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Abstract. In the present study is propose a methodological approach to simulate the
resistance pattern of the mangrove to sea-level rise, using spatially explicit modeling based
on cellular automata; the proposed model is called the BR-MANGROVE. The simulation
considers 88 events of elevation from 0.011 to 0.97 m according an arithmetic progression of
reason 0.011 m for the time interval from 2012 to 2100. The case study area is the Maranhdo
Island — Brazil, which contains extensive mangrove area, and is densely occupied. The results
presented demonstrated that mangrove had 13 resistance patterns, where the first was
characterized by an elevation range from 0.01 to 0.13 m for the period 2013-2024. In this
interval, the mangrove area remained approximately constant, with values of the order of
17,711 ha for the total area, and 16,916 ha of remaining area, which corresponds to 4.49%
(795 ha) of expansion. After the first resistance pattern, mangrove showed 12 subsequent
patterns of resistance and decline of area until the finish of the simulation. The results
obtained through the BR-MANGROVE suggest that modeling experiments can be used to
promote a better understanding of patterns of the mangrove responses to potential events of
sea-level rise, especially in areas of complex use.
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1. INTRODUCTION

The process of anthropogenic warming of the climate system initiated
since the pre-industrial is unequivocal (IPCC 2007). One typical effect of this process is the
phenomenon of sea level rise.

According to the fourth assessment report of the Intergovernmental Panel on Climate
Change (AR4-IPCC), the estimated total rise in sea level during the twentieth century ranged
between 0.12 m to 0.22 m by the last decade of XXI century (2090-2100), and projections
indicate that sea level can oscillate from 0.26 m to 0.59 m. More recent estimates indicate that
the average rise in sea level can reach up to Im by 2100 (Lowe ef al. 2009).

Among the anticipated effects of climate change, sea level rise is the primary factor
for the modifications in mangrove environments (Field 1995; Lovelock & Ellison 2007). In
response to the impacts of the sea level rise, the mangrove ecosystem can suffers profound
modifications, such as decreasing or increasing the area of the ecosystem, migration, loss of
biological diversity, and changes in supplying environmental goods and services (McLeod &
Salm 2006; Gilman et al.2008). However, studies in this regard are still lacking and
inconclusive (Alongi 2008).

The mangrove is an environment of transition between the sea and the continent, this
ecosystem plays a vital role in conserving biodiversity and buffering disturbance in coastal
regions (Luo et al. 2010). For the goods and services offered by mangroves, it is estimate
annual values ranging from US$ 200,000,000 to US$ 900,000,000 per km?* (Well et al. 2006).

The distribution of mangroves in Brazilian territory spreads from Brazilian border
with French Guiana, just above the line of Ecuador (04°30'N), until the state of Santa
Catarina (28° 30' S) (Schaeffer-Novelli et al. 2000). The largest continuous mangrove area of
the planet is in the Brazilian Amazon, with length of approximately 8,900 km? (Kjerfv et al.
2002). Brazil has 13,000 km? of mangroves, being the second country in mangrove area
(Spalding, Kainuma & Collins 2011).

Understand the dynamics of the impacts of climate change on mangroves in Brazil,
especially the sea level rise, is a great challenge. Understanding how these impacts and other
anthropic amendments may contribute to depreciation of the environmental quality in the
mangrove and in its capacity to produce goods and services to coastal zone is fundamental for
both the scientific knowledge and the population that depends on mangroves (Faroco,
Andriguetto-Filho & Lana 2010).

This paper proposes the use of computational modeling approach based on cellular
automata to simulate the impacts of sea level rise over mangrove areas. We propose a
conceptual model, integrating land cover types, the sea level dynamics, and the biophysical
conditions, implemented in a spatially explicit model. The model simulated the effects of sea
level rise over Maranhdo Island, state of Maranhdo, Brazil, where mangroves and
anthropogenic activities dominate the landscape and interact over the environmental quality
of the mangrove.
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As computational models can be used as an additional tool to understand and simulate
impacts over natural environments, our work aims to contribute for further strategies for
mitigation and adaptation of the effects of climate change on mangroves, especially for those
adjacent to urban areas.

