) (SSP2-4.5 and SSP5-8.5) at 2050 (2041–2060) and 2070 (2061–2080)

https://www.worldclim.org/data/worldclim21.html
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from the WorldClim project (WorldClim is a widely used global database of climate data
widely used for environmental modeling).

Three General Circulation Models (GCMs) were used: the Australian Community
Climate and Earth System Simulator (ACCESS-CM2), the European Research Consortium
EC-Earth (EC-Earth3-Veg) and the Max Planck Institute Earth System Model (MPI-ESM1-
2-HR). These GCMs were selected because they perform well in projecting changes in
temperature and precipitation in North-Central America and South-Central America [23].

To avoid correlated variables, we applied a Pearson correlation analysis (Pearson > 0.8)
to the 19 bioclimatic variables dataset at “current” conditions and to the elevation variable,
although a widely used rule of thumb is to avoid correlations with Pearson correlation
values > 0.7 [24–26]. Having many correlated variables could result in an overfitting of
the models [26]. Finally, to generate the potential distribution models, the variables Bio5
(the maximum temperature of the warmest month), Bio6 (the minimum temperature of
the coldest month), Bio13 (the precipitation of the wettest month), Bio14 (the precipitation
of the driest month) and elevation were selected based on ecological criteria. In addition,
temperature extremes, especially minimum temperatures, may be of greater importance for
the distribution of species [27]. We performed a Principal Component Analysis (PCA) with
all variables at “current” conditions to determine the contribution of the selected layers to
the variability in the data. These five variables explain 95% of the variation in the data.

It is important to highlight that Rodríguez-Medina et al. [28] found that, over large
areas, the main characteristics of the distribution of mangrove ecosystems are determined by
climate and topography. For instance, Cavanaugh et al. [29] and Record et al. [21] noted that
low temperatures limit the distribution of mangrove species at higher latitudes. Likewise,
according to Osland [30], the main climatic factors controlling the limits of mangrove
presence in the western Gulf of Mexico and western North America are precipitation and
minimum temperature. In addition, it is important to consider extreme values rather than
just averages to understand mangrove range limits [30,31].

To obtain potential distribution models we used the R programming language package
MaxLike Library [32], which provides a likelihood-based approach to modeling species
distributions using presence only data. In addition, we used the libraries raster ver.
2.3–12 [33], rgdal ver. 0.9–1 [34], sp ver. 1.0–16 [35], and tcltk2 ver. 1.2–10 [36], in R
ver. 3.1.2 [37]. Finally, we used the tool Partial ROC of SDM Performance from NicheTool-
Box [38] (http://shiny.conabio.gob.mx:3838/nichetoolb2/ (accessed on 1 November 2023))
to evaluate a potential distribution model at current conditions. The parameters used to
evaluate the model were a proportion of omission of 0.05, a random points percentage
of 50% and a number of iterations for the bootstrap equal to 1000. Significance was as-
sessed by counting the number of bootstraps with AUC-ratio values < 1 [39]. To define
the presence/absence value at current and future conditions, the probability of presence
values were obtained by “extracting” the values of the potential distribution map at current
conditions with the coordinates of all of the presence records used in the generation of the
models (training and validation). According to Pearson et al. [40], the minimum probability
of presence value obtained with this procedure is called the Lowest Presence Threshold
(LPT), and ecologically interpreted as the identification of predicted pixels that are at least
as suitable as those in which the presence of the species has been recorded. This value,
the LPT, was used as a reference to define our presence/absence value in the potential
distribution maps.

Additionally, to perform the analyses presented in this paper, the potential distribution
models obtained were cut with the state boundary of Baja California Sur, and subsequently
with the boundary of the REBIVI Protected Natural Area.

Finally, to explain the differences in 2050 and 2070 in R. mangle distribution areas, the
values of the environmental variables used in the various projections for each scenario
(Ssp2 45 and Ssp5 85) and for each GCM were examined. First, each potential distribution
map was converted into points (one point per pixel). From these points, the values for tem-

http://shiny.conabio.gob.mx:3838/nichetoolb2/
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perature (Bio5 and Bio6) and precipitation (Bio13) were extracted from their corresponding
environmental datasets.

2.3. Carbon Sequestration Potential

The estimation of the carbon sequestration potential is based on the results of the
distribution model and rests on the following assumptions:

• Mangrove stock in 2050 and 2070: the current ratio between the total area of the
potential distribution of R. mangle in the state to the actual distribution area in the state
stays constant over time.

• The conditions for potential distribution of R. mangle are also adequate for other
mangrove species (A. germinans (L.) L. and L. racemosa (L.) C.F. Gaertn.) and co-exist
together in the same environmental conditions [29].

• Carbon sequestration: the current carbon stock per unit area of mangroves (tree plus
soil) in the Mexican North Pacific region (Mg C/ha) remains the same to 2050 and 2070.

