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Foreword

An international symposium on the biology and management of mangrove ecosys-
tems (Walsh et al. 1975) took place at the East-West Center in Honolulu Hawaii
between October 8 and 11, 1974. Mangrove experts from all over the world and in
different stages of their professional careers were present at this symposium. As I
listened to the comprehensive presentation on mangrove biogeography of
V.J. Chapman, I had no idea of how important this meeting would turn out to be
from the historical perspective of the study of mangrove wetlands. Chapman’s pre-
sentation was based on his soon-to-be published encyclopedic work on mangrove
vegetation (Chapman 1976), which culminated decades of research on mangroves
from a natural history perspective. The proceedings of the meeting also included a
memorial for William Macnae, the South African zoologist who passed away in
1975 and was known for his comprehensive research in the fauna and flora of the
Indo-West Pacific mangrove forests (Macnae 1968). At the time of the Hawaii meet-
ing, Sam Snedaker and I had completed a review that highlighted the application of
ecosystem science to mangrove ecology (Lugo and Snedaker 1974). Cintrén et al.
(1978) applied this systems perspective to mangrove zonation in arid environments
and anticipated the importance of hurricanes to long-term processes in mangrove
forests. Later, I tried to capture the ecosystem-level and ecophysiological challenges
of mangrove zonation in relation to their successional status (Lugo 1980). Also
present in Hawaii was B. J. Thom, who since the 1960s had been interpreting man-
grove ecology in relation to geomorphological settings (Thom 1975). His work
explicitly related mangrove ecosystem function to regional fluvial and geomorpho-
logical processes. The focus on mangrove research after Hawaii was clearly expand-
ing to regional landscapes and long-term processes. The dissertations of W. Odum
(1971) and E. Heald (1971) at the University of Miami had the same effect of
expanding mangrove research to ecosystems and communities as close or as far as
the detritus from mangroves could be traced.

Today, almost 50 years after the Hawaii meeting, mangrove research activity, the
technology available for conducting mangrove research and social interest in man-
grove environments has exploded. Ernesto Medina, Cathleen McGinley, and I
recently reviewed some of the ecosystem-level and ecophysiological advances in
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mangrove research as well as some of the policy measures that best apply to man-
grove ecosystems under Anthropocene conditions (Lugo et al. 2014, see also
reviews in Lugo 2002 and Lugo and Medina 2014). Mangroves were in the past a
scientific curiosity for their capacity to grow in seawater, but today, they are at the
center of the global conservation discussion. This global attention is not due to any
discovery unknown in the 1970s, or to any new functional characteristics of man-
groves. What has changed is public perception of mangroves coupled to the advent
of the Anthropocene, which places mangrove forests at the interface between built
infrastructure, raising sea levels, and human needs.

Mangrove ecosystem research has evolved significantly since the Hawaii meet-
ing, and there is so much new information available, hence the need for a new syn-
thesis of the many studies that are dispersed in the scientific literature. Recent books
about this ecosystem focus on its global area and distribution (Spalding et al. 2010),
energetics (Alongi 2009), silviculture (FAO 1994, Saenger 2002), and the ecology
of regional mangroves (Yafiez-Arancibia and A. L. Lara-Dominguez 1999, Clough
1982). A comprehensive global synthesis is lacking, one that places mangroves in
the context of the Anthropocene that new research tools allow us to assess. Such a
synthesis would represent another step in the progression of mangrove research
from natural history, to ecosystem level, to a landscape context, to ecophysiological
detail, and now the global and biogeochemical levels. The publication of this book
might represent that historic moment when mangrove research takes a turn toward
greater insight and comprehension by exploring new scales of complexity (both
biotic and abiotic). Only time will tell. The title Mangrove Ecosystems: A Global
Biogeographic Perspective certainly fits the bill; it cranks up the global focus.

After the Introduction, Chap. 2 by N.C. Duke is titled Revisiting Mangrove
Floristics and Biogeography. This chapter is one of those works that instantly
become a classic of the mangrove literature due to their in-depth, rich, and authori-
tative content. The chapter is organized around ten generalized factors that mostly
influence the biogeography of mangroves. Each mangrove taxon gets individual
attention, and its evolutionary history is displayed, as are maps of the distribution of
all the mangrove tree species in the world. In Chap. 3, Biodiversity of Mangroves,
by Lee et al., we learn that the total species richness supported by mangrove ecosys-
tems is two orders of magnitude greater than the number of mangrove tree species.
In Chap. 2, it was reported that in the mangrove hotspot of the Indo-West Pacific, 54
mangrove tree species correspond to 500 coral and 5000 fish species. I was amused
by the statement in Chap. 3 that research in mangroves is hindered by a large num-
ber of dangerous or disturbing wildlife that can bite and kill; they were referring to
biting insects, crocodiles, tigers, and so on, which can make mangrove research an
action adventure when combined with tidal bores, muddy terrain, and dense prop
roots! But of greater concern to scientists is that the majority of entries in the group-
by-group biodiversity tables in this book chapter are “ND,” or no data.

Chapter 4, Spatial Ecology of Mangrove Forests: A Remote Sensing Perspective,
by Lucas et al. reviews examples of remote sensing applications to mangrove forests
worldwide. Authors advocate for the development of mangrove-dedicated remote
sensing approaches and present superb images of mangrove landscapes.
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Chapter 5, Productivity and Carbon Dynamics in Mangroves, by Twilley et al. is
a comprehensive global review of carbon fluxes and storages in mangrove environ-
ments. The review is authoritative and summarizes a large data set. I was surprised
to find that other book chapters make independent estimates of carbon fluxes rather
than using those in Chap. 5. Chapter 6, Biogeochemical Cycles: Global Approaches
and Perspectives, by Kristensen et al. focuses mostly on Australia and North
America, where these kinds of data are collected. It also provides a superb level of
detail on the sediments, a mangrove compartment that is usually treated as a black
box in most mangrove studies. My favorite image of this review is the three-
dimensional view of mangroves, which includes the atmosphere, lithosphere, and
biosphere. I expect that this approach to mangroves will be instrumental to the
future understanding of these ecosystems. Such an approach will require attention
to ecosystem interfaces, especially with sediments, an interface between the hydro-
sphere and lithosphere. Interface work will in turn require studies at smaller molec-
ular and microbial scales. These smaller scales are as challenging as the global scale
and together form the basis of future mangrove research and understanding.

Chapter 7, Climate Change, by Jennerjahn et al. includes all expected anthropo-
genic effects on mangrove environments, but excludes the formation of novel man-
grove forests as a result of global dispersal of mangrove species. The authors expect
a reduction of mangrove services as a result of climate change and identify gaps in
ecophysiological understanding relative to conditions in the Anthropocene.
Chapter 8, Mangroves and People: Local Ecosystem Services in a Changing
Climate, by Huxham et al. explains how mangrove carbon stored in the wood of an
untouched forest is a desirable future for the global community, while for the local
communities, the desirable future is burning that wood to satisfy their energy and
cooking needs. This is the old dilemma between preservation and human needs, one
that was debated when the conservation focus was on moist and dry forests and their
use for fuelwood by needy people. This chapter is important for mangrove conser-
vation because it underscores the usually neglected social-ecological issues, and it
is also independent of other book chapters in relation to anthropogenic effects and
future scenarios of climate change.

The social-ecological focus of Chap. 9 is stronger than in Chap. 8. In Chap. 9,
Anthropogenic Drivers of Mangrove Loss: Geographic Patterns and Implications
for Livelihoods, Chowdhury et al. use regional case studies to illustrate mangrove-
dependent subsistence and poverty traps and relate conservation problems to
large-scale use of mangroves by such industries as the global shrimp trade.
Chapters. 8, 9, and 11, when dealing with problems of mangrove uses, do not
address management solutions that have been documented for mangroves as possi-
ble mitigation avenues (below). It appears that the gap between academic study and
active management remains open in mangroves.

In Chap. 10, Mangrove Forest Restoration and Rehabilitation, Lopez-Portillo
et al. review the experience in 90 sites around the world where mangrove restora-
tions were attempted. My colleague Jack Ewel once said that restoration is the ulti-
mate test for ecological understanding, and judging by the lack of success with
mangrove restorations, our understanding of mangrove ecology must be limited.
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Alternatively, restoration projects might be ignoring what we know about man-
groves, which is why a significant portion of Chap. 10 addresses critical ecological
theory and operational processes required for assuring successful mangrove restora-
tion projects. To the recommendations in this chapter, I would add the need to elimi-
nate normative thinking and terminology from this literature (i.e., “damage,”
“impact,” “deteriorated,” “better,” “improved,” “integrity,” “alien,” “exotic,” etc.),
which introduces bias to the evaluation of ecological conditions and ignores direc-
tional change and adaptability to prevailing environmental conditions.

Chapter 11, Mangrove Macroecology, by Rivera-Monroy et al. promotes macro-
ecology as the approach to use to answer large-scale questions in the future. Ideally,
macroecology will encompass all aspects of traditional ecological research: ecol-
ogy, biogeography, paleontology, landscape ecology, and macroevolution. The fact
that only two studies on macroecology of mangroves are available suggests that the
future is wide open for this approach. Further research will determine the desirabil-
ity and effectiveness of this approach.

This book was written at a time when the effects and consequences of the
Anthropocene on mangrove ecosystems remain uncertain. The authors of this book
are generally pessimistic about the future of mangrove forests, probably because
they mostly focus on the areas where mangroves are in retreat. The knowledge that
mangrove forests are expanding their territory (mentioned briefly in the book) does
not alleviate the pessimism; it increases as authors also worry about the losing eco-
systems, i.e., salt marshes or some other coastal community. The book focus is
academic (except for Chap. 10) and the integration of the science recorded here with
the management of mangrove stands, which has been partially captured by the FAO
(1994) and Saenger (2002), is still open for synthesis.

A mangrove paradox is the apparent simplicity of the mangrove forest implicit in
the single tree species monoculture zones nicely arrayed over the landscape, when
in fact mangrove forests are very complex systems when viewed in three dimen-
sions and temporal succession along endless gradients operating from the microscale
of redox potentials in sediments to global latitudinal scales delimited by frequency
of frost and strength of wave action on the appropriate substrates. As this book dem-
onstrates, there are still many hurdles and unanswered questions before we can
comfortably say that we understand mangrove ecosystems, and the leap into the
global aspects of mangrove functioning further stretches the limits of our imagina-
tion. This book, however, points the way, much like how the Hawaii meeting led us
into ecosystem level research. One of the lessons from the Hawaii meeting is that
once the scientific engine is pointed and cranked, there is no turning back, nor limits
to the insights to be gained.

9

USDA Forest Service International Institute of Tropical Forestry ~ Ariel E. Lugo,
Rio Piedras, PR, USA
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Chapter 1
Introduction

Victor H. Rivera-Monroy, Shing Yip Lee, Erik Kristensen,
and Robert R. Twilley

1.1 Relevance: A Short Story

Nine years ago, Bouillon et al. (2008) published a review paper where they analyzed
the most recent data and information to improve previous estimates of global carbon
budgets for mangrove wetlands proposed in the early 1990s and 2000s (Twilley
et al. 1992; Jennerjahn and Ittekkot 2002; Duarte et al. 2005). Their objective was
underscored by the increasing interest in assessing the ecological role of coastal
wetlands as either carbon sinks (i.e., “blue carbon’) and/or sources in the context of
climate change, one of the most critical environmental issues of our time (Hopkinson
et al. 2012). Bouillon et al. (2008) identified a major “missing” carbon flux when
reconciling global mangrove primary productivity with major carbon sinks that
included organic carbon export, sediment burial, and mineralization (Fig. 1.1).
Interestingly, this “missing” flux represented >50% of the carbon fixed by man-
grove wetlands and was equivalent to 30-40% of the estimated global riverine
organic carbon input into the coastal zone (Bouillon et al. 2008) (Fig. 1.1). Based on
these findings, the authors proposed several mechanisms that potentially could
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POC = Particulate Organic Carbon *) = ne error estimate
DOC = Dissplved Organic Carbon

Fig. 1.1 Comparative analysis of published estimates of the fate of Net Primary Production (NPP)
in mangrove wetlands showing the “missing” or unaccounted carbon flux (112 + 85 Tg C y'!)
(Modified from Bouillon et al. 2008)

explain this discrepancy and “missing” component in the global budget, including
net export of dissolved carbon into adjacent estuaries and coastal oceans. The quan-
tification and understanding of these proposed mechanisms launched a number of
research efforts in several coastal regions in the following years (e. g., Miyajima
et al. 2009; Alongi et al. 2012; Breithaupt et al. 2012; Maher et al. 2013; Mukherjee
et al. 2013; Alongi and Mukhopadhyay 2015; Stewart et al. 2015; Sippo et al. 2016;
Ho et al. 2017).

In addition to the scientific relevance of the proposed research questions identi-
fied by Bouillon et al. (2008), their study also represented a valuable collaborative
work among researchers from different countries and institutions from the new and
old world. This collaboration was initially conceived in discussions during an inter-
national conference on mangrove ecosystems in Brisbane, Australia in 2006
(Mangrove Macrobenthos and Management meeting—MMM?2). Thus, the issues
and hypotheses discussed in the MMM?2 meeting provided the template for the
preparation of a proposal as response to a call by the Australian Research Council
(ARC) in 2008. Recognizing the significance of comparative mangrove ecological
studies at the global scale, a proposal to the ARC was submitted (“Mangrove
Biodiversity and Ecosystem Services—A Global Assessment”) by a number of
authors who are now contributing to this book.

Although the proposal was not funded, the momentum in preparing the proposal
helped to further identify knowledge gaps within carbon cycling in mangrove
dominated-ecosystems and the need to advance a research agenda in different fronts,
particularly in mangrove biogeochemistry and biodiversity assessment and conser-
vation. This effort resulted not only in the preparation of the paper mentioned ear-
lier, but also the consolidation of previous collaborations among researchers. One
lesson learned from this interaction was the tremendous value of inter- and transdis-
ciplinary studies to tackle mangrove ecological research questions at spatial scales
relevant for the conservation and management of mangrove wetlands. Yet, another
outcome, was the recognition of a major problem hindering the advance of man-
grove socio-ecological research in the last two decades: the lack of funding, not
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only for global cross-comparative studies, but also at the country level, especially in
subtropical and tropical countries with coastal regions having proportionally most
of the total mangrove area (range: 83,495-137,760 km?) (i.e., Asia: 42%; Africa:
20%, North and Central America: 15%; Oceania:12%: South America 11%)
(Fig. 1.2; Giri et al. 2011; Hamilton and Casey 2016).

To our knowledge, no global, landscape level mangrove wetland research initia-
tives are presently funded by governments. Thus, most of the recent work at this
scale, to address some of the most pressing problems in mangrove degradation and
area loss, is merely the result of the collective effort of researchers coordinated by
nongovernment organizations (NGOs) (e.g., International Union for the Conservation
of Nature’s (IUCN) Global Species Programme/Mangrove Specialist Group (MSG);
Friessetal. 2016) and presented at scientific meetings (e.g., Mangrove Macrobenthos
and Management meetings; such as the MMM3 (2012) in Sri Lanka and ITUCN
MSG symposia in Southeast Asia, and more recently in North America (MMM4,
2016, St Augustine, Florida USA)). Yet, most of these organizations and venues are
basically considered a powerful platform for exchange of actions and research
directions given the lack of own funding sources. Indeed, significant efforts are
needed to orchestrate mechanisms to finance and support long-term studies in stra-
tegic regions around the world to warrant the continuity of studies at different spa-
tial scales and geographical regions. This approach is needed not only to address
local issues and develop an ecological theory on mangrove ecosystems, but also to
develop applicable strategies at the regional and continental scale. Potentially, the
outcome of such initiatives could be modeled at the continental level, for example
by the US Long Term Ecological Research (LTER) Network (Kratz et al. 2003) and
National Ecological Observatory Network (NEON) program in the USA (Keller
et al. 2008). However, it is evident that these large-scale initiatives are expensive
and require considerable organization efforts and time before they can be imple-
mented (Hampton et al. 2013; Utz et al. 2013).

It is paradoxical that countries readily recognizing the social and economic value
of mangrove wetlands, particularly those with a significant mangrove area (Fig. 1.2.),
still suffer mangrove wetland degradation and loss; along with other closely inter-
connected coastal systems (i.e., seagrasses, coral reefs, marshes). One explanation
to this current paradox is highlighted by the low percentage (~7%) of mangrove area
currently classified as protected reserves (Giri et al. 2011; Hamilton and Casey
2016). Since the publication of the first global economic assessment of the value of
mangrove wetlands (including tidal wetlands; US$ 1648 x 10%) (Costanza et al.
1997), a number of studies have attempted to refine and update this figure in a vari-
ety of management contexts and methods (Costanza et al. 2014; Barbier 2016) to
emphasize the economic importance of mangroves in the global economy. The
attempts to refine and improve the significance of this economic value include not
only the most visible and well-recognized mangrove ecosystem services around the
world, e.g., fisheries and wood harvest (Twilley et al. 1998; Ronnback 1999), but
also other services such as carbon sequestration, storm protection, and maintenance
of water quality (Lee et al. 2014). Because these mangrove ecosystem services are
well recognized, it is common to read in many mangrove papers published since the
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1980s, a long list of such services to strength and underscore the paper’s importance
and contribution. Yet, despite this qualitative listing, we still lack a comparative and
comprehensive quantitative global assessment of the economic value of these
ecosystems in the context of local and regional economies, especially in developing
countries (e.g., McNally et al. 2011; Barbier 2016).

One of the issues to consider in the advancement of the global and regional eco-
nomic valuation of mangrove ecosystem services, as well as the applicability of
current proposed values, is the significant difference in ecosystem structure and
function among various types of mangrove wetlands (sensu Lugo and Snedaker
1978) that thrive in diverse eco-geomorphic settings from subtropical to tropical
latitudes (Fig. 1.2.). Actually, these biophysical attributes of mangrove ecosystems
significantly influence, not only the quality of each ecosystem service, but also their
quantity and availability in the long term (Ewel et al. 1998). Recent findings suggest
that mangrove ecosystem threats and functioning, and thus their capacity for eco-
system services, differ between biogeographic regions and socioeconomic settings
(Lovelock and McAllister 2013; Lee et al. 2014; Lovelock et al. 2014). Moreover,
even down to the local level, differences in threats and drivers necessitate manage-
ment considerations for specific coastal ecosystems and associated ecotypes
(Rivera-Monroy et al. 2004; Jerath et al. 2016).

Another issue in the valuation of ecosystem services is the diverse socioeco-
nomic context within which each country is embedded and how this affects deci-
sions about what are the best strategies in managing its coastal resources, including
mangrove wetlands. This is a major problem especially when considering the diver-
sity of local drivers controlling mangrove deforestation in distinct coastal regions
such as in East Africa, Central America, or Australia (Hamilton and Casey 2016).
Certainly, there are numerous studies documenting the relative role of urban, agri-
cultural, aquacultural, and infrastructure development in current mangrove loss
rates, and their degree of impact on these rates (Walters et al. 2008). Yet, from an
economic perspective, countries have opted for these development priorities, know-
ingly or unknowingly, of the major ecological (i.e., land use/change, total loss, pol-
lution) and socially detrimental implications (e.g., poverty and economic inequality)
(Bonifaz and Parks 1993; Rivera-Monroy et al. 2006). These negative outcomes are
trade-offs between economic development and ecosystem conservation represented
by the assessment of direct use (e.g., timber) and existence values (e.g., preserving
biodiversity). The selected values include major challenges since, for example,
maintenance of the present status is difficult to value. Furthermore, direct use values
may not be priced adequately in current markets since in most cases, they often
benefit social sectors beyond those who provide and pay for them (Frank and
Schlenker 2016). Indeed, the lack of economic incentives to encourage mangrove
wetland preservation (e.g., establishment of national parks or marine reserves) and
the lack of accepted operational metrics to value carbon storage in wetlands are
good overall examples of these daunting challenges (e.g., Jerath et al. 2016); even
when carbon sequestration has become one of the more notable ecosystem services
over the last decade or two in the context of climate change (Alongi 2011; Donato
et al. 2011).



6 V.H. Rivera-Monroy et al.

One of the major issues we currently need to address in mangrove ecological
research is the causes (qualitative and quantitative) that drive current mismanage-
ment and degradation of mangrove wetlands; one of the most productive and
valuable coastal ecosystems in the world. This is a complex task, and we need to
consider the complex interactions between social and ecological systems, including
an evaluation of “state of the art” mangrove ecosystem science. We contend that
adaptive science-based management (Berkes et al. 2000; Armitage et al. 2009;
Granek et al. 2010) should be a major basis for protection, conservation, restoration,
and management of mangrove wetlands in this century, especially under the uncer-
tainty of future climate change scenarios. Thus, it is paramount to pause and evalu-
ate what we know and need to know to improve our understanding of how mangrove
wetlands function, and how this functionality and societal needs can be translated
into sound management plans under various socioeconomic settings across the
globe. We consider this book such a pause—an exercise in the analysis of our cur-
rent knowledge of mangrove-dominated ecosystems that aims to provide a new
research agenda for this century and that explicitly addresses current mangrove area
loss risks and vulnerabilities.

1.2 Approach: Integration and Ecosystem Services

Just as in the case of the missing carbon sink mentioned earlier, we hope this book
contributes to the consolidation of current and future interdisciplinary and transdis-
ciplinary initiatives among researchers and countries with major stakes in mangrove
conservation. A number of recent books on mangrove ecosystems are devoted to
selected aspects of mangrove ecosystems. For example, the updated version of the
World Mangroves Atlas (Spalding et al. 2011) provides a detailed analysis of global
mangrove spatial distribution and regional forest extent. Similarly, The Energetics
of Mangrove Forests (Alongi 2009) has a strong focus on material flow within and
between different compartments of the mangrove ecosystem. Coastal Wetlands: An
Integrated Ecosystem Approach by Perillo et al. (2009) deals with biophysical
aspects of all coastal wetland types, with some coverage of the biogeographic or
socioeconomic perspectives of mangrove ecosystems. Twilley and Day (2013) pres-
ent a general overview of the ecology of mangroves in the second edition of
Estuarine Ecology (Day et al. 2013).

This book complements these contributions and advances other research priori-
ties aiming to (1) provide a scholarly and authoritative analysis of mangrove eco-
logical processes, covering data at the local, biogeographic, and global scales with
an emphasis on regions and countries holding the largest mangrove resources; (2)
integrate ecological and socioeconomic perspectives on mangrove function and
management using a system level hierarchical analysis framework; and (3) explore
the nexus between mangrove ecology and the capacity for ecosystem services, with
an emphasis on thresholds, multiple stressors, and local conditions that determine
this capacity. The book is organized in eleven chapters, each addressing various
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aspects of mangrove ecology central to the delivery of ecosystem services. We
aimed for a comparative approach, thus the book was prepared with the collabora-
tion of a team of authors with research experience in five regions: the Neotropics,
Africa, Middle East, Southeast Asia, and Australia (Fig. 1.2.). These regions encom-
pass the major biogeographic (Atlantic East Pacific: AEP; Indo West Pacific: IWP)
and socio-economic settings of mangrove distribution. Another major objective was
to compile a comprehensive reference for managers and researchers dealing with
the multifaceted and complex issues concerning local, regional, and global manage-
ment of mangrove resources.

Chapter 2 by Duke (2017) sets the stage to help understand the current and past
mangrove wetland distribution with a wide-ranging analysis of mangrove biodiver-
sity patterns and evolution based on ancestral biogeography and existing floristics.
This chapter discusses why mangrove plants manage to occur where they do by
analyzing the key factors limiting their distribution. Duke also analyzes how each of
those factors has changed during the evolution of the 80 species, within 18 family
lineages and hybrids currently recognized. One of the major contributions of this
chapter is the explanation of how mangrove distributional patterns are closely
related to each genotype under a historical perspective. The author concludes by
offering a novel hypothesis where geophysical occurrences over the last 100 million
years are considered the major force in how mangrove species have dispersed,
diversified, and evolved following common phylogenetic pathways.

Although plant species diversity is low in mangrove wetlands, as analyzed by
Duke (2017, Chap. 2), when compared to other ecosystems (e.g., coral reefs, tropi-
cal rain forests), Lee et al. (2017, Chap. 3) addresses the high diversity of other
organisms including decomposers, detritivores, and consumers that support key
mangrove ecosystem services. The authors underscore the broad levels of key func-
tional and structural biodiversity components of mangrove ecosystems in relation to
major species assemblages such as macrobenthic invertebrates and finfish that con-
tribute to key ecological processes. Lee et al. also perform a biodiversity compari-
son of selected assemblages associated with the two main biogeographic regions
(i.e., IWP and AEP). Interestingly, the authors suggest higher species richness of
finfish in the AEP systems when compared to the IWP region, even when consider-
ing latitudinal differences. This pattern seems to be the case in other biodiversity
components as well, although further data and information is needed. The authors
conclude that if this difference between regions is confirmed when more data is
available, it may have implications for species assemblage function and, therefore,
the ecosystem services they can provide. Additionally, this chapter contributes to
the elucidation of the relationship between diversity and ecosystem function. It
underscores how conservation and management of mangrove biodiversity require
efforts at various levels of sociopolitical organization and the need for developing
and implementing legal and economic instruments.

Lucas et al. (2017, Chap. 4) discuss the state-of-the-art tools needed to under-
stand and evaluate mangrove spatial distribution and the consequences of historical
and future natural and anthropogenic impacts in mangrove wetlands. The authors
examine how the range of remote sensing data and its calibration (ground, airborne,
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and space borne instrumentation) has been used to describe the multiple dimensions
of mangrove forests by focusing primarily on spatial scales, temporal frequencies,
spectral responses, and three-dimensional state. They also explain how remote
sensing data have been used to describe the structural complexity of mangrove envi-
ronments, especially their connectivity with other habitats across a range of scales.
Finally, the authors discuss strategies on how to use remote sensing data in long-
term mangrove management and conservation programs. The benefits of this appli-
cation in mangrove characterization, mapping, and monitoring programs is
highlighted in specific study cases using instruments such as radar, lidar, and optical
sensors from a wide range of locations, including in Australia, Southeast Asia, and
Central America.

One of the ecosystem functional properties attracting increasing interest in
research initiatives is the large-scale spatial assessment of net primary productivity
(NPP). As mentioned earlier, remote sensing tools have since the 1970s been critical
to determine not only the global mangrove wetland distribution (Giri et al. 2011;
Kuenzer et al. 2011; Hamilton and Casey 2016), but also to estimate above man-
grove biomass (e.g., Simard et al. 2006; Simard et al. 2008; Montesano et al. 2013).
Since mangrove NPP is closely associated with structural variables such as bio-
mass, the assessment of NPP is now a major research priority, particularly in the
context of carbon cycling (i.e., blue carbon) and climate change (carbon uptake).
Twilley et al. (2017, Chap. 5) evaluate mangrove NPP and carbon dynamics as
related to the potential to sequester atmospheric carbon in above- and below-ground
biomass and in the soil. The authors assess both NPP and carbon across different
coastal environmental settings and emphasize global patterns of these ecosystem
processes by comparing the AEP and IWP biogeographic regions. They also point
out that the relative contribution of below-ground allocation into soil carbon storage
and wood production to total NPP in mangrove wetlands have significant implica-
tions for the net carbon exchange balance. Twilley et al. provide examples of net
carbon exchange to help determine the relative role of mangrove ecosystems in the
global carbon budget and addressing the need for a better understanding of biomass
allocation in these mangrove forests. This contribution advances our current under-
standing of the carbon cycling (Bouillon et al. 2008; Rivera-Monroy et al. 2013;
Alongi 2014) and underscores the lack of comprehensive data in different geomor-
phic settings to determine how the fate of carbon export may influence net carbon
exchange in the coastal zone. One major recommendation from this work is the
need to obtain more information on how natural (i.e., tropical cyclones) and human
disturbances (e.g., deforestation) controlling wetland recovery trajectories, may
influence carbon flux in the coastal zone. This is a key component for determining
the spatiotemporal role of mangrove wetlands as carbon sinks and sources. Indeed,
these driver regimes are known as major sources of uncertainty in identifying the
magnitude of carbon exchange between mangrove wetlands and both the atmo-
sphere and adjacent estuarine/coastal waters (Alongi 2014).

Analogous to the approach by Twilley et al. (2017, Chap. 5), Kristensen et al.
(2017, Chap. 6) also reviews the current understanding of the carbon cycling, but
they also discuss the critical role of other elements (e.g., nitrogen, phosphorus, sul-
fur, iron, manganese) controlling NPP in mangrove ecosystems. In this chapter, the
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authors identify potential sources of variation in biogeochemical processes across
different locations and analyze current advances in evaluating transformations of
carbon and other elements in the context of mangrove conservation and manage-
ment priorities. Their main objective was to identify knowledge gaps and research
priorities across biogeographic regions and latitudes. One significant contribution
of this review is the assessment of ecosystem services provided by mangrove wet-
lands through their biogeochemical functions, including: climate change mitigation,
flood regulation, and water purification. The authors underline significant differ-
ences in mangrove functionality among regions that are difficult to explain from the
current data availability. However, it is evident that this variation within and among
mangrove forests depends on the hydrological regime, type of mangrove ecotype
and local geomorphology. In fact, the spatial heterogeneity of redox processes
caused by burrows and roots in mangrove sediments (i.e., oxygen pumping) is much
more complex and variable in intertidal mangrove environments than in adjacent
coastal and oceanic settings. The waterlogged and anoxic mangrove sediments pro-
mote slow decomposition, and the authors make the case that this allows significant
carbon sequestration and long-term organic carbon accumulation in the sediments.
Hence, mangrove wetlands have a strong climate change mitigation function that
needs to be considered in coastal management plans. Therefore, the authors empha-
size the need to translate current knowledge about the complexity of mangrove bio-
geochemistry (i.e., supporting ecosystem services) into robust and applicable
performance measures in management programs including mangrove restoration
and rehabilitation programs.

Indeed, climate change is one of the critical environmental issues of our time,
and mangrove ecosystems are considered major players in ameliorating excess car-
bon in the atmosphere (Chaps. 5 and 6). However, mangrove responses can follow
different trajectories depending on their location and environmental signature.
Jennerjahn et al. (2017, Chap. 7) evaluate the response of mangrove ecosystems to
possible outcomes of climate change, with regard to a set of categories including (1)
distribution, diversity, and community composition; (2) physiology of flora and
fauna; (3) water budget; (4) productivity and remineralization; (5) carbon storage in
biomass and sediments; and (6) the filter function for elements beneficial or harmful
to life. Based on this assessment, the authors identify regions most vulnerable to
climate change. The four most important factors determining the response of man-
grove ecosystems to climate change are sea level rise, an increase in frequency and/
or intensity of storms, increases in temperature, and aridity. Jennerjahn et al. explain
that although these changes may be beneficial for some mangrove forests at latitu-
dinal distribution limits, they threaten forest structure and functions related to eco-
system services in most cases. The authors discuss the interaction of climate change
with human interventions and how ecosystem services can be impacted. Based on
this information, adaptation and management strategies are proposed. They also list
a set of knowledge gaps that include, among others, the lack of information on the
physiological response of mangrove plants and animals, especially on the response
to interacting multistressors, and the need to increase public and decision makers
awareness about the value of mangrove ecosystem services that contribute to
decreasing the risk in mangrove loss as related to climate change.
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Chapters 8 and 9 discuss socioeconomic interactions in the context of the whole
socio-ecological system. One of the major issues in evaluating system interactions
is the negative feedback between the availability of mangrove ecosystem services
and the range of anthropogenic drivers promoting mangroves loss. Huxham et al.
(2017, Chap. 8) reviews the multiple relationships among a variety of ecosystem
services (e.g., provision of fuel, timber, fodder, crustacean, finfish, and shoreline
protection services) with global patterns in biodiversity and poverty. The authors
correlate higher floral and faunal diversity with a greater range of species exploited
for fuel, timber, crustaceans, and coastal protection in the IWP region, compared
with the AEP region. One finding from this analysis is that although poverty is a
strong predictor for reliance on some local services (e.g., fuel wood), it is not
related, for example, to finfish harvest or use. The association indicates that local
people may be “liberated” from reliance on some services by increased income, but
use other ecosystem services to generate this income. As underscored by other
chapters, the vulnerability of these services to climate change depends on local
geomorphological, biological, and social factors. In fact, forests with good supplies
of sediment and fresh water, and fauna with relatively simple life-cycles will prob-
ably be more resilient to those threats. Huxham et al. point out that greater wealth
(or investment) may permit people to shift from fishing natural populations to aqua-
culture and to show flexibility in the face of changing or reduced service provision.
The authors conclude that economic development may increase local resilience to
environmental change, but does not imply a reduction in the value, economic or
ecological, of mangrove forests. It might, in fact, result in a shift in importance,
often from provisioning towards regulating services and from less preferred to
higher valued products.

Chowdhury et al. 2017 (Chap. 9) further elaborate the findings of Huxham
et al. (2017, Chap. 8) by stressing that the human dimensions of mangrove-
dominated ecosystems are vital to understand how drivers of mangrove losses inter-
act at local levels. In this chapter, the authors review case studies of mangrove
ecosystems to compare the fundamental drivers of regional mangrove losses. They
present a systematic, synoptic review of case studies involving mangrove ecosys-
tems from Africa, Asia, and Latin America to compare the fundamental drivers of
mangrove losses at a global scale. The authors identify agriculture and aquaculture
as major proximate sources of mangrove losses worldwide. Then, they focus their
analysis on two significant drivers of mangrove losses: (1) mangrove-dependent
subsistence economies and related poverty traps, and (2) the global shrimp trade. In
this regional context, specific drivers are examined in Southeast Asia/China and
Ecuador, which represent geographic regions that have experienced rapid mangrove
losses in the last few decades. Extractive activities such as harvesting of timber and
non-timber resources from mangroves are also linked to serious degradation of local
mangrove resources, as is the significant increase in infrastructure development.
Given the hierarchical level and degree of impact by anthropogenic drivers, the
authors recommend the use of a coupled socio-ecological system approach to
understand and quantify the bidirectional linkages between mangrove ecological
dynamics and the constellation of anthropogenic drivers of mangrove change.
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As aresult of the significant net loss of mangrove wetlands and associated ecosys-
tem services at the global scale, as described by Huxham et al. (2017, Chap. 8) and
Chowdhury et al. (2017, Chap. 9), major initiatives and regional programs have been
developed and implemented to restore and rehabilitate mangrove wetlands.
Consequently, millions of dollars have been allocated in attempts to recuperate these
valuable wetlands. However, the success in restoring structural and functional attri-
butes of mangrove ecosystems has been mixed. Given the strategic importance of
these management programs, Lopez-Portillo et al. (2017, Chap. 10) analyze current
best practices and recommendations used in the implementation of mangrove reha-
bilitation and restoration (R/R) projects in the AEP and the IWP biogeographic
regions in the last 20 years. The authors’ approach is the analysis and classification
of the sources of damage/impact, including their origin, as natural (siltation, erosion,
the direct and indirect effect of tropical storms or tsunamis) or anthropogenic (pollu-
tion, land use policies, overharvesting, aquaculture, altered hydrology and hydrope-
riod) and their spatial extent. The authors find that the causes of damage were a
complex mixture associated with erosion, hydrological impairment, deforestation,
siltation, and land conversion for aquaculture and other land uses. Based on this
analysis, Lopez-Portillo et al. conclude that a number of projects were implemented
without an underlying science-based approach and were often ill prepared and unsuc-
cessful. They underscore that a critical step is to develop a decision tree that operates
as a guide to optimize the use of available funding in the development, implementa-
tion, and monitoring of R/R protocols. These protocols (e.g., Ecological Mangrove
Rehabilitation) should be guided by a set of clear objectives, goals, and deadlines as
part of a robust research agenda based on sound ecological theory and reliable moni-
toring practices, including the participation of local communities. Another recom-
mendation by the authors is that the results of each R/R project, whether successful
or not, should be published since any documentation could be a valuable source of
data and information for future development of mangrove R/R practices and methods
within the community of restoration ecology science. The chapter ends with a call for
the continental level implementation of guidelines to advance international initiatives
aimed at protecting and conserving mangrove ecosystems.

The final chapter (Rivera-Monroy et al. 2017, Chap. 11) addresses two key
objectives of the book—first, an analysis to integrate ecological and socio-economic
perspectives on mangrove function and management using a system-level hierarchi-
cal analysis framework; second, the exploration of the nexus between mangrove
ecology and the capacity of mangrove ecosystems to sustain long-term ecosystem
services. Here, Rivera-Monroy et al. propose that the discipline of macroecology
can be used to embrace advancement and continue developing mangrove ecological
theory regarding complex structural and functional patterns and to assess human
impacts on mangrove ecosystems. The authors discuss the prospective utility of
macroecology-based studies that could answer process-based ecological questions
and help expand long-term ecological studies at regional and continental scales.
They explain that macroecology uses statistical analyses to investigate large-scale
universal patterns in the distribution, abundance, diversity, and organization of
species and ecosystems, including the scaling of ecological processes and structural
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and functional relationships. Thus, transdisciplinary macroecology explores the
boundaries where ecology, biogeography, paleontology, landscape ecology, and
macroevolution come together. According to the authors’ analysis, macroecology
provides an explicit mechanistic ecological understanding of issues that deal with
the distribution, abundance, energetics, and interaction networks of individuals and
species across multiple spatial and temporal scales. Rivera-Monroy et al. use several
examples to illustrate the utility of this framework, including the analysis of conti-
nental distribution of aboveground net primary productivity and carbon storage, and
the variation in mangrove forest ecosystem structure and function in relation to
macroclimatic drivers (e.g., temperature and rainfall regimes) and climate change.
The chapter also includes a description of current trends in mangrove modeling
approaches and their potential utility to test hypotheses about mangrove structural
and functional properties. The authors emphasize that given the gap in relevant
experimental work at the regional scale, mangrove restoration and rehabilitation
projects can be considered macroecological studies that advance the critical selec-
tion and conservation of ecosystem services. The authors finally indicate that in the
“epoch” of the Anthropocene, characterized by an unprecedented mangrove degra-
dation and loss, macroecology can advance and provide information to maintain
mangrove goods and services to society in the long term.

We foresee the contribution of the eleven chapters included in this book as a
significant step forward in both closing the knowledge gap about mangrove struc-
tural and functional properties, and the development of an integrated research
agenda for the implementation of global long-term socio-ecological studies in
mangrove-dominated ecosystems. Overall, all the contributors reiterate the critical
ecological, social, and economic importance of mangrove wetlands to society. This
work promotes a strategic and operational global strategy to further advance the
conservation of one of the most productive ecosystems in the world for future
generations.

Acknowledgements VHRM participation in the preparation of this chapter was partially sup-
ported by the Florida Coastal Everglades Long-Term Ecological Research program through
U.S. National Science Foundation (NSF) grants (DEB-9910514, DBI-0620409, DEB-1237517),
NASA-JPL (LSU Subcontract# 1452878) project “Vulnerability Assessment of Mangrove Forest
Regions of the Americas”, the Department of the Interior — South Central Climate Science Center,
Cooperative Agreement #G12 AC00002, and the NSF Dynamics of Coupled Natural and Human
Systems program (grant#: CNH-1518471). We thank Dr. John Day for helpful comments on the
manuscript.