1.1 Conceptual Model

In the conceptual model proposed, we considerate that the sea level rise and the land
cover in adjacent areas may cause various impacts to mangrove as indicated by specific
literature (Alongi 2007; Scavia et al. 2002; Gilman et al. 2008), namely: augmentation of
water column, displacement of the area over tidal influence, mangrove inundation and the
process mangrove migration to continent. Figure 3 shows the general conceptual model that
structures the proposed model. This general framework can support further extensions, as any
of these components can became as complex as any theoretical subjacent assumptions or
modeling structures would be created.

Land Cover
Sea Level Rise
Antropic Barriers
DEM
| / Natural

e Vegetation
Tide Variation
Water Colum Environmental Restriction

Soil Types

Figure 1 Diagram demonstrating the general conceptual model proposed to simulate the impacts of sea
level rise over mangrove areas.

In the Sea Level Rise module, the value of the water column in relation the
topography of adjacent areas (indicated by the Digital Elevation Model - DEM) is used as
reference for the process of inundation of the mangrove areas; we consider that this is a
negative impact, since the inundation may reduce the area of the mangrove and yet affect its
ability to provide goods and services to the coastal zone, since it may lead to decrease in the
area of the ecosystem.

The tide height defines the area over tidal influence (Miranda et al. 2002), region
where the mangrove may colonize, with the sea level rise the over tidal influence is displaced,
favoring the migration of mangroves as indicated by the literature (Ellison 1993;
Schaeffer-Novelli Y.; Cintron-Molero & Soares 2002; Gilman et al. 2008). We consider that
this phenomenon can be considerate a positive impact because promote the expansion of
mangrove areas.
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In the Land Cover module, each land cover type can be considered either anthropic
barrier or prone to be converted to mangrove area. The process of migration can be rendered
impossible due the presence of anthropic and natural barriers (Soares 2009; Faroco,
Andriguetto-Filho & Lana 2010). Here, anthropic barriers are represented by areas where the
native vegetation was removed and converted to impervious surfaces as result of human
activities. Natural barriers are indicated for regions that are out of reach of the area over tidal
influence, beaches and locals that have unsuitable soil for colonization of mangrove.

In the environmental restrictions module, only soil type is considered for our modeling
approach. Mangroves grow on substrates with high content of silt and clay, with strong tidal
influence, the presence of high levels of salts and generally in conditions very close to anoxia
(McLeod & Salm 2006; Spalding, Kainuma & Collins 2011). In general, specific soil type, as
indiscriminate mangroves soils, holds ideal conditions for colonization by mangrove typical
vegetation, and other soils (dystrophic yellow medium texture and podzolic red-yellow
concretionary) are considered as barriers to occupation of the mangrove.

For an specific area, the interaction from sea level rise over the terrain, the land cover
pattern and environmental constrains will determine the conditions for mangrove persistence,
migration or retraction, leading to different impacts over its goods and services provisions,
which are considered at the Mangrove dynamic module.

2. METHODOLOGY
2.1 The Modeling Environment

The modeling process was implemented using Simulation and Modeling of Terrestrial
System-terraME (see http://www.terrame.org/doku.php), a toolbox for spatially explicit
modeling integrated with geospatial databases. It provides a programming environment for
spatial dynamical modeling, supporting cellular automata, agent-based models, and network
models running in 2 D cellular spaces (Carneiro et al. 2013). We used Lua, an open-source
interpreted language with extensible semantics to implement the model source code at
TerraME.

The model of the present study is based in the cellular automata computational model.
A cellular automata is idealized as a logical system, which has as the basic unit the concept of
cell. Each cell has a neighborhood of cells and a discrete state that may vary during the
simulation according to its transition rules (Wolfram 1983).