Based on this, the 2050 and 2070 distribution areas were used to estimate the corre-
sponding total carbon stock for all projections. This was finally translated into potential
CO2 sequestered values considering the full oxidation of the organic carbon stored.

The process was implemented for every projection in the following way:

(1) Present ratio, r: r = Actual distribution area (current)
Potential distribution area (current)

(2) Expected mangrove area, E: E = r ∗ Potential distribution area ( f uture)
(3) Stored carbon, S: S = E ∗ Carbon stock per unit area reported in literature
(4) Carbon dioxide sequestration potential, CSP: CSP = S ∗ molar mass CO2

molar mass C

3. Results
3.1. Potential Distribution Maps

A cut-off value of 0.903 for the probability of presence for all maps was used to define
the presence and absence of the species. The evaluation of the map to current conditions
with the Roc-Parcial tool indicates that the model is adequate and statistically significant,
according to the repeat count with an AUC < 1 [39].

The current conditions map of R. mangle for Baja California Sur has an area of
15,192 km2, while almost all future projections show an increase in area ranging from
0.06% (ACCESS-CM2 SSP5-8.5 to 2050) to 56% (MPI-ESM1-2-HR SSP2-4.5 to 2070) com-
pared to the current conditions map. In the case of the projections to 2050, all have an
increase compared to the current potential distribution. But if we compare the projections
to 2050 and 2070, we can observe that only ACCESS-CM2 SSP2-4.5 and MPI-ESM1-2-HR
SSP2-4.5 increase their area to 2070, while the remaining projections decrease their potential
distribution (for more details see Table S1). Figure 2 below shows the expected evolution of
the projected surfaces to the year 2050 and 2070.

To facilitate the observation of the potential distribution maps, the different models
were overlaid with the corresponding scenario and projection to 2050 or 2070 (for more
details see Figure S1 and Table S2). On the other hand, all future projections for red
mangrove show a northward shift of the modeled environmental conditions that are
favorable to the species. The average latitudinal value at current conditions is 25.72 decimal
degrees, while the lowest average displacement is 25.83 decimal degrees with the MPI-
ESM1-2-HR SSP2-4.5 model at 2070 and the highest average displacement is 26.39 decimal
degrees with the ACCESS-CM2 SSP5-8.5 model at 2070.
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3.2. Carbon Sequestration Potential

As mentioned above, the present conditions for the distribution of R. mangle in Baja
California Sur are found in 15,192 km2 (1,519,200 ha). Considering that CONABIO [41]
reported an actual cover of mangroves in Baja California Sur of 25,511 ha for the year
2020, the actual mangrove cover ratio (r) equates to 0.0168 (1.68%) of the current potential
distribution area. This ratio will be used to estimate expected mangrove cover (E) for all
projections and subsequently calculate the potential carbon sequestration in REBIVI.

In this way, considering that the current potential distribution area for R. mangle in El
Vizcaíno Biosphere Reserve is 6543.74 km2 (Figure 3), and that North Pacific mangroves are
reported to store (Stock) 204.9 Mg of organic carbon per hectare [42], the current potential
total carbon stock (above and below ground) expected for the Reserve is 2,251,544 Mg. If
fully oxidized, this results in 8,255,663 Mg of CO2 currently potentially sequestered. Table 1
shows the potential distribution area and carbon sequestration potential of all projections
to 2050 and 2070.

Under these projections, all potential and expected areas as well as carbon stock values
and sequestered CO2 in REBIVI would increase by 2050 in comparison to current values.
However, these values undergo a decrease in four of the six projections to 2070. The largest
reduction is found in the ACCESS-CM2 SSP5-8.5 projection with a potential distribution
area 930 km2 smaller in 2070 than in 2050 (Figure 4). Figures 5–7 show the potential
distribution of R. mangle for the three General Circulation Models used.
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Table 1. Carbon potential sequestration Rhizophora mangle in El Vizcaíno Biosphere Reserve.

Projection Potential Distribution
Area (km2)

Expected Mangrove
Area (ha)

Carbon Stock
(Mg C)

Sequestered CO2
(Mg CO2)