References

Alongi DM (2009) The energetics of mangrove forests. Springer, Breinigsville

Alongi DM (2011) Carbon payments for mangrove conservation: ecosystem constraints and
uncertainties of sequestration potential. Environ Sci Pol 14:462-470

Alongi DM (2014) Carbon cycling and storage in mangrove forests. Annu Rev Mar Sci
6(6):195-219



1 Introduction 13

Alongi DM, Mukhopadhyay SK (2015) Contribution of mangroves to coastal carbon cycling in
low latitude seas. Agric For Meteorol 213:266-272

Alongi DM, de Carvalho NA, Amaral AL, da Costa A, Trott L, Tirendi F (2012) Uncoupled surface
and below-ground soil respiration in mangroves: implications for estimates of dissolved inor-
ganic carbon export. Biogeochemistry 109:151-162

Armitage DR, Plummer R, Berkes F, Arthur RI, Charles AT, Davidson-Hunt 1J, Diduck AP,
Doubleday NC, Johnson DS, Marschke M, McConney P, Pinkerton EW, Wollenberg EK (2009)
Adaptive co-management for social-ecological complexity. Front Ecol Environ 7:95-102

Barbier EB (2016) The protective service of mangrove ecosystems: a review of valuation methods.
Mar Pollut Bull 109:676-681

Berkes F, Colding J, Folke C (2000) Rediscovery of traditional ecological knowledge as adaptive
management. Ecol Appl 10:1251-1262

Bonifaz M, Parks PJ (1993) Nonsustainable use of renewable resources — mangrove deforestation
and mariculture in Ecuador. Am J Agric Econ 75:1299-1299

Bouillon S, Borges AV, Castaneda-Moya E, Diele K, Dittmar T, Duke NC, Kristensen E, Lee
SY, Marchand C, Middelburg JJ, Rivera-Monroy VH, Smith TJ, Twilley RR (2008) Mangrove
production and carbon sinks: a revision of global budget estimates. Global Biogeochem Cycles
22:GB003052

Breithaupt JL, Smoak JM, Smith TJ, Sanders CJ, Hoare A (2012) Organic carbon burial rates in
mangrove sediments: strengthening the global budget. Glob Biogeochem Cycles 26:3

Chowdhury RR, Uchida E, Chen L, Osorio V, Yoder L (2017) Chapter 9. Anthropogenic drivers
of mangrove loss: geographic patterns and implications for livelihoods. In: Rivera-Monroy
VH, Lee S, Kristensen YE, Twilley RR (eds) Mangrove ecosystems: a global biogeographic
perspective structure, function and ecosystem services. Springer, New York, pp XX-XX

Costanza R, dArge R, deGroot R, Farber S, Grasso M, Hannon B, Limburg K, Naeem S, Oneill
RV, Paruelo J, Raskin RG, Sutton P, vandenBelt M (1997) The value of the world’s ecosystem
services and natural capital. Nature 387:253-260

Costanza R, de Groot R, Sutton P, van der Ploeg S, Anderson SJ, Kubiszewski I, Farber S, Turner
RK (2014) Changes in the global value of ecosystem services. Global Environmental Change-
Human and Policy Dimensions 26:152—158

Day JW, Crump BC, Kemp WM, Yaiiez-Arancibia A (2013) Estuarine ecology, Second edn. John
Wiley & Sons, Hoboken

Donato DC, Kauffman JB, Murdiyarso D, Kurnianto S, Stidham M, Kanninen M (2011) Mangroves
among the most carbon-rich forests in the tropics. Nat Geosci 4:293-297

Duarte CM, Middelburg JJ, Caraco N (2005) Major role of marine vegetation on the oceanic car-
bon cycle. Biogeosciences 2:1-8

Duke NC (2017) Chapter 2. Mangrove floristics and biogeography revisited: further deductions
from biodiversity hot spots, ancestral discontinuities and common evolutionary processes. In:
Mangrove ecosystems: a global biogeographic perspective structure, function and ecosystem
services. Springer, New York, pp XX-XX

Ewel KC, Twilley RR, Ong JE (1998) Different kinds of mangrove forests provide different goods
and services. Glob Ecol Biogeogr 7:83-94

Frank EG, Schlenker W (2016) Balancing economic and ecological goals what are the trade-offs
between economic development and ecosystem conservation? Science 353:651-652

Friess DA, Lee SY, Primavera JH (2016) Turning the tide on mangrove loss. Mar Pollut Bull
109:673-675

Giri C, Ochieng E, Tieszen LL, Zhu Z, Singh A, Loveland T, Masek J, Duke N (2011) Status and
distribution of mangrove forests of the world using earth observation satellite data. Glob Ecol
Biogeogr 20:154-159

Granek EF, Polasky S, Kappel CV, Reed DJ, Stoms DM, Koch EW, Kennedy CJ, Cramer LA,
Hacker SD, Barbier EB, Aswani S, Ruckelshaus M, Perillo GME, Silliman BR, Muthiga N,
Bael D, Wolanski E (2010) Ecosystem services as a common language for coastal ecosystem-
based management. Conserv Biol 24:207-216



14 V.H. Rivera-Monroy et al.

Hamilton SE, Casey D (2016) Creation of a high spatio-temporal resolution global database of
continuous mangrove forest cover for the 21st century (CGMFC-21). Glob Ecol Biogeogr
25:729-738

Hampton SE, Strasser CA, Tewksbury JJ, Gram WK, Budden AE, Batcheller AL, Duke CS, Porter
JH (2013) Big data and the future of ecology. Front Ecol Environ 11:156-162

Ho DT, Ferron S, Engel VC, Anderson WT, Swart PK, Price RM, Barbero L (2017) Dissolved
carbon biogeochemistry and export in mangrove-dominated rivers of the Florida Everglades.
Biogeosciences 14:2543-2559

Hopkinson CS, Cai WJ, Hu XP (2012) Carbon sequestration in wetland dominated coastal sys-
tems — a global sink of rapidly diminishing magnitude. Curr Opin Environ Sustain 4:186-194

Huxham M, Dencer-Brown A, Diele K, Kathiresan K, Nagelkerken I, Wanjiru C (2017) Chapter
8. Mangroves and people: local ecosystem services in a changing climate. In: Rivera-Monroy
VH, Lee S, Kristiansen YE, Twilley RR (eds) Mangrove ecosystems: a global biogeographic
perspective structure, function and ecosystem services. Springer, New York, pp XX-XX

Jennerjahn TC, Ittekkot V (2002) Relevance of mangroves for the production and deposition of
organic matter along tropical continental margins. Naturwissenschaften 89:23-30

Jennerjahn TC, Gilman E, Krauss KW, Lacerda LD, Nordhaus I, Wolanski E (2017) Chapter 7:
mangrove ecosystems and climate change. In: Rivera-Monroy VH, Lee SY, Kristensen E,
Twilley RR (eds) Mangrove ecosystems: a global biogeographic perspective structure, func-
tion and ecosystem services. Springer, New York

Jerath M, Bhat M, Rivera-Monroy VH, Castaneda-Moya E, Simard M, Twilley RR (2016) The
role of economic, policy, and ecological factors in estimating the value of carbon stocks in
Everglades mangrove forests, South Florida, USA. Environ Sci Pol 66:160-169

Keller M, Schimel DS, Hargrove WW, Hoffman FM (2008) A continental strategy for the national
ecological observatory network. Front Ecol Environ 6:282-284

Kratz TK, Deegan LA, Harmon ME, Lauenroth WK (2003) Ecological variability in space and
time: insights gained from the US LTER program. Bioscience 53:57-67

Kristensen E, Connolly RM, Otero XL, Marchand M, Ferreira TO, Rivera-Monroy VH (2017)
Chapter 6. Biogeochemical cycles: global approaches and perspectives. In: Rivera-Monroy
VH, Lee S, Kristensen YE, Twilley RR (eds) Mangrove ecosystems: a global biogeographic
perspective structure, function and ecosystem services. Springer, New York, pp XX-XX

Kuenzer C, Bluemel A, Gebhardt S, Vo Quoc T, Dech S (2011) Remote sensing of mangrove eco-
systems: a review. Remote Sens 3:878-928

Lee SY, Primavera JH, Dahdouh-Guebas F, McKee K, Bosire JO, Cannicci S, Diele K, Fromard F,
Koedam N, Marchand C, Mendelssohn I, Mukherjee N, Record S (2014) Ecological role and
services of tropical mangrove ecosystems: a reassessment. Glob Ecol Biogeogr 23:726-743

Lee SY, Jones EBG, Diele K, Castellanos-Galindo GA, Nordhaus I (2017) Chapter 3. Biodiversity.
In: Rivera-Monroy VH, Lee S, Kristensen YE, Twilley RR (eds) Mangrove ecosystems: a
global biogeographic perspective structure, function and ecosystem services. Springer, New
York, pp XX-XX

Lopez-Portillo J, Lewis RR, Saenger P, Rovai AS, Koedam N, Dahdouh-Guebas F, Agraz-
Hernandez C, Rivera-Monroy VH (2017) Chapter 10. Mangrove ecosystems: a global biogeo-
graphic perspective structure, function and ecosystem services. In: Rivera-Monroy VH, Lee S,
Kristensen YE, Twilley RR (eds) Mangrove ecosystems: a global biogeographic perspective
structure, function and ecosystem services. Springer, New York, pp XX-XX

Lovelock CE, McAllister RRJ (2013) ‘Blue carbon’ projects for the collective good. Carbon
Manage 4:477-479

Lovelock CE, Adame MF, Bennion V, Hayes M, O’Mara J, Reef R, Santini NS (2014) Contemporary
rates of carbon sequestration through vertical accretion of sediments in mangrove forests and
saltmarshes of south East Queensland, Australia. Estuar Coasts 37:763-771

Lucas R, Vazquez Lule A, Teresa Rodriguez M, Kamal M, Thomas N, Asbridge E, Kuenzer C
(2017) Chapter 4. Spatial ecology of mangrove forests: a remote sensing perspective. In:
Rivera-Monroy VH, Lee S, Kristensen YE, Twilley RR (eds) Mangrove ecosystems: a global



1 Introduction 15

biogeographic perspective structure, function and ecosystem services. Springer, New York, pp
XX-XX

Lugo AE, Snedaker SC (1978) The ecology of mangroves. Annu Rev Ecol Syst 5:39-64

Maher DT, Santos IR, Golsby-Smith L, Gleeson J, Eyre BD (2013) Groundwater-derived dis-
solved inorganic and organic carbon exports from a mangrove tidal creek: the missing man-
grove carbon sink? Limnol Oceanogr 58:475-488

McNally CG, Uchida E, Gold AJ (2011) The effect of a protected area on the tradeoffs between
short-run and long-run benefits from mangrove ecosystems. Proc Natl Acad Sci U S A
108:13945-13950

Miyajima T, Tsuboi Y, Tanaka Y, Koike I (2009) Export of inorganic carbon from two southeast
Asian mangrove forests to adjacent estuaries as estimated by the stable isotope composition of
dissolved inorganic carbon. J Geophys Res Biogeosci 114:G1

Montesano PM, Cook BD, Sun G, Simard M, Nelson RF, Ranson KJ, Zhang Z, Luthcke S (2013)
Achieving accuracy requirements for forest biomass mapping: a spaceborne data fusion method
for estimating forest biomass and LiDAR sampling error. Remote Sens Environ 130:153-170

Mukherjee J, Ray S, Ghosh PB (2013) A system dynamic modeling of carbon cycle from man-
grove litter to the adjacent Hooghly estuary, India. Ecol Model 252:185-195

Perillo GME, Wolanski E, Cahoon DR, Brinson MM (2009) Coastal wetlands: an integrated eco-
system approach. Elsevier, Amsterdam

Rivera-Monroy VH, Twilley RR, Bone D, Childers DL, Coronado-Molina C, Feller IC, Herrera-
Silveira J, Jaffe R, Mancera E, Rejmankova E, Salisbury JE, Weil E (2004) A conceptual
framework to develop long-term ecological research and management objectives in the wider
Caribbean region. Bioscience 54:843-856

Rivera-Monroy VH, Twilley RR, Mancera E, Alcantara-Eguren A, Castafieda-Moya E, Casas-
Monroy O, Reyes F, Restrepo J, Perdomo L, Campos E, Cotes G, Villoria E (2006) Adventures
and misfortunes in Macondo: rehabilitation of the Cienaga Grande de Santa Martaa lagoon
complex, Colombia. Ecotropicos 19:72-93

Rivera-Monroy VH, Castaneda-Moya E, Barr JG, Engel V, Fuentes JD, Troxler TG, Twilley RR,
Bouillon S, Smith TJ, O’Halloran TL (2013) Current methods to evaluate net primary pro-
duction and carbon budgets in mangrove forests. In: DeLaune RD, Reddy KR, Megonigal P,
Richardson C (eds) Methods in biogeochemistry of wetlands, Soil Science Society of America
Book Series, pp 243-288

Rivera-Monroy VH, Osland MJ, Day JW, Ray S, Rovai AS, Day RH, Mukherjee J (2017) Chapter
11. Advancing mangrove macroecology. In: Rivera-Monroy VH, Lee SY, Kristiansen E, Twiley
RR (eds) Mangrove ecosystems: a global biogeographic perspective structure, function and
ecosystem services. Springer, New York, pp XX-XX

Ronnback P (1999) The ecological basis for economic value of seafood production supported by
mangrove ecosystems. Ecol Econ 29:235-252

Simard M, Zhang KQ, Rivera-Monroy VH, Ross MS, Ruiz PL, Castaneda-Moya E, Twilley RR,
Rodriguez E (2006) Mapping height and biomass of mangrove forests in Everglades National
Park with SRTM elevation data. Photogramm Eng Remote Sens 72:299-311

Simard M, Rivera-Monroy VH, Mancera-Pineda JE, Castaneda-Moya E, Twilley RR (2008) A
systematic method for 3D mapping of mangrove forests based on shuttle radar topography
mission elevation data, ICEsat/GLAS waveforms and field data: application to Cienaga Grande
de Santa Marta, Colombia. Remote Sens Environ 112:2131-2144

Sippo JZ, Maher DT, Tait DR, Holloway C, Santos IR (2016) Are mangroves drivers or buffers of
coastal acidification? Insights from alkalinity and dissolved inorganic carbon export estimates
across a latitudinal transect. Glob Biogeochem Cycles 30:753-766

Spalding EA, Kainuma M, Collins L (2011) World atlas of mangroves. ITTO, Kuala Lumpur

Stewart BT, Santos IR, Tait DR, Macklin PA, Maher DT (2015) Submarine groundwater discharge
and associated fluxes of alkalinity and dissolved carbon into Moreton Bay (Australia) esti-
mated via radium isotopes. Mar Chem 174:1-12



16 V.H. Rivera-Monroy et al.

Twilley RR, Day JW (2013) Chapter 7. Mangrove wetlands. In: Day JW, Crump BC, Kemp WM,
Yanez-Arancibia A (eds) Estuarine ecology. Wiley-Blackwell, Hoboken, pp 165-202

Twilley RR, Chen RH, Hargis T (1992) Carbon sinks in mangroves and their implications to car-
bon budget of tropical ecosystems. Water Air Soil Pollut 64:265-288

Twilley RR, Gottfried RR, Rivera-Monroy VH, Zhang W, Montafio M, Bodero A (1998) An
approach and preliminary model of integrating ecological and economic constraints of envi-
ronmental quality in the Guayas River estuary, Ecuador. Environ Sci Pol 1:271-288

Twilley RR, Castaneda-Moya E, Rivera-Monroy VH, Rovai AS (2017) Chapter 5. Productivity and
carbon dynamics in mangrove wetlands. In: Rivera-Monroy VH, Lee S, Kristensen YE, Twlley
RR (eds) Mangrove ecosystems: a global biogeographic perspective structure, function and
ecosystem services. Springer, New York, pp XX-XX

Utz RM, Fitzgerald MR, Goodman KJ, Parker SM, Powell H, Roehm CL (2013) The National
Ecological Observatory Network: an observatory poised to expand spatiotemporal scales of
inquiry in aquatic and fisheries science. Fisheries 38:26-35

Walters BB, Ronnback P, Kovacs JM, Crona B, Hussain SA, Badola R, Primavera JH, Barbier
E, Dahdouh-Guebas F (2008) Ethnobiology, socio-economics and management of mangrove
forests: a review. Aquat Bot 89:220-236



Chapter 2

Mangrove Floristics and Biogeography
Revisited: Further Deductions

from Biodiversity Hot Spots, Ancestral
Discontinuities, and Common Evolutionary
Processes

Norman C. Duke

2.1 Introduction

Mangroves are dominant coastal shoreline habitats of tropical and subtropical
regions of the world (Tomlinson 2016; Spalding et al. 2010). They comprise chiefly
flowering trees and shrubs uniquely adapted to tidal conditions and a special com-
bination of factors that influence coastal and estuarine shorelines, like seawater,
periodic inundation and exposure, waves and wind, strong currents and runoff, and
fine sediments (Duke et al. 1998). In such settings, mangroves take the form of dis-
tinctly vegetated and often densely structured habitats of verdant closed canopies
that clad coastal margins and estuaries of the tropics and subtropics.

In tropical waters, mangrove stands are often positioned between two of the
world’s iconic ecosystems—coral reefs and tropical rainforests. These are each,
biota-structured ecosystems of tropical shorelines, intimately linked by integrated
roles in coastal and estuarine ecosystem processes. However, such links are threat-
ened by human development and habitats like mangroves are in serious decline
worldwide (Duke et al. 2007). These habitats are also further dependent on mobile
biota uniquely adapted to the habitats’ unusual and often dramatic physicochemical
gradients. Developed over millennia, these linked and mutual relationships have
become vital to the survival of each species (e.g., Mumby et al. 2004).

Mangroves are recognized further for their unique morphological and physiologi-
cal adaptations for coping with salt, exposed conditions, saturated soils, and regular
tidal inundation along this unique estuarine and coastal marine habitat. Some of these
distinctive attributes include: exposed breathing roots above ground; extra stem sup-
port structures; salt-excreting leaves; low water potentials and high intracellular salt
concentrations for maintaining favorable water relations in saline environments; and
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their unusual viviparous, water-dispersed propagules. Such a unique combination of
attributes has enabled mangroves to dominate tropical shorelines worldwide. In this
chapter, the floristics and biogeography of these amazing plants and habitat has been
re-evaluated; this includes taking a fresh look at some of the key factors responsible
for their unusual diversity and distribution worldwide.

2.2 Factors Influencing Mangrove Distributions

The genetic composition of todays’ mangrove flora, while clearly subject to present-
day climatic and geographical conditions (Duke 1995; Duke et al. 1998; Triest
2008), appears to be largely relict. Species are where they are today because of past
events and circumstances. As such, todays’ distributional patterns cannot always be
explained by current-day deterministic factors alone. Moreover, each mangrove
plant type is influenced by a combination of attributes including: individual physi-
ologies, ecology, dispersal ability, propagule buoyancy and longevity, geological
circumstances, evolutionary rates, and the genesis of each taxon.

The key criteria are summarized in the following ten generalized factors (ordered
in 3 groupings) as the ones mostly influencing the biogeography and evolution of
mangroves. These criteria are based on the observations of a number of authors,
including Tomlinson (2016), Duke et al. (1998), and Triest (2008), and modified
further here.

2.2.1 Floristics and Biogeography

1. Diversity of Plant Types Makeup Mangrove Habitat. The species numbers of 80
taxa are not necessarily high, but mangrove taxa are present in a broad cross-
section of plant family lineages (Tomlinson 2016). They chiefly comprise a
small but diverse selection of shrub and tree species from 18 plant families with
around 69 species and 11 hybrid intermediates (Table 2.1). There are 32 genera
represented with all but one being a flowering plant (Table 2.2).

2. Variable Ranges for Different Species. The distributional ranges of mangrove
species vary considerably (Spalding et al. 2010; Duke 2011, 2013, 2014a). While
some extant mangrove taxa occur worldwide, others have more local distribu-
tional ranges. The overall high concentration of mangrove species in the Indo-
Malesian area today defines the chief diversity hot spot for mangroves,
comparable with other shallow water, tropical marine habitats, like seagrass and
reefal coral species (Hoeksema 2007). And likewise, a further secondary hot spot
for mangroves occurs in the Caribbean Central American area. A general feature
of mangrove taxa is their high incidence of hybrid species (as mostly infertile,
intermediate forms), along with sibling species (species that are unusually simi-
lar in morphology and genetic makeup).



Table 2.1 Mangrove species of the world: Families and genera shaded are exclusively mangrove;
Genera marked with an asterisk have been classified comprising their own family, named,
Diospyraceae, Barringtoniaceae, Aegicerataceae, Nypaceae, Aegialitidaceae, and Pellicieraceae,
respectively; Species underlined refer those of the Atlantic East Pacific region. Species in bold
occur naturally in both regions; Reported hybrid taxa are shown with an “X” before the species

name
Families with Family Relatives | Family | Mangrove Non- | Mang | Species of
Mangroves of Genera | Genera Mangr | rove Mangroves
Mangrove Taxa ove Spp.
Acanthaceae Black-eyed 250- Acanthus 30 2 Acanthus ebracteatus
Susan, Shrimp 300 Acanthus ilicifolius
Plants
Grey Mangroves 1 Avicennia* 0 8 Avicennia alba
(ex Verbenaceae; Avicennia bicolor
or Avicenniaceae) Avicennia germinans
Avicennia integra
Avicennia marina
Avicennia officinalis
Avicennia rumphiana
Avicennia schaueriana
Arecaceae Palms 200 Nypa* 0 1 Nypa fruticans
Bignoniaceae Trumpet, Tulip 120 Dolichandrone 9 1 Dolichandrone
Tree, spathacea
Jacarandas
Tabebuia 245 1 Tabebuia palustris
Fabaceae Baobab, Balsa, 31 Camptostemon 0 2 Camptostemon
Kapok, Durian philippinense
(or Bombaceae) Camptostemon schultzii
Cassia, 150 Cynometra 70 1 Cynometra iripa
Tamarind,
Legumes
(or Caesalpiniaceae) Mora 19 1 Mora oleifera
Muellera 3 1 Muellera moniliformis
Combretaceae Combretum, 20 Lumnitzera 0 8] Lumnitzera littorea
Quiqualis Lumnitzera racemosa
Lumnitzera X rosea
Laguncularia 0 1 Laguncularia racemosa
Conocarpus 0 1 Conocarpus erectus
Ebenaceae Ebony, 3 Diospyros* 400 1 Diospyros littorea
Persimmons
Euphorbiaceae Castor Oll, 300 Excoecaria 35-40 1 Excoecaria agallocha
Spurges
Lecythidaceae Brazil Nuts 15 Barringtonia* 40 1 Barringtonia racemosa
Lythraceae Crepe Myrtle, 25 Crenea 30 1 Crenea patentinervis
Henna, Cuphea
Pemphis 1 1 Pemphis acidula
Duabanga 2 Sonneratia* 0 9 Sonneratia alba
(or Sonneratiaceae) Sonneratia apetala
Sonneratia caseolaris
Sonneratia griffithi
Sonneratia X gulngai
Sonneratia X
hainanensis
Sonneratia lanceolata
Sonneratia ovata
Sonneratia X urama
Malvaceae Silvery leaf 70 Brownlowia 2 1 Brownlowia tersa
trees, Hibiscus
Cocoa, Kola, Heritiera 29 2 Heritiera fomes
Bottle Trees Heritiera littoralis
(or Sterculiaceae)
Pavonia 1 2 Pavonia paludicola
Pavonia rhizophorae
Meliaceae Mahogany, 50 Xylocarpus 1 2 Xylocarpus granatum
Rosewood
Xylocarpus moluccensis
Myrsinaceae Turnip-wood, 35 Aegiceras* 0 2 Aegiceras corniculatum
Mutton-wood
Aegiceras floridum
Myrtaceae Eucalyptus, 80-150 | Osbornia 0 1 Osbornia octodonta
Bottlebrush,
Guavas

(continued)
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Pellicieraceae

Plumbaginaceae

Pteridaceae

Rhizophoraceae

Rubiaceae

Tea, Camellia,
Franklinia

Sea Lavender,
Thrifts

Ferns

Crossostylis,
Cassipourea

Coffee,
Gardinia,
Quinine

500

Pelliciera*

Aegialitis*

Acrostichum

Bruguiera

Ceriops

Kandelia

Rhizophora

Scyphiphora

(=]

Pelliciera rhizophorae

Aegialitis annulata
Aegialitis rotundifolia

Acrostichum aureum
Acrostichum speciosum
Acrostichum
danaeifolium

Bruguiera cylindrica
Bruguiera exaristata
Bruguiera gymnorhiza
Bruguiera hainesii
Bruguiera parviflora
Bruguiera X
rhynchopetala
Bruguiera sexangula
Ceriops australis
Ceriops decandra
Ceriops pseudodecandra
Ceriops tagal

Ceriops zippeliana
Kandelia candel
Kandelia obovata
Rhizophora X
annamalayana
Rhizophora apiculata
Rhizophora X brevistyla
Rhizophora X harrisonii
Rhizophora X lamarckii
Rhizophora mangle
Rhizophora mucronata
Rhizophora racemosa
Rhizophora samoensis
Rhizophora X selala
Rhizophora stylosa
Rhizophora X tomlinsonii
Scyphiphora
hydrophylacea

Table 2.2 Distribution of family, genera, and species in the two subregion hot spots of the world as
the Indo West Pacific (IWP) and the Atlantic East Pacific (AEP); Summarized counts from

Table 2.1
WP AEP Worldwide
Families 17 9 18
Genera 24 11 32
Species + hybrids 63 19 80
Hybrids 9 2 11
Species — Hybrids 54 17 69
Subspecific taxa 4 1 5

3. Phylogenetic Relationships within Key Mangrove Genera. It is important to have
detailed information about the relationships amongst species of polyspecific
mangrove genera (like Avicennia, Bruguiera, Rhizophora, Sonneratia). This is
essential for identifying and understanding the genetic lineages and relationships
amongst closely related taxa (Duke 1992, 1995, 2010; Duke et al. 2002; Duke
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and Ge 2011; Lo et al. 2014). Such knowledge is further useful when ranking
species by ancestral age, and in constructing phylogenies. There is also the idea,
pursued in this treatment, of possible common patterns existing between genera
where each entity may have evolved, diversified, and speciated in response to
common overwhelming geophysical circumstances and drivers.

2.2.2 Extant Influencing Factors

4. Dispersal by Sea. Mangroves have mostly, water-buoyant propagules dispersed
by water currents across seas and between estuaries, driven by wind, waves,
tides, and ocean circulation (Rabinowitz 1978; Lo et al. 2014). Over half the
mangrove species have unusually, well-developed viviparous propagules instead
of seeds. By contrast, vivipary is rare in other plant ecotypes. But, one unan-
swered question remains: how does vivipary influence dispersal? It is clear that
long distance dispersal (compare with Nathan et al. 2008) in mangroves is fun-
damentally important and well utilized, but there appear to be finite limits to both
seed and viviparous propagule viability and longevity in transit (e.g., Drexler
2001). This is most evident however in the absence of native mangrove species
in key locations, like the central Pacific Hawaiian Islands, prior to their introduc-
tion by people (Allen 1998).

5. Topographic Elevation Range. Mangroves are naturally restricted to a very nar-
row elevation range between mean sea level and the highest water levels of
spring tides (Duke 1992; Duke et al. 1998). At lower limits of the range, they
appear constrained by tidal inundation frequencies mostly less than 50% of the
time, dependent on possible limitations during submergence with gas exchange
of exposed roots. At higher intertidal margins, species appear constrained by
desiccation as well as competition for light from supratidal upland specialists. To
cope with conditions in the intertidal zone, mangrove plants have well-recognized
specialized abilities to deal with salt and saturated airless soils, by their distinc-
tive exposed air breathing root surfaces and lenticels.

6. Ecological and Climate Conditions. Mangroves are constrained worldwide by
extant climatic conditions. Generally, mangroves are confined to sheltered tropi-
cal coastlines where mean monthly seawater temperatures drop only to around
20 °C (Duke et al. 1998). Based on observed different latitudinal limits (e.g.,
Duke 20006), there appear to be species—specific differences in temperature toler-
ances. However, a recent assessment has challenged this view, reporting no dif-
ferences between widely distributed genera, Avicennia and Rhizophora
(Quisthoudt et al. 2012). This view is however at odds with present understand-
ings, and it may be limited by not accounting for observed variations in tempera-
ture tolerances amongst and between species; as an example, a notable
cold-tolerant variant is known for Avicennia marina, var. australasica in south
eastern Australia, and there are a number of other examples (Duke 1992, 1995,
2006). These observations emphasize the great importance of knowing the
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ecophysiological tolerances of each genotype, especially those at distributional
endpoints. Furthermore, mangrove taxa are often restricted further to areas of
higher rainfall, as well as estuaries of larger riverine catchments (Duke et al.
1998). Mangroves can be more abundant and diverse in areas of unconsolidated
sediments, like the mouths of larger estuaries, while also growing on hard sub-
strates of rock and coral.

2.2.3 Dispersal Pathways and Evolutionary Processes

7.

9.

10.

Disjunctions of Distribution. There are several major genetic discontinuities
amongst present-day mangrove distributions worldwide (Duke 1995; Triest
2008; Takayama et al., 2013). Such disjunctions are marked by extant genetic
anomalies where no current dispersal barriers exist. Disjunctions may be char-
acterized by: the presence or absence of taxa, or the presence of sibling taxa on
either side of an anomaly. It is also likely that relationships amongst taxa may
be proportional to the magnitude and age of the disjunction, as well as to the
specific characters of each plant involved—especially in their dispersal ability,
propagule buoyancy, and longevity; also cs. Nathan et al. (2008). For these rea-
sons, an ancient primary disjunction is recognized separating the Atlantic East
Pacific (AEP) and Indo West Pacific (IWP), with distinct species, common gen-
era, and separate families; while “younger” disjunctions, like that between SE
Asia and Australia, is marked by sibling species, separate intra-specific forms,
with notable common genera and families.

. Distributional Fluctuations. Where climate conditions and sea levels change,

the distributional extent of individual mangrove species both expand and con-
tract (Duke 1995; Duke et al. 1998). This indicates that while mangroves are
able to disperse and colonize unoccupied shorelines, they also at times have
become extinct along other shorelines.

Appreciable Geological Age. Mangroves are known to exist from ancient fossil
records of macrofossils and pollen dating back to the mid Cretaceous era, pos-
sibly up to around 100 million years ago (Churchill 1973; Plaziat et al. 2001).
This is the case in varying degrees for extant common genera today. Where
recognizable fossil taxa match existing mangrove plants, this reveals a geneti-
cally conservative situation where the presence of persistent genotypes as com-
mon species is indicative of relatively slow rates of genetic mutation and
diversification over tens of millions of years. As such, species numbers today
are indicative of the realised speciation rates for each lineage.

Continental Drift Theory and Mangrove Evolution. The dispersal and specia-
tion of key mangrove angiosperm lineages took place at the same time as the
breakup of the massive supercontinent of Gondwana (Duke et al. 2002; Triest
2008). Over the last 55 million years at least, large continental fragments have
moved around the globe ferrying plants and animals with them. This explains
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why plants with both low and high dispersal abilities may have comparable
distributional ranges. Over time, oceans and seaways that once existed have
closed, while land barriers have both emerged and disappeared. Understanding
the occurrence of these barriers and their effectiveness, helps explain how
water-borne mangrove plants might have dispersed to their current day distribu-
tional endpoints. Furthermore, in the Indo West Pacific (IWP), former
Gondwanan southern land mass fragments, including Africa, India and
Australia, have migrated dramatically northward to separately join with Asia.
These massive movements must surely have seriously influenced the diversity
and distribution of mangroves and other species throughout the region.

The relative importance and influence of each criterion explained here (1-10) is
entirely species-dependent. And, for this treatment, criteria 1, 2, and 3 rely on best
available taxonomic discrimination along with the most up to date records of world-
wide distributions. Criterion 4 concerns dispersal by propagules, which can be over-
rated for long-distance dispersal if data on propagule buoyancy and longevity for
individual taxa are unavailable. And, while vivipary in mangroves may enhance
long-distance dispersal, its key function and value lies in its enhanced success for
essential local re-establishment, rejuvenation, and habitat turnover. In all cases,
dispersal ability must always be considered finite and limited. Criteria 4, 5, and 6,
describe the predominant and major physiological constraints that particularly
influence within-site species distributions, based chiefly on temperature, moisture,
and tides. Criteria 7, 8, 9, and 10 all relate to biological evolutionary processes in
response to historical changes in geological and climatic conditions, where these
influence changes to genetic makeup with mutations and occasional speciation.

This treatment considers all these relevant, prominent features of each species
entity by taking a closer look at individual occurrence records. Summary informa-
tion is presented for each mangrove genus, listing all species and hybrids
(Appendix 1). Detailed descriptions that accompany these observations include
diagnostic characters along with current distribution maps of all mangrove taxa,
as displayed in the e-book field guide, World Mangrove iD (Duke 2013, 2014a).
Other extant influencing factors have been explained further and summarized by
Duke et al. (1998).

2.3 Floristics and Distribution

Mangrove plants collectively form an ecological type rather than a genetic entity
with a singular genetic makeup for coping with intertidal life. Amongst the 32 gen-
era with mangrove species, each entity has separately refined its own obligate spe-
cialized attributes for the tidal wetland habitat. These features are manifest in
entities with often distinctive anatomy, physiology, and functionality. Each genus
has varying numbers of representatives for each of the 18 plant families (see
Table 2.1; Duke 2011, 2014a). And, all but one are flowering plants; the odd one is
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Acrostichum, the fern family Pteridaceae. Their collective occupation of the upper
tidal zone is considered a relatively recent geological occurrence, mostly post
Cretaceous. Otherwise, mangrove habitat is comparable to rainforests, with all fam-
ilies present in mangroves being present also in tropical rainforests.

Of these 32 plant genera, 17 are exclusive to mangrove habitat, including:
Acrostichum, Aegialitis, Aegiceras, Avicennia, Bruguiera, Camptostemon, Ceriops,
Conocarpus, Kandelia, Laguncularia, Lumnitzera, Nypa, Osbornia, Pelliciera,
Rhizophora, Scyphiphora, and Sonneratia. The other 15 genera are less specialized,
with both mangrove and non-mangrove entities present, including, Acanthus,
Barringtonia, Brownlowia, Crenea, Cynometra, Diospyros, Dolichandrone,
Excoecaria, Heritiera, Mora, Muellera, Pavonia, Pemphis, Tabebuia, and
Xylocarpus.

As an example, Pemphis has a widespread IWP species, and a sole upland spe-
cies located inland as an isolated population on the island of Madagascar (Tomlinson
2016). While others, like Brownlowia, Diospyros, and Tabebuia, have single man-
grove species and a greater number of upland species (Duke 1992). In addition,
unusually widespread and distinct hybrid intermediates are reported in five genera
including, Bruguiera, Lumnitzera, Sonneratia, Rhizophora, and Avicennia (Huang
et al. 2014; note that the recently reported Avicennia hybrid lacks morphological
description). Overall, the total number of mangrove species in each genus is rela-
tively low, being one or two. For relatively larger genera, the number of mangrove
species plus hybrids worldwide does not exceed 12.

These relatively low levels of diversity are believed to be the result of the harsh
and saline growth conditions present in intertidal habitats. The extreme conditions
favor high levels of optimized efficiency for the survival and evolution of mangrove
inhabitants (cs. Provine 2004). Such broadly defined factors support the underlying
tenet in this treatment, which states that the resilience and survival of each species
is largely dependent on its individual distribution, dispersal capabilities, levels of
taxonomic divergence, and phylogeny. In this way, evolving local and regional
environmental/ecological factors are expected to have a key role in defining the
genetic characteristics that ultimately define all mangrove taxa known today.

All mangrove species in the world today are considered in this review, along with
their current distribution maps, showing records of living, introduced, and fossil
records (Duke 2013, 2014a; see Appendix 1). These maps provide the latest infor-
mation available on the distribution of each entity. But, despite such outcomes, the
description and characterization of mangrove plant types remains incomplete.
Hence, there is an ongoing need to revise and update each entity, especially since
occurrences are likely to change (Duke et al. 2007). There might also be new unde-
scribed taxa. For example, with Pelliciera, while currently described as one species
(Tomlinson 2016), it appears this taxon has subspecific forms within its limited
Central American range (Castillo-Cardenas et al. 2005; plus personal observations).
There are also notable taxonomic discrepancies and gaps in established larger gen-
era, like Rhizophora in northern South America and West Africa (Ceron-Souza et al.
2010; Triest 2008).
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2.4 Dispersal Pathways and Evolutionary Processes

Prior assessment of mangrove global biogeography (including, Duke 1992, 2011,
2014b; Tomlinson 2016; Triest 2008) shows a general consensus for two hot spots
disproportionately spanning sub-regions of the Indo West Pacific IWP) and Atlantic
East Pacific (AEP). These are shown in Fig. 2.1 along with all distribution informa-
tion summarized from the 70 species maps (excluding hybrids). While the IWP hot
spot, also referred to as the Indo Australian Archipelago biodiversity hot spot
(Cowman and Bellwood 2013), is about three times more diverse, there are signifi-
cant species concentrations in the AEP spanning the Caribbean American Isthmus.
Both hot spots form gradients in species richness driven by estuarine diversity along
respective tropical shorelines. In this way, estuarine systems influenced by individ-
ual catchment runoff (Duke et al. 1998), act as diversity nodes to form species
enclaves and gradients connecting intertidal habitats. At its center, the IWP hot spot
hosts 54 mangrove species, along with around 500 species of coral and 5000 species
of fish (Hoeksema 2007). By contrast, the AEP hot spot has 17 mangrove species
and proportionately fewer associated shallow water marine species.

The genesis of mangrove hot spots seems almost certainly due to past changes in
continental drift acting in concurrence with speciation and dispersal events driving
vicariance and re-association (cs. Duke 1995; Duke et al. 2002). To have such a
profound influence, these massive changes in global geography have coincided with
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Fig. 2.1 The current world map of the distribution of mangroves (blue shading) showing diversity
as numbers of specific taxa (species and nominal hybrids). Also identified are two outlying areas
where mangrove taxa have been introduced in recent decades. Overall, there is notable separation
in eastern and western global bioregions with two disproportionate diversity hot spots: the domi-
nant Indo Australian Archipelago area north of Australia; and a lesser one, the Caribbean American
Isthmus area north-west of South America
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the evolution of early angiosperms to derive the dominant mangrove entities known
today. Over time, the global displacement of continental fragments has changed
dramatically to form today’s distribution maps with biota occurring for the most
part constrained according to current day circumstances. But, there are notable
unexplained patterns sparking debate and speculation about their relevance to the
evolution of mangroves.

The approach in this article has been to further review current evidence, identify-
ing each vital clue to understanding how each mangrove entity might have evolved.
The evidence (also see Fig. 2.1) includes: (1) areas of species occurrence and rich-
ness; (2) hot spots associated with clines in species diversity; and (3) unexplained
discontinuities across hot spot gradients in the absence of apparent current-day
influences on gene flow.

2.5 Dispersal Barriers

Extant mangrove distributions are collectively defined by a number of tangible bar-
riers blocking water-borne gene dispersal (Duke et al. 1998; Duke et al. 2002; Triest
2008), including: (a) cold water (<20 °C in summer) mostly in higher latitudes; (b)
land mass, mostly longitudinally applied; and (c) broad water expanses, also mostly
longitudinal. The current locations of these three barrier types are displayed in
Fig. 2.2. The effectiveness of land barriers and adverse cold temperatures are each
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Fig. 2.2 Dispersal barriers of temperature, land, and water compared with genetic discontinuities
restricting gene flow around coastal margins of the Atlantic East Pacific and the Indo West Pacific
regions (Adapted from Triest 2008): The extant distributional range of mangroves with areas of
outlying introduced populations are shown as blue shaded areas; The circumstances surrounding
the four barriers (1-4) and three discontinuites (5-7) marked are discussed in the text
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relatively self-evident. Mangroves are restricted to mostly tropical latitudes except
in deviations created by respective oceanic circulation patterns affecting ocean
shoreline occurrences (arrows show major oceanic current gyres).

Ocean water distances can be barriers to buoyant propagule dispersal where
widespread mangrove taxa have viviparous, living propagules with distinctly lim-
ited survival times at sea (e.g., see Steinke 1986; Drexler 2001). While it is evident
that seed-distributing mangrove types are less widespread (no families in common
between IWP and AEP regions), it is also curious why species with greatly different
survival abilities have comparable global ranges (both IWP and AEP), like
Rhizophora and Avicennia. Their viviparous propagules can last up to 150 days, or
less than 15 days, respectively. In the absence of more information on dispersal
abilities for each mangrove entity, it suffices to say that water distance can be a bar-
rier if propagules have limited capacity to stay afloat and remain viable. In support
of this contention, there are other important clues displayed in two examples of
species introductions, where modern day ranges have been artificially extended to
isolated previously unoccupied mangrove-suitable habitat. These are evidence of
active natural barriers.

In one case (Fig. 2.2, site 1), Rhizophora mangle was artificially established dur-
ing the 1920s in the northern Pacific Hawaiian islands, accompanied by a second
introduced species Bruguiera sexangula (Allen 1998). Their establishment and sub-
sequent spread among these islands clearly demonstrated the suitability of previ-
ously unoccupied habitat. Hence, the only thing preventing their introduction to
these islands before this was the ocean water surrounding them—for at least around
5000 years. This is tangible evidence of an existing water distance barrier for man-
groves crossing the Pacific Ocean. Only two mangrove species, Acrostichum aureum
and Rhizophora samoensis, and three genera (Avicennia, Rhizophora, Acrostichum)
occur naturally on both sides of the barrier. And, there are significantly greater
lower taxonomic level differences within respective subregions (see Table 2.2). The
oddity in this, has been the westward dispersal of R. samoensis, which appears only
possible naturally if facilitated by an ancient chain of volcanic islands (Schlanger
etal. 1981; Schlanger and Premoli-Silva 1981). And, this suggestion has some cred-
ibility where there are corresponding distributional records of a small number of
shallow water reef fishes across the southwestern Pacific (Cowman and Bellwood
2013). In the Atlantic however, water distances appear much less effective as a bar-
rier. While this ocean has large ocean water distances, there appears to be qualified
gene flow between eastern and western shorelines (Takayama et al. 2013). In sup-
port of this contention, all seven native species on the African west coast occur also
in the Americas (Table 2.3). And, while four genera on the American east coast are
not recorded on the African west coast, five common genera occur naturally on
either side of the ocean. However, the depauperate diversity of mangrove assem-
blages in West Africa remains a mystery. It is proposed that this low diversity might
reflect the relative stability of this area over the last 40-50 my.

In a second example (Fig. 2.2, site 2), a mangrove outlier population on the
North American west coast was established with the introduction of Avicennia
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Table 2.3 Tentative ranking of mangrove genera (for the relevant species present in mangroves)
by age (oldest to youngest, 1-32) based on earliest fossil evidence coupled with distributional
extent across global regions and subregions (IWP = Indo West Pacific; AEP = Atlantic East Pacific;
E Africa = East Africa; Indo Mal = Indo Malesia; Austral Asia = southern Asia to Australia; W
Amer = West America; E Amer = East America; W Africa = West Africa), shown as numbers of
species excluding hybrid intermediates. Dated (mya) fossil evidence were described by Plaziat
et al. (2001), others (*) were deduced from Appendix 2

WP IWP IWP AEP AEP AEP
Fossil
Mangrove Age E Indo Austral | W E w
Genera (mya) |Spp | Africa | Mal' Asia'? | Amer*® | Amer’* | Africa*
1 | Nypa 55 1 1 1 Introd | Introd | Introd
2 | Acrostichum 55 3 2 2 2 2 2 2
3 | Rhizophora 50 6 1 3 4 2 2 2
4 | Avicennia 50 8 1 4 4 2 2 1
5 | Pelliciera 50 1 1 1
6 | Sonneratia 50 6 1 6 4
7 | Bruguiera 50 6 1 5 6 Introd
8 | Ceriops 50 5 1 3 3
9 | Heritiera 40 2 1 2 1
10 | Laguncularia | 25-40% |1 Introd 1 1 1
11 | Conocarpus 25-40% |1 Introd 1 1 1
12 | Lumnitzera 40%* 2 1 2 2 Introd
13 | Xylocarpus 40%* 2 1 2 2
14 | Pemphis 40* 1 1 1 1
15 | Aegiceras 40 2 2 1
16 | Pavonia 25-40% |2 2 1
17 | Aegialitis 25-40% |2 1 1
18 | Acanthus 25-40% |2 2 2
19 | Muellera 25-40% |1 1 1
20 | Camptostemon | 10-25% |2 1 1
21 | Barringtonia 10-25* |1 1 1
22 | Scyphiphora 25-40% |1 1 1
23 | Osbornia 10-25% |1 1 1
24 | Cynometra 25-40* |1 1 1
25 | Dolichandrone | 25-40% |1 1 1
26 | Excoecaria 25-40*% |1 1 1
27 | Crenea 25-40* |1 1
28 | Diospyros 5-10%* 1 1
29 |Mora 3-4% 1 1
30 | Kandelia 25-40*% |2 2
31 | Brownlowia 25-40* |1 1
32 | Tabebuia 3-4%* 1 1

Notes: Comparison between major regional discontinuities defined in part by: 1. Malay Peninsula
& Wallace’s Line; 2. Pacific Ocean; 3. Central American Isthmus; 4. Atlantic Ocean. The barriers
dividing these area groupings have different causal factors; see Fig. 2.2; mya = millions of years

ago
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marina to Mission Bay, around 30-50 years ago (Kay 2007). There were no man-
groves extant in this area beforehand. The local native mangrove populations of
Avicennia germinans are currently limited to a few 100 km further south in northern
Mexico, presumably constrained by the temperature limited growth of that species.
Of course, this needs to be assessed further, but the south east Australian source
stock of introduced A. marina has greater cold tolerance than the local Avicennia
species; this concurs with the unusual natural occurrence of A. marina at exception-
ally high latitude sites in Australia. This shows notable limitations with the conclu-
sion by Quisthoudt et al. (2012) that high latitude limits might be usefully
re-evaluated considering temperature tolerances of individual species and their local
genotypes. In any case, as shown for Hawaii, in Mission Bay, artificial and recent
occupation of vacant habitat has proven to be suitable for mangroves, previously not
occupied by natural means. Could this be evidence of different temperature toler-
ances of different genotypes, and the current effectiveness of a temperature barrier
on native mangrove species along the American Northwest coast?

The effectiveness of land barriers is aptly demonstrated in one prime example
(Fig. 2.2, site 3; Table 2.3)—the African land mass. This long-established land bar-
rier works together with the Pacific Ocean water barrier to effectively divide the
AEP and IWP global regions. For the African land barrier, only one species,
Acrostichum aureum, occurs in common between east and west coasts. And, at the
genus level, while there are three in common, two other Atlantic genera are unknown
in the Indian Ocean, and seven Indian Ocean genera are unknown in the Atlantic.

In another example of a land barrier (Fig. 2.2, site 4), the Central American
Isthmus (CAI) has been much less effective in blocking gene flow. While eight gen-
era are shared, there are just two genera not shared across the CAI. The diminished
effectiveness of this barrier however corresponds with its recent age, with closure of
the isthmus land bridge between the Pacific and Atlantic Oceans, 3—4 mya (Coates
et al. 1992; Schmidt 2007). This clearly demonstrates why extant barriers must be
assessed in their historical context when evaluating their longer-term effectiveness.

In summary, the map in Fig. 2.2, shows the locations of key extant barriers along
with those examples of introduced taxa mentioned earlier. The figure also shows the
location of a number of potentially ancient barriers (black bars). These appear no
longer to function as currently situated, but each is recognized for its otherwise odd
and localized genetic discontinuity at differing taxonomic levels.

2.6 Discontinuities and Deductions Surrounding Relict
Barriers

There are notable genetic discontinuities within and amongst present-day barriers
(Fig. 2.2, sites 4—7 for example). Our knowledge of these instances is based on prior
biogeographical accounts (e.g., Tomlinson 2016; Triest 2008; Spalding et al. 2010)
along with other detailed assessments of gene flow amongst specific taxa in
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particular areas (Duke et al. 2002; Takayama et al. 2013; Lo et al. 2014). Such dis-
continuities are manifest as unexplained distributional patterns where the range of a
taxon might end abruptly, or where sibling (closely related) genotypes exist either
in separation or coexisting in overlapping distributional ranges. These instances
stand out because they are largely unexplained in the context of the present-day bar-
riers described previously. But, where discontinuities might be artifacts of past geo-
logical events over 10 mya, these are better considered as valuable evidence from
which we might identify taxa at particular dates and circumstances.

One significant discontinuity exists between Indo-Malesian and Australasian
subregions (Fig. 2.2, site 5). The boundary of contact is well-recognized as Wallace’s
Line, marking the collision juncture of Australian and Asian biotas around 20 mya
(e.g., Duke et al. 2002). For mangrove plants, this is marked by 21 genera in com-
mon, while 2 are restricted to Asia, and one to the south. But, while 35 species
(Appendix 1) are shared between subregions, 7 species are partially or wholly
restricted to the south including Aegialitis annulata, Avicennia integra, Bruguiera
exaristata, Camptostemon schultzii, Ceriops australis, Ceriops pseudodecandra,
and Diospyros littorea. And, 11 others are restricted to the north, Aegialitis rotundi-
folia, Aegiceras floridum, Brownlowia tersa, Camptostemon philippinense, Ceriops
decandra, Ceriops zippeliana, Heritiera fomes, Kandelia candel, Kandelia obo-
vata, Sonneratia apetala, and Sonneratia griffithii.

Another recognized discontinuity is that between north and south coasts of New
Guinea (Fig. 2.2, site 6). This is part of the same collision event that formed
Wallace’s Line (Duke 1995). While this discontinuity is much “weaker” (=lower
taxonomic level differences), it is marked by sibling taxa replacing each other on
either coast like Avicennia alba and A. marina, Rhizophora apiculata (Asian form)
and R. apiculata (Australian form), and Sonneratia caseolaris and S. lanceolata.

In recent years, a discontinuity between east and west coasts of the Malay
Peninsula (Fig. 2.2, site 7) has been identified in a number of detailed genetic
studies (Triest 2008; Guo et al. 2016), but its effectiveness depends on the relevant
mangrove’s dispersal abilities. For dispersal specialists, like Rhizophora, local
gene exchanges are governed predominantly by current flows (Lo et al. 2014; Wee
et al. 2014), while for species with more limited dispersal abilities, like Ceriops
and Lumnitzera there is a notable ancient land barrier effect (Tan et al. 2004; Liao
et al. 2007; Su et al. 2006). The circumstances are explained by the partial sub-
mergence of an ancient much larger Sund Peninsula whose remnant outcrops now
form the Indonesian Archipelago. The submergence event was the result of the
massive collision between Australian and Asian land masses as these continental
fragments continue to relocate and adjust. The separation of biotas in the Indian
Ocean and the South China Sea therefore appear to have much greater isolation
than expected. At least nine species (Appendix 1) affected include: Aegialtis
rotundiolia, Ceriops decandra, Ceriops zippeliana, Ceriops tagal, Heritiera
fomes, Kandelia candel, Kandelia obovata, Sonneratia apetala, and Sonneratia
griffithii. Much of the genetic differences concern variations within individual
species.
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2.7 Localized Extinction Events and Recovery

Mangrove distributions have varied considerably over more than 50 million years
with both notable range extensions and instances of localized extinction (Duke
1995; Plaziat et al. 2001; Triest 2008). Events most likely to have caused such
extreme outcomes have almost certainly been associated with changes in climate,
reduced rainfall, and cooling temperatures. A key driver for these events could be
associated with shifts in continental fragments as they drifted from one climate zone
to another. Or, it could be changes to climate zones from altered oceanic circulation
patterns and/or atmospheric conditions.