2.2 Test Site

Sdo Luis Island, also known as Maranhdo Island (Figure 2) is an archipelago with
more than 50 islands of various sizes and origins, located on the northern coast of Maranhado
estate, in the Brazilian Amazon between 2° 24 10”S and 2° 46" 37”’S, and 44° 24" 30”W and
43° 59" 43”W . The coastline is deeply indented, with approximately 626 km of perimeter,
along which the mangrove ecosystem, is present in about 90%, occupying 146,49 km?
(Rebelo-Mochel 2003b). Another striking feature of the Maranhdo Island is the presence of
macromareal that can vary from 6 to 7 m (Ferreira 1988).
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Figure 2 Study area: Maranhdo Island in the Brazilian Amazon, state of the Maranhio (MA)

The topography at Maranhao Island is gently undulating, with altitudes up to 60
meters (Pereira & Zane 2007). It favors severe saltwater intrusion in rivers and form extensive

estuarine areas (Silva Junior et al. 2007).

The dynamics of the local marine intrusion influences the pedology of the study site,
which is composed by three main soil classes (Figure 3): indiscriminate mangrove soils,
yellow dystrophic medium texture soil, and red-yellow concretionary podzolic (UEMA 2000;

EMBRAPA 2002).

The indiscriminate mangroves soils are very poorly drained, with high salinity from
seawater and sulfur compounds, which occur in sedimentary areas low that, are frequently
flooded; where the organic matter accumulates on the coast. Because of that, indiscriminate
mangrove soils hold ideal conditions for colonization by typical mangrove vegetation (UEMA
2000; EMBRAPA 2002; Rebelo-Mochel 2003b).
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Figure 3 Altimetric and pedological characteristics of the Island Maranhao. (A) - Digital Elevation Model
(DEM) for Maranhao Island obtained from SRTM data. Source: Brazil in relief/ EMBRAPA (Miranda
2005). (B) — Pedological map. Source: EMBRAPA (2002).

2.3 Geographical Database and Cell States

For the simulation procedure, a geographical database was organized in a cellular
space using TerraView 4.2.0 geographical information system (INPE, 2011). A cellular space
containing 94,704 cells divided the study site in regular partitions of 1 ha of area
(100 x 100 m). Each cell has a unique state and a set of attributes that defines this state at a
certain time. During the simulation procedures, the states and attributes of every cell can
change according to the transition rules.

The land cover classes that characterized the initial state of the cells are: mangroves,
estuarine water, anthropic areas, terrestrial vegetation and beach. These classes correspond to
a land cover mapping for 2011, produced from visual interpretation of ETM/Landsat5 images
and on previous official mangrove mapping from the Brazilian Institute of Environment and
Natural Resources (IBAMA) for 2008.

Soil classes, altimetry and tide height values constituted the attributes of each cell. The
most frequent soil type at each cell was identified from the official soil mapping by the
Brazilian Agricultural Research Corporation (EMBRAPA 2002). The minimum value of the
altitude data was computed for the cellular space from the digital elevation model (DEM)
based on Shuttle Radar Topography Mission (SRTM) images (Miranda 2005). The tide height
in the study area is on average 6 m, as indicated by Ferreira (1988) and validated by tide data
from the oceanographic database of Brazilian Navy (see site:
http://www.mar.mil.br/dhn/chm/tabuas/).
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2.4 Model Behavior

In order to run a model experiment from the conceptual model, a set of rules, or
logical constraints, guides the behavior of the cell condition and transitions. The initial
condition, defined by the mangrove and other land cover classes (cell estates) changes
according to the process of sea level rise based on the following rules.

A) The process of sea level rise: we assume a scenario of sea level of 1 m, distributed as an
arithmetic progression of reason 0.1 (“i”) over 10 intermediate inundation steps (the scenarios
of sea level rise), as demonstrated in the equation (1):

(1) Sea Level = wc + (inundation step * i)
Where: "Sea Level” is value of the sea level rise at "inundation step”;

"Inundation step" corresponds the dynamic of elevation of the water column. We consider
that each inundation step is equivalent the one year;

"we" is the value of water column (in meters) at current step in each cell classified as
estuarine water,

"

i" 1s a constant related to the sea level rise increment, given by the amount of sea level rise
(which is 1 m) divided by the number of steps until the end of the simulation, therefore "i"
value is 0.1m/inundation step.