Current 6544 10,989 2,251,544 8,255,663

ACCESS-CM2 SSP2-4.5 2050 9419 15,816 3,240,756 11,882,773

ACCESS-CM2 SSP2-4.5 2070 9619 16,153 3,309,702 12,135,575

ACCESS-CM2 SSP5-8.5 2050 8996 15,107 3,095,467 11,350,045

ACCESS-CM2 SSP5-8.5 2070 8067 13,546 2,775,593 10,177,174

EC-Earth3-Veg SSP2-4.5 2050 9948 16,704 3,422,738 12,550,040

EC-Earth3-Veg SSP2-4.5 2070 9479 15,917 3,261,470 11,958,722

EC-Earth3-Veg SSP5-8.5 2050 10,159 17,060 3,495,531 12,816,947

EC-Earth3-Veg SSP5-8.5 2070 9443 15,857 3,249,042 11,913,153

MPI-ESM1-2-HR SSP2-4.5 2050 10,238 17,193 3,522,754 12,916,765

MPI-ESM1-2-HR SSP2-4.5 2070 11,115 18,664 3,824,282 14,022,367

MPI-ESM1-2-HR SSP5-8.5 2050 10,431 17,516 3,589,037 13,159,802

MPI-ESM1-2-HR SSP5-8.5 2070 9873 16,579 3,396,994 12,455,646
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To investigate possible causes for the reduction in the potential distribution area from
2050 to 2070 in most of the projections, an analysis of bioclimatic values was performed
considering their values for all projections. The analysis found that only the bioclimatic
variable Bio5 (the maximum temperature of the warmest month) showed significant dif-
ferences between 2050 and 2070 projections for all GCMs. Possibly these Bio5 differences
caused a reduction in the area of suitable conditions for potential distribution from 2050
to 2070.
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Finally, we compared the maximum temperature values of the warmest month in the
potential distribution areas to 2050 (“projection 2050”) and the area in 2050 that no longer
had suitable conditions for the presence of the species in the projection to 2070 (“Lost
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2050”). In other words, we only compared the temperature values between the potential
distribution area in 2050 and the same area but in the 2070 projection (Figures 8–10).
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4. Discussion

Our results indicate that the potential future distribution of R. mangle could have
an increase in Baja California Sur to 2050, a reduction by 2070 compared to 2050 and a
possible shift in the modeled conditions that are favorable for the species towards the
north of the state. In the case of the potential distribution area of R. mangle in El Vizcaíno
Biosphere Reserve, the results show the same pattern as for the state: an increase in the
potential distribution for all projections to 2050. However, most of the projections to 2070
show a reduction in the potential distribution in comparison to their 2050 values. This
has a direct impact on the carbon sequestration potential in the region. Based on the
potential distribution models obtained, R. mangle (alongside other mangrove species in
the ecosystem) could potentially capture carbon in a range from 10,177,174 Mg CO2 up to
14,022,367 Mg CO2 in the year 2070.

The projected future potential distribution pattern in our results coincides with that
found by Record et al. [21] for the four species with current ranges limited to the Americas,
western and central Africa and the western Pacific islands: A. germinans, L. racemosa,
R. mangle and Rhizophora racemosa. The authors found that all four species could experience
losses in total suitable coastal habitat under the future climate scenario of the National
Center for Atmospheric Research’s (NCAR) CCSM3 Global Circulation Model A1b scenario
to 2080 compared to current climatic conditions.

In addition, they also found that the four species of mangrove already mentioned
could have a poleward shift under the future climate scenario compared to current cli-
matic conditions. Similarly, the results of Wang et al. [43] show that the northern edge
of the natural mangrove distribution in China could migrate to 2050 from 27.20◦ N to
27.39◦ N–28.15◦ N. In addition, they also find that the total extent of suitable mangrove
habitats would expand.

In the case of Cavanaugh et al. [44], their results indicate that mangroves are expanding
poleward along the east coast of North America. However, the observed expansion on the
eastern coast of Florida has been facilitated not by increases in mean temperature, but by
decreases in the frequency of discrete cold events. Likewise, Fazlioglu et al. [45], using
herbarium and human observation records, found that several mangrove species have
shifted latitudinally over a 70-year period from 1950 to 2019.

In a region close to our study, the results of López-Medellin et al. [46] in Bahía Mag-
dalena, Baja California Sur, found that during two decades of their study period, a signifi-
cant area of salt flats became colonized by new mangrove growth, and a narrow association
between vegetation types and flooding levels. In addition, the work of Hak et al. [47]
reported a 32% increase (7575 ha) in mangrove vegetation during the period from 1986 to
2001. They mention that the most significant increase in mangrove occurred with the black
mangrove-dominated stands which increased by 6056 hectares (105% increase) from 1986
to 2001. Much of this increase appeared to occur in the Magdalena Bay region.

It is clear that mangroves and many species are changing their location due to the
modification of the planet’s environmental conditions [48–51]. However, despite the fact
that climate change will negatively affect the planet’s biodiversity, it is also true that there
are areas of opportunity to “take advantage” of these changes in the climate. In the case
of our work, we are identifying sites where there are potential future conditions for the
presence of R. mangle and possible carbon sequestration as the vegetation develops.