For north—south orientated sections of coastline in particular, temperature
increases have driven poleward shifts, while temperature decreases have driven
retreat and extinction from higher latitudes. This is shown in global fossil records
(Plaziat et al. 2001) with species also becoming extinct from entire regions of
warmer temperatures when rainfall decreased dramatically, like the Middle East and
the Caribbean—northern South America areas 20-30 mya. The following case stud-
ies illustrate some key processes at play.

Consider the widespread IWP taxon, the mangrove palm, Nypa fruticans
(Appendix 1). It is restricted naturally today to wet, warm areas within the IWP
region. However, fossil evidence shows its past distribution included not only both
IWP and AEP regions, but that it also sometimes was in sites of notably higher lati-
tude >40° north and south around 50-55 mya. It is significant that in recent times,
the species has been reintroduced into the AEP on multiple occasions (Duke 2013,
2014a), demonstrating the current suitability of such locations and massive changes
in local climates. Today, the nearest comparable restrictive climate conditions would
be those currently present in the Middle East, west of India. In these locations, Nypa
is excluded despite its proximity to viable, abundant populations further east. And,
the dispersal capacity of Nypa is apparently reasonably effective with notable scat-
tered populations spread across islands of the North-West Pacific, and further afield.

A number of mangrove species and genera have shown latitudinal range contrac-
tions from past fossil distributions (Appendix 1), including, Acrostichum, Aegiceras,
Avicennia, Bruguiera, Ceriops, Heritiera, Pelliciera, and Rhizophora. However,
only Pelliciera has shown partly comparable reductions in longitudinal range.
Curiously, this relates to similar areas of the AEP in each case. Unlike Nypa,
Pelliciera was not quite extinguished in the AEP, but its broad ancestral range was
notably reduced to its western limit (Plaziat et al. 2001). Since then, there has been
limited recovery east. As noted for Nypa, there are few current-day restrictions in
climate, so such climate factors apparently appear not to be limiting the species
today. However, Pelliciera does seem to have serious limitations for long-distance
dispersal because of its poorly buoyant propagules. Furthermore, these are heavily
consumed by small crabs (Dangremond 2015). These observations demonstrate the
diverse factors to be considered along with the species-specific eco-physiological
attributes of each species entity.
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2.8 Time Line of Geological Events, Dispersal,
and Speciation

Instances of speciation, extinction, and dispersal are driven by internal and external
factors where a concurrence of events offers preliminary evidence. As such, ages
estimated by carbon dating or genetic dating from rates of mutation and divergence
might correspond with dates from fossil records and relevant geological events. In
this way, three key instances of diversification seem relevant to the dominant genera
of mangrove plants namely Rhizophora and Avicennia: (1) the diversification and
dispersal to both AEP and IWP regions from a more or less common point of origin;
(2) secondary diversification separately of each lineage in AEP and IWP occur-
rences; and (3) subsequent further secondary diversification.

The key global geological changes of continental drift that took place during the
last 118 million years are shown in Fig. 2.3. Over this period, there were a series of
dramatic and progressive global events with each having profound influences on the
plants and animals living during these times. The four most significant circum-
stances (Fig. 2.3) include, Event 1: the separation of Africa and South America
(~100 mya) and progressive opening of the South Atlantic Ocean; Event 2: the
closure of the Tethys Sea between Africa and Eurasia 25-35 mya; Event 3: the sepa-
ration of India (70-75 mya) and Australia (~50 mya) with their subsequent collisions

. Present Day
40-55 mya . Eocene
66-84 mya . Late Cretaceous

101-118 mya I:l Early Cretaceous

Fig. 2.3 Maps of continental drift in four stages between 118 mya and the present day. Notable
events shown with arrows, include: (1) widening of the Southern Atlantic; (2) closure of the Tethys
Sea (between Africa and Eurasia); (3) narrowing of the Pacific with northern drifts of India and
Australia across the Indian Ocean; and (4) opening of the North Atlantic Ocean
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with Asia (~40 mya and ~15 mya, respectively); and Event 4: the opening of the
North Atlantic (from ~60 mya onwards).

Fossil evidence (Table 2.3) links mangrove plants with at least the last three cir-
cumstances from 55 mya onwards. However, for the first point, it is reasonable to
speculate that precursor mangrove flowering plants would almost certainly have
benefitted from the creation and progressive widening of the South Atlantic Ocean.
The first angiosperm flowering plants appeared nearby around this time. Prior to the
Tethys closure, around 40-55 mya, recognized mangrove genera, Nypa, Acrostichum,
Rhizophora, Avicennia, Pelliciera, Sonneratia, Bruguiera, Ceriops, Heritiera, and
Aegiceras were present around its shoreline, as well as further afield. It seems likely
that these populations were for the most part contiguous. Species like Nypa were
notably widespread, suggestive of widespread, moist, warm climatic conditions.
Then with the closure of the Tethys, widely spread taxa would have been divided as
precursors of AEP and IWP regional differences. This was likely to be compounded
by populations separated along the northern and southern shorelines of the ancient
Tethys Ocean. The subsequent diversification of species was largely dependent on
individual circumstances as each genus further diversified and dispersed.

Based on extant and fossil records of Rhizophora, a schematic for the phylogeny
of genotypes of this genus (Fig. 2.4; Duke et al. 2002) shows likely speciation path-
ways portrayed as coincident with the geological circumstances described earlier
(Fig. 2.3). In consideration of such matters in concordance with known physiologi-
cal constraints (cs. Figure 2.2), the dispersal and distribution of evolving taxa are
described in the following scenario. While AEP and IWP taxa were being separated
by the Tethys closure, each was becoming more influenced by region specific events.
To better understand these events and circumstances, it is useful to follow likely
dispersal paths with known positions of land masses and oceans during periods
identified by available fossil evidence (Fig. 2.5; e.g., Plaziat et al. 2001).

In the AEP, Rhizophora populations with blunt obtuse leaf tips would have
spread along shorelines of the newly forming Atlantic oceans. One group (Fig. 2.5,
path #2), as proposed R. racemosa progenitors, progressed south from Africa to
South America. While the other (Fig. 2.5, path #4), as possible R. mangle progeni-
tors may have spread west along the North American coastline before migrating
south as conditions progressively cooled during the Eocene. The early progenitor
lineages had separated and developed over millions of years, remaining isolated
until they were reunited as different species when North and South American land
masses merged and formed (Fig. 2.5, point C). The further separation of R. mangle
and its sibling, R. samoensis, is likely to have arisen during this time as populations
became isolated on opposing sides of North America which was finally completely
isolated after closure of the Caribbean American Isthmus (Fig. 2.5, path #3). During
this time, R. mangle and R. racemosa more or less matched ranges on both sides of
the Atlantic.

In the IWP, Rhizophora populations with spiked mucronate leaf tips would have
spread east along shorelines of the ancestral Indian Ocean as the far western shores
of a vast Pacific Ocean. One group (Fig. 2.5, path #10), as proposed R. apiculata
progenitors, may have progressed eastward to Southeast Asia where founding popu-
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Fig. 2.4 A proposed phylogeny for Rhizophora taxa between present day and 118 mya, assuming
a single ancestral progenitor possibly created with the emerging Atlantic Oceans (Duke et al.
2002): Seen as a “slice in time,” two major radiations with subsequent divergences in extant vicari-
ant populations from global subregions (AEP and IWP) to ocean areas (green lineages). Hybrid
intermediates (yellow lineages) are known between species at each instance of co-existence

lations possibly became isolated on either side of the Sund Peninsula. Meanwhile,
the other group (Fig. 2.5, path #6), as R. mucronata progenitors, spread south along
the East African shoreline where some plants spread to the island of India as it
drifted north. The Indian land mass carried populations of R. mucronata north to
join the Asian shoreline (Fig. 2.5, path #7). Other plants would have spread to the
Australian shoreline, and changed slightly to become the R. mucronata sibling, R.
stylosa (Fig. 2.5, path #8). Then, after Australia collided with the Sund Peninsula
and Southeast Asia, all diverging IWP species would have been united into the over-
lapping distributions seen today (Fig. 2.5, point H & I). It is of some interest, that
the dispersal and speciation processes were somewhat similar in respective hemi-
spheres where divergent populations appear to be reunited (equalized) after long
periods of separation and divergence.

It is of additional great significance, that two distinct and different genera,
Rhizophora and Avicennia, in particular, have comparable global distributions;
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Fig. 2.5 Proposed dispersal pathways taking account of all mangrove species with the help of
fossil records; continental locations; land, sea, and temperature barriers; and, overall species
affinities

despite acknowledged differences in key functional characteristics, including dis-
persal ability (cs. Steinke 1986; Drexler 2001). This firmly suggests there might be
common overall circumstances influencing dispersal and distribution beyond indi-
vidual plant differences. So, why do these different genera have similar global dis-
tributions? It has been explained earlier that this is despite dispersal being limited
by extant land and sea distance barriers. Could it be that the influence of continental
drift dominates the evolution of mangrove plants rather than their functional differ-
ences? The answer may be explored further by investigating whether common pat-
terns exist in Avicennia and other genera, when substituting each genus in the
previous scenario for Rhizophora. In doing so, some consideration can be made for
local influences, particularly, any reported differences in dispersal ability, along
with respective levels of taxonomic differentiation.

In the scenario for Avicennia, the corresponding AEP species might be as fol-
lows: A. germinans for R. racemosa; A. schaueriana for R. mangle; and A. bicolor
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for R. samoensis. And, matching IWP species would be: A. marina for R. stylosa; A.
officinalis for R. apiculata; A. alba for R. mucronata; and two other—A. integra
appears to a sibling derivative of A. officinalis while A. rumphiana is a sibling deriv-
ative of A. marina.

Then, while Sonneratia is only recorded in the IWP, the corresponding species
for that comparison include S. alba for R. stylosa; S. apetala for R. apiculata;
S. caseolaris for R. mucronata; and three others—S. lanceolata is a sibling derivative
of S. caseolaris; but S. ovata and S. griffithii appear to be outlier derivatives of S.
alba.

For Bruguiera in the IWP only, the corresponding species for that comparison
include B. exaristata for R. stylosa; B. parviflora for R. apiculata; B. gymnorhiza for
R. mucronata; while B. sexangula is a derivative of B. gymnorhiza; but B. cylindrica
and B. hainesii are outlier derivatives of B. parviflora.

For Ceriops in the IWP only, the corresponding species for that comparison
include C. australis for R. stylosa; C. decandra for R. apiculata; C. tagal for R.
mucronata; while C. zippeliana and C. pseudodecandra are outlier derivatives of C.
decandra.

While these comparable groupings and patterns require further validation, they
do match the hypothesis of common overall dominance of geophysical influences
over individual differences in affected taxa. In making this case, it is not suggested
that mangrove taxa have common rates of evolution or common taxonomic diversi-
fication, nor that we should underestimate the importance of individual functional
differences, like dispersal capabilities, propagule longevity, and phenologies. In
fact, it is more likely that with greater awareness of such shared influences, this will
allow greater understanding of the deterministic role of individual attributes in the
evolution of each taxon.

2.9 Shared Evolutionary Processes and Dispersal Pathways

The first step is to review the initial patterns in distributional occurrences with the
known dispersal endpoints for each taxa. All mangrove species (excluding recog-
nized hybrid intermediates) have been assigned to 15 spatiotemporal endpoint
groupings, summarized in Table 2.4. Five groups occur in the AEP with two on
northern coastlines and three on southern coastlines, notably within its ancient
Tethyian context. Similarly, 10 groups occur in the IWP with three on northern
coastlines and seven on southern coastlines. Groups with repeated names and num-
ber, represent likely overlapping dispersal routes associated with similar extant
locations.

To better understand these groupings, each has been located on an Eocene map
(Fig. 2.5, starting from red-shaded continents). On this map, ancient dispersal bar-
riers and pathways of the day (~40 mya) have also been tentatively defined (cp.
Fig. 2.2). Dominant barriers include temperature (active across latitudes), sea dis-
tances (defined by the dispersal and establishment capability of each species), and
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Table 2.4 Assignment of 70 extant mangrove taxa (species, subspecies, varieties) to 18 dispersal
endpoints grouped west (A-E) and east (F-O) of the ancient Tethys Ocean 40-55 mya (see
Figs. 2.5 and 2.6). Each is then further assigned to northern or southern hemispheres, as separating
increasingly isolated shorelines. These groups correspond with 12 dispersal pathways, discussed
later (see Table 2.5). See Appendix 2 for specific group attributions and estimates of taxa numbers
and approximate age (mya)

Site # Dispersal Endpoints Description Taxa Age
mya
A Atlantic Central America Northern Tethys West 7 25-40
B Pacific Central America Northern Tethys West 8 3-4
@ Northern South America Southern Tethys West 5 25-40
D Pacific South America Southern Tethys West 5 3-4
1y South West Pacific Southern Tethys West 1 2
F Australia 1 Southern Tethys East 11 10-25
G Middle East 1 Southern Tethys East 10 25-40
H South China Sea 1 Southern Tethys East 10 25
1 Australia North 2 Southern Tethys East 10 5-10
J India Southern Tethys East 10 40
K South China Sea 2 Southern Tethys East 10 25
L Australia North 3 Southern Tethys East 10 5-10
M Middle East 2 Northern Tethys East 18 25-40
N South China Sea 3 Northern Tethys East 20 10-25
(6] Australia North 4 Northern Tethys East 19 5-10

land barriers (where they prevent water-borne dispersal). Fossil evidence has helped
define the effectiveness and presence of these ancient barriers (cs. Plaziat et al.
2001).

As proposed for the evolution of Rhizophora taxa (Fig. 2.4; Duke et al. 2002),
these were widely distributed before closure of the Tethys Sea during the latter
Eocene, around 45 mya. Using the Eocene map in Fig. 2.5, there were a number of
mangrove genera present along the northern and southern shorelines of the Tethys,
of Laurasia, and Gondwana, respectively. With the northward movement of Africa,
the Tethys closed cutting off western and eastern distributions. The effect would
have been to isolate northern and southern populations that separated over time,
becoming more isolated entities in AEP and IWP regions. All these observations,
and those that follow, are based on known extant and fossil records, in full consid-
eration of individual attributes of each relevant species entity.

Those in the AEP are likely to have dispersed westward in two more or less sepa-
rate pathways: a southern path along the coasts of West Africa and South America;
and, a northern path along the North American east coast, forced south as conditions
cooled, and the Atlantic widened.

For the IWP, dispersal eastward had also started out following two isolated path-
ways: a northern path along the coast to the Middle East and Southeast Asia; and, a
southern path along the coasts of East Africa, India, and Australia. To complicate
the dispersal outcomes, the latter two land masses with mangrove inhabitants moved
rapidly north at different times to collide with the Middle East and Southeast Asia
(respectively) during this period.
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In both AEP and IWP, there were, at first, partly isolated pathways that indepen-
dently later reunited toward their respective dispersal extremes. This has led to the
consequential genesis of greater diversity and further radiation that now character-
izes each region — and, it has led to the creation of the respective hot spots of extant
diversity. The greater complexity of geomorphic changes in the IWP is presumed to
be the reason for the greater genetic diversity in that region.

Combining these observations, the proposed common dispersal pathways are
depicted in 12 key locations of likely isolation (Table 2.5), leading to genetic
differentiation and speciation for respective mangrove genera (Figs. 2.5 and 2.6,
Appendix 2). These relate also to the 15 extant location endpoints (Table 2.4). The
broad assessment of evidence considered for these depictions include, location and
age of fossil records; period maps of continental drift; distribution maps of each
species; phylogenetic relationships between and among taxa; extant discontinuities;
and key barriers of land, water, and climate.

The decision for grouping species in this treatment is based on the idea that
instances of genetic divergence and speciation could only have taken place when
circumstances resulted in prolonged isolation or during founder events where dis-
persal from established populations might have reached unoccupied niches suitable
for mangrove establishment and diversification. And, that these circumstances
would be utilized by all genetic entities present at the time.

2.10 Common Drivers of Diversification and Speciation

While it appears less likely that mutations amongst mangroves taxa have led to
genetic differentiation in a process of sympatric speciation (Maynard-Smith 1966),
there are other features of these taxa indicative of other recognizable processes of
speciation. One is the number of closely related, sibling taxa. While it is notable that
some sibling taxa have slightly different ecological preferences, the ranges of these
entities often overlap. This implies that the reason for their isolation is no longer
applicable, with once separate populations being reunited.

Considering all relevant evidence, it seems the diversification of mangrove plants
has largely been driven by three key processes of speciation:

(a) Allopatric speciation (Mayr 1970): incidents of isolation by land, sea, or tem-
perature barriers blocking gene flow

(b) Peripatric speciation (Provine 2004): founder populations (with their smaller
subset of genes) multiplying rapidly into more or less vacant habitat

(¢) Parapatric speciation (Doebeli and Dieckmann 2003): the reunification of
extreme ends of wide, linearly distributed species (as with the broad global
shoreline surrounding the Tethys Sea) having notable diversification and genetic
drift along its length

The number and diversity of families and genera with representatives specialized
for mangrove habitat clearly show that the evolution and speciation of mangrove
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Table 2.5 Proposed common dispersal pathways are depicted in 12 key locations of likely
isolation, leading to genetic differentiation and speciation for the respective mangrove genera
(Figs. 2.5 and 2.6, Appendix 2). These relate to 15 extant location endpoints (Table 2.4). The broad
assessment of evidence considered for these depictions include the following: location and age of
fossil records; period maps of continental drift; distribution maps of each species; phylogenetic
relationships between and among taxa; extant discontinuities; and key barriers of land, water, and

climate
Age
Path # | Dispersal pathway | Description mya
1 AEP + IWP Division of the AEP and IWP with the closure of the 40-55
Tethys Sea, isolated by the landmass of Africa and
Laurasia
2 AEP South West | AEP South Western pathway from West Africa and 25-40
across the widening Atlantic to eastern South America;
later more or less isolated by the Atlantic but reunited
with the North-Western taxa
3 AEP extreme AEP across northern South America to the western coast, |3—4
South West later isolated by the Caribbean American Isthmus
4 AEP North West | AEP North Western pathway from western Laurasia 25-40
(Europe) and across the widening North Atlantic to
eastern North America; soon isolated by the Atlantic but
later reunited with the South-Western taxa
5 AEP extreme AEP across southern North America to the western coast, |3—4
North West later isolated by the Caribbean American Isthmus
6 IWP South East IWP South Eastern pathway from northern Africa to 25-40
Africa eastern Africa into the Indian Ocean; later reunited with
Middle Eastern taxa
7 IWP South East IWP from East Africa northward across the Indian Ocean |40
India on the Indian landmass to collide with the Middle East;
reuniting respective taxa
8 IWP South East IWP from East Africa south and eastward across the 10-25
Australia Indian Ocean to Australia when breaking away from
Gondwana to travel north towards South East Asia to
reunite respective taxa
9 IWP extreme IWP around Australia from the north coast to isolated 5-10
Australia founding populations in South East Asia, as Australia
collided with the Austral Malesian Archipelago
10 IWP North East IWP north eastern pathway from the Middle East to 2440
South East Asia
11 IWP extreme IWP from South East Asia to the South China Sea, to be 10-25
North East first isolated by the earlier barrier of the Sund Peninsula
(submerged as the Austral Malesian Archipelago), and
then later reunited with its submergence
12 IWP North East IWP from the Austral Malesian Archipelago to northern | 5-10
Australia Australia, as Australia collided with the Austral Malesian

Archipelago
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Fig. 2.6 Proposed timeline of common phylogenies of all mangrove species noting global disper-
sal points (A—O) and dispersal pathways (1-12). Also see Fig. 2.5

plants has taken place on multiple occasions, and independently within various
families and genera. As the drivers of diversification and speciation appear strongly
influenced by major geological and climatic events, it seems reasonable to conclude
that respective phylogenetic pathways of each genetic entity might follow a com-
mon structure. The premise is that all taxa have been mostly subjected to the same
guiding dominant influences with the same notable events of speciation.

In Fig. 2.6, a common, encompassing phylogenetic tree structure is proposed for
the derivation of every mangrove plant taxa. The pathway describes how a small
number of progenitors of key plant genera might have diversified from their respec-
tive origins during the last 60-90 my. During this time, mangrove taxa appear to
have first dispersed east and west, then along northern and southern shores of a
diminishing Tethys Sea. The dominant genera had reportedly distributed globally
long before closure of the ancient Tethys Sea during the mid-Eocene period, around
45 mya (Plaziat et al. 2001). This is consistent with the presence of dominant man-
grove genera in both AEP and IWP regions today. It is notable that similar patterns
occur in seagrass and corals (Hoeksema 2007).

Dominant and widespread mangrove genera include Nypa, Rhizophora,
Avicennia. While Nypa has no reported diversification more than its apparently sole
species entity, the other two have clear diversification with speciation for common
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specialized ecological niches, as well as comparable distinct regional forms. This
implies these taxa were influenced by a common driver, where the physical environ-
ment might have strongly guided and helped form the necessary mangrove traits and
features that individually characterize each taxon. While the precise origin of these
primary mangrove taxa remains unknown, the separation of South America from
Africa would have provided the necessary physical circumstances consistent with
the creation of mangrove traits. These circumstances include a slow and progressive
increase in salinities as two massive, complex estuarine margins spread apart before
becoming the southern Atlantic Ocean. And, this all would have taken place in the
formative early years of flowering plants, around 90-110 mya.

It is also curious why so many groups of plants of such antiquity have so few
species today, and why these plants have mostly remained unchanged throughout
their long fossil record, up to 55 my. A key deduction is that events causing specia-
tion have been rare. And, this concept is consistent with the current proposition of a
common phylogenetic structure for the evolution of extant mangrove plants. This is
especially the case since each instance of speciation must have been marked by
notable and very unusual circumstances. While these events appear to have deter-
mined the common phylogenetic tree structure, this does in no way imply that all
mangroves originated from the same place, or at the same time. But, it does however
provide a means to narrow down the options for determining the individual features
of each species and genotype.

For limited range species, like Mora oleifera (Duke 2013, 2014a; see Appendix 2),
there are a number of important knowledge gaps. This species, restricted to the
Pacific coast of Central America, appears to have originated quite recently as there
are few if any fossil records. Of course, this observation would be amended if there
were fossil evidence, and/or, if this species were found to have unusual dispersal
limitations. While there may be other questions about its nearest relatives (nearby,
there are 7-9 upland species of Mora), it is of some interest that this species has
exceptionally large propagules—the largest embryo of any plant. But, it is not really
known how buoyant they are, or whether they might be predated upon by small
crabs, like those consuming Pelliciera propagules (Dangremond 2015). Its limited
distributional range however is consistent with either poor dispersal, or that it is
newly evolved, or both.

Such questions concern most, if not all, mangrove taxa. So, in the absence of
further evidence, it may be concluded that species with limited distributions, might
also have recent origins. For example, it was deduced for Mora oleifera therefore,
that this species was likely to have arisen after closure of the Central American
Isthmus, less than 3—4 mya.

Another taxon, the genus Camptostemon, appears to have been around only after
10-25 mya, and diversified as two species around 5-10 mya.

Taxa like the genus Lumnitzera, are more difficult to place. While the genus is
restricted to the IWP, this does imply its post-Tethyian origins, since 40 mya.
However, its subsequent diversification and its occurrence in East Africa, does sug-
gest its presence along the Southern Tethys Eastern pathway rather than in the north.
There does not appear to be any relevant major dispersal events from north to south.
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As such, the two species appear to have diverged with the passage of India north,
leaving the other entity to possibly migrate eastward unchanged to Australia.

A summary of estimated ages for mangrove-related representatives from all 32
genera is shown in Table 2.3. While the deductions may be altered and amended in
the future as new information comes to hand, the proposed common phylogenetic
tree structure does offer a practical working understanding of how and where each
mangrove species evolved and dispersed to locations where they exist today.

2.11 Summary and Conclusions

In summary, there are six key deductions and findings raised in this treatment:

1. The mangrove niche is inhabited by around 80 tree and shrub species (including
11 hybrid intermediates) of 32 genera from 17 families worldwide. These man-
grove species are widely distributed, but constrained by natural barriers of tem-
perature, water distance, and land masses. For the most part, the effectiveness of
each barrier is self-evident, marked by genetic differences or endpoints, as
genetic discontinuities.

2. The natural distribution of individual species and genotypes are mostly distinct
with few occupying the same range. Taxa are individually constrained by their
respective tolerances for key functional factors like temperature, precipitation
and evaporation, salinity, soil type, inundation frequency and tidal regimes, as
well as individual adaptations in anatomy, physiology, phenology, propagule
buoyancy and dispersal longevity, and establishment ability.

3. There are significant instances where extant dispersal barriers have been fully
effective in recent times, leaving suitable habitat niches vacant. Because man-
grove plants all have buoyant, water-dispersed propagules, the effectiveness of
land mass barriers are self-evident. This is complicated for barriers of climate
(temperature, rainfall) and water distance because these are dependent on indi-
vidual capabilities and tolerances of each plant type. But, in all cases, when
people intervene by introducing a plant type to habitat previously unoccupied by
that genotype, this proves two things: a) that suitable habitat was available; and
b) that the introduced entity was unable to disperse and arrive there naturally.

4. There are a number of genetic discontinuities that lack obvious current-day bar-
riers. These can only be explained by past geological circumstances where previ-
ous barriers are no longer effective, like Wallace’s’ line in the IWP. The presence
of these occurrences implies there can be appreciable lags in genetic mixing and
natural dispersal amongst previously established populations. The relevance and
role of each discontinuity is determined by its location; its geological age; and,
the level of taxonomic differences in responsible biota.

5. Species distributions worldwide are divided naturally into two global regions of
the Indo West Pacific IWP) and Atlantic East Pacific (AEP), distinguished by
relatively high level taxonomic differences in families and genera. Genetic hot
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spots are present in each region, but that in the IWP is well recognized for its
concurrent and comparable concentrations of mangroves, corals, sea grasses,
reef fishes; collectively and individually known for its globally high diversity as
the hot spot triangle. These common diversity patterns across different plant and
animal taxa demonstrate the overwhelming dominance of geo-physical circum-
stances over individual functional differences in biota. In this way, plant and
animal life appears more to have been shaped and driven by their individual
responses to the changing geophysical environment, rather than the other way
around.

6. In conclusion, this treatment offers the novel hypothesis that all mangrove spe-
cies have dispersed, diversified, and evolved following more or less, common,
overall phylogenetic pathways formed by the overwhelming geophysical occur-
rences over the last 100 my. And, it is within these constraints that each taxon
displays its individual differences depending on their own circumstances in gen-
esis location and date, as well as their biological capabilities and tolerances in
growth and mutation, including their notable attributes of propagule buoyancy,
longevity, and establishment success.
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Appendix 1

Distribution Maps. Listed are 24 distribution maps (A—X) showing 32 genera with
70 species of mangrove plants. Hybrid species are not included because their
ranges for the most part match the overlapping distributions of parental taxa. For
more references, specific descriptions, images, and distributional maps of each spe-
cies, refer to the World Mangrove e-book app (Duke 2013, 2014a).
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Fig. 2.7 (A) Distribution of mangrove species of the genus Nypa, showing extant, introduced, and
fossil occurrences. Species: N. fruticans van Wurmb 1781. (B) Distribution of mangrove species
of the genus Acrostichum, showing extant, introduced, and fossil occurrences. Species: A. aureum
L. 1753, A. danaeifolium Langsdorff and Fischer 1810, A. speciosum Willd. 1810. (C) Distribution
of mangrove species of the genus Rhizophora, showing extant, introduced, and fossil occurrences.
Species: R. mucronata Lam. 1804, R. stylosa Griff. 1854, R. apiculata Blume 1827, R. mangle L.
1753, R. samoensis (Hochr.) Salvoza 1936, R. racemosa Meyer 1818. (D) Distribution of man-
grove species of the genus Avicennia, showing extant, introduced, and macro fossil occurrences.
Species: A. marina (Forssk.) Vierh. 1907, A. alba Blume 1826, A. rumphiana Hallier f. 1918, A.
officinalis L. 1753, A. integra N.C. Duke 1988, A. germinans (L.) Stearn 1958, A. bicolor Standley
1923, A. schaueriana Stapf and Leechman ex Moldenke 1939. (E) Distribution of mangrove spe-
cies of the genus Pelliciera, showing extant and fossil occurrences. Species: P. rhizophorae
Planchon & Triana 1862. (F) Distribution of mangrove species of the genus Sonneratia, showing
extant, introduced, and fossil occurrences. Species: S. alba J.Sm. in A.Rees 1816, S. apetala
Buch.-Ham. 1800, S. griffithii Kurz 1871, S. ovata Backer 1929, S. caseolaris (L.) Engl. 1897, S.
lanceolata Blume 1851
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Fig. 2.8 (G) Distribution of mangrove species of the genus Bruguiera, showing extant, intro-
duced, and fossil occurrences. Species: B. gymnorhiza (L.) Savigny ex Lam. & Poiret 1798, B.
cylindrica (L.) Blume 1828, B. hainesii C.G. Rogers 1919, B. parviflora (Roxb.) Griff. 1836, B.
sexangula (Lour.) Poir. 1816, B. exaristata Ding Hou 1956. (H) Distribution of mangrove species
of the genus Ceriops, showing extant, introduced, and fossil occurrences. Species: C. tagal (Perr.)
C.B. Robinson 1908, C. australis (C.T.White) Ballment, T.J. Sm. & J.A. Stoddart 1988, C. decan-
dra (Griff.) Ding Hou 1958, C. pseudodecandra Sheue, Liu, Tsai and Yang 2010, C. zippeliana
Blume 1849. (I) Distribution of mangrove species of the genus Aegiceras, showing extant and
fossil occurrences. Species: A. corniculatum (L.) Blanco 1837, A. floridum Roemer & Schultes
1819. (J) Distribution of mangrove species of the genus Heritiera, showing extant and fossil
occurrences. Species: H. littoralis Aiton 1789, H. fomes Buch.-Ham. 1800. (K) Distribution of
mangrove species of the genus Laguncularia and Lumnitzera, showing native and introduced
occurrences. Species: Laguncularia racemosa (L.) Gaertn. f. 1805; Lumnitzera racemosa Willd.
1803, Lumnitzera littorea (Jack) Voigt 1845. (L) Distribution of mangrove species of the genus
Aegialitis. Species: A. annulata R.Br. 1810, A. rotundifolia Roxburgh 1824
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Fig. 2.9 (M) Distribution of mangrove species of the genus Barringtonia and Pavonia. Species:
B. racemosa (L.) Spreng. 1826; P. paludicola Nicolson ex Fryxell 1989, P. rhizophorae Killip. ex
Kearney 1954. (N) Distribution of mangrove species of Acanthus and Muellera genera. Species: A.
ebracteatus Vahl 1791, A. ilicifolius L. 1753; M. moniliformis L.f. 1781. (O) Distribution of man-
grove species of the genus Camptostemon. Species: C. philippinense (Vidal) Becc. 1898, C. schul-
1zii Mast. 1872. (P) Distribution of mangrove species of the genus Mora and Xylocarpus. Species:
M. oleifera (Triana) Ducke 1925; X. granatum J.Konig 1784, X. moluccensis (Lam.) M. Roemer
1846. (Q) Distribution of mangrove species of the genus Kandelia. Species: K. candel (L.) Druce
1914, K. obovata C.R. Sheue, H.Y. Liu & W.H. Yong 2003. (R) Distribution of mangrove species
of the genus Crenea and Scyphiphora. Species: C. patentinervis (Koehne) Standl. 1947; S. hydro-
phylacea C.F. Gaertn. 1791
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Fig. 2.10 (S) Distribution of mangrove species of the genus Conocarpus and Pemphis, showing
native and introduced occurrences. Species: C. erectus L. 1753; P. acidula J.R. Forst. & G. Forst.
1775. (T) Distribution of mangrove species of the genus Brownlowia, Diospyros, and Tabebuia.
Species: B. tersa (L.) Kosterm. 1959; D. littoralis (R.Br.) Kosterm. 1977; T. palustris Hemsl. 1882.
(U) Distribution of mangrove species of the genus Osbornia. Species: O. octodonta F.Muell. 1863.
(V) Distribution of mangrove species of the genus Cynometra. Species: C. iripa Kostel. 1835.(W)
Distribution of mangrove species of the genus Dolichandrone. Species: D. spathacea (L.f.)
K. Schum. 1889. (X) Distribution of mangrove species of the genus Excoecaria.

Species: E. agallocha L. 1759
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Chapter 3
Biodiversity

S.Y. Lee, E.B.G. Jones, K. Diele, G.A. Castellanos-Galindo,
and I. Nordhaus

3.1 Introduction

Mangrove ecosystems are globally structured by a relatively small number of ‘true’
mangrove tree species and their associates (Tomlinson 1986). The total number of
‘true’ mangroves varies between authorities, but the maximum is only about 80
including hybrids (Duke 2006; Polidoro et al. 2010). The global distribution of
these species, however, is far from even between the two main mangrove

S.Y. Lee (I<)

Simon F S Li Marine Science Laboratory, School of Life Sciences, and Earth System Science
Programme, The Chinese University of Hong Kong, Shatin, Hong Kong SAR, China

e-mail: joesylee @cuhk.edu.hk

E.B.G. Jones

Department of Botany and Microbiology, College of Science, King Saud University,
P.O. Box: 2455, Riyadh 1145, Kingdom of Saudi Arabia

e-mail: torperadgj @gmail.com

K. Diele

School of Life, Sport and Social Sciences, Edinburgh Napier University, Edinburgh, UK

St Abbs Marine Station, St Abbs, UK
e-mail: K.Diele@napier.ac.uk

G.A. Castellanos-Galindo
Departmento de Biologia, Grupo de Investigacién en Ecologia de Estuarios y Manglares,
Universidad del Valle, A. A. 25360 Cali, Colombia

Leibniz Center for Tropical Marine Ecology (ZMT),
Fahrenheitstrasse 6, 28359 Bremen, Germany
e-mail: gustavoa80@yahoo.com

1. Nordhaus

Leibniz Center for Tropical Marine Ecology (ZMT),
Fahrenheitstrasse 6, 28359 Bremen, Germany
e-mail: inga.nordhaus @zmt-bremen.de

© Springer International Publishing AG 2017 55
V.H. Rivera-Monroy et al. (eds.), Mangrove Ecosystems: A Global
Biogeographic Perspective, https://doi.org/10.1007/978-3-319-62206-4_3


mailto:joesylee@cuhk.edu.hk
mailto:torperadgj@gmail.com
mailto:K.Diele@napier.ac.uk
mailto:gustavoa80@yahoo.com
mailto:inga.nordhaus@zmt-bremen.de

56 S.Y. Lee et al.

biogeographic regions. The total number of mangroves in the Atlantic-East-Pacific
(AEP) biogeographic region is <15, whereas >60 occur in the species-rich Indo-
West-Pacific IWP) (Tomlinson 1986; Ricklefs and Latham 1993; Spalding et al.
2010). The ecological implications of this discrepancy in species richness for eco-
system function are poorly known, as meta-analyses at this spatial scale is riddled
with confounding factors ranging from the geological or evolutionary history of the
two regions to differences in hydrodynamics, nutrient availability and anthropo-
genic stressors.

Despite the early effort of mangrove research being focused on the floristics and
faunistics of these systems, patterns of biodiversity in mangrove ecosystems are still
obscure as system-level analyses are almost non-existent. Major gaps occur in taxa
as well as region coverage. An apparent pattern based on limited data from the IWP
is that despite the low overall global species richness of mangrove trees, the total
species richness of biota supported by mangrove ecosystems is usually two orders
of magnitude higher. For example, Sandilyan and Kathiresan (2012) reported a total
of 4011 species of bacteria, fungi, algae, plants and animals recorded from man-
grove forests comprising of 39 tree species in India. Similarly, Wang and Wang
(2007) recorded 2305 species of plants and animals from Chinese mangrove com-
munities, which have a total of 25 mangrove species (Table 3.1). These numbers are
significantly larger than those reported in earlier surveys (e.g. Saenger et al. 1983).
Similar data are, however, virtually unavailable for the AEP, although data from
restricted regions or on selected biodiversity groups, e.g. sponges (Diaz 2012;
Rutzler et al. 2014), ascidians (Goodbody 2003; Rocha et al. 2005), goby fish
(Greenfield and Johnson 1999), and fungi (Schmit and Shearer 2004; Jones and
Puglisi 2006) are available. Since ecosystems are not confined by national boundar-
ies, the country data in Table 3.1 by necessity are only from artificial biodiversity
units and may not therefore reflect broad trends.

The full picture on biodiversity supported by mangrove ecosystems is difficult to
construct. Mangrove forests are generally problematic habitats to study as the soft
substratum and the occurrence of disturbing (e.g. biting insects) and even danger-
ous (e.g. snakes, crocodiles and tigers) wildlife present significant logistical chal-
lenges. Many animals associated with mangrove forests are only transient visitors,
e.g. fish using the forest during high tide (e.g. Robertson and Duke 1990;
Nagelkerken et al. 2008), while many resident species are endobenthic in the spa-
tially complex underground environment that makes effective sampling and replica-
tion demanding (Lee 2008). Many early reports on mangrove animal diversity,
especially those on the endobenthic and transient species, are therefore sketchy and
lack quantitative detail for analysis of distribution patterns. Further, some of the
faunal groups present considerable taxonomic challenges. For example, sesarmid
crabs (Decapoda: Brachyura: Sesarmidae) are key structural as well as functional
components of tropical mangrove ecosystems (Lee 1998, 2008) especially in the
IWP, but their high diversity is yet to be fully appreciated due to the challenges in
taxonomic classification and field identification. Many biodiversity components,
e.g. the meiofauna or the insect fauna, of the mangrove ecosystem are even more
understudied, and consequently, often omitted in assessments of overall mangrove
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ecosystem biodiversity. Many data gaps therefore exist, limiting the usefulness of
comparisons or generalisations.

Notwithstanding, this chapter attempts to examine the pattern and ecological
implications of various components of biodiversity supported by mangrove ecosys-
tems, with particular emphasis on a comparison between the IWP and AEP biogeo-
graphic regions. Focus is on faunal and microbial assemblages that are important
components for mangrove ecosystem functioning.

3.2 Components of Mangrove Biodiversity

3.2.1 Genetic Diversity of Mangroves

Mangroves are unique in having their genetic diversity determined not only by pol-
len motility, but also long-distance dispersal of propagules of viviparous species
(Lo et al. 2014; Wee et al. 2014). Populations of mangrove species may therefore
demonstrate patterns in genetic structure driven by connectivity via oceanic current
flow. A wide range of mangrove species has been reported to demonstrate low levels
of genetic diversity (e.g. Sun et al. 1998; Ge and Sun 1999; Jian et al. 2010), even
in widely occurring species such as Avicennia marina (Maguire et al. 2000; Arnaud-
Haond et al. 2006). Mangroves seem to have undergone a process of ‘genetic down-
sizing’ upon their colonisation of the intertidal habitat, which is a unique and
specific niche for higher plants. This generally low level of genetic diversity in
mangroves, which may reflect the result of adaptation to a harsh environment by
higher plants, has significant implications for their resilience to changing environ-
mental conditions, especially when multiple stressors are present. Global climate
change as well as anthropogenic wholesale modifications (‘anthropogenic forcing”)
of tropical estuarine environments, e.g. nutrient availability (Lee 2016), present a
suite of selective pressures and stresses not previously associated within the narrow
niche of mangroves. There is no global analysis of mangrove genetic diversity to
date, but this component of mangrove biodiversity will not be discussed further in
this chapter.

3.2.2 Functional, Taxonomic and Habitat Components
of Mangrove Biodiversity

Mangroves are efficient producers, with most of their organic production entering
the detritus-based food chain or stored in the sediment, with generally <10% of leaf
biomass consumed by herbivores (Sousa and Dangremond 2011). Traditional
emphasis on the detritus-based food chain has resulted in little work on the herbi-
vore assemblages utilising mangrove live biomass. However, the limited data
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available to date suggest that this assemblage, usually dominated by insects, can be
highly diverse (e.g. Murphy 1990; Tong et al. 2006). Despite their functional impor-
tance, the diversity of decomposers and detritivores processing mangrove detritus
including leaf litter, wood, as well as belowground roots are still yet to be compre-
hensively documented. Significant gaps of knowledge exist for taxa and feeding
guilds other than the fish, macrobenthic leaf-processing crabs and gastropods. Fungi
are ubiquitous decomposers of mangrove leaf litter and wood (Hyde and Jones
1988; Jones and Pang 2012; Loilong et al. 2012), despite a lack of data on their
exact ecological roles (Hyde and Lee 1995; Hyde et al. 1998; Swe et al. 2009).
While there is considerable taxonomic work on decomposers such as fungi in tropi-
cal mangrove wetlands, data are again patchy in relation to geographic and biogeo-
graphic settings, making the elucidation of patterns difficult. Wood-boring fauna
represent another poorly known but functionally important group (Svavarsson et al.
2002; Davidson et al. 2014) of mangrove biodiversity.

Meiofauna (>40 pm and <500 pm) are ubiquitous in marine soft sediments
(Coull 1999) but are generally poorly explored. Limited data available suggest that
meiofauna are abundant in mangrove sediment (e.g. Dye 1983a, b; Alongi 1987a, b;
Somerfield et al. 1998; Olafsson et al. 2000; Armenteros et al. 2006; Xuan et al.
2007; Ostmann 2010), but to clarify their trophic role and diversity pattern still
more data from a wider range of environments are required. As species-level identi-
fication is taxonomically challenging and time-consuming, the full picture on diver-
sity of this group and its role in mangrove function and services is still obscure.

Nektonic species, especially commercially important species of finfish and crus-
taceans, represent the better-studied component of mangrove biodiversity. The chal-
lenge to understanding the diversity of this group lies, however, in how to define the
association with mangroves, e.g. ‘seascape nurseries’ (Nagelkerken et al. 2015).
Adoption of different definitions of association with or dependence on mangroves
contributes to variability in diversity estimates.

Many plants are associated with forests primarily structured by mangrove trees.
Epiphytes comprising orchids, macroalgae and lichens are common on mangrove
tree trunks and aerial roots, but their diversity and ecological role have seldom been
examined.

Apart from the inherent values of the associated species, assessment of the bio-
diversity of mangrove ecosystems also has implications for the function and ser-
vices derivable from these habitats (Cannicci et al. 2008). Preliminary analyses
suggest that tree and faunal species richness in mangrove ecosystems may be posi-
tively correlated (Lee 2008). The reason for this correlation may just be conse-
quences of processes in ecological or evolutionary times. Increased tree species
diversity may support more chemical and physical niches to accommodate a larger
number of animal species. Similarly, concomitant radiation of tree and animal spe-
cies from the centre of origin of mangroves in the Indo-Malayan region would have
resulted in correlations between tree and faunal diversities. Just as different tree
species offer specific physical and chemical matrices such as aboveground struc-
tural complexity that underpin key services such as abatement of wave impact on
coastal communities, a wider range of and larger capacity for ecosystem services
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may be realised through a larger diversity of associated biota of mangroves. For
example, different species of leaf-eating sesarmid crabs may have different leaf
preferences, thus promoting overall organic matter processing rate. Again, this rela-
tionship between ecosystem function and the species richness of trees as well as the
biodiversity they support is virtually unstudied for mangrove ecosystems. Significant
correlations between forest characteristics (e.g. tree density, biomass) and crab
abundance and biomass have also been reported (e.g. Ashton et al. 2003a).

The available data on the correlation between diversity of mangrove trees and
their associated biota have been limited to the IWP (e.g. Lee 2008; Geist et al.
2012). Whether this relationship extends to cover spatial scales at the level of bio-
geographic regions has not been explored but will be addressed in this analysis
using the better-studied ichthyofauna (Sect. 3.2.2.2). The major biodiversity com-
ponents of mangrove ecosystems are discussed in more detail in the following
sections.

3.2.2.1 Plants and Lichens

A diverse ‘mangrove associates’ assemblage inhabits the landward fringe of man-
grove forests. Wang and Chen (2013) reported 175 species of halophytes from the
coasts of south China with 25 mangrove tree species. A large proportion of these
associated species live in the ecotone with or close to mangrove forests. As with the
upper-intertidal mangrove species, these mangrove associates are strongly threat-
ened by the construction of sea walls and human settlement, agriculture and aqua-
culture (Spalding et al. 2010). Mangrove tree structures such as tree trunks and
aerial roots (e.g. prop roots, pneumatophores) also support epiphytic algae, vascular
plants and lichens. Comprehensive accounts of these epiphytic assemblages are
rare, but the limited data still suggest significant biodiversity supported by these
structures. On the east coast of Australia, mangrove forests support >200 species of
macroalgae, lichens and vascular plants (ferns, orchids, mistletoes), with the former
two groups being most diverse (Stevens 1979; Barlow 1984; Hutchings and Saenger
1987). Many of these macrophytes play important trophic roles (e.g. epiphytic
algae) or have unique ecologies, e.g. the ant-house plant Myrmecodia beccarii. As
with the landward mangrove species, mangrove associates face extreme anthropo-
genic threats.