The flux of water between cells is directed of the cells classified as sea (estuarine
water) towards neighboring cells that have the altitude less than the sea level rise, as presented
in equation (2):

(2) Flux = Sea Level / neighboring cells, were:

“Flux” is the inundation which occurs between cells;

"Sea Level" is value of the sea level rise at "step”;
“Neighboring cells”, cells not classified as estuarine water.

B) Areas over Tidal Influence (ATI)

¢ Areas over tidal influence (ATI) are determined by the tide height that is given by the
difference between the maximum tidal value (high tide) and the minimum tidal value
(low tide) according to Miranda et al. (2002);

¢ [Initially, the ATI value is 6 m, as indicated by Ferreira (1988) and validated by tide data
from the oceanographic database of Brazilian Navy. As the sea level rises, the value of
ATI is updated by adding of the sea level increment.

C) Land cover dynamic: to define the land cover changes and the persistence or migration of
mangrove areas the following rules are proposed:
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a. Mangrove only exists in areas submitted to tidal influence, as indicated by Field
(1995) and Spalding, Kainuma & Collins (2011);

b. At every inundation step of sea level rise, mangrove area may migrate to adjacent cells
since natural or anthropogenic barriers are not presents on areas over tidal influence.
In this case, cells classified as terrestrial vegetation will be considered mangrove, this
process provides an increasing in the mangrove area;

c. Anthropogenic barriers correspond to the cells classified as anthropic areas. Natural
barriers correspond to cells which the altimetry attribute is higher than the ATI, or the
soil attribute 1s different than the indiscriminate mangrove soil, or the cell land cover
is equal to beach;

d. The inundation of mangroves occurs when the height of the water column is greater
than or equal to the altimetry of adjacent cells classified as mangrove. In this case,
cells classified as mangrove will be considered estuarine water, this process provides
an decrease in the mangrove area;

e. Cells containing other land cover classes: anthropic areas, beaches, and terrestrial
vegetation, can also be suppressed by the rising of the sea level. When the height of
the water column is greater than (or equal to) the altitude of adjacent cells of the
specific class cells, the cell will be then considered estuarine water.

3. RESULTS AND DISCUSSION

The model code was implemented in language Lua and it will be available on the site
of the terraME (simulation platform free) shortly after the publication of the paper.

For the test site, the model simulated the sea level rise within 10 time steps, with
additional values according to arithmetic progression from 0.1 tol m. At each time step we
computed the variation of the total mangrove area, the inundated mangrove area (loss area)
and the migration of mangrove area (gain area).

From the initial total mangrove area at Maranhao Island was 17,387 ha (Figure 4), the
results of the simulation evidenced that mangrove responded to sea level rise of up to 0.3 m
with increment of area of the order of approximately 977 to 11,173 ha (5.62 to 6.37 %,
respectively). The largest rate of increase was observed to sea level rise of 0.3 m, where the
mangrove reached a total area of 18,560 ha.

These simulation results were consistent with the scientific literature, indicating
mangrove areas positive variation according to sea rise levels, also depicting potential areas of
mangrove increase as the salt water increasingly penetrates in rivers and estuaries (Lacerda,
Menezes & Molisani 2007; Alongi 2008). Franca ef al. (2012) investigating the impacts of sea
level rise and climate change on the Brazilian Amazon coastal during the late Holocene
confirmed that the sea level rise is the most likely factor that may cause the expansion of
mangroves.
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Figure 4 Total mangrove area (ha) according to sea level rise (m) simulated for Maranhao Island, Brazil,
by the proposed model.

The results presents in the Figure 4 also demonstrated loss of mangrove areas to rising
sea values above 0.4 m, this fact may indicates the complexity of the response pattern of the
mangrove ecosystem to sea level rise, once the mangrove areas also can be lost (Ellison,
1993). The rate of loss mangrove area was of 8.25%, talking in consideration the biggest
simulated mangrove area (18.560 ha) in relation to lowest value of mangrove area predicted
by the model (17.028 ha).

Of all the climate change outcomes, relative sea level rise may be the greatest threat to
mangrove; this ecosystem has been used as a tool for assessing of the sea level rise (Walters
et al. 2008). However, the mangrove responses to sea level rise depends on factors such as
topography, tidal range, land cover in adjacent areas, coastal dynamics and the mean rate of
sea level rise (Mcleod & Salm 2006; Lovelock & Ellison 2007).