To achieve this, a proper planning of reforestation activities in the medium and
long term must take place now, as it is projected that there are adequate environmental
conditions for the species to establish more easily. Placing seedlings of red mangrove and
other mangrove species in anticipation of possible changes in environmental conditions
would not only be helping to mitigate climate change, but would also be simultaneously
distributing new ecosystem services to the area. These ecosystem services could help
increase the adaptation of human communities as the vegetation develops, since mangroves
help support the conservation of biological diversity by providing habitats, spawning
grounds, nurseries and nutrients for a number of animals [3,52].
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As the sea level rises and the waves reach further inland, it could be possible to place
R. mangle seedlings in these new areas with suitable conditions since this species can survive
in sediments that are consistently inundated whereas L. racemosa and A. germinans can only
tolerate short periods of inundation followed by sediment exposure and drying [53,54].
Rising sea levels as a result of climate change mean that coasts are eroding at a fast rate and
storm surges are more likely to cause damaging coastal flooding. Natural coastal vegetation,
such as saltmarshes and mangrove swamps can, in the right places, stabilize the shoreline
and act as a buffer, absorbing the force of waves. On a natural coast, the shoreline will move
inland and as the sea level rises, the coastal vegetation will gradually move inland with
it [55]. However, in order to start planning these reforestations on a regional basis, several
inputs are needed, mainly future projections of sea level rise and the microtopography of
the land where the reforestations are to be carried out, since it is important to undertake
land preparation activities to improve the survival rate of the reforestations.

It is worth mentioning that the legal aspect is an important part of the conservation
and protection of vegetation in Mexico. One of the standards that most clearly specifies
the specifications for the care of wetlands and mangroves in coastal areas is NOM-022-
SEMARNAT-2003, which establishes the specifications for the preservation, sustainable use
and restoration of coastal wetlands, including mangrove areas (the agreement that adds
specification 4.43 D.O.F. 7 May 2004), published in the Official Gazette of the Federation on
April 10, 2003. Likewise, NOM 059 SEMARNAT-2010 is a Mexican Standard that has the
objective of listing the species or populations of wild flora and fauna at risk in our country
for their corresponding care and protection, by integrating the corresponding lists [56].

Additionally, the Mexican standard NMX-AA-120-SCFI-2016, Secretary of Economy
5/86, establishes the requirements and specifications of environmental quality, health,
safety and services for the sustainability of beaches in the following modalities: (1) recre-
ational use and (2) priorities for conservation. This Mexican standard applies to persons
and legal entities interested in evaluating the quality of beaches throughout the national
territory (Ibid).

The absence of specific legislation for coastal and marine zones in Mexico places these
fragile ecosystems, such as beaches, deltas, estuaries, tidal flats, tidal channels, coastal
dunes and mangroves, wetlands, seagrass beds, reefs and others, in a situation of legal
helplessness, favoring their continuous deterioration due to the poor management of the
territory and its natural resources.

Finally, although it has been easier to plan and carry out conservation activities in a
world with a stable climate until a few years ago [57], we need to start planning adaptation
measures to cope with climate change and reduce the negative effects as much as possible.
However, even though many climate change adaptation initiatives use climate-resilient
infrastructure, the importance of conserving ecosystems to cope with climate change has
been recognized in recent years. Ecosystems are important because they are a natural barrier
against extreme events and provide goods and services that improve people’s quality of
life [58]. The use of ecosystems to establish adaptation measures to climate change are
called Ecosystem-based Adaptation (EbA) strategies, which help to conserve, restore and
sustainably manage ecosystems and natural resources [59], providing services that allow
human populations to adapt to the impacts of climate change and climate variability [60].

5. Conclusions

Our results show that the environmental conditions that are suitable for the presence
of R. mangle, both in the state of Baja California Sur and in El Vizcaíno Biosphere Reserve,
will be modified in the future. The projected future potential distribution area is larger in
2050 compared to the projection under current conditions, but smaller in most projections
than the projected area in 2070. This has direct impacts on carbon sequestration potentials
in the region, which correspondingly increase by 2050 under all projections but that also
show subsequent reductions under most of the 2070 projections.
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These findings highlight the importance and urgency of acting now in order to take
advantage of future expected conditions. The restoration and reforestation (including
expansion) of mangrove vegetation in natural protected areas is an excellent option for
establishing climate change mitigation solutions that simultaneously work as adaptation
measures, strengthening these ecosystems and improving the livelihoods of local populations.

Mangrove species such as R. mangle can play an important role in climate change
mitigation and adaptation, for instance, as part of ecosystem-based strategies. However,
in order to realize this potential, the national legal and regulatory framework must be
strengthened if the protection and conservation of mangroves in the state of Baja California
Sur is to be successfully achieved.
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tion surface by GCMs overlapping.

Author Contributions: Conceptualization, I.E.-C. and A.I.; Methodology, I.E.-C., A.B. and A.I.;
Investigation, I.E.-C., A.B., R.S.C. and A.I.; Data curation, I.E.-C.; Writing—Original Draft Preparation,
I.E.-C. and A.I.; Writing—Review and Editing, I.E.-C., A.B., R.S.C. and A.I. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: These data were derived from the following resources available
in the public domain: National Biodiversity Information System, https://www.snib.mx/; Global
Biodiversity Information Facility, https://www.gbif.org/.