3.2.2.2 Marine Macrofauna

Mangrove macrofauna comprise several main components with different life habits
and degree of association with the mangrove environment. Transient species, mainly
nektonic aquatic species or aerial visitors from the terrestrial environment, use man-
groves for food and refuge. Their association with mangroves is usually determined
by habitat availability driven by tides (aquatic visitors) or habitat requirement driven
by life history events (e.g. migrating birds) or seasons (e.g. shrimps). Resident
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species can be epibenthic, endobenthic or arboreal. Megafauna such as birds, rep-
tiles and mammals also demonstrate various degrees of residency in mangrove
forests.

Marine macrofauna such as fish and decapod crustaceans contribute the largest
groups of transient visitors in terms of both abundance and species richness to man-
grove wetlands, whereas molluscs, decapod crustaceans and other groups (poly-
chaetes, sipunculids, echiurids) dominate the resident species, with the molluscs
predominantly epibenthic while the other groups mainly endobenthic (Table 3.1).
While still considerably species-rich, arboreal macrofauna in mangrove ecosystems
usually contribute less biomass and lower abundance than epibenthic or endoben-
thic species. Grazing insects dominate the arboreal assemblage, consuming only a
small percentage of mangrove production but perform vital roles in maintaining
mangrove communities such as pollination. Herbivory can sometimes exert devas-
tating effects on tree survival and reproductive output during massive outbreaks
(e.g. Anderson and Lee 1995).

Deciphering pattern in the biodiversity supported by mangrove ecosystems is
hampered by the lack of commonality in surveying approach and methodology. For
example, a large variety of sampling gears and techniques is used for studying the
mangrove ichthyofauna, each with their own selectivity and biases. Much of the
quantitative data are therefore not directly comparable. Many studies on mangrove
macrobenthos focus on epibenthic species, whereas others include endobenthic or
arboreal species as well. Several frequently used methods underestimate fast-
moving non-burrowing species, often also not adapted to capturing smaller species
and specimens.

Sampling effort differs not only between groups, but also between countries and
regions. In South America, for example, Peru, Ecuador, Guyana and Surinam are
under-sampled for mangrove macrobenthos, while the diversity of Crustacea
(mainly Brachyura) in Colombia and Brazil are probably representative because of
greater sampling efforts (Table 3.1). However, the notable high number of mangrove-
associated Brachyura and Gastropoda in the South-American Caribbean does not
relate to differences in sampling effort, but to biogeography, the local seascape and
hydrodynamics. The clear waters and additional habitat types (e.g. permanently
submerged roots) in the microtidal Caribbean mangrove ecosystems and their con-
nectivity to coral reefs explain, for example, the presence of several species of majid
and inachid crabs and coral reef fish species that are absent from most other South-
American mangrove wetlands.

Species richness of Gastropoda (145) in mangrove forests of South America is
similar to that of Brachyura (144) whereas species number of Bivalvia (114) is
slightly lower (Table 3.1). Studies on diversity and distribution of minor compo-
nents of the endobenthos such as polychaetes and sipunculids in mangrove forests
are rare. The few studies available show that polychaete species numbers and densi-
ties vary considerably among mangrove forests even in the same biogeographic
region. The highest species richness with 68 polychaete species was reported from
mangrove areas and salt flats in northern Australia with 30 mangrove tree species
(Metcalfe and Glasby 2008). However, sampling occurred over 4 years and included
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Fig. 3.1 Variation of finfish species richness and latitude for mangroves in the IWP (grey line) and
AEP (black line) biogeographic regions. Both regions seem to peak at around 13—14° latitude, with
sharp declines poleward

mangrove sediment and dead wood, making comparison with species richness
recorded in other IWP mangrove forests difficult. Lower and variable numbers of
polychaete species have been reported from other IWP countries (see Nordhaus
et al. 2009 and references therein). The dominant families in terms of species rich-
ness and abundance are Capitellidae, Nereididae and Spionidae as reported from
Indonesian and Australian mangrove forests (Nordhaus et al. 2009; Metcalfe and
Glasby 2008). A mean density of polychaetes (157 individuals m~2, Nordhaus et al.
2009) suggests a potential contribution of this group to bioturbation and processing
of organic matter in Indonesian mangrove forests.

Information for other invertebrate phyla is even scarcer. The phyla Sipuncula and
Phoronida were only represented by one species each in a mangrove forest in Java,
Indonesia; the groups Oligochaeta, Nemertea and Turbellaria were also present
(Nordhaus et al. 2009). In northern Australia, one echiuran, three sipunculan, two
nemertean, one tubellarian and one oligochaete species were identified (Metcalfe
and Glasby 2008). In both studies, sampling effort was high both spatially and tem-
porally, indicating that these groups are of minor importance in terms of taxonomic
diversity and abundance.

Due to their commercial value, considerably more data are available on the ich-
thyofauna of mangrove ecosystems than for other groups. Based on a database com-
prising 40 studies in the IWP and 54 from the AEP, the species richness of mangrove
fish assemblages of the two biogeographic regions seems to follow the same latitu-
dinal trend (Fig. 3.1). Species richness follows a parabolic pattern with a maximum
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at around 13-14° latitude N or S in either biogeographic regions. The maximum at
around 13-14°N or S in both the AEP and IWP is intriguing but may be related to
the local extent of mangrove forests or factors controlling their development, e.g.
riverine outflow into estuaries. The overall pattern of the data suggests generally
higher species richness of mangrove-associated fish assemblages in the IWP than in
the AEP. This pattern could be the result of processes occurring over geological and/
or ecological timescales and has been previously shown for coral reef fish assem-
blages (Parravicini et al. 2013) and some mangrove invertebrates (Reid et al. 2010).
More work at spatial scales varying from the local forest to the biogeographic region
levels is needed to test these hypotheses. The apparent difference may also simply
reflect differences in research effort but since there are more studies conducted in
the AEP, this is unlikely to be a contributing factor.

Sheaves (2012) used fish assemblages associated with mangrove wetlands to
establish ecosystem equivalency between different biogeographic regions. While
only two broad biogeographic regions have been recognised for mangrove plants,
Castellanos-Galindo and Krumme (2013) commented that distinct fish assemblages
exist within these broad regions and that comparisons of equivalency cannot be
made without further reference to these detailed differences. Unfortunately, data on
other commonly studied taxa such as penaeid prawns are still inadequate for a simi-
lar comparison between the two biogeographic regions.

One key issue concerning different levels of faunal diversity in mangrove eco-
systems is whether higher diversity may translate to higher capacity for ecosystem
services. There is a general paucity of data on how macrofauna contribute to the
function of mangrove wetlands, but considerable knowledge is available on how
specific taxa, e.g. sesarmid and ucidid crabs, mediate key processes such as carbon
dynamics that underpin major ecosystem services.

3.2.2.3 Terrestrial Vertebrates

Mangrove forests are frequently used by terrestrial vertebrates as habitats for forag-
ing, roosting and nesting purposes. Mangrove forests and the associated wetlands
such as tidal flats often support large populations of resident and migrant bird spe-
cies (e.g. Zwarts et al. 2014). Luther and Greenberg (2009) reported a total of 853
species of terrestrial vertebrates (790 birds, 40 mammals, 20 reptiles and 3 amphib-
ians) that are associated with mangrove forests at various levels of permanency. Of
these, only 69 species (8.1%) are considered endemic to mangrove ecosystems, i.e.
despite occasional use of other habitats, their life cycles are strongly tied to and
dependent on the mangrove habitat. Among the endemic species, birds (48 species,
70%) and reptiles (14 species, 20%) contribute the largest groups. Mangrove forests
in the Indo-Malayan and Australasian regions support the majority of the mangrove-
endemic terrestrial vertebrate fauna (Luther and Greenberg 2009).
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3.2.2.4 Decomposers

Mangrove decomposer organisms include bacteria, fungi, fungal-like organisms
and crabs, gribble (wood boring isopods) and shipworms (wood boring bivalves)
along with other minor groups. Decomposer assemblages in the intertidal mangrove
ecosystems vary according to the dominating substrate types: Walls of woody sub-
strates are rich in ligno-cellulose while those of leaves contain less lignin.

3.2.2.4.1 Woody Substrates

Fungi

Jones et al. (2015) listed 1112 marine fungal species (472 genera): Ascomycota
with 805 species (352 genera), Basidiomycota with 21 species (17 genera),
Chytridiomycota with 26 species (13 genera), Blastocladiomycota with one species
(one genus), Zygmomycota with three species (two genera), asexual filamentous
morphs with 43 species (35 genera) and marine yeasts with 213 species (61 genera).
Hyde and Jones (1988) recognized that mangrove fungi constituted the second larg-
est group of marine fungi, which are widely distributed in Old and New world
mangrove ecosystems. Estimates of the number of mangrove fungi vary, with
Schmit and Shearer (2003) listing 625 species: 278 (175) Ascomycota, 277 (35)
asexual species, 30 (5) Basidiomycota, including those growing on the terrestrial
parts of mangrove trees. The number in brackets is a better reflection of the fungi
that occur on intertidal or submerged mangrove substrata, a total of 230 fungi and
24 other taxa. Some 287 fungi can be regarded as growing on submerged mangrove
substrata (Alias et al. 2010) with the Ascomycota the most numerous and common
taxonomic group and the Basidiomycota the least frequently collected (Hyde and
Jones 1988; Alias and Jones 2009; Pang et al. 2011).

However, the basidiomycetes play an important role in wood decomposition of
aerial parts of mangrove trees (Chalermpongse 1991; Gilbert et al. 2008; Baltazar
et al. 2009a, b) and cause brown and white rots of wood and butt rot of the mangrove
tree Xylocarpus granatum (Sakayaroj et al. 2012).

Extensive surveys of mangrove fungi have been undertaken and these are sum-
marised in Alias and Jones (2009). Biodiversity studies have shown a wide variation
in the frequency and abundance of mangrove fungi from one mangrove forest to the
next, and this reflects the variation in local conditions, such as availability of sub-
strata, salinity, tidal amplitude, age of mangrove forest, mangrove location (estua-
rine or fully marine) and sediment type (sand or mud) (Jones 2000; Alias and Jones
2000). One of the key factors is the availability of substrata for colonization by
fungi, for example, mature mangrove forests yield a rich species diversity of plants,
with senescent leaves, fallen twigs and branches, flowers and fruits. Young man-
grove forests, exposed shores, oceanic waters support few fungi due to the lack of
suitable substrata for colonization. Also the availability of fungal propagules
(zoospores, conidia, ascospores, basidiospores) in the sea is important for coloniza-
tion of the substrata.
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Table 3.2 Core mangrove fungi based on analysis of data from Sarma and Hyde (2001),
Raveendran and Manimohan (2007), Alias and Jones (2011), and Loilong et al. (2012)

On woody substrata

On palm fronds and leaves, most only known from Nypa
fruticans

Halocyphina villosa

Linocarpon nypae

Dactylospora haliotrepha

L. appendiculatum

Verruculina enalia

Neolinocarpon nypicola

Lulworthia grandispora

Oxydothis nypicola

Halosarpheia marina

Anthostomella nypae

Leptosphaeria australiensis

Phomatospora nypicola

Halorosellinia ocenanica

Tirisporella beccariana

Kallichroma tethys

Arecophila nypae

Hydea pygmea

Astrosphaeriella nypae

Savoryella lignicola

Carinospora nypae

Netpunella longirostris

Facsiatispora nypae

Rhizophila marina

Lignincola nypae

Aigialus grandis

Vibrissea nypicola

Periconia prolifica

Helicorhoidion nypicola

Morosphaeria velataspora

Astrosphaeriella striatispora

Morosphaeria ramunculicola

Trichocladium nypae

Marinosphaera mangrovei

Linocarpon bipolaris

Matsusporium tropicalis

Oxydothis nypae

Savoryella paucispora

Aniptodera nypae

Aagaromyces ratnagiriensis

Halojulella avicenniae

Studies of tropical and subtropical mangrove ecosystems have demonstrated a
core group of fungi (Table 3.2). Many mangrove fungi are unique to this ecosystem
and are not found in temperate or other intertidal locations. Many of these are host
specific to the brackish water palm Nypa fruticans (Loilong et al. 2012).

Geographically, mangrove fungi have been found in every location surveyed
(Jones et al. 2013). Schmit and Shearer (2004) analysed the geographical distribu-
tion data published on lignicolous mangrove fungi, and found that different oceans
supported varying number of species: Atlantic Ocean: 12—46 per site (14 sites; mean
25.6); Indian Ocean: 12-64 (14; 42.9) and the Pacific Ocean: 17-87 (16; 44). This
would appear to indicate that more are to be found in the Indo-West-Pacific Ocean
where mangrove tree diversity is greatest, but this is more likely to reflect the inten-
sity and frequency of sampling (Jones and Puglisi 2006; Alias and Jones 2009).

Temperature seems to be a major driver in mangrove fungi diversity and activity.
Panebianco (1994) examined the temperature requirements of 19 marine fungi, 10
of which were either tropical or cosmopolitan species. The four tropical/mangrove
species (Halorosellinia oceanica, Kallichroma tethys, Saagaromyces glitra,
Periconia prolifica) all grew well at 30 °C, but not at 10 °C. Hughes (1974), Boyd
and Kohlmeyer (1982) and Jones (2000) indicated that temperature is one of the
most important parameters regulating the geographic distribution of marine fungi in
oceans and estuaries.
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Marine fungi also contribute to the diverse chemical matrix of mangrove envi-
ronments. These fungi have been shown to yield over 1100 natural products repre-
senting all the major chemical structures (Ebel 2012). All major groups of chemical
structures, e.g. polyketides, alkaloids, peptides and terpenoids, are documented for
marine-derived fungi (Rateb and Ebel 2011). Mangrove fungi have been extensively
screened for their ability to produce new chemical structures that have bioactive
properties (Jones et al. 2008; Pan et al. 2008; Pang et al. 2015).

Fungal-Like Organisms

Fungal-like organisms include the Opisthokonta (Cryptomycota, Mesomycetozoea),
Chromoalveolata (Oomycota, Hyphochytriomycota, Labyrinthulomycota) and the
Rhizaria (Phytomyxea) (Neuhauser et al. 2012). None of these are active in the
decomposition of woody material but are prevalent in mangroves, and play a vital
role in the enrichment of decomposing leaves and particulate matter (see section on
leaf substrates). Although widespread in mangrove ecosystems, comparative data
on their geographic distribution is fragmentary.

Prokaryotes

Bacteria are present in all mangrove ecosystems, but few studies enumerate and
document their occurrence on different substrata, although their role in the ecosys-
tem is well known, especially their role in bio-mineralization and biotransformation
of substances. They are essential food for protists and invertebrates, forming the
base of benthic food webs. Whitman et al. (1998) estimated the total number of
bacterial and archaeal cells in the marine environment (including the top 10 cm of
sediment) and indicated they occur in the range 10%-10%. Bacteria and fungi
degrade cellulosic material by producing the enzyme cellulase which hydrolyse the
-1, 4-glycosidic bonds in the polymer to release glucose units.

Wood exposed in the marine environment undergoes sequential colonization by
a wide range of bacteria, which are the primary colonizers of wood and ligno-
cellulolytic materials in the sea. These bacteria form a primary film on the wood and
subsequently penetrate and digest the wood, in particular the cellulose. Bacteria
form burrows in the wood and different forms have been characterized (Holt and
Jones 1983; Holt et al. 1980; Venkatasamy 1986; Mouzouras et al. 1987).

Animal Wood Borers

Animal wood borers play a key role in the decomposition of woody material in
mangrove habitats. They are more efficient than microorganisms as they can pene-
trate to a greater depth within the wood (Becker 1971; Turner and Johnson 1971).
Two groups are dominant in such habitats: molluscs (Teredinidae and Pholadidae)
and crustaceans (Limnoriidae and Sphaeromatidae), the shipworms penetrate to the
core of large pieces of wood, while gribbles (limoriids) burrow superficially
(Cookson et al. 2012).
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Wood-boring molluscs are represented by the Teredinidae and Pholadidae (ship-
worms and piddocks). Molluscan wood borer’s ability to drill into and destroy wood
is well documented and they are considered an economic pest because of the exten-
sive damage that their actions have on wooden marine structures. While much is
known about molluscan wood borers, few studies have examined their role in man-
grove ecosystems (Southwell and Bultman 1971; Cragg 1993). Species dominance
and abundance vary widely between locations (e.g. Singh and Sasekumar 1994;
Kohlmeyer et al. 1995; Crockett 2014). Twenty-seven molluscan borer species have
been reported on wood panels exposed in Australian waters, but at the Burrup
Peninsula, Western Australia only one pholad and five teredinid species were col-
lected from mangrove habitats (Marshall and Turner 1974; Brearley et al. 2008).
Both pholadid and teredinid species showed distinct habitat differences. Such pref-
erences have also been noted for limnoriid species, with leachate from Bruguiera
gymnorhiza causing high mortality rates (Borges et al. 2008). Han et al. (2004) sug-
gested that this toxicity might be attributed to terpenoids present in the timber. Data
on the geographical distribution of molluscan borers is dependent on where
researchers have been based, with observations by Turner (1971) being the most
comprehensive. Although Turner (1971) lists the geographic locations of all the spe-
cies in her monograph, few refer to whether they are to be found in mangrove habi-
tats. Our knowledge of mangrove molluscan borer occurrence remains fragmentary.
For example, Dicyathifer manni has been found throughout the tropical to subtropi-
cal, Indo-Pacific in marine and brackish water and was the most abundant species
found in a Western Australian study (Brearley et al. 2008). Bankia rochi has an
Indo-Pacific tropical to subtropical distribution (Turner 1971), while Lyrodus pedi-
cellatus and Myadora striata have a worldwide distribution in temperate and tropi-
cal waters (Turner 1971).

Most studies of wood-boring limnoriid isopods have been conducted in temper-
ate habitats and focused on the decomposition and preservation of wood (Borges
et al. 2008; Cookson 1999; Becker 1971; Kiihne 1971). Not all taxa are found in
mangrove environments, with Limnoria insulae, Limnoria pfefferi, Limnoria sell-
ifera and Limnoria unicornis being the most common in Indonesian mangrove for-
ests (Cookson et al. 2012). Other species recorded from mangrove habitats include:
Limnoria clarkae (Kensley and Schotte 1987) and Limnoria cristata (Cookson and
Cragg 1991). Sphaeromid wood borers include three genera: Sphaeroma (three spe-
cies commonly reported as wood borers), Exosphaeroma (three species with uncer-
tain status as wood borers) and Cymodoce with 50 species (Shiino 1957). Chelura
species (Cheluridae) are also found on wood in the tropics. Sphaeroma species are
warm water species, often in brackish waters, while Chelura is primarily found in
temperate habitats. Limnoria and Sphaeroma species are of great economic impor-
tance due to their high abundances on suitable substrates. Damage of the timber is
continuous and proceeds more slowly than that brought about by marine molluscs.
However, limnoriid and teredinid may occur simultaneously on mangrove wood
(partitioning of resource), teredinids deep in the wood, while the limnoriid occupy
the surface layers (Cookson et al. 2012). Ultimately, the wood is destroyed by the
teredinids. While limnoriid burrowing into wood is well reported, their ability to eat
and digest wood particles has been the source of much speculation (Eltringham and
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Jones 1971). Recent studies demonstrate the presence of glycosyl hydrolase (GH7)
cellobiohydrolases in Limnoria, enabling them to digest lignocellulose even with no
microorganisms found in their gut (King et al. 2010; Kern et al. 2013). Others have
suggested that fungi condition the wood prior to Limnoria burrowing the wood (Ray
and Julian 1952).

Wood borers can affect the fecundity, performance and morphology of man-
groves. Thus, extensive damage to mangrove trees by Sphaeroma terebrans has
been reported in Taiwan. Individuals of Rhizophora stylosa that were more infested
by isopods had significantly fewer propagules, fewer ground roots stabilizing the
tree, smaller leaves, and more non-foliated twigs. Similarly, Avicennia marina with
more burrows had fewer pneumatophores and lenticels (used for gaseous exchange),
and pneumatophores with more necrotic tissue (Davidson et al. 2014).

3.2.2.4.2 Leaf Substrates

Macrofauna

The role of gastropods and sesarmid crabs for the initial processing of mangrove leaf
litter is a topic of significant attention (Lee 1998, 2008) and will not be covered here.
Species richness as well as density of these initial consumers of leaf litter are signifi-
cantly higher in the IWP than the AEP, but difference in litter processing activity may
not be as significant, e.g. the large-bodied Ucides cordatus could consume >80% of
the leaf litter and propagules produced by Rhizophora mangle in north Brazil
(Nordhaus et al. 2006), similar to the impact of sesarmids in the IWP (Lee 2008).

Fungi

Fungi also colonize mangrove and seagrass leaves but species diversity is not great
compared with the number documented for woody substrates (see above section).
The lack of fungal diversity on mangrove leaves may be due to the earlier coloniza-
tion by fungal-like organisms and bacteria, as leaf material is less lignified and more
easily degraded. Many of the microbial organisms listed (Table 3.2) produce ligno-
lytic and cellulolytic enzymes that are responsible for the breakdown of the com-
plex polymers in wood and leaf material, converting it to smaller particulate material
which is then acted on by bacteria and other organisms. Thus, setting up the food
web on which small animals can survive on (Fig. 3.2). Although fungal-like organ-
isms and bacteria are widely reported from both IWP and AEP little data is available
on their geographical frequency and diversity.

Fungal-Like Organisms

Fungal-like organisms belong to the Chromoalveolata and are heterotrophic stra-
menopiles and include: Oomycota (Saprolegniales, Pythiales, Haliphthorlaes)
Labyrinthulomycota (Thraustochytrids, Labyrinthuloids Aplanochytrids) (Neuhauser
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Fig. 3.2 Sequential colonization and decomposition of mangrove substrata by macrofaunal
(excluding sesarmid crabs) and microbial decomposers and contribution to filter-feeding animals

et al. 2012; Kearney and Gleason 2014). There are two main groups in the class: (1)
labyrinthulids characterized by the production of an ectoplasmic net within which
somatic cells can move and absorb nutrients, and (2) thraustochytrids characterized
by globose to subglobose vegetative cells with an external ectoplasmic net, scaled
cell wall and production of biflagellate zoospores (Leano and Damare 2012). Some
of these organisms are primarily pathogens of animals, algae and microalgae
(Haliphthorlaes, Saprolegniales, Pythiales), while the thraustochytrids are best
known for their ability to produce omega-3 PUFAS, enriching the particulate matter
in mangrove ecosystems (Leano and Damare 2012).

The earliest colonizers of senescent fallen leaves are the thraustochytrids and
only asexual reproduction has been observed, during which zoospores are formed
in zoosporangia and upon release, they are attracted to and swim towards organic
matter (Fan et al. 2002b). Three groups are recognised based on their mode of
growth, types of spores produced: the first group includes thraustochytrids, aplano-
chytrids and labyrinthulids (Leander et al. 2004) with a total of 53 species (Alias
and Jones 2011). Currently, there are 10 thraustochytrid genera (Leano and Damare
2012) and not all these genera have been reported from the tropics or in mangrove
environments. The second group of thraustochytrids is the genus Aplanochytrium
characterised by aplanospore production and eight species are known (Leano and
Damare 2012). The third group is the labyrinthulids with one genus Labyrinthula
and characterised by the formation of slime nets with 16 described species (Honda
et al. 1999).
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These taxa occur on a wide range of substrata in full saline to brackish water, are
worldwide in distribution and are an important part of the marine microbial com-
munities (Schérer et al. 2007). Some species are parasitic, but most are saprobes on
decaying mangrove leaves and animal detritus (Bremer and Talbot 1995; Bongiorni
et al. 2005; Velmurugan and Lee 2012), but with particularly high abundance in
plant detritus (Raghukumar et al. 1992). Alias and Jones (2011) list 12 species that
have been recorded from mangrove habitats, from India, Hong Kong, Malaysian
Philippines, and South America. Thraustochyrids are particularly common on
decaying mangrove leaves (Alias and Jones 2011). As a result of their degradative
activities, they provide food for filter feeders in mangrove food webs (Wong et al.
2005; Neuhauser et al. 2012; Pang et al. 2015).

Thraustochytrids have attracted particular interest because of their ability to pro-
duce high amounts of polyunsaturated omega-3 fatty acids (PUFA) (Bajpaj et al.
1991; Yaguchi et al. 1997; Fan et al. 2000, 2001; Leano et al. 2003; Tanaka et al.
2003), including docsahexaenoic acid (DHA; 22:6w3). DHA is of great importance
ecologically by enriching the diet of juvenile fish, crabs and shrimps and confers an
advantage to survival and growth in mangrove habitats (Jarikhuan 2002; Fan and
Chen 2006; Jarikhuan et al. 2007).

Another important group of fungal-like organisms in the colonization and degra-
dation of mangrove leaf material are Halophytophthora species (Leano et al. 1998;
Hulvey et al. 2010) that appear later in the succession. These organisms are widely
reported from Australia, Bahamas, Costa Rica, Japan, Malaysia, Philippines,
Singapore, Taiwan, and USA (Marano et al. 2012). Halophytophthora spp. are
mycelial and produce biflagellate zoospores that show a chemotactic response to
decaying mangrove leaves (Leano et al. 1998). They have been documented from
the leaves of a diverse range of mangroves (Marano et al. 2012). Halophytophthora
species contribute to the enrichment of mangrove detritus, particularly with EPS,
for consumption by organisms at higher tropic level (Leano et al. 1998; Marano
et al. 2012).

3.2.2.4.3 Meiofauna in Sediment

Meiofauna represent an abundant, but understudied, biodiversity component of
mangrove communities (Table 3.3). A whole ecoregion study of east Africa revealed
higher meiofaunal abundance but lower diversity in mangrove forests compared
with sandy beaches (Barnes et al. 2011). Again, studies are strongly biased towards
IWP assemblages, with only a few from the AEP. Difficulties in extraction, enu-
meration and identification hamper research on mangrove meiofauna. Diversity at
the species level is largely unknown, as most studies only report diversity at higher
taxonomic levels due to difficulties in species identification. Little is known about
mangrove meiofaunal species to date — for example, the first kinorhynch species of
an Indonesian mangrove forest has only just recently been described (Ostmann et al.
2012). The lack of uniformity in taxonomic resolution makes diversity patterns dif-
ficult to be established or compared. Almost all studies, however, suggest numerical
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dominance by nematodes, usually followed by harpacticoid copepods (Table 3.3),
confirming earlier observations (Nagelkerken et al. 2008). Large variations up to
two orders of magnitude exist among abundance data from different studies, but
generally density of meiofauna approaches or exceeds 1000 individuals per 10 cm?.
Biomass information is generally lacking but conversion from published data
(0.44 pg per individual, Dye 1983a) suggests this density would equate to >0.44 g
dry wt m=2.

Drivers determining meiofauna abundance and assemblage structure include the
organic content and grain size of the sediment, and general stability of the environ-
ment (e.g. fluctuations in salinity, tidal inundation), which may be mediated also by
biotic forces such as bioturbation or predation (e.g. Fleeger et al. 2006; Abdullah
and Lee 2016). The impact of environmental fluctuations on faunal assemblages
including the meiofauna has long been suspected, with Attrill (2002) proposing that
the salinity range may determine diversity along an estuary, which has been demon-
strated by a study of the nematode assemblages along the Thames estuary (Ferrero
et al. 2008). Higher abundance is associated with higher organic content and smaller
particle size. This is not surprising, as finer sediments generally have higher organic
content (Lopez et al. 1989).

The ecological role played by the meiofauna in mangrove ecosystems is obscure,
as few studies have gone beyond simple enumeration and assemblage structure.
Some data suggest that meiofauna may support the nutrition of juvenile fish (Coull
et al. 1995; Street et al. 1998) and small crustaceans (Dittmann 1993) but their tro-
phic importance is unknown. The small size of meiofauna present significant chal-
lenges in conventional approaches to assessing trophic significance, such as gut
contents analysis or stable isotope analysis. With the advance in sensitivity of stable
isotope analysis, however, new light may be shed on the trophic role of meiofauna
to the mangrove food web.

3.3 Mangrove Biodiversity and Ecosystem Function

An intriguing feature of mangrove ecosystems is the high level of functionality,
based on natural assemblages of an overall low level of diversity when compared to
terrestrial forests both at the global (i.e. biogeographic regions) and local (i.e. for-
est) scales. For example, mangrove ecosystems support high primary productivity
and carbon recycling rates, as well as resilience to species invasion (Lugo 1998),
which are general characteristic of species-rich ecosystems. The impact of shifts in
diversity of the habitat building, e.g. terrestrial forests (Lohbeck et al. 2012; Sugiura
et al. 2013; Kusumoto et al. 2015), or process-mediating, e.g. soil microbes influ-
encing soil carbon cycling (Nielsen et al. 2011) species on ecosystem function have
been reported for many ecosystems, mostly with baseline diversity levels much
greater than those in mangrove forests. No report to date is available on the nexus
between mangrove tree diversity and ecosystem function. Much investment has
been made on restoring mangrove habitats through planting projects but simplistic



76 S.Y. Lee et al.

approaches to restoring mangrove wetlands through monoculture plantations, some-
times even using exotic species, could pose serious threats to the diversity of man-
grove forests at both the local and global levels. Mangrove forests earmarked for
development are often not sufficiently assessed before simple ex situ replanting
being accepted as offset or mitigation measures. Without suitable evaluation of the
conservation value of mangrove forests (e.g. ‘Redlisting’ of ecosystems rather than
just of species, Keith et al. (2015)), a ‘no net loss’ approach to maintain overall
mangrove area may result in diverse forests being replaced by plantations of low
species or structural diversity. Restoration approaches with a narrow focus on estab-
lishing the trees are less likely able to restore biodiversity to levels similar to undis-
turbed forests (Ellison 2000). This is exacerbated by the fact that the return of faunal
and other components of biodiversity or function in the planted mangrove forests is
often not evaluated or done inadequately (Bosire et al. 2008). However, if suitably
monitored, these monoculture plantations may provide comparison sites for rigor-
ous investigations on the relationship between species diversity and ecosystem
function (e.g. Macintosh et al. 2002). Limited data on multiple-species plantations
suggest there may be some complementarity among species in determining forest
traits such as aboveground biomass (Kirui et al. 2012).

As discussed earlier, the two main mangrove biogeographic regions differ not
only in mangrove tree diversity but also diversity of their associated biotic assem-
blages (Bowen et al. 2013). More comparative studies on the function of the
species-poor AEP and species-rich IWP mangrove ecosystems will shed important
light on the nexus between mangrove diversity and ecosystem function. It would be
of fundamental theoretical as well as practical management interest to know if and
when functional redundancy occurs.

3.4 The Future of Mangrove Biodiversity

One key finding emerging from an analysis of the total biodiversity of mangrove
ecosystems is the disproportionately large number of species supported by a small
number of mangrove tree species. Recent advances in biodiversity assessment such
as molecular tools in metagenomics could provide more cost-effective approaches
to assessing biodiversity in mangrove ecosystems. The present data suggest that
total species richness supported by mangrove ecosystems is usually two orders of
magnitude greater than the number of mangrove tree species. Rapid loss of man-
grove habitat, particularly in species-rich biogeographic regions such as the Indo-
West-Pacific, has significant implications for the future of mangrove biodiversity.
Specific components of the mangrove habitat are particularly at risk. One of the
biodiversity components that would be most endangered because of mangrove loss
is species that are endemic to mangrove habitats. A global survey conducted by
Luther and Greenberg (2009) found 69 species of terrestrial vertebrates (48 bird, 14
reptile, 1 amphibian and 6 mammal species) that are endemic to mangrove ecosys-
tems, particularly in Asia and Australia where 47 out of the 69 (68%) species occur.
Further, 40% of these mangrove-endemic vertebrates are globally threatened
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according to the [IUCN Red List. As the largest-bodied animals depend on mangrove
forests as habitat, these mangrove-endemic vertebrates will likely be the first spe-
cies to become extinct if the present trend of mangrove loss, particularly in the Indo-
Malayan region, is not reversed. Most mangrove fungi are endemic to the marine
environment with 135 species reported on the brackish water palm Nypa fruticans,
24% known only from this mangrove palm (Loilong et al. 2012). Further, this com-
ponent of mangrove biodiversity is least likely going to return to restored systems,
as the very environmental fabric, e.g. connectivity and corridors with adjacent habi-
tats that support their existence, is usually already lost around plantations estab-
lished for restoration.

The high-intertidal region of tropical coastlines is extensively ‘reclaimed’ for
human settlement, aquaculture and agriculture. For example, >80% of mangrove
forests in China are now backed by concrete sea walls (W. Wang, personal comm.),
which covers a total length of 11,000 km or 61% of the country’s coastline (Ma
et al. 2014), seriously jeopardising the biota in the high intertidal, e.g. semi-
terrestrial sesarmid crabs and mangrove associates plant species. The high-zoned
mangrove species such as Heritiera spp. or Bruguiera gymnorhiza, for example, are
now rare in Chinese mangrove forests. This threat is certainly not unique to China
but ubiquitous in many developing countries in both the IWP and AEP. Conversion
of upper intertidal mangrove forests into aquaculture ponds significantly reduces
species richness, even when managed extensively (Lee 1992). Similar to many
anthropogenic large-scale alterations of natural habitats for development (e.g. the
recent 53,000 km ‘development corridors’ in Africa (Laurance et al. 2015)), conver-
sion of the high intertidal mangrove habitat not only harms biodiversity but also
results in little net long-term sustainable benefit to coastal communities, as exempli-
fied by the short productive life span of shrimp ponds in SE Asia.

Efforts to generate practical methods to evaluate the conditions (‘health’) of
mangrove ecosystems including their value in biodiversity conservation are urgently
needed to identify and protect dwindling mangrove biodiversity resources and the
services they support. Mangrove ecosystems that support high levels of plant and
animal diversity should be identified and protected, e.g. the Merbok mangrove in
Western Peninsular Malaysia supports ~50% of the world mangrove tree species
(J.E. Ong, pers. comm.). Systems in the AEP are naturally less species-rich but there
is no evidence to date that functionality is compromised to warrant less attention to
their conservation. Studies on sesarmid crab assemblages indicate that management
practice and history (e.g. rehabilitation) also strongly influence crab diversity and
abundance (Macintosh et al. 2002; Ashton et al. 2003b). However, the common
practice of using monoculture plantations, sometimes employing exotic species, as
a means of mangrove restoration should be discouraged. This approach promotes
the continual loss of high-intertidal forests and their associated biodiversity by
falsely assuming that their replacement by monocultures results in no net loss of
functionality or biodiversity. Incidentally, high-intertidal mangrove forests with lit-
tle tidal flushing are also hotspots for carbon storage, further arguing for their urgent
conservation. Conservation and management of mangrove biodiversity require
efforts at various levels of socio-political organisation as well as a multi-pronged
approach employing legal and economic instruments (Macintosh and Ashton 2002).
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Chapter 4
Spatial Ecology of Mangrove Forests:
A Remote Sensing Perspective

Richard Lucas, Alma Vazquez Lule, Maria Teresa Rodriguez,
Muhammad Kamal, Nathan Thomas, Emma Asbridge, and Claudia Kuenzer

4.1 Introduction

Over the past few decades, remote sensing data from ground, airborne and spaceborne
instruments have been used extensively to characterize, map and monitor man-
grove forests across their geographical range, at scales ranging from individual trees
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to the global and in two or three dimensions (Hardisky et al. 1986; Kuenzer and Tuan
2013). As examples, Green et al. (1998) mapped the spatial (two dimensional) extent
of mangrove forests in the Turks and Caicos Islands using a combination of Landsat
Thematic Mapper (TM), Systeme Pour I’Observation de la Terre (SPOT) multispec-
tral and Compact Airborne Spectrographic Imager (CASI) data whilst Giri et al.
(2007) generated mangrove maps for the tropics based on classifications of Landsat
sensor data. Lucas et al. (2002) derived canopy height models (CHMs) for man-
groves from historical stereo aerial photography whilst Fatoyinbo and Simard (2013)
achieved this at a regional scale by combining Shuttle Radar Topographic Mission
(SRTM) and Ice, Cloud and Land Elevation Satellite (ICESAT) Geoscience Laser
Altimeter System (GLAS) data. Time series of both optical and radar data have also
been used to quantify changes in mangrove forests across their range (Thomas et al.
2014; Asbridge et al. 2015). Given this capability, remote sensing provides attractive
options for understanding spatial mangrove ecology; their spatial patterns and how
these relate to changes driven by natural and human-induced events and processes,
including those associated with climate fluctuation. Remote sensing is also providing
unique access, albeit indirectly and often in retrospect, to a large proportion of man-
grove forests that are typically remote and difficult to access (Davis and Jensen 1998;
Kuenzer et al. 2011). This chapter highlights how the range of remote sensing data
has been used to describe the multiple dimensions of mangrove forests, focusing
primarily on spatial scales, temporal frequencies, spectral responses and the three-
dimensional state. The ways in which these data have been used to describe the
structural complexity of mangrove environments and their connectivity with other
habitats across a range of scales are also conveyed. Finally, the means by which these
data can contribute to mangrove management programs are outlined.

4.2 Dimensions of Measurement

4.2.1 Coverage and Spatial Resolution

Mapping the areal extent of mangrove forests and their features (e.g. species types or
growth stages) over time requires remote sensing data of varying spatial extent and
resolution. For global observations, orbital optical and multispectral sensors such as
the Moderate Resolution Imaging Spectroradiometer (MODIS) can be useful, but
the spatial resolution (250 m to 1 km) is generally too coarse given that mangrove
forests often occupy small areas and occur along the margins of coasts and estuaries.
Despite this limitation, Vazquez-Lule (2012) was able to evaluate changes in Mexican
mangrove forests over an 8-year period using the MOD13Q1 (Normalized Difference
Vegetation Index and Enhanced Vegetation Index) and MOD15A2 (Leaf Area Index)
products. In most cases, however, focus has generally been on moderate (<30 m)
spatial resolution sensors such as Landsat (Giri et al. 2010) and the Sentinels. The
advantage of using data from these sensors is that mosaics can be generated at coun-
try, regional and global levels. The benefits of using Very High Resolution (VHR)
sensors (<5 m) are increasingly been recognized although their use is often restricted
to local areas because of their limited spatial coverage.
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Knowing the most suited spatial resolution for mapping mangroves features is
useful when selecting sensors, particularly when long-term change is to be consid-
ered. To investigate this further, Kamal et al. (2014) resampled optical World View-2
data at six different spatial resolutions (0.5, 1, 2, 4, 8 and 10 m) and detected the
dominant mangrove features by applying a semi-variogram analysis to each image.
A gradual gain of mangrove information at smaller resolutions was observed, with
a pixel size of <2 m being most suitable for mapping canopy and inter-canopy fea-
tures (e.g. crowns of individual trees, shrubs and canopy gaps). Pixel sizes >4 m
were considered more appropriate for mapping species and communities, mangrove
extent and vegetation formations/zonations. The ability to map mangrove extent and
features also depends on their spatial pattern and geometric arrangement. Where
mangrove vegetation occurs in narrow strips (e.g. along creeks) or as isolated trees,
their detection may only be possible using VHR data. Mangrove forests on the land-
ward and seaward margins are also often difficult to discern particularly at lower
spatial resolutions where mixed pixel effects are greater. In many cases, contextual
information as well as remote sensing data can increase the accuracy of classifica-
tion. This might include distance from the shoreline and elevation (as determined
from digital terrain models (DTM); (Chadwick 2011; Liu et al. 2008; Zhang et al.
2006; Rodriguez-Zudiga et al. 2013) Fig. 4.1). A detailed overview of the optical,
multispectral and hyperspectral spaceborne sensors that have been used for map-
ping of mangrove areas is presented in Kuenzer et al. (2011), with those on board
the Landsat, SPOT, ASTER, the Chinese-Brazilian satellite CBERS, the World Views,
IKONOS, RapidEye and QuickBird being the most commonly used at the time of
this review. More recent sensors include the Sentinel optical and radar sensors. The
majority of studies have focused on mangrove ecosystems in Brazil, Asia and
Southeast Asia, the USA and Australia.

(a) (b) (c)

ol 100 ml Matacs I Mangroves |11 Non-mangroves vegetation || Non-vegetation

Fig. 4.1 (a) True colour composite of a WorldView-2 image of Fisherman Island, southeast
Queensland, (b) mangrove areas mapped using spectral information only and (¢) a combination of
spectral information, a DTM (derived from LiDAR) and distance from water. The accuracy in the
delineation increased from 85% in (b) to 94% in (¢) (Kamal et al. 2015)
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4.2.2 Changes over Time

Mangrove forests are dynamic ecosystems, responding to natural and anthropo-
genic events and processes (Giri et al. 2007). In many regions, mangrove forests
have occupied the same area (or ‘core zone’) for decades, although natural turnover
occurs internally through successional processes. However, dieback or colonization
is commonplace, particularly at the margins, and occurs over varying time frames
(M’rabu et al. 2012; Vogt et al. 2012; Saintilan et al. 2014). Dieback is often slow
and progressive and occurs as a result of changes in, for example, salinity and sedi-
ment dynamics and often because of alterations in hydrological patterns. However,
rapid dieback can occur as a consequence of storm damage, which has a differential
impact on some species (e.g. Rhizophora spp.; Asbridge et al. 2015), and adverse
conditions relating to climate. Colonization by mangroves typically requires
increasing sedimentation or a change in the local environment (e.g. increased salin-
ity inland) (Wolanski 1995; Ellison 1999; Anthony et al. 2013). Human-induced
change is often rapid (Thomas et al. 2014) and may be associated with logging
activities, aquaculture, agriculture development, pollution (e.g. from mine waste) or
changing hydrological regimes (Fig. 4.2). The areas affected may be small (e.g.
selective logging) to extensive (e.g. when areas are cleared for aquaculture).
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Fig. 4.2 SPOT-5 HRG image (near-infrared, shortwave infrared and red in RGB) of Marismas
Nacionales, Nayarit, Mexico showing mangrove dieback (within green polygons; 3,384 ha) as a
consequence of changes in hydrological regimes
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The observational time frames for remote sensing observations need to mirror
that of the changes that are occurring in the areas occupied by mangroves. The lon-
gest continuous time series, from the 1970s to the present, has been captured by the
Landsat sensors. These data chronicle the changing extent of mangrove forests in
most regions, albeit at 30 m spatial resolution. Unfortunately, the persistence of
cloud cover, particularly in tropical areas, reduces the number of usable observa-
tions. For this reason, observations are often restricted to dry seasons and even to the
morning periods where cloud cover is often minimal. An alternative has been to use
spaceborne Synthetic Aperture Radar (SAR) operating at X-, C- and L-band as
mangrove forests can be observed regardless of cloud cover and illumination condi-
tions (Lucas et al. 2007), although a shorter time series is available.

Whilst systematic global coverages of high-frequency X-band and C-band SAR
are only just becoming available, the Japanese Aerospace Exploration Agency
(JAXA) has provided coverages at lower frequency L-band since the early 1990s.
The Japanese Earth Resources Satellite (JERS-1) SAR regularly observed the Earth’s
surface from 1992 until 1998. The Advanced Land Observing Satellite (ALOS)
Phased Arrayed L-band SAR (PALSAR; 2007-2010) and ALOS-2 PALSAR-2
(2015 onwards) were the successors and comparisons with JERS-1 SAR data for the
same locations (Lucas et al. 2014; Thomas et al. 2014) have highlighted the benefit
of combining these sensor data for mangrove monitoring over decadal periods.
Changes in mangrove distribution (particularly in the seaward direction but also
within mangrove areas) were readily detected, but confusion with terrestrial woody
vegetation (plantations, forests) on the landward side compromised the detection of
change. As examples of change, areas of mangrove gain (blue) and loss (red) are
shown in composites of JERS-1 SAR from the mid-1990s and ALOS PALSAR data
from 2007 and 2010 in South East Asia (Fig. 4.3). The comparison of L-band SAR
data over time allows for the detection of losses and gains in mangrove extent. Based
on a global analysis of these data (UNEP 2014), losses were associated primarily
with conversion to agriculture/aquaculture, coastal development, pollution, extreme
weather events or industrial logging. Mangrove expansion was the result of sedimen-
tation and recovery from previous deforestation. The extent of losses and gains were
highly variable depending upon the causative processes. However, the Mahakam
Delta in East Kalimantan (Fig. 4.3b) represents an extreme example where loss of
21,000 + 152 ha over a period of 11 years (47% by 2000 and 75% by 2010) was
reported by Rahman et al. (2013). Whilst the extent of changes could be detected, the
establishment of baseline maps of mangrove extent from the SAR data alone is dif-
ficult because of confusion with proximal land covers. Hence, some reference to
optical (e.g. Landsat) sensor data is necessary.

Changes within mangrove forests (e.g. deforestation, selective logging and
regrowth) can also be detected using these L-band SAR time series, even at moder-
ate resolutions (Thomas et al. 2014; Asbridge et al. 2015). For example, in the
Matang Forest in Perak State, Malaysia, mangroves are logged in coupes resulting
in discrete areas of forests dominated primarily by Rhizophora species at varying
stage of regeneration. In the early stage of logging, cut stumps are left and these
exhibit a high L-band HH (horizontally transmitted and received; referring to the
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Fig. 4.3 JERS-1 SAR (mid-1990s) and ALOS PALSAR data (2007 and 2010) in RGB showing
mangrove gains (blue) and losses (red) in South East Asia over the observation period near (a)
Tembilahan, Sumatra and (b) the Mahakam Delta, East Kalimantan

orientation of the microwaves within the electric field), and to a lesser extent, HV
(vertically received) return several years after the event (Fig. 4.4). However, affected
areas cannot be differentiated from the more intact forests following regeneration
and hence a time series is necessary for their detection. Time series can also be used
to track the sequence of colonization by mangroves and quantify age class distribu-
tions and logging histories prior to recovery of the forest.