Through the proposed model, we simulated processes of migration and loss of the
mangrove area (Figure 5). The process of mangrove migration showed an increase of about
1,327 ha in the inundation step 1 (0.1 m of elevation), in the events subsequent of elevation,
the migration of mangrove areas was decreasing, its values ranged from 222 to 6 ha, the
extent that the sea level rise reaches the maximum value (1 m).

The simulate data demonstrated that the process mangrove area loss remained
approximately constant (in average 119 ha) up to 0.3 m of sea level rise, however, for
amounts over 0.4 m, the loss of mangrove areas had a continuous increase during the
simulation of sea level rise with values that ranging from 679 to 957 ha.
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Figure S Mangrove migration and loss (ha) according to sea level rise (m) simulated for Maranhao Island
(Brazil) by the proposed model.

The data simulate demonstrated that for values of elevation above 0.2 m, there was
reduction of the process of migration of the mangrove area, this fact may indicate the
influence of the forms of human occupation and others natural barriers.

The process migration and colonization of new mangrove areas may be limited by
human occupation and for natural barriers in adjacent areas (Scavia et al. 2002; Soares, 2009;
Faroco, Andriguetto-Filho & Lana, 2010). Figure 6 shows the original spatial distribution of
the mangrove (Figure 6a) and after the simulation (Figure 6b), with respectively 0 and 1 m of
sea level rise.

[ Mangrove
[0 Anthropic area
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Figure 6 Land cover classes and the spatial distribution of the mangrove areas at Maranhao Island: a)
original 2011 mapping before of the simulation (0 m of sea level); b) final land cover distribution after
simulating 1 m of sea level rise.

As expected, mangrove migrated to areas under little influence of human activities, as
observed for the northeast and west parts of Maranhao Island (Figure 6). In the southeast part
of the island, the topography and the presence anthropic areas, limited the mangrove
migration.

In the urban centers, modeling simulations can be helpful for the previous
identification of mangrove areas sensibility to the impacts of sea level rise merged with the
influence of anthropic areas and natural barriers that can minimize the adaptive capacity of
the mangrove (Cahoon et al. 2006). The use of computational models can help understand the
response pattern of the mangroves to climate change (Doyle, 2003).

4. FINAL REMARKS

In the conceptual model propose, we consider the elements: sea level rise, areas over
tidal influence, the mangrove, presence of barriers anthropic and natural, types of soils and
topography. In subsequent studies, the model may be increased by elements that can describe
alterations in the hydro period in estuarine environment, in the response pattern per
mangrove’s species to sea level rise, among others.

The implementation of the model was made in a simulation platform free and with
open code; this may facilitate the occurrence of criticism and suggestions about the research
present.

The proposed model showed simulation results consistent with the literature focused
on the impacts of the level rise on mangroves. From the simulation results, we observed that
the mangrove is favored by sea level rise of up to 0.3 m, once the mangrove had increasing in
its area, with positive effects for goods and services provided by the mangrove ecosystem;
however, the mangrove response to values from 0.4 to 1m of elevation showed inverse
pattern. This fact demonstrates the complexity of the response pattern of mangrove ecosystem
to sea level rise.

To characterize and quantify the importance of mangrove for climate change is
necessary to analyze the impacts, not only concerning the response in area (increase or
reduction), but also in the spatial distribution of mangrove and its capacity to provide goods
and services to coastal zone. Different adjacent land cover can act as barriers to expansion of
the mangroves, and therefore must be included in the analysis, especially those from human
activity. Population demands over mangroves should also be considered for further analysis.

Modeling and simulation exercises can provide useful information to support the
proposition of mitigation measures in decision-making instruments for the coastal zone, such
as the coastal zoning, and the ecological-economic zoning. In this context, spatial explicit
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models based on cellular automata can be used to identify in advance areas with different
degrees of sensibility, which would allow the formulation of strategies based on local
specificities of the region under analysis.
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