Acknowledgments: Israel Estrada thanks the National Council for the Humanities, Sciences and
Technology (CONAHCYT) for the scholarship for a Postdoctoral Stay. We thank the Marine Botany
Laboratory of the Autonomous University of Baja California Sur for the loan of computer equipment
for modeling the potential distribution of R. mangle.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Rzedowski, J. Vegetación de México; LIMUSA: Ciudad de México, Mexico, 1978.
2. Spalding, M.; Leal, M. (Eds.) The State of the World’s Mangroves 2021; Global Mangrove Alliance: Washington, DC, USA, 2021.
3. Food and agriculture Organization of the United Nations (FAO). The World’s Mangroves 1980–2005; FAO Forestry Paper 153; FAO:

Rome, Italy, 2007.
4. Millennium Ecosystem Assessment (MEA). Ecosystems and Human Well-being: Synthesis; Island Press: Washington, DC, USA, 2005.
5. United Nations Environmental Program (UNEP). Decades of Mangrove Forest Change: What Does It Mean to Nature, People and the

Climate; UNEP: Nairobi, Kenya, 2023.
6. Mazda, Y.; Magi, M.; Ikeda, Y.; Kurokawa, T.; Asano, T. Wave reduction in a mangrove forest dominated by Sonneratia sp. Wetl.

Ecol. Manag. 2006, 14, 365–378. [CrossRef]
7. Danielsen, F.; Sørensen, M.K.; Olwig, M.F.; Selvam, V.; Parish, F.; Burgess, N.D.; Hiraishi, T.; Karunagaran, V.M.; Rasmussen, M.S.;

Hansen, L.B.; et al. The Asian Tsunami: A Protective Role for Coastal Vegetation. Science 2005, 310, 643. [CrossRef] [PubMed]
8. Alongi, D.M. Carbon sequestration in mangrove forests. Carbon Manag. 2012, 3, 313–322. [CrossRef]
9. Ivanova, A.; Bermudez, A. Blue Carbon in Emissions Markets: Challenges and Opportunities for Mexico. In Towards an Emissions

Trading System in Mexico: Rationale, Design and Connections with the Global Climate Agenda; Lucatello, S., Ed.; Springer&GIZ:
Berlin/Heidelberg, Germany, 2022; pp. 265–284.

10. Velázquez-Salazar, S.; Rodríguez-Zúñiga, M.T.; Alcántara-Maya, J.A.; Villeda-Chávez, E.; Valderrama-Landeros, L.; Troche-Souza,
C.; Vázquez-Balderas, B.; Pérez-Espinosa, I.; Cruz-López, M.I.; Ressl, R.; et al. Manglares de México. Actualización y análisis de los
datos 2020; Comisión Nacional para el Conocimiento y Uso de la Biodiversidad; CDMX: Mexico City, México, 2021; p. 168.

11. Hutchison, J.; Manica, A.; Swetnam, R.; Balmford, A.; Spalding, M. Predicting Global Patterns in Mangrove Forest Biomass.
Conserv. Lett. 2014, 7, 233–240. [CrossRef]

12. SEMARNAT (Secretaria del Medio ambiente y Recursos Naturales & Comisión Nacional de Áreas Naturales Protegidas).
Understanding the Blue Carbon; SEMARNAT: Mexico City, Mexico, 2018; p. 40.

https://www.mdpi.com/article/10.3390/d16110660/s1
https://www.mdpi.com/article/10.3390/d16110660/s1
https://www.snib.mx/
https://www.gbif.org/
https://doi.org/10.1007/s11273-005-5388-0
https://doi.org/10.1126/science.1118387
https://www.ncbi.nlm.nih.gov/pubmed/16254180
https://doi.org/10.4155/cmt.12.20
https://doi.org/10.1111/conl.12060


Diversity 2024, 16, 660 14 of 15

13. Instituto Nacional de Ecología—Secretaria de Medio Ambiente, Recursos Naturales y Pesca (INE-SEMARNAP). Programa de
manejo Reserva de la Biosfera El Vizcaíno; INE-SEMARNAP: Mexico City, México, 2000; p. 243.

14. Alongi, D.M. The impact of climate change on mangrove forests. Curr. Clim. Chang. Rep. 2015, 1, 30–39. [CrossRef]
15. Simard, S.; Fatoyinbo, L.; Smetanka, C.; Rivera-Monroy, V.H.; Castañeda-Moya, E.; Thomas, N.; Stocken, T. Mangrove canopy

height globally related to precipitation, temperature and cyclone frequency. Nat. Geosci. 2019, 12, 40–45. [CrossRef]
16. Goldberg, L.; Lagomasino, D.; Thomas, N.; Fatoyoinbo, T. Global declines in human-driven mangrove loss. Glob. Chang. Biol.

2020, 26, 5844–5855. [CrossRef]
17. National Commission of Protected Natural Areas and United Nations Development Program (CONANP & PNUD). In Executive

Summary of the Climate Change Adaptation Program of the El Vizcaíno Biosphere Reserve, 1st ed.; CONANP & PNUD: Mexico City,
Mexico, 2020; p. 28. Available online: https://www.gob.mx/cms/uploads/attachment/file/579937/PACC_El_Vizcaino.pdf
(accessed on 30 July 2024).