The capacity for continued monitoring of mangrove forests at L-band has been
increased by the ALOS-2 PALSAR-2. As well as providing 10 m observations that
complement those of its predecessor, the PALSAR-2 ultrafine stripmap mode (3 m
resolution) provides capacity for detecting subtle changes in mangrove areas, such
as storm damage (Asbridge et al. 2015). Systematic observations using the European
Space Agency’s (ESA) Sentinel-1 C-band SAR and the German TanDEM-X
(TerraSAR-X add-on for Digital Elevation Measurements) complement the L-band
SAR acquisitions. As well as providing observations at commensurate resolutions,
these sensors provide higher resolution images that allow changes in mangrove for-
ests at the scale of clusters of trees. This then facilitates differentiation of stands of
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Fig. 4.4 RGB composite of JERS-1 SAR from 1996 and ALOS PALSAR from 2007 and 2008 (in
RGB) covering Matang Forest in Perak State. Red represents areas that were forested in 1996 but
cleared by 2007, green represents non-forest in 1996 and regenerating forest in 2007 and 2008 and
blue represents forests regenerating in 2008 only
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Fig. 4.5 TerraSAR-X SAR strip map SAR data (HH polarization, 3 m resolution) showing different
mangrove conditions. The centre of each image indicates (a) undisturbed mangrove forests in Ca
Mau National Park, Mekong Delta, Vietnam (31 December 2009), (b) afforestation of mangroves in
rows along the coast of Ca Mau Province Vietnam (24 February 2010), (c) clear cuts in mangroves
in preparation for aquaculture, Can Gio Mangrove Biosphere Reserve south of Saigon (3 May,
2009) and (d) varying densities of mixed mangrove-aquaculture parcels, Vietnam (3 May, 2009)

different tree densities and also disturbance patterns ((Kuenzer et al. 2011); Fig. 4.5).
Digital surface models (DSMs) depicting mangrove canopy height can be retrieved
from these data (Lee and Fatoyinbo 2015). The sensitivity of the X-band and C-band
SAR data to small trees further renders these well suited for detecting early growth
of mangroves. As such, these data can support the ongoing monitoring and manage-
ment of mangrove forests, including that undertaken by community groups or larger
restoration programs.

Despite the increasing capability of SAR, optical sensors are often preferred for
detecting change partly because of the greater ease of interpretation. VHR data are
available to detect changes at the individual tree level but time series are often not
available as many sensors are relatively recent (Kuenzer et al. 2011). For this rea-
son, reference is often made to historical aerial photography, particularly as these
data can be readily interpreted to obtain the past extent of mangrove forests and to
detect change. As an example, the National Commission for the Knowledge and
Use of Biodiversity (CONABIO is the Spanish acronym) produced three maps of
Mexican mangrove forests as part of the Mexican Mangrove Monitoring System
(SMMM) for the period 1970-1980 (based on 1,505 panchromatic aerial photo-
graphs) and the years 2005 and 2010 (based on both aerial and SPOT imagery;
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Rodriguez-Zuiiga et al. (2013); Valderrama et al. (2014)). Gaps in the coverage
representing 17% of the area were in-filled using Landsat sensor data. The study
found that the overall decline in mangrove area (through deforestation and degrada-
tion) in 17 states and along 12,000 km of coastline was 9.6% in 2005 and 1.2% in
2010 (Valderrama et al. 2014). According to the 2010 map, 60.3% of the mangrove
area was found within federal or state natural protected areas and 56 Ramsar sites
(wetlands of international importance), highlighting that vast areas were unpro-
tected and hence more vulnerable to change.

4.2.3 Spectral Information

Mangrove forests have distinct spectral reflectance characteristics, particularly in
the near-infrared (NIR; 700-1200 nm) and shortwave infrared (SWIR; 1200-
2500 nm) wavelength regions, that distinguish them from many adjacent environ-
ments (e.g. terrestrial forests, saltmarshes, mudflats; Spalding et al. 2010). Many
studies have therefore used spectral data to map the extent of mangrove forests at
scales ranging from individual trees/stands (Jensen et al. 2007; Green and Mumby
2000) to entire regions (Giri et al. 2010). Many studies have further used spectral
data to distinguish vegetation communities (Rasolofoharinoro et al. 1998; Murray
et al. 2003; Vaiphasa et al. 2006; Demuro and Chisholm 2003) and/or species types
(Held et al. 2003; Rakotomavo and Fromard 2010; Kamal and Phinn 2011).
Separability of many species types is generally high in the NIR spectrum because of
differences in internal leaf structure and leaf/canopy geometry (Gausman et al.
1969; Knipling 1970; Kuenzer et al. 2011). The SWIR wavelengths are also well
suited because the invariability of pigments across mangrove species (for which the
visible wavelengths are most sensitive) is compensated for by different levels of
other leaf (including structural) components such as salt, sugar, water, protein, oil,
lignin, starch and cellulose (Vaiphasa et al. 2005).

Individual mangrove species can also be distinguished across a range of spatial
resolutions because they often occur as distinct zones parallel to the coast. These
zones are the result of a differential response to physio-chemical gradients that vary
across the intertidal area including topography, geomorphic setting, tidal regime
and sediment properties such as salinity, water content, organic matter content,
nutrient concentration, texture and chemical composition (Smith 1992; Da Cruz
et al. 2013; Yang et al. 2013; Prasad 2011; Ellison et al. 2000). Often, however, the
zones are too narrow to allow discrimination at moderate spatial resolution, particu-
larly where a mix of species occurs. Identifications from remote sensing are
generally more successful when a single species dominates a zone and where less
species occur, as in the Neotropics (Tomlinson 1986; Luther and Greenberg 2009).

Hyperspectral sensors offer greater capacity for discriminating species as these
capture spectral information at a much higher resolution and provide often in excess
of 200 image bands. Such data allow the user to interrogate the near full spectral
response of the land surface. The benefits of such data are the ability to capture
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information across a greater breadth of the electromagnetic spectrum than that
afforded by multispectral imagers. This strategy enables subtle differences in the
spectral response of various mangrove species to be identified. Hyperspectral
remote sensing data have been shown to provide detailed information on different
mangrove species, and also growth stages and stressors. As an example from Kakadu
National Park in Australia’s Northern Territory, Fig. 4.6 shows a CASI image within
which four zones dominated by different species can be distinguished, including a
zone of recent seaward expansion.

Whilst spectral data have proved useful for mapping the extent of mangrove
forests and their associated species (Heenkenda et al. 2014), there are several chal-
lenges particularly when mapping over large areas and at different tidal states. For
example, the spectral reflectance of mangroves is strongly influenced by tidal effects
on the soil, resulting in mixed pixels (Blasco et al. 1998). Other site-specific factors
such as background reflectance and differences in leaf area index (LAI) and leaf
inclination also contribute to the variability in the spectral reflectance of mangroves
when observed by airborne and spaceborne sensors (Baret et al. 1994; Diaz and
Blackburn 2003).
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Fig. 4.6 Hyperspectral CASI data, West Alligator River, Australia’s Northern Territory showing
(a) areas of inland intrusion by Avicennia marina (yellow) and (b) areas of seaward expansion of
Sonneratia alba (bright orange) near the river mouth. The central zone is occupied by Rhizophora
stylosa (red) and S. alba (olive)
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The use of textural measures derived from these data can be used as an additional
measure to differentiate mangrove species type and growth stages (Ramsey and
Jensen 1996). Compared to natural terrestrial forests, the canopy of mangrove forests
is generally smoother as most occur in zones that have been established at the same
time; hence mangrove forests are often of the same age and height (and hence growth
form) and of similar species composition. Image texture can therefore be used and is
often measured using first- and second-order metrics computed from a grey-level
co-occurrence matrix within a given window, lag distance and direction (Kayitakire
et al. 2006). Such information has been included with spectral data to increase the
accuracy of mangrove maps (Myint et al. 2008; Wang et al. 2004, 2008).

4.2.4 The Third Dimension

There are numerous descriptors of the three-dimensional structure of mangrove for-
ests, with the most common being maximum (top) and mean height. Others relate
to the distribution of plant material (foliage, wood) within the vertical profile, the
roughness of the upper canopy and the height of prop roots. Changes in the three-
dimensional structure also indicate damage (e.g. storms) or growth (e.g. succession
or colonization).

Over small areas and at very high spatial resolution, airborne LiDAR provides a
detailed representation of the forest volume and also the underlying surface. LIDAR
emits optical (visible, NIR or SWIR) wavelengths of the electromagnetic spectrum,
and the return time from the illuminated object surface relates to its distance from the
sensor. LiDAR instruments are typically mounted on airborne platforms, including
Unmanned Airborne Vehicles (UAVs), although the ICESAT GLAS (operating
between 2003 and 2010) is an example of a spaceborne instrument. LiDAR systems
can attain resolutions of up to tens of centimetres and large volumes of data are typi-
cally generated. Such information can be used to establish the relative growth of man-
grove forests, including within the understory when the point cloud is of sufficient
density. A wide range of metrics can be obtained from the point cloud, such as canopy
openness, as well as mean and maximum height, and canopy height models (CHMs)
(Fig. 4.7). These metrics and derived surfaces allow the complex structure of the forest
to be described (Wannasiri et al. 2013). A limitation is that the tree trunks can often
not be discerned. Thus, a locally based solution is to use ground-based Terrestrial
Laser Scans (TLS) within plots, which allows a detailed and very high (in the order of
cm) resolution point cloud to be generated (Feliciano et al. 2012, 2014).

An alternative approach to deriving CHMs is to use stereo images, with these
generally acquired at more local scales as aerial photographs or by VHR sensors on
board satellites or, more recently, UAVs. As an example, Lucas et al. (2002) gener-
ated CHMs of mangrove forests in northern Australia from historical (1991) stereo
photography, with these being accurate to within a few meters. To quantify change,
CHMs derived from optical data can be compared against those generated using
photography, LiDAR or radar interferometry acquired on different dates. Across



98 R. Lucas et al.

139°48'E 139°49°E 139°50'E

17°35'S

Canopy Height (m)
High : 22

‘Low :1

17°36'S

Fig. 4.7 LiDAR-derived CHM of mangroves in the Gulf of Carpentaria, northern Queensland,
Australia. The tall mangroves in the ‘core zone’ are dominated by Rhizophora stylosa and Ceriops
tagal. Avicennia marina dominates the lower stature mangroves either side. Note the different
height levels on the north-eastern edge depicting the progressive colonization of mudflats

wider areas, CHMs for mangrove forests have been generated from interferometric
SAR, with usable missions being the SRTM and the TanDEM-X. Using SRTM data,
for example, Fatoyinbo and Simard (2013) generated CHMs calibrated against
ICESAT/GLAS data for all mangroves in Africa.

The three-dimensional structure of mangrove forests can also be quantified using
single or multi-frequency polarimetric SAR. Microwaves at X- and C-band interact
primarily with the foliage and small branches whilst those at lower frequency L and
P-band interact with the larger branches, trunks and prop roots. To a certain extent,
the degree of tidal inundation can be best established at these lower frequencies, as
water under the canopy leads to strong double-bounce interactions at HH polariza-
tions between the water surface and the trunks. The ability to detect inundation
depends though upon the frequency of observation, the amount of overtopping
canopy material, and the openness of the canopy. The backscattered signal is, how-
ever, reduced at lower frequencies where large prop root systems occur because of
disruption to the double bounce scattering mechanism (Lucas et al. 2007).

Another approach to retrieve detailed three-dimensional structures of forests is
SAR tomography (Reigber and Moreira 2000). This technique requires at least two
SAR acquisitions, which are combined to form an additional synthetic aperture in
the elevation direction. When used in combination with polarimetric data, better
separation between different components of complex volumetric media is achieved
and the different scattering mechanisms as a function of height can be retrieved.
These can then be used to describe the three-dimensional structures of forests.
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Tomographic analysis can be conducted using high-resolution imagery provided by
the TerraSAR-X and Italy’s Cosmo-SkyMed, but is particularly effective when
using lower frequency SAR. As part of the European Space Agency’s (ESA’s)
BIOMASS mission, this method is proposed for the retrieval of above-ground bio-
mass (AGB) from P-band data, whereby contributions to the radar signal from vol-
ume and double bounce scattering can be discerned and the height of the forest
quantified. Furthermore, as a better understanding of microwave interaction with
different components of the forest volume is achieved, inversion models that use
intensity and Pol-InSAR data can be better developed to improve estimation of
AGB (Le Toan et al. 2011).

4.2.5 Above-ground Biomass (AGB)

For estimating the AGB and also the trunk and branch biomass of mangroves from
VHR optical data, the Fourier-based textural ordination (FOTO) method (Couteron
2002) has been proposed. This method computes textural indices of canopy
grain where no saturation in the relationships with AGB was observed. Ploton et al.
(2012) also demonstrated, for tropical forests, how the technique could be applied to
Google Earth images, hence widening its broader applicability and accessibility. The
advantage of using textural measures is that the structural diversity of tree crowns as
a function of growth stage and species can be better captured (Eckert 2012).

Other studies have estimated the AGB of mangrove forests using relationships
established with CHMs, as generated using airborne or spaceborne stereo imaging,
LiDAR or SAR interferometry. The canopy height retrieved from these data assumes
that the underlying topography is flat, although variations in elevation are often
observed between the seaward and landward margins. With airborne LiDAR, the
increased spatial resolution allows the underlying topography to be better discerned
and the retrieved heights are generally more reliable (Wannasiri et al. 2013). Height
is then related to AGB, which is often determined by referencing allometric rela-
tionships with diameter at breast height (DBH). As an example, Simard et al. (2006)
used a stand-level relationship between mean stem height and AGB, which was
applied to a CHM obtained from the Shuttle Radar Topographic Mission (SRTM)
interferometric SAR at 30 m spatial resolution.

An alternative approach is to use the polarimetric information associated with
SAR data to retrieve AGB. Mougin et al. (1999), Proisy et al. (2000) and Proisy
et al. (2002) found the lower frequency L- and P-band to be more sensitive to AGB
in mangrove forests of French Guiana. However, in two areas with contrasting phys-
iognomy in México, Vazquez-Lule (2012) found ALOS PALSAR L-band HH and
HYV backscatter to be highest in mangrove forests with low structural development
or experiencing degradation. A significant correlation was also observed with
ground estimated tree height, density and areal AGB. In mangrove forests with
greater structural development, the highest coefficient of determination was between
the HH polarization and tree height (> = 0.82; p < 0.001) and, in forests with lower
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structure, between HV polarization and areal AGB (r* = 0.75, p < 0.001). The AGB
can also be estimated using combinations of height and backscatter. For example,
Asbridge et al. (2015) demonstrated a decrease in L-band HH and HV backscatter
with increasing biomass (above 100 Mg ha™') for mangroves >10 m tall and with
prop root systems. Significant improvements in estimating the AGB of mangrove
forests changes over time, particularly at higher biomass levels (approximately
60-100 Mg ha™!, which is the saturation level at L-band), are anticipated following
launch of the European Space Agency’s (ESA’s) P-band BIOMASS P-band SAR in
2020. However, potential hindrances to the use of these data are the relatively coarse
spatial resolution (100-200 m) that may limit retrieval in areas where mangrove
forests are fragmented and occupy small areas and where the AGB is very low (as
in the case of forests undergoing colonization or restoration). The integration of
these data with, for example, L-band SAR or spaceborne LiDAR is more likely to
lead to better estimates.

4.3 Towards Characterization of Mangrove Habitats
and Their Management

4.3.1 Habitat Structural Complexity at Local Scales

Mangrove forests can be remarkably homogenous in terms of their structure, par-
ticularly where they consist of one tree species that have colonized and grown at a
similar pace. Even so, there are often noticeable structural gradients (e.g. from the
seaward to the landward margins) as a result of the different response of species to
environmental conditions (e.g. salinity, tidal regimes). Management practices such
as logging within discrete and contiguous areas can also lead to homogenization of
structures and species composition. More structurally heterogeneous forests occur
where species diversity is higher, strong gradients (e.g. in inundation) exist or where
disturbance has occurred. In general, and as examples, decreases in the structural
complexity of mangrove forests often lead to lower provision of nursery habitats (de
la Moriniere et al. 2004) and fewer refuges for faunal species (e.g. fish), with the
latter affecting predator—prey relationships (e.g. invertebrates).

An overview of how remote sensing data can be used to quantify the structural
complexity of mangrove habitats is outlined in Fig. 4.8, where the focus is on links
with faunal diversity and ecological interactions. Through classification of optical
imagery, the areal extent of mangrove forests can be delineated with mapped units
related directly to, for example, catches of invertebrates (e.g. prawns) and/or inshore
fish production (Nagelkerken et al. 2008). Landscape (connectivity) metrics such as
perimeter or closest distance to other habitats (including saltmarshes, mud/sand-
flats, seagrass beds and coral reefs) can also be used to quantify interactions between
static and migratory faunal communities. By differentiating mangrove tree species
and growth forms, the distribution of fauna such as gastropods, sesarmid crabs and
other fish can be ascertained. Knowledge of the extent of mangroves with prop root
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Fig. 4.8 Diagrammatic link between remote sensing observations of the tree species composition
structure, biomass and geometric arrangement of mangrove forests in northern Australia (see
Fig. 4.5) and potential relationships with the distribution of fauna

systems (e.g. Rhizophora, Ceriops) or pneumatophores obtained using L- or P-band
SAR data in combination with CHMs can be used to infer faunal distributions. For
example, a greater number of epifauna are associated with prop root systems, and
the number of fish species differs in areas where mangroves have prop roots or
pneumatophores (Ronnbick et al. 1999). Some species assemblages (e.g. sponges)
favour prop roots as they protect from fish predation. Together with pneumato-
phores, these prop roots also serve as a substratum for phyto-meiofauna, which are
a dietary component of many commercially important fish and crustaceans.

The distribution of plant material within the vertical profile of mangrove forests,
as described using LiDAR data, stereo imaging and/or interferometric SAR, can
also be related to the distribution of fauna within the forest. In particular, the trees
and roots support benthic epifauna (including crabs, bivalves and gastropods). This
habitat pattern is in contrast to the benthic invertebrates (infauna; crabs, polychaetes,
pistol prawns and sipunculids) that inhabit the surface or subsurface of the sediment
(Leung 2015; Nagelkerken et al. 2008). The extent of mud or sand flats on the land-
ward and seaward margins is also important to map from optical and/or SAR data in
order to provide an insight into the distribution of epifaunal and infaunal communi-
ties (Dissanayake and Chandrasekara 2014). For example, bivalves and polychaetes
often occur in a narrow zone on the seaward margins because of optimal conditions
for feeding and larval settlement (Nagelkerken et al. 2008). Moreover, by delimiting
regions of mangrove loss, the associated impacts on epifauna and infauna can be
predicted. For example, mangrove removal in the Mangawhai Estuary, New Zealand,
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was followed by an increase in the accumulation of sand, which increased the
number of snails, crabs and bivalves (Alfaro 2010).

Information regarding tidal inundation is useful as many fish that inhabit shallow
waters migrate into the mangrove swamps at high tide where they feed on, for
example, invertebrates. Crustaceans (particularly prawns) also make extensive use
of mangrove forests during high tide. The tidal inundation within the forest can be
mapped indirectly through reference to tidal data and knowledge of the underlying
terrain surface as obtained, for example, from airborne LiDAR. Such information
can be used as input to models of faunal population dynamics within mangrove
forests.

4.3.2 Connectivity at Different Scales

Mangrove forests occur in proximity to other habitats, including mudflats, seagrasses
and coral reefs. These ecosystems are functionally interlinked with synergistic rela-
tionships. The mangrove forests provide benefits such as trapping heavy metals, sta-
bilizing sediment and filtering water-borne pollutants, which improves water quality
and clarity for seagrasses and coral reefs. In turn, coral reefs reduce wave action,
allowing mangroves to thrive in the more sheltered environments. Mangrove forests
also act as nursery grounds for many species of reef fish, because the network of
dense roots and reduced wave action provide a refuge for juveniles (Mumby et al.
2004; Lee et al. 2014). The fish primarily migrate between these habitats through
larval recruitment and ontogenetic migration. Prawn species also often spawn off-
shore in seagrass and algal beds, and their larvae subsequently migrate into the man-
grove forests where they develop into juveniles. The mangrove habitat is preferred
due to the greater availability of food and structural complexity, high turbidity and
soft sediment providing protection from predators (e.g. large fish). Relating the
extent of these different habitats at multiple scales, their interactions and how they
are changing over time is therefore important, but represents a significant challenge
that has not been adequately addressed using remote sensing data.

When considering habitat connectivity, classification schemes based on object-
oriented analysis of remote sensing data are often beneficial (Conchedda et al. 2008;
Blaschke 2010; Lucas et al. 2014). In these approaches, groups of pixels within an
image are amalgamated into objects and then assigned statistical values (e.g. the
mean and variation of bands or derived measures such as vegetation indices, but
also shape (e.g. roundness, length, area, perimeter) and contextual measures (e.g.
adjacency, proximity)). Such information can be used in a classification approach to
differentiate the main habitats surrounding or in proximity to mangrove forests.
VHR (<2 m) imagery is often preferred as more detail can be resolved. The spatial
connectivity between habitats can then be quantified in more detail. In more exten-
sive mangrove systems with offshore reefs and seagrass beds, the use of moderate
spatial resolution Landsat and SAR data would be necessary.

A limitation of such approaches is that temporal components are rarely included
because of the availability of imagery and often only a static product (i.e. a habitat
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map) is generated. However, mangrove environments are very dynamic and hence
the usefulness of these classifications will diminish over time. Along the coast of
French Guiana, for example, rapid losses and gains in mangrove distribution occur
as a consequence of erosion and sediment accretion (Fromard et al. 2004; Fromard
1998), and the changing connectivity of habitats (mudflats, forests) is difficult to
quantify without a high temporal frequency of observation. Nevertheless, the release
of the Landsat archive is providing new opportunities for quantifying changes in
mangrove forests and associated habitats (Thomas et al. 2014).

Quantifying the level of mangrove fragmentation and landscape connectivity is a
critical component of modern strategies aimed at biodiversity conservation, and
many tools are available to address this using data from remote sensing. For exam-
ple, in Mexico, CONABIO used the open source software package Conefor (www.
conefor.org/index.html; Pascual-Hortal and Saura 2006; Saura et al. 2011; Saura
and Torné 2009) with time series of aerial photography and Landsat/SPOT sensor
data to describe the loss and fragmentation of mangrove habitats. The study estab-
lished that in 2005 and since 1970-1980, mangrove forests in 16 out of 17 states
with a coastline had experienced fragmentation and connectivity losses.

4.3.3 Challenges for Coastal Zone Management

With increasing coastal populations, considerable pressure has been placed upon
mangrove ecosystems, resulting in clearance for resource use, industrialisation,
urbanization and aquaculture. Often, secondary effects are noted from pollution and
upstream land use. Mangrove wetlands are also affected by climate change, which
include changes in sea level, temperature, precipitation, frequency and intensity of
storm/cyclonic events, ocean circulation and atmospheric carbon dioxide (CO,) con-
centration ((Asbridge et al. (2015); see Chap. 7). For example, in many cases such
changes lead to alterations in carbon budgets and biodiversity and exert an influence
on the social, political and economic aspects of many countries. Managing such
change to maintain ecosystem services has largely been undertaken at the ground
level but is a role that is increasingly addressed by remote-sensing observations.

As an example, a key ecosystem service provided by mangrove forests is the
maintenance or enhancement of carbon stocks (Chmura et al. 2003; Bird et al. 2004;
Manson et al. 2005; Polidoro et al. 2010; Lovelock et al. 2010; Sanders et al. 2010;
McLeod et al. 2011). As indicated earlier, remote sensing estimates of carbon stocks
are typically based on surrogates such as height which have been generated at a
continental level using the 2000 SRTM supported by ICESAT GLAS data (Fatoyinbo
and Simard 2013) and more locally using TanDEM-X data (Lee and Fatoyinbo
2015), airborne LiDAR (Wannasiri et al. 2013) or historical aerial photography
(Mitchell et al. 2007). Quantifying changes in carbon stocks as a function of height
is, however, more problematic. In particular, updates often use data acquired in
modes that are different from those used for the baseline generation; hence, changes
in height may be artificial. The data used for updating may also not be acquired at
the most opportune time. As a complementary source, the dense time series of
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Landsat sensor data can be used to establish the patterns of deforestation, regenera-
tion or colonisation by mangroves and hence assist interpolation of standing bio-
mass estimates. Time series of Landsat sensor data linked with mangrove growth
models may be used to estimate actual or potential carbon sequestration but these
approaches have not been undertaken to date.

Changes in carbon stocks may also be quantified using time series of L-band
SAR data. To support this, the JAXA Global Mangrove Watch (GMW) was initiated
in 2001 as part of the Kyoto and Carbon (K&C) Initiative (Lucas et al. 2014). The
main objectives were to a) generate revised baseline maps of mangrove extent in the
tropics and subtropics using ALOS PALSAR data from 2010, b) map changes rela-
tive to existing (2000) baselines (Giri et al. 2010) using JERS-1 SAR and ALOS
PALSAR data acquired in the mid-1990s and annually between 2007-2010, and c)
provide routine monitoring of mangrove areas post-2014 using ALOS-2 PALSAR-2
data. Using maps of canopy height and biomass generated from a combination of
SRTM and ICESAT GLAS data, the potential for quantifying changes in carbon is
being realized. The causes and consequences of change can also be discerned from
these data.

Many other ecosystem services associated with mangroves have been assessed
by different authors (Vo et al. 2012), with several employing higher resolution
remote sensing data and (Vo et al. 2015, 2013) analyzing these data with household
surveys. Kuenzer and Tuan (2013) also used remote sensing observations to quan-
tify ecosystem services for the Can Gio Mangrove Biosphere Reserve in Vietnam,
including timber provision, mangrove-related fish catch and protection from storms.
By providing information on the spatial distribution of mangrove forests, their
structure, species composition and biomass, and changes over time, remote sensing
data at all scales can play a key role in quantifying ecosystems services and provide
a contribution to integrated coastal zone management.

4.4 6.Summary

Remote sensing data have allowed observations of mangrove environments at
global, biogeographic and local scales (Table 4.1). At the global level, studies have
focused mainly on areal extent but increasingly there is capacity to quantify attri-
butes that, until recently, were the domain of the local scale (Giri et al. 2010;
Spalding et al. 2010; Valderrama et al. 2014). An example of this is the mangrove
height and biomass maps for Africa derived using a combination of SRTM and
ICESAT data (Fatoyinbo and Simard 2013). The use of SAR data is also becoming
more widespread with the public release of ALOS PALSAR mosaics and Sentinel-1
data. Regional studies have also become more common, with many countries
addressing the need for baseline maps of mangrove forests against which to quan-
tify and monitor change. For example, Hay et al. (2005) generated baselines of
mangrove species composition for northern and eastern Australia using a combina-
tion of aerial photography and Landsat sensor data. Local characterization of
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mangrove forests has focused primarily on the use of VHR airborne and spaceborne
optical (e.g. WorldView), hyperspectral and LiDAR data with increasing opportuni-
ties for repeat coverage. As such, these data are collectively providing information,
which is contributing to our understanding of spatial characteristics and dynamics
of mangrove forests in relation to their ecology.

Despite significant advances in mangrove observations, however, remote sensing
data need to be better linked with ecological and process models that are specific to
this ecosystem. To achieve this, there needs to be greater comparison of observa-
tions, data and modelled outputs involving teams of scientists from different bio-
geographical regions. In Fig. 4.9, we underscore the overlap between remote sensing
and ecological perspectives of mangrove forests in the spatial and temporal domain.

Remote sensing perspective Ecological perspective
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Fig. 4.9 Relationship between the temporal and structural hierarchy of mangrove forests and the
size of features that are able to be detected using remote sensing data (Modified from Kamal
(2015), p. 17)
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Remote sensing products tend to be static and include leaf attributes (e.g. orientation),
individual crown delineations by species, the extent of tree patches and canopy
gaps, mangrove zones by species and growth stage and broader vegetation types.
However, by increasing the spatial and temporal resolution of biophysical retrieval
or mapping, these data can be transferred to the ecological domain and used to
quantify leaf and whole tree physiology, growth and turnover, gap dynamics and
ecological function. The context of mangrove forests within the wider landscape
also needs to be considered, particularly given their dependence of, for example,
river discharge in several coastlines around the world. By integrating this informa-
tion, there are significant opportunities for species distribution and growth model-
ling that can be used to understand habitat use by fauna, fluxes of greenhouse gases
and hydrological processes. Such knowledge can then lead to a better understanding
of how best to manage mangrove forests in a more sustainable way and to establish
their response to change, both now and into the future. Ultimately, this can assist
with their long-term conservation.
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Chapter 5
Productivity and Carbon Dynamics
in Mangrove Wetlands

Robert R. Twilley, Edward Castafieda-Moya, Victor H. Rivera-Monroy,
and Andre Rovai

5.1 Introduction

The focus of this chapter is the net primary productivity and carbon (C) dynamics
of mangrove wetlands as related to the potential to sequester atmospheric C in tropi-
cal and subtropical coastal ecosystems (Fig. 5.1; Table 5.1) (Donato et al. 2011;
Kauffman et al. 2011). Mangrove wetlands produce organic carbon well in excess
of ecosystem respiration and are considered important sites for C burial (~10%) and
C export (~40%) to adjacent coastal waters, indicating their significant contribution
to C biogeochemistry in the coastal zone (Fig. 5.1) (Twilley et al. 1992; Duarte and
Cebrian 1996; Bouillon et al. 2008; Komiyama et al. 2008). Whole C storage esti-
mates using structural data (tree size, density), dead wood biomass, soil C content,
and soil depth in mangrove wetlands of the Indo-Pacific region have estimated an
average storage of 1023 MgC ha~' + 88, which exceeds 2.5-5 times the mean C
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Fig. 5.1 A simple model for the cycling of carbon in the coastal ocean including coastal ecosys-
tems, dominated in the tropics and subtropics by mangrove ecosystems. The model demonstrates
significance of mangrove NEP to exchange with atmosphere, but also exchanges across boundaries
with terrestrial ecosystems and ocean ecosystems. D diffusion, P photosynthesis (gross productiv-
ity), R respiration, E exchange, B burial (Modified from Suratman 2008, Twilley et al. 1992)

Table 5.1 Summary of global scale estimates of organic carbon burial based on local carbon
sequestration rates from Breithaupt et al. (2012)

Global burial rate
Study’s mangrove | Global standardized to
Local burial areal extent burial rate 160,000 km?
Authors rate (g m~2 yr~!) | (km?) (Tg Cyr™h) |(TgCyr™
Twilley et al. (1992) | 100 240,000 24.0 16.0
Jennerjahn and 115 200,000 23.0 18.4
Ittekkot (2002)
Chmura et al. (2003) | 210 181,000 38.0 33.6
Duarte et al. (2005) | 139 200,000 27.8 222
Bouillon et al. 115 160,000 18.4 18.4
(2008)
Alongi (2009) 181 160,000 29.0 29.0
Mcleod et al. (2011) | 226 137,760 31.1 36.2
152,361 344
Breithaupt et al. 163 137,760 22.5 26.1
(2012)
152,361 24.9

stock in tropical upland, temperate, and boreal forests (200—400 MgC ha-!) (Donato
etal., 2011). Thus, this biomass value suggests that mangrove wetlands are “among
the most C-rich forests in the tropics” (Donato et al. 2011). However, current studies
show that the actual mangrove global burial rates range is wider and uncertain
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(18.4-38 TgC y!) and the aerial C storage estimates depend on the extent used in
these estimations of both biomass and production (Bouillon et al. 2008). An updated
review of mangrove C dynamics indicates that global mangrove primary production
is ~218 £ 72 TgC yr!, yet approximately >50% (~112 = 85 TgC yr™') of the C fixed
by mangrove vegetation is unaccounted (Bouillon et al. 2008). We propose that the
inability to constrain the productivity and C sequestration numbers include (1) the
complexity of C dynamics in forest ecosystems that inhabit the intertidal zone, (2)
the inability to account for variation in ecosystem processes among geomorphologi-
cal settings, and (3) inability to account for net ecosystem dynamics in highly dis-
turbed coastal landscapes.

We will utilize a systems ecology approach of mangrove productivity and C
dynamics to scale the large variation in these ecosystem properties across dynamic
coastal environmental settings where the interaction between hydrology (e.g., tides,
frequency and duration of inundation) and geomorphology defines a wide range of
mangrove ecotypes with highly distinctive ecosystem attributes (Lugo and Snedaker
1974). In addition, we will pay particular attention to global patterns of these eco-
system processes by comparing the Atlantic-East-Pacific (AEP) and Indo-West-
Pacific (IWP) biogeographic regions to understand the distribution of global
observations that have been used to constrain C budgets of mangrove wetlands
(Fig. 5.2). The high net primary production (e.g., NPP = 17.7 = 7 Mg dry mass
ha™!yr!, N =20) and aboveground biomass (169 + 112 Mg dry mass ha™') observed
in these diverse mangrove ecotypes are regulated by key interactions across gradi-
ents among resources (e.g., nitrogen, phosphorus), regulators (e.g., salinity), and
hydroperiod (e.g., duration of flooding) (Twilley and Rivera-Monroy 2005, 2009).
This review will synthesize existing information on above- and belowground pro-
ductivity and will provide a description of how net ecosystem productivity (NEP)
relates to net ecosystem carbon exchange (NECE). Models will be introduced to
make preliminary estimates of the global scale of these ecosystem processes across
biogeographic regions and coastal environmental settings. We propose that using
the energy signature hypothesis (see below, Twilley 1995) improves understanding
of the variation with ecogeomorphology, which should improve attempts to scale
from local and regional settings to global budgets.

It is a challenge to scale up a variety of ecosystem attributes and processes from
local to global scales given the variability of rate processes and the high biodiversity
of both coastal environmental settings and biogeographic regions of mangrove wet-
lands (Rovai et al. 2016). In addition, the combination between geographical sam-
pling bias (e.g., scarce and uneven distributed sampling points across biogeographic
regions), the lack of consistency in robust global sampling designs (Brown and
Lugo 1984), and the choice of environmental predictors used in contemporary
global mangrove C assessments (Hutchison et al. 2013; Jardine and Siikaméki
2014) have been hindering the development of models capable of delivering more
precise mangrove C global estimates. Global estimates of C storage in mangroves
colonizing environments ranging from deltas to estuaries and to oceanic islands are
based on annual increments of mangrove biomass (above- and belowground) and C
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Fig. 5.2 (a) The biogeographical and regional dimensions of mangrove distribution considered in
comparative analysis of ecological attributes discussed in this chapter. The circles represent the 15
countries contributing 75.3% of the global mangrove area in 2000 (Data from Giri et al. 2011). (b)
Latitudinal distribution of mangrove forests in the world from Giri et al. (2011) used to develop
statistics in (a)

stocks in soil and account for large exchanges across complex boundaries between
forests and the sea (Bouillon et al. 2008; Breithaupt et al. 2012; Alongi 2014).
Published global estimates on central components of the mangrove C budget (i.e.,
net primary productivity, herbivory, mineralization, burial, organic carbon export)
are based on limited C budgets that integrate processes at a single site and therefore
represent relatively small data sets (Table 5.1). We will do preliminary assessments
of new global budgets of biomass, C content, and sequestration by classifying the
physical characteristics to coastal environmental settings.
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The role of C sequestration by mangrove wetlands in mitigating the C feedback
to climate conditions is also a very complex argument. Mangrove C sequestration
and storage may provide global benefits and economic value because this ecosys-
tem service may mitigate the effects of climate change (Hopkinson et al. 2012).
However, global estimates of benefits from C sequestration are limited by not
accounting for diversity of environmental settings, and presently no global estimate
of C sinks accounts for worldwide loss of mangroves through extensive degrada-
tion and over exploitation (Caldeira 2012; Gedan et al. 2011; Giri et al. 2008).
According to the Intergovernmental Panel on Climate Change, deforestation and
land-use change account for 8—20% of the total global anthropogenic carbon diox-
ide (CO,) emissions (Allen et al. 2014). Former global assessments estimated that
a third of mangrove area has been lost over the last 50 years as a result of land use
change and degradation (Valiela et al. 2001; Alongi 2002). However, these esti-
mates are as much a result of variation in mapping of historical mangrove cover as
real changes in global mangrove area. In addition, recent estimates indicate that
global losses during the last decade (2000-2012) were around 10% (Friess and
Webb 2014). Despite occupying only 0.7% of tropical forest area, deforestation of
mangrove biomass is apparently responsible for 10% (0.02-0.12 Pg C per year) of
global CO, emissions (Siikamiki et al. 2012; Donato et al. 2011). Nonetheless,
reforestation of mangroves may stimulate C storage processes, as observed in ter-
restrial forests. In addition, many mangrove wetlands occur in coastal regions with
high frequency of disturbance from cyclones, and the effects of these pulsing events
on regenerating C sequestration during forest reorganization may be a global con-
sideration in C mitigation techniques. These discussions of net C sinks with distur-
bances are important considering the significance of C along tropical and subtropical
shorelines. However, we need to improve estimates of how these ecosystems may
contribute to achieve desired climate change mitigation goals (Canadell and
Raupach 2008).

5.1.1 Coastal Environmental Settings

The energy signature hypothesis for tropical coastal ecosystems states that geo-
physical forces (river discharge, tides, waves), along with regional climate (tem-
perature, precipitation, evapotranspiration), control soil biogeochemistry, ultimately
determining the structure (e.g., basal area, tree height) and function (e.g., net pri-
mary productivity) of mangrove ecosystems (Fig. 5.3; Twilley 1995). Energy signa-
ture hypothesis is a readily applicable concept to other flood pulse-dominated
systems (Lugo et al. 1988; Junk et al. 2014), but it also underscores that adopting
geomorphic-related controls into predictive models is critical when scaling from
local and regional to global patterns of C dynamics (Rovai 2016). The regional scale
description of coastal environments using geomorphology and geophysical pro-
cesses can be further separated into ecological classification systems (Fig. 5.3). The
ecological classification of mangroves as fringe, basin, or scrub forests describes the
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Fig. 5.3 Hierarchical classification system to describe patterns of mangrove structure and func-
tion based on global, geomorphological (regional), and ecological (local) factors that control the
concentration of nutrients resources and regulators in soil along gradients from fringe to more
interior locations from shore (Modified from Twilley et al. 1998 and Twilley and Rivera-Monroy
2005). Pictures of mangrove sites describing the structure of mangrove forests across the ecogeo-
morphological types

microtopographic effects of hydrology on the formation of forest ecotypes (Lugo
and Snedaker 1974). Resources, regulators, and hydroperiod are very distinct along
the environmental gradient of the intertidal zone defined by microtopography. This
sets up the ecologically significant attributes of fringe versus interior zones of man-
groves (Ewel et al. 1998). Fringe mangroves colonize the boundary of mangroves
along a coastal water body, and their ecological attributes are established by the
relative influence of river, tides, and waves. Interior mangrove wetlands are less
frequently inundated and as found for most upper regions of intertidal zone, soil
salinities are dominated by soil moisture as a result of precipitation, evapotranspira-
tion, and upland flow. Distinct soil characteristics in this interior intertidal zone can
be regulated by regional climate as in the case for drier environments (e.g., Pacific
coast of Honduras, Castaneda-Moya et al. 2006). We will review some of the test
hypotheses across different spatial scales, given that mangrove macroecology
remains as an emergent science, with only a handful of studies addressing ecologi-
cal trends across global biogeographic regions (e.g. Twilley et al. 1992; Ellison
2002; Lovelock et al. 2007; see also Chap. 11). In addition, the broad distribution
along the world’s tropical and subtropical shorelines (Giri et al. 2011) and over a
variety of costal environmental settings, from deltaic to karstic landforms (Woodroffe
et al. 2016), enables such investigations.
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5.1.2 Conceptual Model of Productivity and Carbon Dynamics

The fixation of CO, from the atmosphere by mangrove wetlands represents poten-
tially significant global C exchanges that influence the net C budget of the atmo-
sphere (Figs. 5.1 and 5.4). Organic carbon budgets for mangrove wetlands based on
what is fixed into forest biomass from the atmosphere or deposited by rivers and
tides into soils require operational definitions on what processes constitute net
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Fig. 5.4 (Top panel) Summary of the major components in the mangrove carbon budgets normally
measured in field observations including production (litter fall, wood, and root production) and
various sinks (sediment burial) along with exchange with coastal waters (carbon forms including
particulate organic (POC), dissolved organic (DOC) and dissolved inorganic carbon (DIC). From
Bouillon et al. 2008). (Lower panel) Mass balance of organic carbon using concepts of net ecosys-
tem production (NEP) used in the text for mangroves (GPP gross primary production, Ra respira-
tion autotrophs, Rh respiration heterotrophs, NTE), is the net exchange of tidal inflow-outflow). For
estuary NEP, additional terms are IT for input from rivers, NTE, is exchange with coastal ocean
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fluxes across the boundaries of coastal forests (Twilley et al. 1992; Bouillon et al.
2008). As will be described in this section, some approaches use the net accumula-
tion of wood and soil to estimate the net effects of all these processes in the coastal
zone compared to more detailed accounting of all forms of C to derive a net C sink
(Table 5.1). Current estimates indicate that litter fall (NPP.), along with wood
(NPPy,) and belowground production (NPPg), account for ~31, 31, and 38%, respec-
tively, of the total net productivity (NPPy) on a global basis (Bouillon et al. 2008).
These estimates underscore the significant contribution of NPPy, and NPPy to NPP;
of mangrove wetlands worldwide. Recent summaries indicate there are few exam-
ples of simultaneous measurements of both the aboveground net primary productiv-
ity (NPP, = NPP; + NPPy) and NPP;y to accurately estimate NPP; of mangrove
wetlands. There are few long-term studies that test the temporal and spatial varia-
tion in C allocation above and within the soil compartment, limiting our understand-
ing of how these processes may be stimulated by disturbance. In addition, estimates
of export to coastal waters and respiration by all consumers must be subtracted to
indicate what may be a net sink of organic carbon in these coastal forests.

Our review to account for the biomass and productivity of mangroves to assess C
dynamics will build upon the methods recently reviewed for mangrove ecosystems
(Rivera-Monroy et al. 2013). We will use the ecogeomorphology models described
for biogeochemistry of mangroves (Twilley and Rivera-Monroy 2009) and apply
these methods to C accounting and productivity across different coastal environ-
mental settings to scale estimates at the global level. There are significant efforts to
measure the blue carbon of mangroves and all these efforts will be reviewed within
the context of our conceptual model and methodologies to try and explain patterns
from local sites to biogeographical regions. There are still some estimates of key
processes influencing fate of C in mangroves that are lacking global coverage such
as belowground components (see Castaieda-Moya et al. 2011; Donato et al. 2011;
Rivera-Monroy et al. 2013) and C export to coastal waters (Cai 2011). We will
define landscape patterns of mangrove NPP; and C allocation by applying models
of these processes for specific coastal environmental settings using the energy sig-
nature hypothesis.

NECE involves closer attention to C fluxes including dissolved inorganic carbon,
organic vapors, and C gases other than carbon dioxide (e.g., methane) to assess the
role of mangrove wetlands as C sinks or sources in subtropical and tropical lati-
tudes. Attempts to estimate the fate of organic carbon by evaluating production,
biomass allocation, respiration, soil accumulation, and export do not account for all
the forms of C that are exchanged with the atmosphere. It is very important to
clearly define which processes are actually measured and how those measures con-
tribute to different approaches to account for C budgets to define the impact of such
processes on mitigating C dynamics at the continent—atmosphere—ocean interfaces
(e.g., Komiyama et al. 2008; Alongi 2009, 2014). We will provide guidance on our
approach to account for these different techniques to define NEP compared to
NECE estimates for mangrove ecosystems.

The relationships among gross primary production (GPP), NPP, and NEP are
critical to understanding how much organic carbon is accumulated in a mangrove
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wetland by comparing net inputs from photosynthesis to losses by respiration and
export (Fig. 5.4). The equations for mangrove wetlands, as for other forested eco-
systems, represent C exchanges between the forest canopy and the atmosphere as
measures of net primary productivity of aboveground biomass (AGB). In this
review, we will focus on the following equation for aboveground net primary pro-
ductivity as follows:

NPP, = NPP, +NPP,, (5.1)

where NPP, is litter production and NPPy, is wood production. NPPy is measured
by changes in biomass of live roots over time intervals. Thus, our estimates of total
net primary productivity of mangroves are as follows:

NPP, = NPP, +NPP,, +NPP, (5.2)

where NPP; is the gain in organic carbon by the formation of plant tissues (GPP)
minus the respiration of autotrophs in both above- and belowground compartments
(Fig. 5.4).

The net productivity of mangrove wetlands can be evaluated by measuring the
net metabolism across a defined ecosystem boundary, defined above as NEP. The
net exchange of C with the atmosphere is controlled by the transformation of inor-
ganic to organic carbon assimilated into mangrove biomass, balanced by the relative
return of inorganic carbon associated with total ecosystem respiration (Ry) as the
sum of respiration of autotrophs (Ra) and heterotrophs (Rh). NPP; of mangrove
wetlands accounts for losses associated with Ra, and Rh can be tracked by measur-
ing soil respiration rates in mangroves (Rs) based on soil CO, efflux rates. Thus, the
atmosphere exchange of NEP can be accounted for using the following:

NEP = (NPP, +NPP,, + NPP, )~ (Rs). (5.3)

However, open ecosystems such as mangrove wetlands can be associated with
large organic carbon exchanges by tidal and river inundation, including extreme
weather events (Twilley et al. 1992; Bouillon et al. 2008) (Fig. 5.4). Given the bidi-
rectional flux of tides in mangroves, this exchange has to be considered a net tidal
exchange (NTEy), with negative values indicating a loss of organic carbon from
mangrove wetlands to coastal waters. Thus, the net balance of organic carbon in
mangrove wetlands as defined by NEP is the following:

NEP = (NPP, +NPP,, +NPP; )—(Rs£NTE,, ). (5.4)

C gains in NEP depend on how much of the net balance between NPP; and Rs
(NPPr—Rs) is lost at the coastal water boundary by NTEy;. In this analysis, a nega-
tive NTE,, represents organic carbon export from mangrove wetlands to coastal
waters, reducing the organic carbon storage potential of mangrove wetlands as a C
sink. NTEy becomes an import of C to the coupled coastal system (e.g. estuary,
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lagoon, delta), where it may contribute to ecosystem respiration or be buried in soil.
Therefore, we do not consider NTEy as part of the blue carbon potential of man-
grove wetlands, which is the ecosystem that is the focus of this review.

The accumulation rate of organic carbon in mangrove soils (AS,,,) may integrate
several of the processes that contribute to NEP (Chen and Twilley 1999). For exam-
ple, the net amount of organic carbon in mangrove soils integrates NPPy by includ-
ing net C balance of root production and litter fall (NPPy + NPP, ), losses due to Rs,
including soil CO, efflux linked to leaching of organic carbon from canopy. AS,,
also integrates the net effect of NTE. Thus, NEP can largely be determined by
focusing on the sum of AS,,, and the NPPy, based on the following substitutions:

NEP = (NPP, +NPP,, + NPP, )—(Rs=NTE) (5.5
AS,, =(NPP, +NPP,)—(Rs+NTE,)) (5.6)
NEP = NPP,, +AS, (5.7)

This establishes the significance of organic carbon accumulation in mangrove
soils and wood production to define the rates that mangroves may store organic
carbon from atmosphere, as suggested originally by Lugo and Snedaker (1974). The
accumulation of organic carbon in mangrove soils can be measured directly, using
a variety of techniques in vertical accretion multiplied by the C density of soils
(Lynch et al. 1989; Chmura et al. 2003; Rivera-Monroy et al. 2013; Breithaupt et al.
2012). Equation (5.4) suggests that NEP can be determined by measuring the com-
ponents of NPP; (NPP, + NPPy, + NPPy Eq. 5.2), account for total soil CO, efflux
rates (Rs), and include NTE,,. We will review the literature on both direct soil accu-
mulation rates and soil CO, efflux rates to compare with various components of
NPP; and NTE), to resolve the C balance by a variety of mass balance techniques.
By comparing a combination of approaches to mass balance the C flux across the
atmosphere boundary and at the river/coastal interface, we can resolve how well our
efforts have been at deriving the role of mangrove wetlands as a C sink.

5.2 Aboveground Biomass

AGB represents a significant portion of the total organic carbon reservoir in man-
grove wetlands that is found in vegetation and soils (Lugo and Snedaker 1974). The
annual incremental change in AGB is a traditional approach to estimate NPP,, con-
sidering that annual C stored in trees via wood growth, along with litter fall produc-
tivity from the canopy, represents the residual of gross production remaining after
autotrophic respiration (see Eq. 5.1). The variation in annual C storage in AGB may
be a function of climatic regimes coupled with distinct geophysical and geomorpho-
logical variables (Twilley and Rivera-Monroy 2009). It has been proposed that
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mangrove NPP, and biomass accumulation are high in coastal regions where tidal
ranges are high and significant run-off provides sediment and nutrients to mangrove
soils, in contrast to harsh environments with low moisture, frequent frosts, periodic
droughts, and hypersalinity that restrict forest biomass accumulation (low AGB)
(Schaeffer-Novelli et al. 1990; Twilley 1995; Castafieda-Moya et al. 2006). The
close relationship between mangrove NPP, and biomass and these environmental
drivers has seldom been directly tested. A literature review to assemble a data set
containing information on published mangrove AGB and forest structure data is
summarized in a review by Rovai et al. (2016). This search included 134 studies
encompassing 1047 sites that were aggregated into 0.25° cells, producing 135 AGB
values, which were used to develop regression analyses with coastal environmental
settings.

Previous attempts to predict continental-scale mangrove AGB include latitude
(Twilley et al. 1992; Saenger and Snedaker 1993) and climate-based models
(Hutchison et al. 2014). Although latitude-based models can indirectly encompass
critical climatic and geophysical variables, their individual contribution to explain
AGB value spatial patterns is unknown since their explanatory power is not explic-
itly weighted in the statistical analysis. And although a climatic modeling approach
explicitly includes climate variables such as temperature (mean temperatures of
warmest and coldest quarters) and precipitation (precipitation of wettest and driest
quarters) to explain mangrove AGB at the global scale (Hutchison et al. 2014), this
analysis is limited not only by the number of climatic variables included in the
model, but also by the lack of other environmental variables that directly influence
mangrove structural and functional properties at regional and local scales (Twilley
1995; Twilley and Rivera-Monroy 2009). Most estimates of mangrove AGB also
assume maturity of stand age, but very few mangroves represent old growth stands
and thus represent some younger stage of biomass accumulation (Lugo 1997). The
inclusion of other geophysical variables in the climatic-geophysical model of Rovai
et al. (2016) significantly improves AGB estimates at the latitudinal scale. This
model had values ranging from 16.6 to 627.0 t ha™! (mean = 88.7 t ha™!) and dem-
onstrated that climate-based and latitude-based models overestimated mangrove
AGB by 25.3% (Hutchison et al. 2013), 34.3% (Saenger and Snedaker 1993), and
44.4% (Twilley et al. 1992) in the neotropics.

Coastal environmental settings represent a major constraint on mangrove wet-
lands spatial distribution and realized maximum biomass, particularly considering
the diversity of mangrove environmental settings and associated ecogeomorphic
dynamics (Thom 1982; Twilley 1995; Woodroffe 1992). This dynamic change is
strongly influenced by the local tidal range, a critical geophysical variable explain-
ing a significant percentage of the AGB total variance (Rovai et al. 2016). Indeed,
tidal amplitude, a component of the hydroperiod regime in coastal regions, signifi-
cantly influenced mangrove structural development by promoting nutrient exchange
and aeration of soil layers, which reduces sulfide accumulation, allowing higher
growth rates and forest development (Castaiieda-Moya et al. 2013; Lugo and
Snedaker 1974). The model by Rovai et al. (2016) supports the environmental
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signature hypothesis approach for mangrove dominated ecosystems suggesting that
AGB allocation at the continental scale is not only dependent on climatic variables,
but also on local and regional geophysical forcings such as tidal amplitude. Their
estimates of AGB are ecologically significant because current published models to
estimate AGB do not include or test the relative contribution of these variables in
explaining mangrove AGB spatial distribution. Further, the Rovai et al. (2016)
model is composed of a set of environmental drivers that are ecologically meaning-
ful and closely associated to observed AGB spatial distribution patterns at larger
geographical scales; thus, it could potentially be applied to other continental coastal
regions worldwide.

The global data set from 135 sites with observations of AGB, using the local
models of biomass estimates based on forest structure statistics, presents a compari-
son of IWP and AEP biogeographic regions (Figs. 5.5 and 5.6). Nearly half of the
observations have AGB values <100 t ha™!. There are only 10 of the 135 sites with
AGB >300 t ha™! (Fig. 5.5, left panels). There are no clear patterns distinguishing
the two biogeographic regions, except the majority of highest AGB values are in
IWP region (Fig. 5.5, left panels). When applied to Giri’s global mangrove coverage
mask (Giri et al. 2011), using 25 km? degree cells at the equator (N = 6850 grids),
the model by Rovai et al. (2016) gives a somewhat different perspective of the
global distribution of AGB (Fig. 5.5, right panels). Nearly half of the grids have
AGB between 50 and 140 t ha™!, and very few sites have values >300 t ha™! (Fig. 5.5,
right panels). In addition, there does seem to be a trend between IWP and AEP, with
higher AGB values in IWP region in the more frequent AGB categories. This is
particularly true for AGB values >300 t ha™'. This similarity is more evident when
comparing observed and simulated results for IWP and AEP (Fig. 5.6). AEP and
IWP have average AGB of about 140 t ha™! using observations, with larger variation
around observations for AEP (Fig. 5.6, left panels). For the modeled observations,
the mean AGB for IWP and AEP is about 80 t ha™' (Fig. 5.6 right panels). Using
both observed and simulated results, there does not appear to be any difference in
AGB between the IWP and AEP regions. But there does seem to be an overestimate
of what may be considered an average value of mangrove biomass based on aboveg-
round compartments when using the observed plots. This result could be an artifact
of the simulation or represent the lack of balance (e.g. sample size) in coverage in
mangrove types in coastal environmental settings on a global scale.

The analytical approach by Rovai et al. (2016) across different neotropical lati-
tudes also underscores the bias generally found in current AGB global estimates.
This bias is based on the historical selection of study sites representing mostly for-
ests with typically high AGB values (e.g., riverine, fringe), and the absence of data
from forests of lower stature (e.g., basin, scrub) and consequently low AGB values.
Current mangrove AGB models do not consider this skewness to avoid such bias in
the estimation, extrapolation, and ecological interpretation of AGB values at the
global scale. Average AGB value reported for the neotropics using a climate based-
model was 165.5 t ha™! (Hutchison et al. 2014) compared to 82.9 t ha™' using the
geophysical-climate model (Rovai et al. 2016). The difference in output of the two
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graphic regions

models (54%) is not only related to the type and number of variables included in the
continental-scale model by Rovai et al. (2016) but also to the sample size and spatial
coverage of real observations used to produce this model. The biases associated
with sampling protocols were highlighted in global estimates of AGB in tropical
forests (Brown and Lugo 1984). The interest in continuing to develop global
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Fig. 5.6 AGB between the IWP and AEP biogeographic regions based on observations (left pan-
els) and simulations of AGB based on Rovai et al. 2016 (right panels). For each statistic, the upper,
middle, and lower bar in the box is the 75th, 50th, and 25th percentile, the smaller black box the
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estimates of C stored in AGB suggests that these issues need special attention by the
mangrove research community.

As discussed earlier in this chapter, the relative influence of regional and local
factors determines not only species-specific mangrove spatial distribution (Crase
et al. 2013), but also both AGB and belowground biomass (BGB) allocation patterns
(Castafieda-Moya et al. 2013). The database of 132 sites with estimates of AGB was
catalogued into one of seven ecogeomorphic settings and analyzed to test the energy
signature hypothesis for mangroves (Fig. 5.7). Deltaic coasts have higher AGB
compared to other continental settings, but the highest average AGB was found in
high oceanic islands. These are based largely on the observations from Micronesia
(Cole et al. 1999) where values are much higher (nearly 200 t ha™!) compared to the
average of about 100 t ha™! discussed above. Fringe mangroves have AGB just
>100 t ha~! compared to just <100 t ha™! for interior mangroves (Fig. 5.7). By split-
ting the fringe and interior classifications across coastal setting type, there is some
evidence of zonation for estuarine and composite delta/estuarine shorelines
(Fig. 5.7). Interior mangroves for high oceanic islands have higher AGB than fringe
mangroves in these coastal settings. Using the energy signature hypothesis as an
approach provides some additional power in integrating global AGB variance by
accounting for the interaction of regional and local drivers (Twilley et al. 1992;
Rovai et al. 2016). Grid models that can define these coastal setting characteristics
may prove to improve understanding global AGB patterns.
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Fig. 5.7 AGB based on observations in mangroves grouped by coastal environmental setting. (Left
panel) Average measures for mangrove sites classified as one of nine ecogeomorphic settings (7,
deltas, S2, estuaries (embayment perpendicular to shore, S3, lagoon (embayment horizontal to
shore), $4, composite river and wave (delta and lagoon), S5, drowned bedrock valley, S6, low
Oceanic islands—Ilow islands with carbonate settings, S7, high Oceanic islands—with significant
runoff from interior; S8, disturbed; S9, restoration site). (Central panel) Measures for 190 man-
grove sites classified as either fringe or interior mangroves as ecological type. (Right panel) The
190 mangrove sites are classified into one of the nine ecogeomorphic types that are subdivided into
fringe and interior ecotypes. Light-gray shading indicates fringe mangrove ecotypes

5.3 Aboveground Net Primary Productivity

5.3.1 Litter Fall

Litter fall from a mangrove canopy is dominated by leaf fall with the remainder
fraction consisting of wood (stems from the canopy), grass, and reproductive parts.
Leaf fall is continuous year-round but with seasonal rates that, in the Caribbean,
vary during fall months from September to November. Reproductive input from the
canopy is highest in late summer, just before peak leaf fall from the canopy. A mean
leaf fall rate for mangrove wetlands in the Caribbean region is about 2 g dry mass
(gdm) m=2 d~! or about 750 gdm m~2 yr~!. Regional rates in litter production in
mangrove wetlands are generally a function of the production envelope described
above, and rank among the ecological types as follows: riverine > fringe > inte-
rior > scrub (Pool et al. 1975; Twilley et al. 1986; Ewe et al. 2006). The fate of leaf
litter on the forest floor in most upland forests is controlled by rates of decomposi-
tion, thus the residence time of litter will vary with local environment together with
chemical characteristics (e.g., substrate quality) of leaf tissue. Mangrove leaf litter
decomposes much faster than most upland temperate forests and even tropical moist
forests, with average residence time about 0.6 years. Rhizophora has slower decom-
position rate than Avicennia and Sonneratia with corresponding residence time of
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Fig. 5.8 Litter fall rates based on observations in mangroves grouped by coastal environmental
setting. (Left panel) Average measures for mangrove sites classified as one of nine ecogeomorphic
settings [S/, deltas, S2, estuaries (embayment perpendicular to shore, S3, lagoon (embayment hori-
zontal to shore), S4, composite river and wave (delta and lagoon), S5, drowned bedrock valley, S6,
low Oceanic islands—Ilow islands with carbonate settings, S7, high Oceanic islands — with signifi-
cant runoff from interior; S8, disturbed; S9, restoration site]. (Central panel) measures for 190
mangrove sites classified as either fringe or interior mangroves as ecological type. (Right panel)
The 190 mangrove sites are classified into one of the nine ecogeomorphic types that are subdivided
into fringe and interior ecotypes. Light-gray shading indicates fringe mangrove ecotypes

2-3 months (Twilley et al. 1997, 1986; Woodroffe et al. 1988; Lee 1989b; Sessegolo
and Lana 1991; Mfilinge et al. 2002, 2005; Bosire et al. 2005; Chen et al. 2009;
Alongi 2011; Coronado-Molina et al. 2012).

The energy signature hypothesis was applied to testing global patterns in litter
fall using 164 sites where field observations are available. There is a strong gradient
in litter fall productivity from deltas to estuaries to oceanic islands (Fig. 5.8), with
rates ranging from 4.5 to 8 t ha™! yr~!. Fringe mangroves have litter fall rates about
7 tha=! yr~! compared to 5.8 t ha~! yr~! for interior mangroves (Fig. 5.8). There are
some clear differences in fringe and interior mangrove litter productivity in certain
coastal settings, such as deltas, estuaries, and delta/estuary complex, and particu-
larly for low oceanic islands (Fig. 5.8). However, no such pattern is evident for
lagoons or bedrock valley settings. Again, these patterns indicate some important
considerations in scaling mangrove productivity based on litter fall estimates.

Grapsid crabs can process significant amounts of mangrove leaf litter (Lee 2005),
especially in the Indo-west-Pacific region, and can serve as ecological engineers in
mangrove ecosystems (Kristensen 2008). While grapsid crabs can consume up to
~80% of the mangrove leaf litter production in some forests (Robertson et al.
1992), assimilation rates are generally low (<50%), and most of the organic material
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(about 60%) is egested as fecal material (Lee 1997). Grapsid crabs in mangrove
wetlands have been described as playing a role similar to shredders in freshwater
environments, i.e., processing detritus by enriching leaf litter with nitrogen-enriched
microbial populations, increasing the trophic quality of leaf litter (Peckarsky 1980;
Lee 2005; Werry and Lee 2005). The trophic value of this conversion of leaf mate-
rial, via fecal material, to benefit other invertebrate consumers has been demon-
strated as a significant component of mangrove tropho-dynamics (Lee 1997; Werry
and Lee 2005). This role of grapsid crabs as grazers in mangrove wetlands has also
been observed foraging on microalgae and bacteria (Bouillon et al. 2002a; Cannicci
et al. 2008; Kristensen 2008). They disturb the microbenthic primary producers and
meiofauna communities in the top sediment and change the physico-environmental
conditions of the sediment by increasing sediment drainage, soil redox potential,
translocate sediment, increase the sediment surface area, and stimulate decomposi-
tion and nutrient cycling processes (Kristensen and Alongi 2006; Kristensen 2008;
Kristensen 1988; Andersen and Kristensen 1992; Olafsson and Ndaro 1998; Lee
2008). Such modifications to respiratory processes may shift metabolism from sul-
fate reduction to more aerobic processes in otherwise anaerobic conditions as oxy-
gen is transported with water that exchanges in animal burrows (Penha-Lopes et al.
2010; Kristensen et al. 2011; Aratjo et al. 2012; Olafsson et al. 2002; Ferreira et al.
2007; Nielsen et al. 2003). These modifications to the bioturbation of leaf material
and organic matter in mangrove wetlands enhance rates of decomposition and
reduce tidal export of organic matter to adjacent coastal waters. But as will be dis-
cussed later, the bioturbation of organic matter may enhance the transport of dis-
solved inorganic carbon from mangrove wetlands with tidal exchange.

5.3.2 Wood Production

Woody production or woody biomass increment measurements in mangrove wet-
lands typically involve repeated measurements of tree diameters and the application
of allometric equations to estimate changes in biomass (Cintrén and Schaffer-
Novelli 1984; Clark et al. 2001; Komiyama et al. 2008). For a forest stand, incre-
ments are summed for all trees surviving the interval to estimate wood productivity
(Clark et al. 2001). Synthesis of wood productivity estimates (Table 5.2) range from
1.1 to 14.6 t ha™! yr~!. This is actually a wider range of net productivity than that
observed for litter fall. Also, the number of global estimates for wood production
(only about 60 sites) is much less than observed for litter fall; and much less than for
estimates of AGB (135 sites). The average wood production is about 5.8 t ha=! yr~!,
which is very similar to global average of litter fall productivity. Wood production
can range from one-third to nearly double the rate of litter fall productivity
(Table 5.2). However, a general pattern is that litter fall and wood production are
about 6 t ha™! yr~! for a NPP, of about 12 t ha™! yr~! as a global average.



Table 5.2 Synthesis of wood production data (and litter fall, if available) in mangroves from

Bouillon et al. (2008)

Wood
production Litter fall | Wood:litter

Site (thayr™) (thayr™) |production |Reference

0-10S or N

Malaysia 11.8 Ong et al. (1979)

Malaysia 24.1 Ong et al. (1979)

Phuket (Thailand) 20 Christensen (1978)

Malaysia 6.7 11 0.61 Putz and Chan (1986)

Java (Indonesia) 13.96 8.2 1.70 Sukardjo and Yamada
(1992)

Java (Indonesia) 13.75 7.37 1.87 Sukardjo and Yamada
(1992)

Java (Indonesia) 13.75 7.1 1.95 Sukardjo and Yamada
(1992)

Java (Indonesia) 14.18 8.2 1.72 Sukardjo and Yamada
(1992)

Java (Indonesia) 14.60 10.4 1.40 Sukardjo and Yamada
(1992)

Kala Oya (Sri Lanka) 6.76 6.23 1.09 Amarasinghe and
Balasubramaniam (1992)

Kala Oya (Sri Lanka) 5.62 5.52 1.02 Amarasinghe and
Balasubramaniam (1992)

Erumathivu (Sri Lanka) | 4.34 4.41 0.98 Amarasinghe and
Balasubramaniam (1992)

Erumathivu (Sri Lanka) | 1.40 3.74 0.37 Amarasinghe and
Balasubramaniam (1992)

1020 Sor N

Puerto Rico 3.07 Golley et al. (1962)

Estero Pargo 7.72 8.34 0.93 Day et al. (1987)

Boca Chica (Mexico) 12.06 12.52 0.96 Day et al. (1987)

Dominican Republic 16.3 0.58 Sherman et al. (2003)

Dominican Republic 11.8 0.58 Sherman et al. (2003)

Dominican Republic 6.6 0.58 Sherman et al. (2003)

Laguna de Terminos 1.96 4.96 0.40 Day et al. (1996)

Laguna de Terminos 1.11 3.01 0.37 Day et al. (1996)

Laguna de Terminos 1.99 4.14 0.48 Day et al. (1996)

20-30 Sor N

Florida (USA) 13.9 12.2 1.14 Ross et al. (2001)

Hong Kong 13.3 6.87 1.94 Lee (1990)

Florida (USA) 7.31 Sell (1977)

Florida (USA) 13.33 Sell (1977)

Shark River, Florida 12.57 8.46 1.49 Ewe et al. (2006)

(USA)

Shark River, Florida 7.01 8.03 0.5 Ewe et al. (2006)

(USA)

Shark River, Florida 11.9 1.11 1.11 Ewe et al. (2006)

(USA)

Data previously compiled by Twilley et al. (1992)
Average value for wood:litter production mentioned by Sherman et al. (2003) for different vegeta-

tion types
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5.4 BGB and Root Productivity

BGB allocation in forest and wetland ecosystems is considered significant to soil
formation and surface elevation gain (Chen and Twilley 1999; McKee et al. 2007),
making significant contributions to ecological processes associated with C budgets
due to the high proportion of biomass allocated belowground relative to aboveg-
round tissues (Nadelhoffer et al. 1985; Nadelhoffer and Raich 1992; Jackson et al.
1997; Chmura et al. 2003; Bouillon et al. 2008). Our understanding of the contribu-
tions of BGB and productivity to soil formation and C dynamics in mangrove wet-
lands is limited by the difficulties associated with measuring productivity, mortality,
and longevity of complex root systems (Santantonio and Hermann 1985; Cuevas
and Medina 1988; Majdi and Kangas 1997). The low number of studies, with only
48 considered in this review, currently limits the estimates of biomass and produc-
tivity contributions to C budgets by belowground components of NEP (Bouillon
et al. 2008; Castafieda-Moya et al. 2011). Roots of mangrove wetlands are pheno-
typically plastic in their ability to exploit nutrients in response to environmental
change (Feller 1995; Feller et al. 2010; Reef et al. 2010) and mangrove species can
allocate up to 40-60% of their total biomass to belowground roots (Komiyama et al.
1987; Lugo 1990; Snedaker et al. 1995; Khan et al. 2009). The BGB and net pri-
mary productivity of mangroves is thought to be a very important contribution to
AS,, and thus NEP (Eq. 5.5; McKee and Faulkner 2000; Lovelock et al. 2006;
Bouillon et al. 2008; Lovelock 2008; Alongi 2011; Donato et al. 2011; Mcleod et al.
2011; Chen and Twilley 1999).

Global trends in BGB estimates in mangroves are confusing given that different
methodological approaches can cause varying results (Vogt et al. 1998; Clark et al.
2001; Bouillon et al. 2008; see review by Rivera-Monroy et al. 2013). Comparing
root biomass across studies shows a wide range of biomass values reported for
mangrove locations around the world, even when similar sampling techniques and
sampling depths are used (Fig. 5.9, left panels). Some of these differences may be
due to sampling methods (Rivera-Monroy et al. 2013), but also other factors such as
forest age, species composition, history (planted vs. natural), and local climate vari-
ation could influence biomass allocation patterns contributing to observed differ-
ences (Kairo et al. 2008; Tamooh et al. 2008). Nearly half of the biomass estimates
reviewed are <50 t/ha, and 13 of the 48 sites have BGB >100 t/ha (Fig. 5.9, left
panel). For the majority of observations, there is no distinct difference in IWP and
AEP (Fig. 5.10a). The only difference is that the two greater estimates of BGB
occur in IWP (>200 t/ha).

Root necromass is seldom specified in describing root biomass but can be a sub-
stantial portion of total biomass. Values in Micronesia mangroves range from 63.6 to
345.6 t/ha (sampled to a depth of 45 cm) in sites sampled by Cormier et al. (2015),
which is similar to root necromass values of 220-230 t/ha in the top 30 cm in the
nearby Okat and Utwe mangroves on Kosrae (Gleason and Ewel 2002). In contrast to
fine root biomass, these estimates of root necromass are considerably greater than
those found in Gazi Bay, Kenya (10.3-32.6 t/ha in cores 0—60 cm; Tamooh et al. 2008)
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Fig. 5.9 Frequencies of BGB (left panels) based on observations from 48 sites. Frequencies of
belowground productivity (right panels) based on 26 sites. Distribution of observations is distin-
guished between the IWP and AEP biogeographic regions

and in Thailand (15-133 t/ha in cores 0-30 cm; Chalermchatwilai et al. 2011),
indicating a particularly strong capacity for C storage in Micronesian mangroves
through root production. This partition contributes to the high overall rates of soil C
storage attributed to mangroves in places such as Yap, Federated States of Micronesia
(Kauffman et al. 2011).
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Fig. 5.10 BGB between the IWP and AEP biogeographic regions based on observations (a) and
belowground productivity between the IWP and AEP biogeographic regions based on observations
(b). For each statistic, the upper, middle and lower bar in the box is the 75th, 50th, and 25th per-
centile, the smaller black box the mean, and the whiskers range from 10th to 90th percentile of the

data for each category

Most values of root productivity in the literature are based on root ingrowth bag
technique, which may underestimate (Rivera-Monroy et al. 2013) or stimulate
(Graham and Mendelssohn 2016) root production rates. However, this measure
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does provide a relative comparison of root productivity among sites (McKee and
Faulkner 2000; Li et al. 2012). Most of these measures focus on the productivity and
turnover of fine roots, which may again describe a portion of the total belowground
processes of mangrove ecosystems. Highest root production (57-78%) occurs in the
shallow root zone of mangrove sites that is comparable to other studies in terrestrial
forests and wetland ecosystems. These patterns have been reported for mangrove
wetlands in Florida (McKee and Faulkner 2000), Honduras (Cahoon et al. 2003),
Belize (McKee et al. 2007), and in other subtropical and tropical latitudes where
indirect methods were applied to measure root productivity in scrub and tall man-
grove forms (Lovelock 2008; Fig. 5.9, right panel).

Root productivity based on observations at 26 sites varies from about 0.5 to
7.5 tha=! yr~!, with no clear pattern of frequency among rates (Fig. 5.9, right panel).
Most of the lower rates are observed in IWP region, and rates measured in AEP
region range across the entire distribution of observations (Fig. 5.9, right panel).
The present trend, again based on only a few observations (8 in IWP and 18 in
AEP), is that the mean rates of root productivity are much higher in AEP (Fig. 5.10b).
The overall mean of belowground productivity, based on these 36 observations, is
about 3 t ha™! yr!, or 30% of the NPP, estimate (12 t ha™! yr~") described above.
This is consistent with most distributions of productivity between NPP, and NPPy
in forest ecosystems.

Direct measurements of fine root productivity in the mangrove literature range
from 0.46 t ha=! yr~! to 7.5 t ha™! yr~! in Micronesia, at depth of about 30-50 cm
(Gleason and Ewel 2002; Cormier et al. 2015), in plots dominated by S. alba. Fine
root growth ranged from 0.43 to 1.97 t ha™! yr~! in Belizean mangroves (McKee
et al. 2007), from 1.83 to 2.10 t ha~! yr~! in the Florida Coastal Everglades, USA
(Castafieda-Moya et al. 2011), and from 1.40 to 2.80 t ha™! yr~! in restored man-
grove sites near Rookery Bay, Florida, USA (McKee and Faulkner 2000). Moreover,
fine root productivity significantly contributed (21-50%) to the total (0-90 cm)
belowground allocation in mangrove sites along the Florida Coastal Everglades
(USA). For comparison, carbon allocation to fine root production accounts for
approximately 30% of the total annual C allocation compared to belowground in
forest ecosystems (Nadelhoffer and Raich 1992). The higher biomass allocation to
coarse roots (~70%) and the fact that fine root production is a significant component
of NPPy supports the hypothesis that belowground root allocation is a significant
contribution to soil C storage in mangrove wetlands (Chen and Twilley 1999;
Chmura et al. 2003).

5.5 Allocation Ratios of Biomass and Production

Mangrove wetlands show adaptive mechanisms when plants are growing in benign
soil conditions of coastal environmental settings where regulators and hydroperiod
allow for the expression of phenotypic plasticity to nutrient resource availability.
However, when stress conditions develop due to soil conditions that reduce plant
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growth, regulators and hydroperiod can stimulate plant allocation patterns that may
not reflect solely the root:shoot ratio expected based on nutrient resource gradients.
Using the BGB data published by Castaieda-Moya et al. (2011), the proportion of
BGB allocation (BGB:AGB ratios) is 17 times higher in mangrove wetlands under
stressed soil conditions located in southeastern Florida Everglades, USA, compared
to those with daily tidal exchanges in estuaries in southwest Florida Everglades.
Also, BGB:AGB ratios increased with increasing sulfide concentrations across this
coastal environmental setting (> = 0.78, p < 0.001), suggesting the regulatory effect
of hydroperiod on root biomass allocation (Krauss et al. 2006). Differences in total
production between above- and belowground components can be distinct; for exam-
ple, riverine mangroves in higher soil phosphorus (P) concentrations and more fre-
quent tidal inundations allocate most of the total NPP to above ground (69%),
whereas scrub mangroves in lower-P and long duration of flooding showed the
highest allocation to below ground (58%) (Castafieda-Moya et al. 2013). The envi-
ronmental setting of Florida Coastal Everglades in USA demonstrates that man-
groves allocate a large proportion of their total biomass to below ground in response
to P limitation and soil stress conditions (Komiyama et al. 2000; Sherman et al.
2003; Lopez-Hoffman et al. 2007; Naidoo 2009).

These findings are consistent with global budget estimates of NPP for mangrove
wetlands, suggesting the significant contribution of NPPy (38%) to the overall pro-
duction (Bouillon et al. 2008). There is evidence that biomass production increases
with increasing nutrient availability in mangroves (Lovelock et al. 2004, 2006;
Feller et al. 2007; Naidoo 2009), and in benign soil conditions more of this produc-
tion is associated with wood production. This pattern was observed in Florida
Coastal Everglades with higher wood:litterfall production ratios in riverine man-
groves (0.35 + 0.08) along Shark River (higher-P and more frequent tides), com-
pared to considerably lower ratios in scrub mangroves (0.22 + 0.03) in Taylor River
(lower-P and longer flood durations) (see Table 5.2 for review). The production to
biomass (P:B) ratios also confirm patterns of C partitioning to biomass and produc-
tivity between benign and stressed soil conditions. The lower P:B ratios observed in
all Shark River sites of Florida Coastal Everglades (higher-P and more frequent
tides) suggest that more of the energy flux from primary production is converted
into plant biomass, in contrast to nearby Taylor River sites (lower-P and longer
flooding durations) where most of the available energy is used to offset the higher
soil stress conditions (i.e., sulfide and permanent flooding) and lower P availability
in these scrub forests. Similarly, higher P:B ratios have been reported for scrub for-
ests in Biscayne Bay, Florida (0.36 yr~'; Ross et al. 2001) compared to lower ratios
for riverine mangroves in Terminos Lagoon, Mexico (0.18 yr~!; Day et al. 1987).
These patterns support the hypothesis that scrub mangrove wetlands allocate more
BGB (i.e., high BGB:AGB ratios) and belowground production relative to aboveg-
round components (litter fall and wood production) in response to P limitation and
high soil stress conditions, at expenses of aboveground growth and development
(Lovelock 2008). These trade-offs indicate a strong link between biomass and NPP
allocation patterns and the phenotypic plasticity of mangrove species in response to
environmental gradients to maximize resource use efficiency and conserve the most
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limiting nutrient (Chapin et al. 1986). Accordingly, the relative contribution of
belowground allocation to soil C storage and wood production to NPPy in mangrove
forested wetlands have significant implications to net C exchange in these coastal
forested wetlands (Eq. 5.7; Chmura et al. 2003; Khan et al. 2007; Donato et al.
2011; Kauffman et al. 2011; Mcleod et al. 2011).

5.6 Soil CO, Efflux and Accumulation Rates

A cohort model (NUMAN) of soil biogeochemistry demonstrates the balance of
processes that control soil organic carbon accumulation including the inputs by both
root productivity and litter fall, compared to losses due to decomposition (soil CO,
efflux) and net estuarine exchange (Chen and Twilley 1999). The model can simu-
late the balance of organic carbon in soils based on these inputs and losses, account-
ing for the differential decomposition of labile and refractory organic matter, and
the depth distribution of root productivity to soil column. The key to resolving
organic carbon mass balance of soils, as an index of NEP, is to compare soil CO,
efflux rates as consumption of NPPy. As described above in Eq. (5.5), litter fall and
belowground production rates are included in NUMAN. Heterotrophic respiration
losses to the atmosphere occur through the decomposition of organic matter in soil,
fine leaf litter, coarse woody debris, and surface water (Kristensen et al. 2000, 2008,
2011; Troxler et al. 2015; Alongi et al. 1993; Lovelock 2008; Bulmer et al. 2015;
Leopold et al. 2013, 2015). The assumption here is that root productivity techniques
described above measure NPPg, while soil CO, efflux includes the autotrophic res-
piration by roots. Because NPPj is net root production, some of the soil CO, efflux
component of the Rs term may be considered double accounting. This consideration
gets very complicated for the root system of mangroves, especially in the case of
aerial root structures used for plant aeration in hypoxic or anoxic soils (i.e., pneu-
matophores; Kristensen 2007). Partitioning these sources of soil CO, from soil CO,
efflux is particularly challenging in mangrove wetlands, and determining how this
measure of soil CO, efflux should be compared to balance NEP (see review in
Alongi 2009).

Simulation models of mangrove soils adjusting for relative rates of litter turnover
and root productivity suggest that root production is a critical process in controlling
organic carbon accumulation rates in mangrove soils in the neotropics (Chen and
Twilley 1999). These models also predicted that variations in root turnover have a
more significant effect on these soil characteristics than variation in litter fall. For
example, observations of deposition and slow degradation of mangrove roots have
shown to contribute more to organic matter accumulation and vertical building of
mangrove islands in Belize than total litter fall (Middleton and McKee 2001; McKee
et al. 2007, McKee and Faulkner 2000, Krauss et al. 2008). Root data used in the
south Florida model, however, were based on very few direct observations of man-
grove biomass in relation to belowground nutrient concentrations, relying mostly on
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derived estimates of root:shoot ratios. Another key coefficient in determining rates
of organic carbon accumulation in mangrove soils is the relative proportion of labile
and refractory organic carbon. Several studies have found that decay of below-
ground material is slower than leaf litter (McKee and Faulkner 2000; Middleton and
McKee 2001; Poret et al. 2007). A large part of sedimentary organic matter in man-
grove wetlands is derived from root organic matter (Alongi et al. 2001) and in many
forest systems can be the principle source of organic matter in the deeper soil layers
(Ludovici et al. 2002).

Root productivity and BGB accumulation contribute to soil volume and conse-
quently soil elevation change in mangrove wetlands (Cahoon et al. 2003; McKee
et al. 2007; McKee 2011), particularly in carbonate settings (Lynch et al. 1989;
Parkinson et al. 1994). Mangroves are touted as highly efficient C sinks in the wet
tropics due to relatively high primary productivity and low rates of decomposition
(Komiyama et al. 2008). One of the most comprehensive reviews of C sequestration
of mangrove soils by Breithaupt et al. (2012) demonstrates that rates can range from
4 to 1000 gC m=2 yr~! (Fig. 5.11). However, the largest proportion of observations,
41 of the 65 sites, occur from 0 to 200 gC m~2 yr~!, with an average of 163 gCm=2 yr!
for all sites. The importance of the contributions of mangrove wetlands to global C
sequestration reinforces the need for a better understanding of biomass allocation in
these systems.
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Fig. 5.11 Distribution of soil carbon sequestration rates (gC m~2 yr~') for mangrove forests based
on review by Breithaupt et al. (2012)
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5.7 Net Estuarine Exchange with Mangrove Wetlands
(NTEy)

Several authors have suggested that mangrove-derived organic matter is of global
significance in the coastal zone (Robertson et al. 1993; Dittmar and Lara 2001;
Kristensen et al. 2008; Alongi 2009). Estimates indicate that mangrove wetlands
could be responsible for ~10% of the global export of terrestrial particulate and dis-
solved organic carbon (POC and DOC) to the coastal zone (Jennerjahn and Ittekkot
2002; and Dittmar et al. 2006, respectively), and for ~10% of the global organic
carbon burial along with seagrasses in the coastal ocean (Duarte et al. 2005). The
exchange of C between tidal wetlands such as mangrove wetlands or salt marshes
and the coastal ocean and its ultimate fate in the ocean is therefore increasingly
recognized as a potentially critical component in the ocean C budget (Twilley et al.
1992; Bouillon et al. 2008). This may be particularly evident in river-dominated
mangrove systems such as muddy coasts and deltas where organic material
exchanged is greater at the boundary of the forest compared to other coastal settings
(Twilley 1985), as observed for major river systems such as Fly River, Papua New
Guinea, or systems with large tidal exchanges in Australia (Alongi 2009). Recent
reviews on C dynamics in these coupled wetland/estuarine ecosystems describe
organic matter from wetlands as contributing to the heterotrophic nature of estuaries
(Cai 2011; Hopkinson et al. 2012). The assumption is that C exported from man-
grove wetlands, which may be a significant loss of mangrove NEP, may stimulate
respiration in coastal waters and not contribute significantly to burial of C in coastal
ecosystems. This is still a major question in the C budget of coastal ecosystems.

Resolving estimates of mangrove NEP have benefited from an expanded litera-
ture on biomass and productivity of both NPP, and NPPg, but estimates of C export
in the literature are still very limited. Carbon export from mangrove wetlands ranges
from 1.86 to 401 gC m~2 yr~!, with an average rate of about 210 gC m=2 yr~! (Twilley
and Rivera-Monroy 2009; see Table 5.3 from Bouillon et al. 2008). Carbon export
from mangrove wetlands is nearly double the rate of average C export from salt
marshes (Nixon 1980), which may be associated with the more buoyant mangrove
leaf litter, higher precipitation in tropical wetlands, and greater tidal amplitude in
mangrove ecosystems (Twilley 1988). The fate of mangrove primary production has
been a major topic of debate in the literature during the past decades (Bouillon et al.
2008). In particular, the outwelling hypothesis, first proposed by Odum and Heald
(1975), suggested that a large fraction of organic matter produced by mangrove
trees is exported to the coastal ocean, where it would form the basis of a detritus
food chain and thereby support coastal fisheries. Despite the large number of case
studies dealing with various aspects of organic matter cycling in mangrove systems
(Kristensen et al. 2008), there is still no consensus on the ecological fate of organic
matter produced in mangroves on the metabolism and food webs of the coastal zone
(Bouillon et al. 2008).

The function of mangrove wetlands as habitat and food source to estuarine-
dependent fisheries is one of the most important ecosystem services of coastal wet-
lands (Fig. 5.4). The outwelling hypothesis of mangrove wetlands has been revised



5 Productivity and Carbon Dynamics in Mangrove Wetlands 139

Table 5.3 Summary of literature estimates on organic carbon export from mangroves defined by
particulate (POC), dissolved (DOC), and total (TOC) organic constituents from Bouillon et al.
(2008) (Adopted from Lee 1995)

POC export | DOC export | TOC export

(eCm= (gCm= (gCm=
Site yr7h) yrh) yrh) Data source
Australia 420 Boto and Bunt (1981)
New Zealand 110 Woodroffe (1985)
Australia 340 Robertson (1986)
Hong Kong 2 Lee (1989a)
Hong Kong 5 Lee (1990)
Zanzibar 65 230 295 Machiwa (1999)
Florida (USA) 16 48 64 Twilley (1985)
Brazil 44 Dittmar and Lara (2001)
Florida (USA) 56 Romigh et al. (2006)
Brazil 144 Dittmar and Lara (2001)
Florida (USA) 381 Davis et al. (2001)
Malaysia 176 Gong and Ong (1990)
Florida (USA) 186 Heald (1969)
Florida (USA) 292 Odum and Heald (1972)
Florida (USA) 91 Lugo and Snedaker (1974)
Australia 332 Woodroffe et al. (1988)
Australia -7 Boto and Wellington (1988)
Australia 994 Alongi et al. (1989)
Papua New 343 Robertson and Alongi (1995)
Guinea
Florida (USA) 7.1 Sutula et al. (2003)

from the original paradigms described by Odum and Heald (1972) and reevaluated
by Odum (2002), Lee (1995, 2004, 2005), Sousa and Dangremond (2011), and
Saintilan (2004). Trophic links between mangrove production and higher trophic
level consumers depend on microbial decomposition of litter fall and consumption
by a variety of small detritivores before energy is available to higher trophic level
organisms (see review by Sousa and Dangremond 2011). The role of detritus export
from mangrove wetlands for coastal foodwebs is substantiated by a correlation of
nearshore catch of shrimp or fish to mangrove area in the vicinity of those harvests
(Macnae 1974; Sasekumar et al. 1992; Primavera 1996). Many of the recent reviews
described above warn that such correlations do not mean causal relationships and
that isotope signatures in diets are a better suited for testing the food composition of
coastal fish.

There are several well-documented cases where the strength of the mangrove C
signal in tissues of consumers in estuaries and coastal waters is related to the loca-
tion of the organism when sampled relative to the dominance of mangrove detritus
production relative to estuary area (or volume). For example, sharp declines in man-
grove detrital signature with distance from the mouth of a mangrove-dominated
creek have been found in a Kenyan estuary (Hemminga et al. 1994), where the
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signal was absent >2 km from mangroves. In the Godavari delta mangrove ecosys-
tem in India, there was a much stronger mangrove C signal in detritivores of man-
grove creeks relative to an adjacent bay (Bouillon et al. 2002a, 2002b, 2004a,
2004b). For Shark River estuary in southern Florida (USA) mangrove-derived C
supported up to 60% of the nutrition of filter feeders half-way up the estuary (Fry
and Smith 2002). In Bocas del Toro, Panama, organic matter from mangroves
declined by about 40-50% over the first 250-300 m from the forest edge, but was
found in reef organisms living >10 km from a mangrove forest (Granek et al. 2009).
In a Malaysian mangrove and adjacent water bodies, the isotopic signature of man-
grove-derived C in organisms was evident among mangrove stands or in adjacent
mudflats, but decreased to low levels in coastal inlets <2 km from the coast, and was
negligible in offshore water (2-18 km from the coast, Rodelli et al. 1984). And
finally similar gradients were found in Biscayne Bay Florida (USA) where man-
groves contribute C to heterotrophic organisms within or immediately adjacent to
forests (Fleming et al. 1990), as was found off the coast of Colombia (Pineda 2003).

These isotope observations support the dual gradient hypothesis of organic mat-
ter in estuaries as proposed by Odum (1984) that explains the complex patterns of
organic detritus vs phytoplankton and seagrasses in the diets of estuarine food webs.
Nekton and sessile organisms in small tidal creeks with high amounts of mangrove
area relative to water volume have diets with higher influence of mangrove detritus
than similar organisms in open water at distance from the mangrove wetland (Odum
1984). As stream orders of tidal creeks increase and salinity increases, phytoplank-
ton and seagrasses progressively dominate the diets of estuarine food webs. Such
statistics support the claim that the significance of mangrove wetlands to fisheries
depends on the total wetland (mangrove) area compared to the area and/or volume
of water habitats in the region (Twilley 1995, Cifuentes et al. 1996), similar to the
original idea for salt marshes (Nixon 1980). In regions with low ratio of wetland to
water area, mangrove C contribution can range from 2% to 52% of the total avail-
able C pool for secondary productivity (Twilley 1988; Wafar et al. 1997; see review
by Sousa and Dangremond 2011 and Saintilan 2004). Evaluations of different C
budgets suggest that detritus is an important component of the energy budget of
coastal ecosystems depending on the mangrove area:open water area ratio. Other
estimates show that large fraction of organic matter produced in mangrove wetlands
is buried or consumed by residents of mangrove food webs (Lee 1989a, b; Robertson
etal. 1992; Twilley et al. 1997).