18. Ivanova, A. Adaptación al cambio climático en la reserva de la Biósfera El Vizcaíno. Acciones para mejorar el bienestar de los habitantes y
conservar la naturaleza; Universidad Autónoma de Baja California Sur: La Paz, Mexico, 2022; p. 335.

19. Pearson, R.G.; Dawson, T.P. Predicting the impacts of climate change on the distribution of species: Are bioclimate envelope
models useful? Glob. Ecol. Biogeogr. 2003, 12, 361–371. [CrossRef]

20. Peterson, A.T.; Martínez-Meyer, E.; González-Salazar, C.; Hall, P.W. Modeled climate change effects on distributions of Canadian
butterfly species. Can. J. Zool. 2004, 82, 851–858. [CrossRef]

21. Record, S.; Charney, N.D.; Zakaria, R.M.; Ellison, A.M. Projecting global mangrove species and community distributions under
climate change. Ecosphere 2013, 4, 34. [CrossRef]

22. Fick, S.E.; Hijmans, R.J. WorldClim 2: New 1km spatial resolution climate surfaces for global land areas. Int. J. Climatol. 2017, 37,
4302–4315. [CrossRef]

23. Almazroui, M.; Islam, M.N.; Saeed, F.; Saeed, S.; Ismail, M.; Ehsan, M.A.; Diallo, I.; O’Brien, E.; Ashfaq, M.; Martínez-Castro, D.;
et al. Projected Changes in Temperature and Precipitation Over the United States, Central America, and the Caribbean in CMIP6
GCMs. Earth Syst. Environ. 2021, 5, 1–24. [CrossRef]

24. Dormann, C.F.; Elith, J.; Bacher, S.; Buchmann, C.; Carl, G.; Carré, G.; García, J.R.; Gruber, B.; Lafourcade, B.; Leitão, P.J.; et al.
Collinearity: A review of methods to deal with it and a simulation study evaluating their performance. Ecography 2013, 36, 27–46.
[CrossRef]

25. Moreno-Amat, E.; Mateo, R.G.; Nieto-Lugilde, D.; Morueta-Holme, N.; Svenning, J.C.; García-Amorena, I. Impact of model
complexity on cross-temporal transferability in Maxent species distribution models: An assessment using paleobotanical data.
Ecol. Model. 2015, 312, 308–317. [CrossRef]

26. Petitpierre, B.; Broennimann, O.; Kueffer, C.; Daehler, C.; Guisan, A. Selecting predictors to maximize the transferability of species
distribution models: Lessons from cross-continental plant invasions. Glob. Ecol. Biogeogr. 2017, 26, 275–287. [CrossRef]

27. Gómez-Pompa, A. Ecología de la Vegetación del Estado de Veracruz; CECSA: Villahermosa, México, 1977; p. 91.
28. Rodríguez-Medina, K.; Yañez-Arenas, C.; Peterson, A.T.; Euán Ávila, J.; Herrera-Silveira, J. Evaluating the capacity of species

distribution modeling to predict the geographic distribution of the mangrove community in Mexico. PLoS ONE 2020, 15, e0237701.
[CrossRef]

29. Cavanaugh, K.C.; Parker, J.D.; Cook-Patton, S.C.; Feller, I.C.; Williams, A.P.; Kellner, J.R. Integrating physiological threshold
experiments with climate modeling to project mangrove species’ range expansion. Glob. Chang. Biol. 2015, 21, 1928–1938.
[CrossRef]

30. Osland, M.J.; Feher, L.C.; Griffith, K.T.; Cavanaugh, K.C.; Enwright, N.M.; Day, R.H.; Stagg, C.L.; Krauss, K.W.; Howard, R.J.;
Grace, J.B.; et al. Climatic controls on the global distribution, abundance, and species richness of mangrove forests. Ecol. Monogr.
2016, 87, 341–359. [CrossRef]

31. Yáñez-Arancibia, A.; Twilley, R.R.; Lara, A.L. Los ecosistemas de manglar frente al cambio climático global. Madera Y Bosques
1998, 4, 3–19. [CrossRef]

32. Royle, J.A.; Chandler, R.B.; Yackulic, C.; Nichols, J.D. Likelihood analysis of species occurrence probability from presence-only
data for modelling species distributions. Methods Ecol. Evol. 2012, 3, 545–554. [CrossRef]

33. Hijmans, R.J.; Van Etten, J.; Cheng, J.; Mattiuzzi, M.; Sumner, M.; Greenberg, J.A. Raster: Geographic Data Analysis and Modeling.
R Package Version, 3. 2019. Available online: https://CRAN.R-project.org/package=raster (accessed on 12 May 2023).

34. Bivand, R.; Keitt, T.; Rowlingson, B. Rgdal: Bindings for the ‘Geospatial’ Data Abstraction Library. R Package Version 1.5-18. 2020.
Available online: https://rdrr.io/cran/rgdal/ (accessed on 12 May 2023).