5.8 Net Ecosystem Carbon Exchange

During the last 20 years, forest-level C exchange with the atmosphere has been
measured using the Eddy-Covariance method (ECM) (see review by Rivera-Monroy
et al. 2013). ECM is a micrometeorological method implementing instrumentation
along towers above vegetation that measures turbulent motions (i.e., “eddies”) of
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upward and downward moving air parcels that transport trace gases (e.g., CO,, H,O,
CH,, N,O) across the biosphere atmosphere interface (Moncrieff et al. 2000;
Baldocchi 2003, 2008) (Fig. 5.12). Fluxes of C measured by ECM are net fluxes of
the whole system with the atmosphere and thus represent net ecosystem exchange
(NEE) (Fig. 5.12). There are few examples of where an ECM, and thus NEE, have
been applied to measure CO, fluxes to evaluate ecosystem productivity at large
spatial scales in mangrove wetlands (reviewed in Rivera-Monroy et al. 2013). Two
towers over the Sundarbans mangrove wetlands on the northern Bay of Bengal,
India (Ganguly et al. 2008), measure a significant seasonality in CO, exchange over
the year with a mean net CO, flux of —0.48 t ha™! yr~!. Integrative approaches to
resolving the net C budgets of mangroves have been suggested using the combina-
tion of NEE based on ECM and NEP based on biometric methods that define organic
carbon accumulation. It is important that the inclusion of soil CO, efflux (Rs) and
net tidal export (NTE,;) with biometric methods properly accounts for NEP when
comparing with NEE using ECM. In addition, the biometric methods focus on
organic carbon exchange, whereas ECM can measure all forms of C given the
instrumentation that is used in measuring NEE.
NECE of a mangrove wetland can be described by the following:

NECE = AC/dt (5.8)

Because the focus of this review is on C exchange in mangrove wetlands (given
that the boundary is defined by the location of forested wetlands in the intertidal
zone), a positive sign of NECE indicates an increase in the C pool of mangrove
wetlands (C sink) and negative sign is a loss from the C pool of mangrove wetlands
(C source). This is in contrast to the conventions of positive and negative signs used
for NEE to denote changes relative to the C balance of the atmosphere (positive is
increase in atmospheric C and negative is net loss of atmospheric C). It is important
that we keep the focus of this analysis relevant to the role of mangrove wetlands in
mitigating the global C exchange to the atmosphere.

This use of positive and negative signs to denote storage and loss to NECE of
mangrove wetlands, respectively, allows ECM and biometric methods to resolve
NEE and NEP. Given this clarification,

NECE = ZNEE + Fog + Foy + Fyoe + Foe + Fooe + Foc (5.9)

where NEE is net ecosystem exchange of CO, (i.e., the net CO, flux from the atmo-
sphere to the ecosystem, or net CO, uptake in mangrove wetlands = positive sign);
Fco 1s net carbon monoxide (CO) absorption (or efflux = negative sign); Fcyy 1S net
methane (CH,) consumption (or efflux = negative sign); Fyoc is net volatile organic
C (VOC) absorption (or efflux = negative sign); Fpc is net dissolved inorganic C
(DIC) input to the ecosystem (or net DIC leaching loss = negative sign); Fpoc iS net
dissolved organic C (DOC) input (or net DOC leaching loss = negative sign); and
Fpc is the net lateral transfer of particulate (nondissolved, nongaseous) C into the
ecosystem (or out of = negative sign, by fluxes represented by soot emission during
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Fig. 5.12 Carbon fluxes identified as the main variables determining the NECE as related to the
net ecosystem exchange (VEE) measurement obtained with the eddy covariance method. The solid
blue box represents the mangrove forest interacting with coastal waters. Fluxes (F) contributing to
NECE are emissions to or uptake from the atmosphere of CO, (i.e., NEE), CH,, CO, and VOC,
along with lateral leaching and drainage fluxes of DOC and DIC. Lateral or vertical movement
processes of particulate C (PC) (nongaseous, undissolved) are influenced by animal movement,
soot emission during fires, water and wind deposition and erosion, and anthropogenic transport or
harvest. Net ecosystem production is regulated by C fluxes due to gross primary production (GPP),
autotrophic respiration (AR), and heterotrophic respiration (HR) (Modified from Chapin et al.
2006, as reported in Rivera-Monroy et al. 2013). The bottom panel is a diagram converting the
measures into inputs and outputs of mass balance of carbon resulting in estimates of NECE

fires, water and wind deposition and erosion, animal movement, and anthropogenic
transport or harvest).

The fluxes of C other than NEE are very important to understand and to compare
NECE with NEP. These fluxes in addition to NEE, which we will denote as Fr,
include the following:

FT = FCO + FCH4 + FVOC + FDIC + FDOC + FPC (5 1 O)

Methane fluxes in mangroves are minor compared to carbon balance (Fcpy)
(Purvaja and Ramesh 2001; Kreuzwieser et al. 2003; Alongi et al. 2005), and very
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little data are available for most mangrove wetlands to estimate Fco and Fyoc. Thus,
these F terms will not be included in our calculations, and thus a modified total flux
is as follows:

F.=F, +Fyoc + Fye (5.11)

These fluxes of C (Fpic + Fpoc + Frc) can occur across the mangrove boundary
with the atmosphere (F,) and across the boundary with coastal waters (Fy,). Fluxes
with the atmosphere, in the form of soot in response to burning, will be denoted as
F = Fpic + Fpoc + Fpe. Fluxes associated with tidal exchange with coastal waters
will be denoted as Fy = Fpic + Fpoc + Fpoc (note that Fpoc is used here assuming that
all the particulate C exchange in water is organic). Again, assuming that Fco, Fepg,
and Fyoc are negligible,

NECE:ZNEE+(FW +F,) (5.12)

Again, the fluxes of Fy and F, are relative to C budget of mangrove wetlands and
thus negative flux denotes net loss from mangroves and positive numbers a net gain
of C across the mangrove boundary with respective to the atmosphere (F,) or coastal
waters (Fy).

If we assume that F, is negligible (lack of burning or other atmosphere exchange)
and that all the F terms are exchanges with coastal waters (Fy), then we can com-
pare NECE with NEP and include appropriate estimates with biometric methods.

NECE = Y'NEE +(F, ) = NEP = NPP, +(AS,,, ) (5.13)
NECE = ) NEE +(F, ) = NEP = (NPP_ + NPP,, + NPP, )—(Rs)+NTE,,) (5.14)

The problem is that NEP in both cases does not account for some of the inorganic
fluxes in Fy or F,, and that although NEE includes total ecosystem respiration, NEP
has to include soil respiration.

We will use the summary provided in Rivera-Monroy et al. (2013) for biometric
and ECM estimates of C exchange for a riverine mangrove forest in the Shark River
Estuary of Florida Coastal Everglades (SRS-6 will be used to denote station iden-
tity). The NEE value estimated for SRS-6 in 2004, based on the sum of monthly
NEE values measured during that year, was 1170 = 127 gCm~2 yr~!. Thus, assuming
that ', = 0, the NECE can be estimated with the following:

NECE = 1170 +(F,,) (5.15)

We then need to estimate Fy, (Fyw = Fpic + Fpoc + F) to determine NECE. Barr
et al. (2010) constrained the values with direct and indirect measurements of DOC
and POC fluxes in the study site where tidal activity generally results in significant
lateral fluxes of particulate and dissolved carbon (Whelan et al. 2005; Krauss et al.
2006). A flume study in SRS-6 (Romigh et al. 2006) estimated a net DOC export
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rate of 56 gC m~ yr!, and ratios of inorganic to organic carbon flux (Bouillon et al.
2008) were used to estimate a Fy value of =550 + 260 gC m~2 yr~!. Thus,

NECE = 1170-550 = 620 gCm yr "' (5.16)

NECE can also be estimated using biometric information to generate NEP by
using the difference between NPP and soil CO, efflux (Barr et al. 2010; Eq. 5.14).
Average maximum NPP, estimated for SRS-6 (Rivera-Monroy et al. 2013) is
1150 £ 29 gC m~2 yr~!. Average maximum belowground production (i.e., fine and
coarse roots, <20 mm diameter) (NPPg) (2004-2006) is 311 + 24 gC m= yr!
(Castafieda-Moya et al. 2011). Soil CO, efflux in SRS-6 based on the sum of hetero-
trophic and autotrophic components (that also includes root respiration estimates) is
about 492 ¢gC m~? yr~! for Rs (Troxler et al. 2015). Thus, we can estimate:

NEP = (NPP, + NPP, ) - (Rs) £ NTE,,) = 1150 +311-492-550 =419gCm~yr ' (5.17)

This comparison of NECE and NEP is very similar given the gross estimates of
NTE,; (Fw) and the fact that NEE in SRS-6 ranged from 1040 to 1290 gC m=2 yr~!
(Barr et al. 2010).

Finally, the use of wood production and soil C accumulation method can also be
compared to NECE. Carbon accumulation (burial) in soils (AS,,) for SRS-6 is
about 125 + 3 gC m~2 yr~! (Castafieda-Moya unpublished results; see Rivera-
Monroy et al. 2013). Wood production estimated for the period 2001-2004 was
456 + 33 gC m~2 yr~L. Thus, on an annual basis,

NEP = NPP,, +AS, =(456+125)=581gCm~yr" (5.18)

This does not include inorganic carbon accumulation. In summary, the three
techniques to resolve the net C sink in this mangrove wetlands (Egs. 5.16, 5.17 and
5.18) provide values for SRS-6 in the Shark River Estuary of Florida Coastal
Everglades within a narrow range of 419 to 620 gC m=2 yr=".

The differences described in these three approaches to estimate C sinks in man-
grove wetlands are within 200 gC m~2 yr~!. The closest estimates are those that use
NEE and estimate for both organic and inorganic exchange (expanding NTEy to
include dissolved inorganic carbon) with the estuary, compared to just focusing on
the two C accumulation rates in wood and soil. These differences are only
40 gC m2 yr~!. This result gives some confidence that this C exchange with the
estuary, which is much higher than values summarized above, captures all the dif-
ferent C species that are coupled to the estuary. Because NEE is the CO, flux from
mangrove wetlands to the atmosphere by definition (Chapin et al. 2006), NEE is
different from NEP and NECE when C enters or leaves the forest as DIC in the
aquatic phase rather than through atmospheric change (Twilley et al. 1992; Chapin
et al. 2006). For example, DIC leaching of groundwater (Call et al. 2015), DIC
exchange at different depths with the adjacent estuarine waters (Dittmar and Lara
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2001; Bouillon et al. 2008) and transfers of respiration-derived DIC from the
mangrove to the estuary, cause NEE to be greater than mangrove NEP or NECE.
Given the frequent tidal exchange between Shark River mangroves and the estuary,
these differences in fluxes can be significant (Romigh et al. 2006). Indeed, Bouillon
et al. (2008) pointed out that DIC export is a major component of unaccounted C in
mangrove wetlands. Unfortunately, understanding spatial and temporal organic car-
bon flux trends in mangrove wetlands has been difficult due to the scarcity of studies
(particularly on DIC fluxes), long-term data sets, and the high variability in experi-
mental approaches used in mangrove studies (Romigh et al. 2006; Bouillon et al.
2008; Barr et al. 2010; Adame and Lovelock 2011; Call et al. 2015).

Crab burrows can greatly enhance the surface area of the sediment—air or sedi-
ment—water interface where exchange of CO, or DIC can take place, serving as
significant conduits for enhancing CO, exchange between mangrove sediments and
atmosphere (Kristensen 2008, see also Chap. 6). The process of tidal exchange
enhanced by bulk hydraulic permeability associated with burrows built by animals
such as crabs and other crustaceans is known as tidal pumping of DIC. This process
is also well established in mangrove creeks (Borges et al. 2003; Kristensen et al.
2008; Maher et al. 2013; Stieglitz et al. 2013; Zablocki et al. 2011) and it has been
shown to dominate resulting pCO, distributions and CO, emissions to air (Bouillon
et al. 2007; Linto et al. 2014; Koné and Borges 2008). The impact of these burrows,
and possibly mangrove root formations, on the biochemical pathways of anaerobic
and aerobic processes is defined by the relative distribution of lower redox zones
described in the geochemical model above. What is critical is to define the relative
volumes of water via subsurface advective exchange with tidal pumping that trans-
ports DIC produced within these redox zones (Maher et al. 2013).

These updated estimates of C sequestration based on NEP and NECE for man-
grove wetlands have implications to the debate on how coastal ecosystems influence
the global C budget (Twilley et al. 1992; Saenger and Snedaker 1993; Lee 1995;
Duarte et al. 2005; Jennerjahn and Ittekkot 2002). A reassessment of global man-
grove C budgets by Bouillon et al. (2008) estimates that more than 50% of the C
fixed by mangrove vegetation, estimated ~217 + 72 TgC yr~!, appears to be unac-
counted for based on estimates of various C sinks (organic carbon export, soil burial,
and mineralization). This missing C sink is conservatively estimated at
~112 = 85 Tg C yr™!, equivalent in magnitude to ~30-40% of the global riverine
organic carbon input to the coastal zone. The analysis above suggests that inorganic
carbon flux from sediments and mangrove waters is severely underestimated and
that the majority of C export from mangrove wetlands to adjacent waters occurs as
DIC (Fig. 5.4). Using the average rate of DIC flux above, global levels of CO, efflux
from both soils and the water column can be estimated at 178 = 165 Tg C yr'. The
magnitude of this process could be similar to that of the missing C sink but may vary
in range among different mangrove systems from muddy coasts to carbonate set-
tings. Despite the preliminary nature of /' (DOC, DIC, POC) fluxes (and associated
uncertainties) estimated for Shark River mangroves in our example, it is clear that
directly measuring rates at the mangrove-tidal creek/river interface should be a
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major priority in future C and nutrient studies in mangrove wetlands (Bouillon et al.
2008; Barr et al. 2010). In addition, research emphasis should be placed on measur-
ing C that can be oxidized and consequently reduce NEP (Jaffe et al. 2001; Jaffe
et al. 2004; Maie et al. 2008).

Another estimate of how important inorganic carbon exchange is to reconciling
NECE for mangroves, compared to NEP, is to compare the analysis in Eqgs. (5.16,
5.17 and 5.18) with estimates above for wood production and soil C sequestration
(NPPy + AS,,). The average NEP from Egs. (5.16, 5.17 and 5.18) is about
500 gCm~2 yr~'. Based on global reviews of observations, wood production is about
600 gdm m=2 yr~! or about 240 gC m~2 yr~!. The average C sequestration in man-
groves soils, again based on observations described above (Fig. 5.11), is about
163 gC m™2 yr~'. The sum of these two measures, (NPPy + AS,,), is an estimate of
NEP at about 400 gC m=2 yr~!. This value is very similar to the NEP estimates for
Shark River mangroves described above in Egs. (5.16, 5.17 and 5.18), again using
NEE as one of the methods to constrain the NEP estimate. The other significance to
this comparison is that the only way to get agreement among these estimates in Egs.
(5.16,5.17 and 5.18) is to include a very significant flux of inorganic carbon as part
of the NTEy; in Eq. (5.17). The flux of inorganic carbon in this estimate is equal to
the organic carbon flux, or about 250 gC m~? yr~!. However, a general conclusion
based on these different approaches, and reviewing the existing global literature, is
that NEP accumulates about 400 gC m=2 yr~!, equally distributed between wood
production and soil C accumulation. The literature for soil carbon accumulation is
more thorough than global estimates of carbon storage in wood production.
Estimates of the latter are particularly important to have a better estimate of global
carbon storage in mangrove NEP.

5.9 Disturbance and Carbon Exchange

The significance of nonanthropogenic and anthropogenic disturbances on ecosys-
tems associated with land use and pulses such as floods, fires, and cyclones has to
be assessed when estimating C mitigation strategies due to increasing C pools in the
atmosphere. The NEP of wetlands change with ecosystem development following
disturbance and can be further modified by anthropogenic effects such as drainage
of organic soils in wetlands (Armentano and Menges 1986). Such changes in NEP
will alter the function of wetlands, including mangroves, as sources or sinks of
atmospheric C (Fig. 5.13), and thus modifying how ecosystems contribute to the
mass balance of C in the atmosphere (Houghton 1994; Houghton 2007). The par-
ticular question is whether the net flux of C in coastal ecosystems such as mangrove
wetlands may contribute to the unidentified sink of C to balance the amount of C in
the atmosphere relative to the anthropogenic inputs that cannot be accounted for
based on actual C increases over the last century (Houghton 2007). There has been
a focus on whether disturbances to terrestrial ecosystems may enhance C sinks or
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sources of NEP, but no global analysis has been done to account for role of tropical
or subtropical coastal zone to this unidentified atmospheric carbon (Fig. 5.13).

Long-term studies of mangrove wetlands at Shark River Estuary in Florida
Coastal Everglades have provided insights into how disturbances may change NEP
from sources to sinks during recovery, as forest successional stages change NECE
following the passage of hurricane Wilma in October 24, 2005 (Zhang et al. 2008;
Smith et al. 2009; Castafieda-Moya et al. 2010). Wilma, a category three hurricane,
produced extensive inundation along the southwestern Florida coast, with a maxi-
mum storm surge of 3-5 m in some mangrove stands (Krauss et al. 2009; Smith
et al. 2009; Castafieda-Moya et al. 2010). Mangrove wetlands lost nearly all canopy
and experienced extensive tree damage, increasing woody debris, and reducing
NPP, (Smith et al. 2009; Danielson 2016). Mangrove damage as a result of Wilma
included defoliation, tree snapping, and uprooting and was related to storm surge
energy and proximity relative to the eye-wall of the storm (Zhang et al. 2008). In
certain locations along Shark River estuary (e.g., SRS-6 and mouth of the estuary),
Wilma caused severe damage to the mangrove forest, with 99% of the canopy defo-
liated and several large trees (i.e., tree height > 15 m) downed, broken, or uprooted.
Recent studies using light detection and ranging (LIDAR) measurements in the
southwestern Everglades region before and after the 2005 hurricane season showed
that the total area of canopy gaps in the Shark River estuary increased from 1% to
2% to 12% after the storm (Zhang et al. 2008). Estimates of wood damage (WD)
volume across mangroves in the Shark River and Broad Creek areas ranged from
170 to 259 m? ha™! following Wilma, with twice the volume of WD in areas closer
to Wilma’s eye-wall. In contrast, posthurricane mangrove WD studies in high oce-
anic islands of Micronesia have found considerably lower estimates (35-104 m*ha™!)
likely due to the lower frequency of hurricanes and also attributed to differences in
age and forest structure (i.e., lower canopies) (Allen et al. 2000). These results high-
light the significant contribution of C (and nutrients) from downed wood into man-
grove soils that may be significant to accurate C budgets for mangrove wetlands,
particularly in areas with high recurrence of storms such as the Caribbean Sea in the
neotropics (Krauss et al. 2005).

Recovery of the mangrove wetland described above occurred within five years,
stimulating NPP and NEP, including both enhanced litter fall and root production
(Castafieda-Moya unpublished results; Danielson 2016). This requires a modifica-
tion of Fig. 5.13 whereby C sinks in mangroves wetlands can be stimulated by
disturbance. The impact of Hurricane Wilma on Shark River estuary (at SRS-6,
same site used in NEP comparison above) is reflected in the significant reduction
(65%) of litter fall production 1 year after the storm. After 2006, NPP, gradually
increased to prestorm levels (4.8 Mg C ha™! yr=!) by 2009. Similar resilience strate-
gies were observed with mangrove root biomass and production after the storm. For
instance, total (0-90 cm) root C storage after the storm (2009: 3633 + 498 ¢gC m~2)
was 3.3 times higher compared to values reported before Wilma (2000-2003:
1109 = 185 gC m~2; Castaiieda-Moya et al. 2011), with fine (<2 mm diameter) roots
accounted for 51-85% of the total C storage in the shallow (0—45 cm) and deeper
(45-90 cm) root zones, respectively. Before the storm, the contribution of fine roots
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Fig. 5.13 Definitions of carbon sources and sinks as exchanged with the atmosphere using two
hypothetical wetland regions subject to disturbance (after Armentano and Menges 1986). (a) The
original net carbon sink is totally lost by the changes in ecosystem processes in response to distur-
bance, to a condition where the wetland is a net carbon source to atmosphere. (b) The wetland
currently functions as a diminished carbon sink because CO, release in disturbed wetlands is lower
that net CO, fixation in undisturbed wetlands; with a modification to demonstrate that carbon sinks
can actually increase in some scenarios following a disturbance by increasing NEP (net ecosystem
production)

to total C storage ranged from 13—18% for both root zones, whereas coarse (>5 mm)
roots contributed up to 60-67% of the total (Castafeda-Moya et al. 2011). The
higher biomass allocation to coarse roots (~40-67%) and substantial fine root pro-
duction before and after the storm in all our mangrove sites support the hypothesis
that belowground allocation is a significant contribution to soil C storage in man-
grove wetlands (Chmura et al. 2003; Khan et al. 2007). These results demonstrate
the resiliency of mangrove wetlands to recover to predisturbance NPP rates within
a short (<5 years) period of time as result of disturbances that caused significant
changes in mangrove community structure and function. Continued long-term eco-
logical research on mangrove ecosystems in response to disturbance will be critical
to understand trajectories of recovery in C dynamics of mangrove wetlands, particu-
larly given the current climate change scenarios and accelerating rates of sea-level
rise affecting these forested wetlands and other coastal ecosystems worldwide.
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Similar observations have been made on C budgets in mangrove plantations fol-
lowing disturbance (Bosire et al. 2006; Fontalvo-Herazo et al. 2011; Jin-Eong et al.
1995; Kairo et al. 2008, 2009; Ren et al. 2008). These estimates associated with
tropical cyclones are very important to any global C exchange estimate of man-
groves given the frequency of this disturbance in the subtropics (Fig. 5.14).
Mangrove wetlands are known as frequently disturbed ecosystems, particularly
associated with tropical cyclones, and this forcing may have a significant impact on
NEP mitigating C exchange with the atmosphere. This is similar to the debate for
land use of forest ecosystems that may explain the unidentified C sink in the bio-
sphere (Houghton 1994). For instance, mangrove wetlands in the southeastern
region of Florida Everglades have encroached inland approximately 1.5 km during
the past 50 years (Ross et al. 2000), transforming previous freshwater wetlands
dominated by C. jamaicense- to brackish R. mangle-dominated communities. These
changes in community composition and peat depth result from reductions in fresh-
water drainage into this region along with gradual increase in sea level and tempera-
ture, simulating the migration of mangroves under scenarios of climate change.
Similar expansion has been observed in the Atlantic coast of the United States and
the Gulf of Mexico (Doughty et al. 2016; Osland et al. 2013; Comeaux et al. 2012).
There is a global trend of mangroves expanding into the warm tropics (Saintilan
etal. 2009, 2014), potentially expanding the effects of mangrove NEP on mitigating
atmospheric C.

Finally, the continued contribution of mangrove wetlands as C sinks in the
coastal zone is enhanced by accelerated rates of sea level rise, which can be consid-
ered an anthropogenic disturbance to coastal zones. Woodroffe (2002) summarized
how the organic carbon storage (peat formation) of salt marshes changes with dif-
ferent responses of morphodynamics to sea level rise scenarios. If coastal wetlands
accrete with sea level rise (and subsidence), then the NEP of wetlands is nonsteady
state and there is constant annual net C sequestration. Accelerated sea level rise will
potentially accelerate C sequestration as soil accretion also accelerates. Yet the latter
scenario of accelerated rates depends on adequate source of particles that can
enhance deposition along with the contribution of NPPj to soil accretion (Kirwan
and Temmerman 2009; Kirwan and Guntenspergen 2012; Kirwan and Mudd 2012).
There are critical rates of relative sea level rise (eustatic sea level plus subsidence
rates, RSLR) that are predicted to cause the drowning of coastal wetlands because
such RSLR rates are above the adaptation potential for wetlands to survive. The
stability of intertidal wetlands over decadal time scales in response to accelerated
sea level rise (thus accelerated RSLR) relies on sediment concentrations and tidal
amplitudes of coastal environmental setting (Kirwan et al. 2010). Thus, ecogeomor-
phic types of coastal settings from carbonate lagoons to estuaries and river-
dominated deltas will determine the capacity of coastal wetlands to adapt to increase
RSLR in the next century. This significant interaction between latitude and ecogeo-
morphology will also determine what coastal environmental settings will continue
to sequester C in mangrove soils. This outcome has important implications as to
how mangrove wetlands may be able to mitigate anthropogenic increase of CO, in
the atmosphere as both C sequestration and RSLR also increase.
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Fig. 5.14 Map of the cumulative tracks of all tropical cyclones during the 1985-2005 period. The
points show the locations of the storm paths at six-hourly intervals and colors of each path indicate
the strength of the storm based on the Saffir—Simpson Hurricane Scale (bottom left) (Source:
https://en.wikipedia.org/wiki/File:Global_tropical_cyclone_tracks-edit2.jpg)

International trends of disturbance in mangrove area are important to really
understand the impact of mangroves wetlands on mitigating C dynamics in the
atmosphere. An extensive review of global changes of mangrove area concluded
that estimates exhibited high variability depending on the modeled data points
(Friess and Webb 2014). The high variability in deforestation rate is evident when
comparing Indonesia (331.65 = 222.26 km? yr~!), Nigeria (92.09 + 188.95 km? yr~!)
and Cuba 34.82 + 142.17 km? yr~!). The standard deviations were large due to high
variability in national estimates, and hence the number of contradictory trends that
could be extracted (Friess and Webb 2014). Conflicting trends of long-term man-
grove loss and gain could be derived for eight of the 15 countries analyzed, suggest-
ing that estimates of ecosystem NEP effects on C mitigation will suffer by low
confidence in global estimates of mangrove area disturbance. As described by
Armentano and Menges (1986), global estimates of how wetland ecosystems impact
atmosphere C dynamics require precise measures of NEP associated with different
responses to disturbance and the global area associated with each of these distur-
bances. Many of the modeling efforts to improve global estimates of C stocks and
NEP are important to improve these types of assessments. Recently, advances in a
wealth of remote sensing studies assessing mangrove wetlands spatial distribution
(see review in Kuenzer et al. 2011 and Chap. 4) have improved estimates of global
C storage in different types of mangroves on regional and local scales (e.g., Simard
et al. 2006, 2008). These techniques have provided insights on how to extrapolate
values from a few plots/transects to regional estimates of selective attributes of man-
grove C storage such as AGB. However, net ecosystem C exchange of mangrove
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wetlands still requires ability to extrapolate other more complex fluxes of C across
both the atmosphere and coastal waters with the forest boundary. This dynamic
coupling should be a future research and assessment focus for determining the
global role of mangroves and coastal ecosystems to C mitigation.
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Chapter 6
Biogeochemical Cycles: Global Approaches
and Perspectives
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Tiago O. Ferreira, and Victor H. Rivera-Monroy

6.1 Introduction

Mangrove wetlands are intriguing ecosystems because they share biological, geo-
chemical, and ecological properties from both terrestrial and marine environments
(Alongi 2009; Mitsch and Gosselink 2015). The mangrove ecosystem is
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characterized by dense growth of highly productive trees and shrubs (Tomlinson
1994; see Chap. 1). They provide most of the primary production, although other
autotrophs, including pelagic, benthic, and epiphytic algae may also contribute sig-
nificantly to the organic input (Kristensen et al. 2008a). The export of autochtho-
nous production and import of allochthonous material are strongly dependent on
complex spatio-temporal hydrological patterns regulated by large-scale physical
and geomorphological processes. From a biogeochemical perspective, the input of
organic and inorganic matter from various sources and their mixing within the man-
grove ecotone create highly spatially and temporally heterogeneous sediments with
microbial processes that are challenging to understand and evaluate. The available
biogeochemical information is yet to be integrated into a generalized ecosystem
model due to the wide variety of geomorphic settings and mangrove ecotypes within
and among biogeographical regions (Twilley and Rivera-Monroy 2005).

Although the ecological functioning of mangrove environments has been
described for a variety of climatic regions (e.g., tropical, subtropical) and ecogeo-
morphic settings (e.g. deltas, lagoons, estuaries, oceanic islands) (e.g. Bouillon
et al. 2007; Adame and Lovelock 2011; Alongi et al. 2012), our understanding of
how carbon (C), iron (Fe), sulfur (S), and nutrient (e.g. N and P) cycling are con-
trolled and interact in these locally diverse environments is still developing. The
research has come predominantly from Australasia and North America, with less
from locations in Oceania, Asia, Africa, and Central and South America. Information
from the understudied regions is, therefore, required to achieve a full global over-
view. Additional knowledge on the spatiotemporal patterns of biogeochemical
mechanisms and processes will improve the reliability of mangrove C and nutrient
budgets as well as estimates of the impact of human activities on global cycles
(Bouillon et al. 2008; Pendleton et al. 2012). Organic matter decomposition in
mangrove sediments is mediated by microbial processes utilizing a variety of elec-
tron acceptors under a wide range of redox conditions (Kristensen and Alongi
2006; Ferreira et al. 2007a; Kristensen et al. 2011). The fraction of mangrove detri-
tus that escapes degradation and export is a significant source of in situ C sequestra-
tion via accretion and storage (Bouillon 2011; Donato et al. 2011; Pendleton et al.
2012). The accumulation and residence time of C stocks, however, depends strongly
on the interaction among local environmental and biological variables such as
hydrology, plant activity, crab foraging, and bioturbation (Lee 1997; Kristensen
2008; Mitsch and Gosselink 2015). It is, therefore, imperative not only to evaluate
mangrove biogeochemical patterns among biogeographical regions but also to
examine the spatio-temporal variability within each region with focus on anthropo-
genic impacts.

The main objective of this chapter is to advance our understanding of the biogeo-
chemistry of mangrove wetlands by comparing differences in element cycling at
biogeographical scales. Through a comparative literature review, we identify poten-
tial sources of variation when applying different methods and techniques and pro-
vide an understanding of the small- and large-scale variability as well as complexity
of biogeochemical transformations in these productive wetlands. Our goal is,
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therefore, to identify knowledge gaps, and thus research priorities, in biogeochemical
cycling of C and other critical macro (N, P) and micro (e.g., Fe, Mn) elements in
mangrove environments across biogeographic regions and latitudes.

6.2 Characteristics of Mangrove Substrata

6.2.1 Terms and Definitions; Sediment or Soil?

The operational differentiation between sediments and soils in coastal and wetland-
dominated environments has been an ongoing discussion since the insertion of the
“subaqueous soil” term in the Soil Taxonomy classification (Soil Survey Staff 1999;
Ferreira et al. 2007a; Kristensen and Rabenhorst 2015). This discussion has its gen-
esis in the different methodological and conceptual approaches historically fol-
lowed by soils scientists (pedologists) and marine scientists and reflects on the
current understanding of biogeochemical processes in mangrove wetlands. The
development of the subaqueous soil concept was based on the original work by
Demas and colleagues (Demas et al. 1996; Demas and Rabenhorst 1999) who
defined sediment layers as a function of pedogenesis and proposed the presence of
subaqueous soil horizons in wetlands. Along the same line, Ferreira et al. (2007a)
argued that sedimentary material (the parental material) that is permanently colo-
nized by higher vascular plants interacting with fauna and microbial activity leads
to substantial changes in the composition and properties of the original substratum.
These changes transform the original sediment to a more complex, geochemically
contrasting environment, which should lead to soil formation. However, the devel-
opment of oxic or suboxic mosaics within anoxic layers due to plant—substratum
interactions is not only associated with soil formation, but is also common in sub-
tidal sediments affected by bioturbation and roots of submerged vegetation
(Kristensen and Rabenhorst 2015).

Demas and Rabenhorst (1999) argued that pedogenic processes leading to hori-
zon differentiation are required to consider estuarine substrata as soils. The forma-
tion of soil horizons through pedogenesis includes four generalized processes:
additions, losses, transfers (or translocations), and transformations (Simonson
1959). Conversely, the biogeochemical zonation of aquatic sediments is controlled
by sediment diagenesis, which includes the composition of deposited material and
the involved physical, chemical, and biological processes (Burdige 2006; Aller
2014). The generalized pedogenic processes are, therefore, a subset of the sediment
diagenetic processes. Under this perspective, Kristensen and Rabenhorst (2015)
pointed out that pedogenic processes identified by pedologists in shallow water
environments cannot be distinguished from the diagenetic processes described for
sediments by marine scientists and concluded that the terms “sediment” and “soil”
to describe the substrata in coastal environments vegetated by mangrove forests are
not mutually exclusive.
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Thus, under these perspectives, which term should be used? In this chapter, we
compromise and use the term sediment as a more general historic term. It is not our
objective to prefer one term over the other, but to underscore the context of the argu-
ments currently still under discussion (see Ferreira et al. 2007a; Kristensen and
Rabenhorst 2015). Our own research and interdisciplinary approach in writing this
chapter has motivated us into an inclusive approach to advance the understanding of
mangrove wetland spatiotemporal biogeochemical processes and functions.
Particularly, in trying to fulfill one of the objectives of the chapter where “both sci-
entific communities (i.e., pedologists, and marine scientists) will benefit from com-
parable studies in the same environments, (recognizing that) their different
backgrounds may even promote collaborations with the developments of new ideas
and revolutionary concepts” (Kristensen and Rabenhorst 2015).

6.2.2 Litter Fall and Sediment Organic Matter

Organic matter delivered to microbial decomposers in mangrove sediments is of
both autochthonous and allochthonous origin. Litter from mangrove trees (i.e.,
leaves, propagules, twigs, and wood) is usually considered the most important
source of organic C and nutrients to mangrove sediments (Alongi et al. 2005a;
Sousa and Dangremond 2011; Murdiyarso et al. 2015). A range of other sources
may also provide significant inputs; including below-ground mangrove roots, as
well as local production by benthic or epiphytic micro- or macroalgae, phytoplank-
ton in tidal creeks or estuarine waters, and materials imported via rivers (e.g. ter-
restrial tree litter) or tides (e.g., seagrass)(Kristensen et al. 2008a; Alongi 2009;
Twilley and Rivera-Monroy 2009; Adame and Lovelock 2011; Leopold et al. 2015).
Because of its important functional role, the quantification of litter fall is crucial for
assessing productivity of a mangrove ecosystem and thus forest organic matter con-
tribution to benthic food webs in both the mangrove and its adjacent coastal envi-
ronment (Imgraben and Dittmann 2008).

Annual litter fall, which is the most widely used proxy of mangrove net produc-
tivity, differs substantially within and among forests due to a number of factors
including tidal and hydrological gradients (Feller et al. 1999), salinity (Day et al.
1996), anthropogenic influence (Silva et al. 1998), mangrove species composition
(Coupland et al. 2005), and latitude (Twilley et al. 1992; Saenger and Snedaker
1993). The global average mangrove litter fall, which is in the order of
~460 g C m~2 year™! (range: 48-924 ¢ C m~2 year™'), does not show a clear biogeo-
graphical trend (Twilley et al. 1992; Saenger and Snedaker 1993; Jennerjahn and
Ittekkot 2002) due in part to major differences in ecotype dominance and spatial
distribution within latitude (Twilley et al. 1998). There are apparently some distinct
differences in productivity and litter fall among mangrove species, for example,
Rhizophora spp. shows about 50% higher litter yield than Avicennia spp. (Bunt
1995). It must be stressed, however, that most available estimates of mangrove pro-
duction do not include wood and below-ground components (Middleton and McKee
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2001; Castaneda-Moya et al. 2013). Current below-ground biomass estimates indi-
cate that this component contributes a substantial part (10-55%) of the total man-
grove biomass (Twilley et al. 1992; Matsui 1998; Alongi and Dixon 2000;
Rivera-Monroy et al. 2013) and probably account for a similar part of the total pro-
ductivity. The ongoing effort to establish a latitudinal-based network of eddy-
covariance towers in mangrove coastal regions in the near future might improve net
mangrove ecosystem productivity estimates to include both above- and below-
ground production (Rivera-Monroy et al. 2013; see Sect. 6.4).

Regardless of differences in organic matter sources and pathways through food
webs among mangrove forests, all organic matter not exported by tidal exchange
enters the sediment where it is consumed, degraded, or buried. Mangrove sediments
are relatively rich in organic C with an estimated global particulate organic carbon
(POC) median value of 2.6% (Kristensen et al. 2008a), ranging from 2.2% in the
Indo-west-Pacific (IWP: East Africa, Asia, and Australasia) to 3.1% in the Atlantic-
East Pacific region (AEP: West Africa and America) (Fig. 6.1), which is higher than
generally observed in marine sediments (Seiter et al. 2004) and terrestrial soils
(Donato et al. 2011). Current available information indicates that the fraction of
organically enriched mangrove sediments having POC content >10% is higher in
America (23%) and Asia (19%) than in East Africa (8%) and Australasia (6%)
(Fig. 6.1). These differences in POC among regions are difficult to explain and may
be confounded by variations within and among mangrove forests depending on
hydrological regimes (i.e., hydroperiod) and mangrove species composition as well
as other structural and environmental variables (Alongi 2012). The median sedi-
ment molar POC/PN ratios also vary among regions, ranging from 18 to 19 in East
Africa and Asia to 24 to 25 in America and Australasia (Fig. 6.1). Most mangrove
sediments have POC/PN ratios above 10 (100% in America; 96% in East Africa;
98% in Asia; and 92% in Australasia), whereas POC/PN ratios above 30 are more
frequent in America (24%) and Australasia (34%) than in East Africa (9%) and Asia
(5%). Although the generally high POC/PN ratios indicate that mangrove sediments
contain a significant input of mangrove litter, the large differences among regions
may indicate higher inputs of N-rich marine organic matter coupled with global dif-
ferences in rivers and river flows and more extensive eutrophication in East Africa
and Asia than in America and Australasia (Lee 2016).

In addition to the substantial deposition of litter from mangrove canopies, vege-
tation structure has a profound impact on the magnitude of sedimentation by actively
capturing mineral and organic particles (Furukawa et al. 1997). Large trees with
complex aerial root systems (e.g. tree height >10 m), such as Rhizophora species,
facilitate the retention and deposition of particles from tidal currents to a much
greater extent than smaller trees with simpler architecture, such as Avicennia spe-
cies. Accordingly, sediments under Rhizophora stands are often richer in POC than
under Avicennia stands (Table 6.1). However, this difference is not always evident
and may in some cases be reversed due to location-specific and climatic-driven dif-
ferences in litter fall rates, litter composition, and hydrological patterns. This is
evident from Table 6.1 where two Rhizophora mangle locations in the Americas
support the lowest sediment POC. Variations in mangrove zonation pattern may
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Fig. 6.1 Compilation of (left) bulk POC and (right) bulk POC:TN ratios of intertidal mangrove
sediments from four biogeographical subregions. Data compiled from various sources (Modified
from Kristensen et al. 2008a)
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Table 6.1 Sediment content of POC and TN in mangrove forests from around the world dominated
by Rhizophora spp. and Avicennia spp. Only data from sediments underlying forests of about the
same age (15-30 years) and same intertidal location (mid-intertidal) are included

Location Tree species POC (%) TN (%) Ref
Pambala, Sri Lanka Rhizophora apiculata 19.1+24 1.04 £ 0.13 1
Avicennia officinalis 104+ 1.7 0.64 +0.05 1
Pichavaram, India Rhizophora apiculata 10.0£1.9 0.70 £ 0.01 2
Avicennia marina 7.0+ 1.0 0.42 +0.01 2
Dampier, W. Australia Rhizophora stylosa 65+13 0.23 +0.03 3
Avicennia marina 1.4+0.1 0.09 = 0.01 3
Port Hedland, W. Australia | Rhizophora stylosa 23+ 1.1 0.13 £0.02 3
Avicennia marina 1.7+£0.2 0.16 £ 0.02 3
Ras Dege, Tanzania Rhizophora mucronata 43=+1.1 0.18 £ 0.07 4
Avicennia marina 29+03 0.11 £0.02 4
Gazi Bay, Kenya Rhizophora mucronata 44+14 0.23 +0.06 5
Avicennia marina 22+18 0.11 £0.05 5
Somone, Senegal Rhizophora sp. 1.7-2.1 - 6
Avicennia sp. 0.3-0.6 - 6
Balandra Bay, Mexico Rhizophora mangle 3.7+1.8 0.16 £ 0.08 7
Avicennia germinans 7.9+4.0 0.32+0.17 7
Itacuruca, Brazil Rhizophora mangle 2.7+0.1 0.17 £ 0.01 8
Avicennia schaueriana 46=+13 0.26 = 0.08 8

(1) Bouillon et al. (2003); (2) Alongi et al. ( 2005b); (3) Alongi et al. (2000a); (4) Kristensen et al.
(2011); (5) Andreetta et al. (2014); (6) Sakho et al. (2015); (7) Giani et al. (1996); (8) Lacerda et al.
(1995)

partly explain this biogeographic difference in both retention and deposition of POC
(Twilley et al. 1992; Chmura et al. 2003). Intertidal position may also affect POC
deposition as frequently exposed upper intertidal mangrove areas are often domi-
nated by simple scrub vegetation with limited POC accumulation capacity due to
evaporation-driven high porewater salinity (>50) (Adame et al. 2010; Deborde et al.
2015). Conversely, mangrove margins and adjacent intertidal mudflats where tall
and dense fringing mangrove stands dominate are often sites of higher POC accu-
mulation (Sanders et al. 2010). However, changes in hydrodynamics, especially tur-
bulent kinetic energy from waves and currents at the edge of the forest, may alter
sediment/organic matter deposition and its interaction with different species of
mangroves and density of roots (Wolanski et al. 1990; Zhang et al. 2015).

The complex composition of mangrove litter with high content of structural
organic polymers and polyphenolic compounds (e.g., cellulose, lignin, and tannins)
hampers degradation and promotes long-term preservation of organic C once these
organic substrates enter anoxic conditions in waterlogged sediments (Hernes et al.
2001; Marchand et al. 2005; Alongi 2009). Although detrital POC from litter fall is
a mixture of more or less refractory biomolecules in various stages of decomposi-
tion, it also contains labile components (mainly amino acids, proteins, and sugars).
Root exudates are particularly rich in these reactive components and may represent
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an important source of labile POC in sediments densely vegetated by mangrove
trees (Reddy and DeLaune 2008; Weng et al. 2013). Such subsurface sources of
reactive POC may be the principal drivers of fast microbial processes deep in man-
grove sediment in contrast to oceanic sediments, where partly degraded POC from
the water column is deposited at the surface, and slowly buried through active sedi-
mentation and accretion. The reactivity, rather than the quantity of POC, is, there-
fore, a key factor driving anaerobic respiration in mangrove sediments (Opsahl and
Benner 1999; Tremblay and Benner 2006).

6.2.3 Sediment Geochemical Characteristics

Redox processes involving reactive Fe are important for sediment biogeochemistry
in most mangrove areas. The actual role of Fe in any mangrove ecotype depends on
the availability and delivery of reactive forms and the concentration is typically high
in tropical mangrove regions receiving surface runoff and groundwater from adja-
cent land and watersheds with Fe-rich soils (Souza-Jinior et al. 2007; Sanders et al.
2012; Gonneea et al. 2014; Noel et al. 2014). Much of the Fe delivered to sediments
occur as solid phase Fe(IIl) oxyhydroxides (Table 6.2). These forms are generally
very reactive and can be reduced considerably faster than solid phase crystalline
Fe(III), such as silicate-bound Fe. The reactivity of Fe(III) forms to undergo reduc-
tion by microorganisms typically follows the sequence: iron phosphate tetrahydrate
(FePO4*4H,0) > ferrihydrite (Fe,y0;,(OH),) > iron hydroxide (Fe(OH);) > lepidro-
crocite (y-FeO(OH)) > goethite (a-FeO(OH)) (Fischer and Pfanneberg 1984; Roden
and Zachara 1996). Once amorphous Fe(III) forms more reactive than goethite has
been reduced, sulfate reduction becomes energetically favorable (Canfield et al.
2005). This shift in microbial reactions may be the reason for the presence of goe-
thite in mangrove sediments dominated by sulfate reduction (Otero et al. 2009).
Dissolved Fe?* generated by reduction of solid phase Fe(IIl) oxyhydroxides may
either diffuse to oxic layers where it is reoxidized and precipitated as Fe(III) forms,

Table 6.2 Chemical species and characteristics of iron oxides, with information on crystal
structure, color, weight-specific area of reactive surfaces, and reactivity (Adapted from Cornel and
Schwertmann 1996; Canfield et al. 1992; Poulton et al. 2004)

Surface area | Reactivity
Mineral name Crystal structure | Color (m?g™) (yr')
Ferrihydrite Trigonal Reddish-brown | 200-400 500-2200
(Fe 0014(OH),)
Lepidocrocite Orthorhombic Orange 15-260 85-557
(y-FeO(OH))
Goethite (a-FeO(OH)) | Orthorhombic Yellowish- 30-90 4-22

brown

Haematite (a-Fe,O5) Trigonal Bright red 10-36 1-12
Magnetite (Fe;0,) Cubic Black 20-60 1024
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or precipitate in anoxic sediment as carbonate (siderite, FeCOs;), phosphate (vivian-
ite, FePQ,), or sulfide (mackinawite, FeS and pyrite, FeS,), depending on the sedi-
ment geochemical conditions (Fig. 6.2). As a result, Fe speciation changes
dramatically with depth in mangrove sediments from dominance of Fe(IIl) oxyhy-
droxides near oxic surfaces to primarily pyrite (FeS,) in reduced layers. Close spa-
tial coupling of iron and sulfate reduction favors rapid precipitation of Fe(II) sulfides
as mackinawite (FeS) that may act as a transient phase in pyrite formation (Holmer
et al. 1994; Butler and Rickard 2000; Ferreira et al. 2007b). Analyses using scan-
ning electron microscopy and dispersive X-ray spectroscopy have revealed that
pyrite framboids are commonly formed along mangrove roots (Noel et al. 2014).
However, newly formed pyrite near sediment interfaces can be rapidly reoxidized to
amorphous Fe(IIl) oxyhydroxides by oxygen intrusion through the action of tides,
bioturbation, plant roots, and seasonal changes in hydrology (Noel et al. 2014).
The spatial heterogeneity of redox processes is much more complex and variable
in intertidal mangrove sediments with high abundance of roots and burrows than in
oceanic sediments (Fig. 6.3; Otero et al. 2006; Ferreira et al. 2010). The upper
60—-100 cm of the sediment is normally characterized by a substantial redox varia-
tion, in some cases without any clear vertical trend. However, redox models consis-
tently show an oxidized surface zone of variable thickness (upper oxidation zone)
overlying a zone with more reducing conditions (upper reduced zone; Clark et al.