35. Pebesma, E.J.; Bivand, R.S. S classes and methods for spatial data: The sp package. R News 2005, 5, 9–13.
36. Grosjean, P.H. SciViews: A GUI API for R 2019. UMONS. Available online: http://www.sciviews.org/SciViews-R (accessed on

12 May 2023).
37. Core Team R. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing. 2014. Available

online: http://www.Rproject.org/ (accessed on 12 May 2023).
38. Osorio-Olvera, L.; Lira-Noriega, A.; Soberón, J.; Peterson, A.T.; Falconi, M.; Contreras-Díaz, R.G.; Martínez-Meyer, E.; Barve, V.;

Barve, N. ntbox: An R package with graphical user interface for modeling and evaluating multidimensional ecological niches.
Methods Ecol. Evol. 2020, 11, 1199–1206. [CrossRef]

https://doi.org/10.1007/s40641-015-0002-x
https://doi.org/10.1038/s41561-018-0279-1
https://doi.org/10.1111/gcb.15275
https://www.gob.mx/cms/uploads/attachment/file/579937/PACC_El_Vizcaino.pdf
https://doi.org/10.1046/j.1466-822X.2003.00042.x
https://doi.org/10.1139/z04-064
https://doi.org/10.1890/ES12-00296.1
https://doi.org/10.1002/joc.5086
https://doi.org/10.1007/s41748-021-00199-5
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1016/j.ecolmodel.2015.05.035
https://doi.org/10.1111/geb.12530
https://doi.org/10.1371/journal.pone.0237701
https://doi.org/10.1111/gcb.12843
https://doi.org/10.1002/ecm.1248
https://doi.org/10.21829/myb.1998.421356
https://doi.org/10.1111/j.2041-210X.2011.00182.x
https://CRAN.R-project.org/package=raster
https://rdrr.io/cran/rgdal/
http://www.sciviews.org/SciViews-R
http://www.Rproject.org/
https://doi.org/10.1111/2041-210X.13452


Diversity 2024, 16, 660 15 of 15

39. Peterson, A.T.; Papes, M.; Soberón, J. Rethinking receiver operating characteristic analysis applications in ecological niche
modeling. Ecol. Model. 2008, 213, 63–72. [CrossRef]

40. Pearson, R.G.; Raxworthy, C.; Nakamura, M.; Peterson, A.T. Predicting species’ distributions from small numbers of occurrence
records: A test case using cryptic geckos in Madagascar. J. Biogeogr. 2007, 34, 102–117. [CrossRef]

41. National Commission for the Knowledge and Use of Biodiversity (CONABIO). Extensión y Distribución de Manglares; Comisión
Nacional para el Conocimiento y Uso de la Biodiversidad (CONABIO). 2022. Available online: https://www.biodiversidad.gob.
mx/monitoreo/smmm/extensionDist (accessed on 21 August 2024).

42. Herrera-Silveira, J.A.; Pech-Cardenas, M.A.; Morales-Ojeda, S.M.; Cinco-Castro, S.; Camacho-Rico, A.; Caamal Sosa, J.P.; Mendoza-
Martinez, J.E.; Pech-Poot, E.Y.; Montero, J.; Teutli-Hernandez, C. Blue carbon of Mexico, carbon stocks and fluxes: A systematic
review. PeerJ 2020, 8, e8790. [CrossRef]

43. Wang, Y.; Dong, P.; Hu, W.; Chen, G.; Zhang, D.; Chen, B.; Lei, G. Modeling the Climate Suitability of Northernmost Mangroves
in China under Climate Change Scenarios. Forests 2022, 13, 64. [CrossRef]

44. Cavanaugh, K.C.; Kellner, J.R.; Forde, A.J.; Gruner, D.S.; Parker, J.D.; Rodriguez, W.; Feller, I.C. Poleward expansion of mangroves
is a threshold response to decreased frequency of extreme cold events. Proc. Natl. Acad. Sci. USA 2014, 111, 723–727. [CrossRef]

45. Fazlioglu, F.; Wan, J.S.H.; Chen, L. Latitudinal shifts in mangrove species worldwide: Evidence from historical occurrence records.
Hydrobiologia 2020, 847, 4111–4123. [CrossRef]

46. López-Medellin, X.; Ezcurra, E.; González-Abraham, C.; Hak, J.; Santiago, L.S.; Sickman, J.O. Oceanographic anomalies and
sea-level rise drive mangroves inland in the Pacific coast of Mexico. J. Veget. Sci. 2011, 22, 143–151. [CrossRef]

47. Hak, J.; López-Medellín, X.; Beltrán, J.M.; Josse, C.; Stein, B.; White, R. Changes in Mangrove Habitat in Baja California Sur from 1986
to 2001; Natureserve: Arlington, TX, USA, 2008.

48. Keely, A.E.; Goulden, M.L. Rapid shifts in plant distribution with recent climate change. Proc. Natl. Acad. Sci. USA 2008, 105,
11823–11826. [CrossRef]

49. Lenoir, J.; Gégout, J.C.; Marquet, P.A.; de Ruffray, P.; Brisse, H. A significant upward shift in plant species optimum elevation
during the 20th century. Science 2008, 320, 1768–1771. [CrossRef] [PubMed]

50. Feeley, K.J.; Silman, M.R.; Bush, M.B.; Farfan, W.; Cabrera, K.G.; Malhi, Y.; Meir, P.; Salinas-Revilla, N.; Quisiyupanqui, M.N.R.;
Saatchi, S. Upslope migration of Andean trees. J. Biogeogr. 2011, 38, 783–791. [CrossRef]

51. Fei, S.; Desprez, J.M.; Potter, K.M.; Jo, I.; Knott, J.A.; Oswalt, C.M. Divergence of species responses to climate change. Sci. Adv.
2017, 3, e1603055. [CrossRef] [PubMed]

52. Aburto-Oropeza, O.; Ezcurra, E.; Danemann, G.; Valdez, V.; Murray, J.; Sala, E. Mangroves in the Gulf of California increase
fishery yields. Proc. Natl. Acad. Sci. USA 2008, 105, 10456–10459. [CrossRef]

53. Ning, Z.H.; Turner, R.E.; Doyle, T.; Abdollahi, K.K. Integrated Assessment of the Climate Change Impacts on the Gulf Coast Region;
GCRCC and LSU Graphic Services: Baton Rouge, LA, USA, 2003; p. 236.

54. Coldren, G.A.; Langley, J.A.; Feller, I.C.; Chapman, S.K. Warming accelerates mangrove expansion and surface elevation gain in a
subtropical wetland. J. Ecol. 2018, 107, 79–90. [CrossRef]

55. Pörtner, H.-O.; Roberts, D.C.; Tignor, M.; Poloczanska, E.S.; Mintenbeck, K.; Alegría, A.; Craig, M.; Langsdorf, S.; Löschke, S.;
Möller, V.; et al. (Eds.) IPCC, 2022: Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK; New York,
NY, USA, 2022; p. 3056. [CrossRef]

56. Serrano, R. Legal Diagnosis of Coastal Zones: Design for Its Reform and Updating (A Study of Comparative Law); Autonomous University
of Baja California Sur: La Paz, Mexico, 2018.

57. Ausden, M. Climate change adaptation: Putting principles into practice. Environ. Manag. 2014, 54, 685–698. [CrossRef]
58. Comisión Económica para América Latina y el Caribe (CEPAL). El Cambio Climático y Sus Efectos en la Biodiversidad en América

Latina; CEPAL-Unión Europea: Naciones Unidas, Santiago, 2015; p. 84.
59. Gesellschaft für Internationale Zusammenarbeit (GIZ). Adaptación basada en los Ecosistemas (AbE). Un nuevo enfoque para

promover soluciones naturales para la adaptación al cambio climático en diferentes sectores. Medio Ambiente Y Cambio Climático
2012, 1–2. Available online: https://www.giz.de/expertise/downloads/giz2013-es-adaptacion-basada-en-los-ecosistemas.pdf
(accessed on 12 May 2023).

60. Convention on Biological Diversity (CBD). Connecting Biodiversity and Climate Change Mitigation and Adaptation: Report of the
Second Ad Hoc Technical Expert Group on Biodiversity and Climate Change; Technical Series No. 41; Secretariat of the Convention on
Biological Diversity: Montreal, QC, Canada, 2009; p. 126.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ecolmodel.2007.11.008
https://doi.org/10.1111/j.1365-2699.2006.01594.x
https://www.biodiversidad.gob.mx/monitoreo/smmm/extensionDist
https://www.biodiversidad.gob.mx/monitoreo/smmm/extensionDist
https://doi.org/10.7717/peerj.8790
https://doi.org/10.3390/f13010064
https://doi.org/10.1073/pnas.1315800111
https://doi.org/10.1007/s10750-020-04403-x
https://doi.org/10.1111/j.1654-1103.2010.01232.x
https://doi.org/10.1073/pnas.0802891105
https://doi.org/10.1126/science.1156831
https://www.ncbi.nlm.nih.gov/pubmed/18583610
https://doi.org/10.1111/j.1365-2699.2010.02444.x
https://doi.org/10.1126/sciadv.1603055
https://www.ncbi.nlm.nih.gov/pubmed/28560343
https://doi.org/10.1073/pnas.0804601105
https://doi.org/10.1111/1365-2745.13049
https://doi.org/10.1017/9781009325844
https://doi.org/10.1007/s00267-013-0217-3
https://www.giz.de/expertise/downloads/giz2013-es-adaptacion-basada-en-los-ecosistemas.pdf

	Introduction 
	Materials and Methods 
	Study Area 
	Potential Distribution Maps 
	Carbon Sequestration Potential 

	Results 
	Potential Distribution Maps 
	Carbon Sequestration Potential 

	Discussion 
	Conclusions 
	References