Fe(O)OH<—F 2+ €— Fe52
¢(0) N “——FeS

Oxic sediment

FeS —> FeS,

Fe(0)OH—> Fe?* —> FePO,

Anoxic sediment

FeCO,

Fig. 6.2 Oxidation and reduction processes involving Fe in mangrove sediment. The zig-zag
arrows indicate solid phase (Fe(O)OH, FeS, and FeS,) and solute (Fe?*) transport between oxic
and anoxic sediment. Straight arrows indicate a chemical reaction or process
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1998). The thickness of the upper oxidation zone in mangrove forests typically
ranges from <2 cm at the seaward edge to >10 cm near the landward edge (Clark
et al. 1998). The upper oxidation zone may vary seasonally and can disappear when
intense rain causes prolonged flooding events, or expand after long drought periods.
These changes are particularly evident in the high intertidal part of the forest, where
tidal inundation normally is infrequent (Marchand et al. 2004, 2006). Below the
upper reduction zone, a second oxidizing layer is found (lower oxidation zone) at a
depth that can vary between 30 and 60 cm (Clark et al. 1998). The oxidizing effect
in this layer is the result of downward translocation of oxygen by bioturbation and
via aerenchyma tissue in roots followed by release into the sediment (Fig. 6.3). The
lower oxidation zone is actually a mosaic of alternating oxidizing areas near bur-
rows and roots and reduced areas away from biogenic structures (Kristensen and
Alongi 2006). The thickness of the lower oxidation zone depends on the forest
structure, mangrove species composition, and hydrological regime (Marchand et al.
2006). Thus, this zone is typically less distinct in Avicennia spp. than in Rhizophora
spp. dominated forests due to the restricted root depth of the former (Fiala and
Hernandez 1993). Finally, a permanently reduced layer (lower reduced zone) with
high pyrite content is found below the root penetration depth (Clark et al. 1998;
Marchand et al. 2006; Otero et al. 2009).

The redox depth profiles and spatial distribution also vary among biogeographi-
cal regions and types of mangrove forest (basin, fringe, scrub, overwash, and river-
ine; Lugo and Snedaker 1978). For example, monospecific Rhizophora mangle
forests in Sao Paulo State (SE Brazil) show redox conditions that vary according to
their physiographic position (Ferreira et al. 2007¢). Basin forests in this region have
strongly reducing conditions throughout the sediment profile, whereas fringe and
riverine forests typically have oxidized surface sediments (Table 6.3). Similar to the
vegetation zones, the intertidal gradient also affects the redox zonation. The
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Table 6.3 Geochemical characteristics of near-surface sediment in various forest types of Sao
Paulo State, Brazil (Ferreira et al. 2007b)

Forest Depth |Sand | TOC |Eh Total S | Total Fe | Fe oxides | Pyrite Fe
Location | type cm % % mV | % % % %
Cardoso | Basin 0-15 |12 8.5 -52 | 1.85 2.46 0.46 0.57
Island

Riverine | 0-15 |86 2.0 102 10.35 0.57 0.15 0.09
Paimatos |Fringe |0-15 |8 52 300 |0.80 5.63 0.79 0.22
Island
Baixada |Riverine [ 0-10 |15 23.7 331 2.89 3.23 0.17 0.73
Santista

infrequent tidal flooding near the mangrove landward side may result in the forma-
tion of numerous mud cracks due to desiccation allowing downward penetration of
oxygen causing oxidation of deeper sediment layers (Marchand et al., 2011; Noel
et al., 2014; Deborde et al., 2015). Consequently, Fe and S redox cycling intensifies
significantly from the landward to seaward section of mangrove forests due to dif-
ferences in duration and frequency of tidal inundation (Noel et al. 2014). Moreover,
the higher tree productivity generally observed toward the seaward front of the for-
est may lead to strongly reduced sediment conditions because of lower saline stress,
higher input of labile POC, and faster microbial activity.

6.3 Factors Affecting Element Cycling in Mangrove
Sediments

Rates and pathways of microbial C and nutrient transformation in mangrove sedi-
ments are dependent on a number of key factors. The most important are organic
matter input, availability of electron acceptors, bioturbation activity, and presence
of tree roots, as well as geomorphology and hydrology (Canfield et al. 2005;
Kristensen et al. 2008b; Mitsch and Gosselink 2015). The reactivity of organic mat-
ter toward microbial degradation using a variety of electron acceptors maintains a
delicate redox zonation (Ferreira et al. 2007b). However, this zonation can be inter-
rupted by downward translocation of oxygen via crab burrows and tree roots
(Kristensen and Alongi 2006). C oxidation by heterotrophic microbial communities
in mangrove environments is also dependent on the interaction between tidal eleva-
tion and hydroperiod (frequency, duration, and depth of inundation). Release of CO,
may in certain cases vary several folds during different tidal conditions with the
highest rates observed during low tide promoting degassing through air exposure
(Alongi et al. 2004; Kristensen and Alongi 2006). It is not yet fully understood how
this CO, exchange is controlled, but large biogenic structures (e.g. pneumatophores
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and crab burrows) may have an important role as conduits for O, intrusion and CO,
release (Kristensen et al. 2008b).

6.3.1 Carbon Oxidation and Partitioning of Electron Acceptors

Sediment C oxidation can be quantified as CO, release in the dark, which represents
the sum of all aerobic and anaerobic respiration processes and provides a reliable
estimate of the total organic matter decomposition occurring within the sediment
(Kristensen et al. 2011). To obtain the actual dark CO, fluxes in intertidal mangrove
environments, measurements should be performed both during inundation and air
exposure. The global average dark CO, release from inundated mangrove sediments
is 62 mmol m=2 d~! (range: 8-224 mmol m~2 d~!) and 44 mmol m=2 d~' (range:
4-156 mmol m~2 d™!) for air-exposed sediments (Table 6.4). The variability in fluxes
among study sites is undoubtedly a valid indication of regional environmental differ-
ences. However, the quite inconsistent differences between inundated and air-
exposed rates must partly be caused by the applied methodological approach. Most
of the reported CO, fluxes are probably underestimated, particularly during air expo-
sure because measurements are typically performed on bare sediment away from
trees and burrows. Air-exposed pneumatophores and open crab burrows considerably
increase CO, release by efficient translocation of CO, gas from deeper sediments.
For example, measurements of CO, efflux in a Tanzanian mangrove forest revealed
that 100 pneumatophores per m?> of the mangrove species Sonneratia alba and
Avicennia marina released about 170 and 60 mmol CO, d~!, respectively, whereas
100 crab burrows (Uca spp.) per m? released about 90 mmol CO, d=! (Kristensen
et al. 2008b). However, the contribution of biogenic structures to CO, exchange may
vary among mangrove ecotypes and biogeographical regions, depending on man-
grove species composition as well as the abundance of both trees and burrowing
crabs (see Sect. 6.3.3; Aradjo et al. 2012). Future studies on sediment metabolism in
mangrove environments, therefore, need to incorporate the role of aerial roots and
crab burrows when quantifying sediment CO, exchange and estimating reliable
whole-forest C budgets (Rivera-Monroy et al. 2013; Troxler et al. 2015).

Microbial electron acceptor utilization in mangrove sediments follows the same
energy yield sequence observed in other marine sediments: O,, Mn*", NO;~, Fe,
and SO,*(Kristensen et al. 2000; Alongi et al. 2005b). Aerobic microorganisms
have the enzymatic capacity for complete oxidation of organic C to CO, using oxy-
gen as electron acceptor (Canfield et al. 2005). In contrast, anaerobic heterotrophic
processes occur stepwise involving several competitive respiration pathways (Mn
respiration, denitrification, Fe respiration, and sulfate reduction) (Canfield et al.
2005). However, the bioavailability of organic macromolecules requires the prior
intervention of fermenting microorganisms to generate low molecular organic sub-
strates (e.g. lactate, butyrate, propionate, and acetate) that allow uptake and metabo-
lism by anaerobic respiring microorganisms (Valdemarsen and Kristensen 2010).
The specific role of each respiration process depends on the environmental setting



v
o~
—

6 Biogeochemical Cycles: Global Approaches and Perspectives

(panunuoo)
6 0g~ 144 - 001 o1 19 - 9 Lg (L) 8¢ Aig pipuoLonul "y 9)$T Jowl],
6 0¢~ 0¢ - S8 (€1 18 - (L) 69 o1 M vpopoIdy Y Q1S9 Jowl],
8 0g~ 1 0 00T FD 1T (L) 61 (974 6L) 6 oM v "y pue[Iey], ‘IMEBS SUOIY3]
8 0g~ 01-8 0 65 (92) 9T W) L1 (@) 8¢ (L1 sy L1q ppnaidn -y pue[rey, ‘1mes Suofyy]
L 6T s¢ 6L 61 (8) 6% - @ ¥t - VM| piuosnu Y pue[req, ‘Suorsueg
L 6C 53 6L 61 ) €¥ - (1) ST - INTq| DIDUOLONUL "] puerey], ‘Suoidueg
9 6¢ Se - 0cC (L2) 96 - (D ¥C (0) 62 M DIpuoLONnU "y pueprey], ‘Suoidueg
9 6T 93 - 8l @oL - @1c (8) 9% LK@ | pwuotonu -y pue[req, ‘Suorsueg
S 6C 143 - S8 (9) s¢ - (D) 61 () s¢ INTq| oD "y pue[rey], ‘10g WeN oy
14 6C 143 - 001 (o1 0L - (0) Sy - Aiq oD "y pue[rey], ‘10g WeN Oy
BISV HS ‘dMI
€ 1¢-6¢C Se LE 144 (S Ly (S) 9¢ @ 1 (L) 6% fiq purvut 'y BI[ENSNY ‘UOJYSNeH
C £€C0¢C S—8¢ 0 9¢ (I og (L) 9t (eI ©)+1 fiq punul | elensny ‘eq 9A0ISUBIy
C 8C—CC 0s—¢v e1°0 001 (L) ¥ (T1) st (®) L1 () 81 Aiq DSOJA1s Y elensny sy jo Aeg
C 0€—€¢C 14Sm 4 0 8¢ (#) 0T (V27 (ST 6¢ (X4t fig purvut 'y elensny Jerdwe(g
C 6C—1C €G0S 0 06 (L) st (€) 9¢ (ST) 8¢ Q) 1t fiq Ds0]Is Y elensny serdwe(g
C (454 1€ e1°0 76 (©8 (€)S1 (1) €¢ (L ¥1 Aiq DuLIbuL °y BI[EIISNY :pUB[PIH Hod
C €e-1¢ (34 0 001 (SO LT ©) +1 (9) 81 ()91 fig DsOJA1s Y BI[RISNY :pUB[paH 1od
1 9¢-LT T 0 00T (X! (X4t - () 81 oM DSOJISs Y BI[RIISNY “YOOIqUIYOUTH
1 Y6 1€ 0 6L (€D 1C - 1) £v - Aiq DsOjA1s Y BI[RISNY YO0IqUIYOUIH
dYIoed 1SoM ‘dMI
REN] Do Aurpes % % =P W [owur | Uoseas a1 JuRUIO(] uoned0|
(dwag, NEE] WIS 1M (0D 7 e 0D 7 I9em O 7 e ¢
juodrad ur

UQAIS ST XN[JJ9 9PIXOIP UOQILD PAjeISajur A[Iep 9y} 03 UONONPAI UOII PUB UOTIONPAI AJBJ[NS JO UOTINGLIUOD I ], “PIIBIIPUL AIL UOSLIS AY) pue $310ads 9911 Jupurwop
9y, "SuLIea[d SB[ 9Y) 9OUIS SIBIA ()] UBY) JOP[O QIB $1$9I0J Y], 'dUOZ [EPNISIUI-MO[ 0} -PIW AY) UI SBAIE PAJSAI0J UIYIIM I8 SUONBIOT “(H—¢ = U) S F 9)JedIpul
sasapuared ur sanfeA ‘suordar [eoryder3oa3o1q SNOLIBA UT SJUSWIPAS QAOISUBRW (I2Jem) pajepunurl pue (11e) pasodxa Aq a3ueyoxa QD pue {0 9 d[qEL



E. Kristensen et al.

SjuswdINSeaW pasodxa-Ire 10§ arnjeroduwa) JUSWIPas pue pajepunur 1oy arnjeradwa) 1018
1294 POAJOSSIP JO UONR[AWUNOJL WIOL] PIUIULIANOP UOTIONPAI UOI],
(paysiiqndun) ‘[e j2 eueUIng)

(81) (1107) 'Te 32 uasuNsLy (L1) $(4$002) & 32 ISUOLY (91) H(T661) T8 12 uasudsry] (S1) (8S007) Te 39 IBUOlY ($1) (q0002) T8 3 18uoly (£1) “(#007)
‘e 32 13u0lY (T1) {(8661) ' 3 13Uy ([ 1) H(8002) 'Te 32 1Suo[y (01) (Z107) T8 32 13U0[V (6) “(1007) ‘Te 32 1ISUO[Y (8) {(000T) '[e 30 uasudlsLry (L) {(6661)
e 39 1oW[OH (9) “(F661) Te 10 UdsuaSLIY (G) ([661) T8 32 UaSuASLIY (1) 1(900T) ISUOTY pue udsuAsLIy (¢) (800T) ‘T8 19 IBuolY (7) (6661) 'Te 12 13uoly (1)

L1|  0£8t| e - -] ©@¢r| oost|  (©og] - fq|  psowasvi 7 | [1ze1g ‘eroueue))
MOEOE< daV
S 8T LE LE 9F (8) 88 wev @S (6) sS fiq|  vwuotonu -y vIURZUR], “939(] Sey
S 8T ve LL I ) LS () 88 (S¥4s (€D st £1q vq S BIUBZUE], ‘TUOJA]
BOLY ISB (dMI
91 T 6¢ - 99 8D vIT - ($) 99 - M Do ®IPU] ‘WIBIBABYL]
91 (43 Sy £ 9 (I 91 - () 8¢S - ITel oD Y ®IPU] ‘UIRIRARYL]
91 T €9 -1 <8 (8€) 961 - () 65 - M puLDUL Y ®IPU] ‘WIBIBARYIL]
91 € L O 68 (€D ¥L - Dos - f1q vuLDUL Y ®IPU] ‘WIBIBARYIL]
S1 0¢ 0¢ -9 (0D 0 - (1 L1 (6) S¥ ISTq| ULl Y ueysp{ed ‘ei[op snpuj
ISV S tdMI
il 8T L1 0 001 - wnov - (€D €8 Aia j1opupd Y euty) ‘SuerfSuonip
€1 €£6C vl 0| 8p (®)8T (9108 - @ €1 M pmowdp y | WewaIA ‘BIRQ SUONON
€1 €£6T vl FUEES - (CD¢s - (81DSS ISTel pwmowdp "y | WeWRIA ‘B[R SUONIN
4! 0g~ - 1 €9 S W el (X (¥€) 8¢S oM vppno1dy "y eIsAB[eA ‘Sueje]y
1| 1¢-8C T - <6 - ) L1 - () ST A1q oIy Y eISAB[R ‘SUBIRIN
01 0g~ - 0 LL ) s (9) 9T (©)6c| (61)€0T M DSOJAIS Y eIsouopu] ‘Aeg uniny
01 0g~ - 0 99 @ ve (6)€T| (S 8¢ (2) 6T f1q so)is -y eIsouopu] ‘Keq uningy
6 0g~ s¢ -6 (8) ¥ -1 (6961 (o1 61 f1gq gV °§ 9)s97 JowlL],
RNt Do Kyurpes % % 1P - [owrux uoseas 2.1 JuRUIWO(] uoned0|
dwar Wd| WAS| wemiod| aeioy| MmO e o

176

(ponunuod) 9 AqeL,



6 Biogeochemical Cycles: Global Approaches and Perspectives 177

(e.g., salinity, hydroperiod), biota composition (e.g., plant and crab species), and
biogeographical factors (e.g., temperature, precipitation) at the local scale. Aerobic
degradation of labile materials near the mangrove sediment surface is usually so
rapid that O, rarely penetrates more than 2 mm into the sediment (Kristensen et al.
1994). Most of the sediment, therefore, remains largely anoxic, except for transloca-
tion of oxygen deep into the sediment through a network of roots and infauna bur-
rows (Kristensen and Alongi 2006).

Aerobic respiration and anaerobic sulfate reduction are usually considered the
most important C oxidation pathways in mangrove sediments, with a typical share
of 30-50% each (e.g. Alongi et al. 2000a; Kristensen et al. 2011). Other metabolic
pathways such as denitrification, Mn, and Fe respiration have traditionally been
considered unimportant for the C cycling of old-growth forests due to limited avail-
ability of the electron acceptors NO;~, Mn(IV), and Fe(Ill) (e.g., Rivera-Monroy
and Twilley 1996; Alongi et al. 2000a; Kristensen et al. 2000). Yet, recent evidence
suggests that the role of Fe respiration may be comparable to or higher than that of
sulfate reduction in Fe-rich mangrove sediments (Fig. 6.4; Kristensen et al. 2000;
Kristensen and Alongi 2006; Kristensen et al. 2011). A critical consideration when
assessing the relative role of microbial Fe reduction is related to how this process is
measured. Most studies use anaerobic sediment incubations to provide reliable
measures of solid-phase Fe reduction (Kristensen and Alongi 2006). However, some
studies have only included dissolved Fe?* accumulation (e.g. Alongi et al. 2000a),
which greatly underestimates actual rates of Fe reduction. The drawback of this
approach is that most Fe?* produced from Fe reduction will rapidly precipitate with
sulfide, carbonates, and phosphates or be chelated into sheet silicates and organic
matrices (Thamdrup 2000). Instead, it is recommended that reactive solid phase
Fe(III) and Fe(II) are extracted over time with a sufficiently strong extractant (e.g.,
0.5 M HCI, Lovley and Phillips 1987). Using this method, the decrease in extracted
Fe(III) and corresponding increase in extracted Fe(II) provide a reliable measure of
Fe reduction (e.g., Kristensen and Alongi 2006). This approach to measure Fe
reduction has been applied in some mangrove settings (Table 6.4) and other coastal
sediments (e.g., saltmarshes, Kostka et al. 2002; Gribsholt et al. 2003).

The rates of microbial C oxidation and partitioning of electron acceptors within
mangrove sediments are also dependent on other factors. These include forest age,
species diversity, forest density, root physiological activity, extent of water logging
and flooding duration, and the intensity of faunal burrowing activities. For example,
sulfate reduction accounts for less of the total sediment respiration in young (i.e.,
20-30%) than old (i.e., >50%) Avicennia marina and Rhizophora apiculata forests
(Alongi et al. 1998, 2000b). Similarly, aerobic respiration usually dominates in per-
meable sandy sediments under young Rhizophora stands characterized by low plant
biomass and high exposure to tidal forcing. Conversely, in older forests where iron
reduction and sulfate reduction are the dominant respiration processes, most of the
oxygen uptake is driven by oxidation of reduced metabolites (e.g., HS™ and Fe*")
diffusing from deeper sediment layers (Canfield et al. 2005; Kristensen et al. 2011).
Furthermore, the impact of water logging is evident in regions with distinct dry and
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Fig. 6.4 Partitioning of anaerobic CO, production into Fe reduction (FeR) and sulfate reduction
(SRR) in sediments vegetated by four mangrove species. Results are from two Tanzanian man-
grove forests. The percentages given in the figure indicated how much FeR + SRR accounts for of
the total C-oxidation in the sediments (Modified from Kristensen et al. 2011)

wet seasons. When the water table is low during the dry season, oxygen penetrates
deep into the sediment through gas-filled crab burrows and cracks, which enhances
the oxidizing effect and promotes oxidation of organic C via denitrification and Fe
reduction. In contrast, prolonged flooding during the rainy season prevents transport
of oxygen into the sediment and sulfate reduction becomes the dominant pathway
(Clark et al. 1998; Marchand et al. 2004).

The least energy-yielding step in the sedimentary metabolic pathway of all
aquatic environments is methanogenesis. This process is controlled by the organic
content of the sediment, oxygen concentrations, temperature, rainfall, substrate
acidity, and the presence of inhibitors like sulfide (Livesley and Andrusiak 2012;
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Dutta et al. 2013; Konnerup et al. 2014). The formation of CH, usually occurs deep
in sediments where sulfate supplies are exhausted. Methanogenesis has traditionally
been considered negligible in mangrove sediments due to the competitive dominance
of sulfate reduction (Livesley and Andrusiak 2012; Nébrega et al. 2016). Yet, recent
discoveries of high numbers of active methanogenic archaea in mangrove sediments
have challenged this opinion (Lyimo et al. 2002, 2009). For example, Marinho et al.
(2012) found four to five times higher methanogenesis in sediment vegetated by
Rhizophora mangle than in adjacent seagrass beds and unvegetated subtidal marine
sediments. In addition, it was demonstrated that otherwise competitive sulfate-
reducing and methanogenic bacteria can coexist in mangrove sediments with ample
organic matter supplies (Lyimo et al. 2009; Otero et al. 2014; Chauhan et al. 2015).
High rates of methanogenesis can also occur in mangrove environments influenced
by freshwater (e.g., rivers, groundwater and precipitation) when sulfate reduction is
hampered due to sulfate dilution (Lu et al. 1999; Maher et al. 2015).

6.3.2 The Importance of Nitrogen and Phosphorus Nutrients

Nitrogen (N) and phosphorus (P) are critical nutrients that regulate the magnitude
and spatial distribution of mangrove forest productivity and structural properties
(Lovelock et al. 2009; Feller et al. 2010; Reef et al. 2010; Dangremond and Feller
2014). Although N transformations are generally slow in mangrove wetlands, the
actual rates vary among mangrove ecotypes and depend strongly on local (e.g.,
nutrient gradients, salinity), regional (e.g., geomorphology), and anthropogenic
impacts (Alongi 2009; Kristensen et al. 2000; Keuskamp et al. 2015). Generation of
newly available N by N-fixation (N, — NH;) and loss of available N through deni-
trification (NOs;~ — N,) occur, but to a much lower extent than in other estuarine
environments (Twilley and Rivera-Monroy 2009). Given the low and almost similar
rates of denitrification and N-fixation (Table 6.5), recycling through mineralization
is probably the source of most inorganic N for primary producers in mangrove for-
ests (Feller et al. 2003; Alongi 2011), except when there are significant anthropo-
genic sources. In fact, eutrophication (effluents from, e.g., aquaculture and human
developments) has in recent years significantly changed the nutrient balance and
thus impacted biogeochemical cycles and productivity of many mangrove environ-
ments (Alongi 2009).

Denitrification in mangrove sediments is primarily controlled by the supply of
the electron acceptor nitrate (NO; ™) and electron donors in the form of labile organic
matter, and a number of secondary factors including the presence of macrofauna,
macrophytes, benthic microalgae, H,S, and FeS as mentioned earlier (Sect. 6.3.1).
Although the C and N cycles in this way are coupled in mangrove wetlands, NO;~
removal via denitrification can limit the production of organic matter (Rivera-
Monroy et al. 2010). This may under certain conditions be counteracted by
dissimilatory nitrate reduction to ammonium (DNRA) that effectively conserves
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Table 6.5 Mangrove sediment nitrogen fixation and denitrification at sites from the IWP and the
AEP

Mangrove N fixation Denitrification
Region | Site type Vegetation pmol m2h~" |pmol m=2h~' |Ref
IwWp Makham Mid- Rhizophora 12 2 1
Bay intertidal apiculata
(Thailand)
Sawi Bay Managed Avicennia 0-24 0-160 2
(Thailand) mid- and alba
high- Ceriops
intertidal decandra
Rhizophora
apiculata
Mekong Managed Rhizophora 10-59 0-92 3
Delta high- apiculata
(Vietnam) intertidal
Matang Managed Avicennia 0-125 16458 4
Reserve mid- marina
(Malaysia) intertidal Rhizophora
apiculate
Jiulongjiang | Managed Kandelia 0-2 46-158 5
Estuary low-, candel
(China) mid- and
high-
intertidal
AEP Joyuda Fringe No specified 13-31 1-161 6
Lagoon
(Puerto
Rico)
Oyster Bay | Fringe Avicennia 0-100 0-83 7
(Jamaica) center, rear germinans
Rhizophora
mangle
Twin Cays Fringe Avicennia 0-17 0-8 8
(Belize) transition, germinans
dwarf Laguncularia
racemosa
Rhizophora
mangle

1) Kristensen et al. (1998); 2) Alongi et al. (2002); 3) Alongi et al. (2000b); 4) Alongi et al. (2004);
5) Alongi et al. (2005a); 6) Morell and Corredor (1993); 7) Nedwell et al. (1994); 8) Lee and Joye
(2006)

and recirculates N. Thus, the occurrence of DNRA in mangrove forests has
important implications for maintaining N levels and sustaining primary productiv-
ity (Fernandes et al. 2012a). However, only few studies have measured DNRA in
mangrove wetlands, and it is not yet clear how this pathway contributes to the over-
all N budgets (Giblin et al. 2013; Molnar et al. 2013). Also, the anaerobic conver-
sion of NO,™ and NH," to N, (anammox), which in conjunction with denitrification
represent a sink of N, requires further study. Estimates of anammox in mangrove
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sediments are scarce (Li and Gu 2013; Wang et al. 2013), but two experimental
studies have revealed rates that account for <10% of total N, production (Meyer
et al. 2005; Fernandes et al. 2012b). Work in other coastal ecosystems suggests that
denitrification is also much higher than anammox, particularly in sediments receiv-
ing a high load of reactive organic matter (Dalsgaard et al. 2005; Fernandes et al.
2012b).

P availability within mangrove wetlands is, in contrast to N, strongly dependent
on the dynamic interactions of P with Fe and S cycling (N6brega et al. 2014;
Deborde et al. 2015). For example, phosphate (PO,*") is readily adsorbed and
retained by Fe(IIl) oxyhydroxides in near-surface sediments, around crab burrows
and around rhizospheres, thus limiting plant production (Clark et al. 1998). However,
the adsorbed PO,’~ can be released back to dissolved form and be available again
for primary producers when Fe(III) oxyhydroxides are reduced in anoxic sediment.
This oxidation-reduction cycle depends on either transport of particles between
oxic and anoxic zones or is due to temporal expansion and contraction of oxic
zones. Crabs typically mediate the former mechanism when they rework surface
and subsurface sediments, whereas the latter mechanism is primarily due to tidal
and seasonal changes in redox conditions.

The use of fertilization experiments under field conditions has advanced our
understanding of the complex interaction and relative role of N and P availability for
mangrove structural development and productivity (Lovelock et al. 2006; Feller
et al. 2007; Simpson et al. 2013). The response of ecological processes to nutrient
enrichment depends on site characteristics, species composition and dominance,
and the nature of nutrient limitation (Feller et al. 2010; Reef et al. 2010). For exam-
ple, the resorption of P from senescent tissue by R. mangle is under P-limited condi-
tions much higher (x70%) than that for N (®45%). N fertilization does not change
this pattern, but P fertilization decreases P resorption (<50%), whereas N resorption
(~70%) increases (Feller et al. 1999). Scrub mangrove forests (e.g., R. mangle and
A. germinans) growing in P limited carbonate sediments always respond to P fertil-
ization, while surrounding fringing mangroves (e.g., R. mangle) respond mostly to
N fertilization, and those exposed to intermediate tidal influence respond to both N
and P fertilization (Lovelock et al. 2006) as hydroperiod interacts with nutrient
availability (Twilley and Rivera-Monroy 2009). The response of mangrove wet-
lands to nutrient additions appears to be similar in both the IWP and AEP biogeo-
graphical region. Large-scale experimental work on N and P limitation was initially
performed in the Caribbean region (Belize), Central America (Panama), and North
America (Florida), but has been expanded to areas in Australia and New Zealand,
particularly when assessing effects of nutrient availability on C sequestration
(Alongi 2011). For example, large-scale comparisons (Caribbean, Australia, New
Zealand) revealed that P is less limiting to plant metabolism at higher than lower
latitudes (Lovelock et al. 2007). Although this and other large-scale latitudinal com-
parisons to evaluate differences in N and P responses between the IWP and AEP
have been undertaken, there are still large gaps in the overall conceptual framework
for mangrove wetlands.
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Table 6.6 Burrow and disturbance depths by various invertebrate and vertebrate taxa in mangrove
environments from different geographical regions

Geographical Burrow/Disturbance
region Taxon (genus) Depth (cm) Density* (m=2) | Ref
Indo-west-Pacific
Crab
Mictyris ~10-30 226 1-2
Uca ~10-100 ~100 34
Ocypode ~16-40 ~1 5-6
Sesarma ~100-120 ~12 7
Helice ~35 36 8
Neoepisesarma ~80 0.2 9-10
Chiromantes ~10 18 11-12
Amphipod
Victoriopisa ~10 3500 13
Callianassid, penaeid,
alpheid shrimp
Trypaea ~120 200 14
Metapenaeus ~1 15-16
Alpheus ~50 56 17
Thalassinid lobster
Thalassina ~250 0.5 18
Sipunculid worm
Siphonosoma ~50 19
Bivalve
Geloina Upper sediment 40° 20
Teleost fish
Periophthalmus >10 21
Elasmobranch fish
(Ray)
Himantura ~5 22
Atlantic-east-Pacific
Crab
Uca ~40 ~70 23¢
Ucides ~200 ~3 24
Ocypode ~0.7 25
42-43
Penaeid shrimp
Penaeus ~5 26
Thalassinid lobster
Thalassina ~250 0.5 27¢
Sipunculid worm
Sipunculus Upper sediment ~240 28
Bivalve
Mytella Upper sediment >20P 29

(continued)
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Table 6.6 (continued)

Geographical Burrow/Disturbance
region Taxon (genus) Depth (cm) Density* (m=2) | Ref
Teleost fish
Lutjanus Upper sediment 30
Elasmobranch fish
(Ray)
Dasyatis ~20 ~0.6 31

[1] Rossi and Chapman (2003); [2] Shih (1995); [3] Gillikin (2000); [4] Qureshi and Saher (2012);
[5] Chan et al. (2006); [6] Dubey et al. (2013); [7] Stieglitz et al. (2000); [8] Mchenga et al. (2007);
[9] Thongtham and Kristensen (2005); [10] Kristensen (2008); [11] Gillikin and Kamanu (2005);
[12] Xiong et al. 2010); [13] Dunn et al. (2009); [14] Kerr (2001); [15] Joshi et al. (1979); [16]
Primavera and Lebata (1995); [17] Dworshak and Pervesler (2002); [18] Kartika and Patria (2012);
[19] Zhou and Li (1990); [20] Morton (1976); [21] Clayton and Snowden (2000); [22] O’Shea
et al. (2012); [23] Kristensen (2008); [24] Piilmanns et al. (2014); [25] da Silva Castiglioni and
Negreiros-Fransozo (2005); [26] Fuss (1964); [27] Dworshak et al. (2012); [28] Rice et al. (1995);
[29] Bacon (1975); [30] Vasleta et al. (2012); [31] Cross and Curran (2000)

“Example density of burrow/disturbance

"Represents individuals in lieu of burrow density. Upper sediments represent bioturbation pre-
dominantly in shallow surface sediments with no documented depth (cm) from literature
“Includes references therein

6.3.3 The Impact of Benthic Fauna

A broad diversity of benthic animals lives or feeds in and on mangrove sediments.
Most of these are invertebrates, including crustaceans, polychaetes, sipunculids,
and molluscs, whereas teleost fish and rays may be present occasionally (Table 6.6).
Brachyuran crabs are particularly dominant because their hard and compact cara-
pace provides good locomotion ability and protection in the harsh mangrove envi-
ronment, offering evolutionary advantage over other invertebrates (Krobicki and
Zaton 2008). However, the diversity of brachyuran crabs associated with man-
groves varies considerably; from over a hundred species in Southeast Asia to only
a few dozen species in East African and the Americas (Gillikin and Schubart 2004;
Lee 2008). Nevertheless, crabs (especially Grapsoidea and Ocypodoidea) usually
dominate both in numbers and biomass in mangrove ecosystems all over the world
(Jones 1984).

As expected from their prominent distribution and occurrence, these decapods
are key species for regulating and controlling mangrove ecological and biogeo-
chemical functioning. Crabs are known to reduce leaf litter export to adjacent open
waters by burial and consumption of leaves (Table 6.7). Litter handled by crabs
eventually enters the microbial food chain either in the form of uneaten remains and
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Table 6.7 Examples from around the world of removal (litter taken into burrows) and consumption
of leaf litter by leaf-eating mangrove crabs

Rate of consumption or removal
Species Site (% of total litter fall) Ref
Sesarmid crabs North Queensland, Removal: 1
Australia. C. tagal forest: 71%,
High intertidal B. exaristata forest: 79%,
A. marina forest: 33%
Neoepisesarma Bangrong, Phuket, R. apiculata forest: 2
versicolor Thailand Removal: 87%
Mid intertidal Consumption: 65%
Sesarma meinerti Mgazana river estuary Consumption: 3
South Africa A. marina forest: 44%
High intertidal
Sesarma meinerti South Africa. High Bruguiera gymnorrhiza forest 4
intertidal Removal: 99%;
Consumption: 64%
Ucides cordatus Par4, North Brazil. High Consumption: R. mangle forest: 5
intertidal 81%

(1) Robertson and Daniel (1989); (2) Thongtham et al. (2008); (3) Emmerson and McGwynne
(1992); (4) Steinke et al. (1993); (5) Nordhaus et al. (2006)

fecal material buried in the sediment or as crab carcasses (Giddins et al. 1986;
Robertson 1986; Lee 1997, Twilley et al. 1997) and therefore contributes to nutrient
recycling within mangrove forests (Nordhaus et al. 2006). Maceration of plant
material during ingestion and contact with digestive enzymes in the gut appears to
facilitate microbial attack on insoluble carbohydrates. The rate of microbial decay
of recalcitrant leaf litter in sediments is therefore facilitated after passage through
crab guts (Kristensen and Pilgaard 2001). In contrast, the intact plant material that
escapes crab handling is readily exported by tides and thus lost from the mangrove
ecosystem.

A striking performance of bioturbating animals in mangrove ecosystems is the
formation of deep and branched burrows and reworking of sediment particles. The
animals involved are primarily crabs, but other crustaceans (amphipods, alpheid
shrimp, and thalassinid lobsters) and sipunculids also form burrows, whereas myti-
lid bivalves and fish produce less structured disturbances of surface sediments
(Table 6.6). Although the diversity of bioturbating animals in general is greater in
IWP than AEP mangrove forests, the functional types of bioturbation are similar, as
are the typical densities of burrows (Table 6.6).

As mentioned in Sect. 6.3.3., bioturbation by crabs has a profound effect on
mangrove sediments by constantly disrupting the vertical redox zonation and
increasing the complexity of the sediment system (Kristensen 2008). Functionally,
bioturbation regulates and controls biogeochemical processes such as organic C
oxidation and benthic nutrient fluxes (Table 6.8). Sesarmid and ocypodid crabs are
the most prominent taxa affecting biogeochemical transformations in mangrove
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ecosystems. Regardless of the species involved and its behavior, bioturbation con-
siderably enhances the transport of O, and other electron acceptors to deeper sedi-
ment layers and promotes the upward translocation of metabolites (e.g. CO,) and
reduced compounds (i.e. iron sulfides)(Fig. 6.5). Several studies have demonstrated
effects of bioturbation on various sediment parameters, including microphytoben-
thic chlorophyll, C turnover, nutrient (N, P) cycling, and S distribution (Kristensen
and Alongi 2006; Bartoli et al. 2009). Some biogeochemical processes are
consistently increased or decreased among animal taxa, whereas the impact of oth-
ers are more genus or species specific, i.e., by shifting the dominance of sulfate
reduction to other respiration pathways or vice versa (Alongi et al. 2001; Kristensen
2008). The capacity to promote such biogeochemical shifts depends on crab behav-
ior, such as burrowing and refuge strategies, as well as feeding and mating behavior
(Kristensen 2008).

Oxyhydroxides-Fe (umol g1)  Pyrite-Fe (umol g™1) DOP (%)
300 100
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250 250 80 |
E 200 a 200 60
150 150
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& 100 b i a
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Fig. 6.5 Field exclusion experiment in mangrove forests of NE Brazil. The contribution of oxi-
dized Fe, pyrite Fe, and the degree of iron pyritization (DOP) in different depth layers (mean + SD)
of sediment taken from plots with and without Ucides cordatus is shown. Bars with different letters
indicate significant differences at p < 0.05 (Modified from Aratjo et al. 2012)
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Because C accumulation is a key process (and an important Ecosystem Service)
in mangrove wetlands, O, translocation into deeper layers of the sediment by bio-
turbation can enhance organic C degradation processes and consequently increase
CO, emissions to the atmosphere (see Sect. 6.4). Thus, crabs are not only capable of
retaining C within mangrove ecosystems through burrowing and mixing of sedi-
ment particles, but are also important actors in the opposite process of exporting C
by favoring more efficient decomposition pathways and thus boosting CO, emis-
sions (Piilmanns et al. 2014). This is evident in Tanzanian mangrove forests where
crab burrows are responsible for 36-62% of the total CO, emission from the sedi-
ments (Kristensen et al. 2008b).

6.3.4 The Importance of Hydroperiod and Hydrology

Hydrology is recognized by the hydroperiod, which is defined as the depth, duration,
and frequency of inundation (Fig. 6.6) (Reddy and Delaune 2008; Twilley and Rivera-
Monroy 2009). Mangrove wetland hydroperiod encompasses all aspects of water bud-
gets (rainfall, evaporation, as well as subsurface and surface flow) regardless of the
water source (Mazda and Wolanski 2009). In combination with resources (e.g., N, P,
light, space) (Tilman 1982) and regulators (e.g., salinity, sulfide, pH, Eh), gradients in
hydroperiod control mangrove structural and functional properties (Ellison and
Farnsworth 1997; Twilley 1997; Twilley and Rivera-Monroy 2005; Berger et al.
2008). One of the major causes of mangrove mortality and loss at the global scale is
the direct and indirect impact of human activities on hydrology, which is perhaps
“[...] the single most important determinant of the establishment and maintenance of
specific types of wetlands and wetlands processes” (Mitsch and Gosselink 2015). As
hydroperiod controls plant growth, it also has a significant role for the availability and
concentration of essential elements in mangrove sediments (Twilley and Day 2013;
Mitsch and Gosselink 2015). Indeed, studies assessing the impact of hydroperiod
include how mangrove species zonation (e.g., Crase et al. 2013), development of sedi-
ment physicochemical gradients (i.e., sediment and water quality) (Alongi 2009), and
physiological traits of mangrove species (e.g., growth rate, photosynthesis perfor-
mance, nutrient use efficiency, biomass allocation) and regulator gradients (i.e., salin-
ity) respond to changes in flooding frequency and duration.

As mentioned earlier, there is uncertainty in the magnitude and spatio-temporal
variability of biogeochemical transformations in mangrove forests, which in certain
cases can be associated with the lack of data on hydrologic parameters (Mazda and
Wolanski 2009). For example, mangrove studies assessing the impact of flooding on
biogeochemical transformations use water level recorders positioned along tidal
creeks at some distance (km) from the study site, whereas other studies rely on data
from hydrographic stations installed in nearby ports and coastal cities. Hydrographs
or tide tables based on astronomical calculations are then combined with elevation
measurements in single points or along transects to produce inundation frequen-
cies (e.g., Mendoza et al. 2012). Few studies have actually deployed water level
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zones of the San Bernardo Estuary, Gulf of Fonseca, Honduras. The zero mark in the upper panel
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recorders inside the forest to register long-term flooding frequency and depth of
inundation. In fact, modeling of hydrological patterns in estuaries and inside man-
grove areas shows distinct differences in tidal patterns and symmetry due to creek
geomorphology, local weather, and forest structure (riverine, basin, fringe) (see
Chap. 11) (Lugo and Snedaker 1978; Mazda et al. 1995), reinforcing the need to
directly measured spatial and temporal variation of hydroperiod parameters at both
local and regional scales.

Duration of inundation is critical because it directly controls sediment redox
conditions, and thus microbial transformations and exchange processes within the
sediment, whereas inundation depth determines the net material exchange (e.g.
organic matter and nutrients) between mangrove forests and adjacent coastal waters
(Twilley and Rivera-Monroy 2005; Adame and Lovelock 2011). The direct effect of
hydroperiod on O, diffusion into mangrove substrata is well documented (e.g.,
Kristensen 2008; Twilley and Rivera-Monroy 2009), but there is still a lack of
knowledge directly linking frequency and duration of inundation to biogeochemical
transformations such as denitrification, iron reduction, sulfate reduction, and metha-
nogenesis, or even CO, and CH, fluxes at sediment—air and sediment—water inter-
faces. These measurements are necessary to evaluate the uncertainty and applicability
of fluxes using sediment under laboratory conditions to extrapolate values to larger
scales (see Chap. 11).

Among the variables directly measured along with hydroperiod under experi-
mental and field conditions is salinity of overlying water and sediment porewater.
Salinity is an excellent proxy of physicochemical status because it integrates a num-
ber of factors controlling hydrology and biogeochemistry in coastal regions; from
tidal inundation, evapotranspiration, and river discharge to partitioning between
iron reduction, sulfate reduction, and methanogenesis in sediments. Salinity is an
easy parameter to measure in hydrological studies as reflected by the number of
studies relating hydroperiod and salinity patterns in mangrove zonation studies. For
example, Crase et al. (2013) showed that the spatial partition of three mangrove spe-
cies (Sonneratia alba, Rhizophora stylosa, Ceriops tagal) in northern Australia is
significantly associated to hydroperiod and porewater salinity. Similarly, Castaneda-
Moya et al. (2006) found clear distinctions in the spatial distribution of mangrove
ecotypes (fringe vs scrub forests) and species (Rhizophora mangle and Avicennia
germinans) as a result of the interaction between hydroperiod and salinity (Fig. 6.7).
In general, porewater salinity is lower in the fringe zone dominated by Rhizophora
spp. (<40) than in transition (60) and particularly scrub (>70) mangrove zones dom-
inated by Avicennia spp. (Castaneda-Moya et al. 2006).

Although analysis of mangrove hydrology has improved (Mazda and Wolanski
2009), there is still a need to identify the mechanisms by which hydroperiod con-
trols sediment biogeochemistry within different mangrove ecotypes (e.g., riverine,
fringe, basin) (Lugo and Snedaker 1978; Woodroffe 1992, 2002). In situ and experi-
mental work is needed to assess how horizontal and vertical hydrodynamics, modi-
fied by forest tree density or root structure (Mazda et al. 1995, 2005), enhances or
limits the relative role of mangroves wetlands as sinks, sources, and/or transformers
of biologically important elements (C, N, P, S) in coastal regions with different
ecogeomorphic characteristics (Woodroffe 2002).
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Fig. 6.7 The impact of sediment porewater salinity and relative elevation on the spatial distribu-
tion of Avicennia germinans and Rhizophora mangle at two locations (S and S2) in the Gulf of
Fonseca, Honduras, Central America. Upper panel: tree height and sediment porewater salinity.
Lower panel: the relative elevation. Dashed lines indicate the extent of mangrove zones/ecotypes:
(F) fringe, (7) transition, and (S) scrub. 7C indicates the location of the tidal creek. WLR indicates
location of water level recorders (Modified from Castafieda-Moya et al. 2006)

6.4 Greenhouse Gas (GHG) Balance of Mangrove
Ecosystems

Mangrove wetlands have a potentially high impact on the global C budget because
of their high net productivity (218 + 72 Tg C y~!, Bouillon et al. 2008) and C storage
capacity (18-29 Tg C y~!, Alongi 2012), despite their simple forest structure, low
biodiversity, and limited areal cover (less than 150,000 km? worldwide) (Polidoro
et al. 2010; Giri et al. 2011). This means that an equivalent of as much as ~10% of
the organic C produced in mangrove wetlands escapes export to coastal waters by
tidal flushing and pumping, or release to the atmosphere in the form of CO,. The
waterlogged and anoxic mangrove sediments with slow decomposition, therefore,
allow a substantial long-term organic C accumulation (Fig. 6.8), and thus function
as sinks for atmospheric CO, (Donato et al. 2011; Murdiyarso et al. 2015).
Accordingly, CO, releases at the sediment—air interface in mangrove wetlands are
lower than those measured in both temperate and tropical terrestrial environments
(Leopold et al. 2015). This is not only true for CO, emissions, but also for other
GHG such as methane (CH,) and nitrous oxide (N,O). However, recent studies
report a high variability of GHG emission from mangrove areas depending on their
productivity, position in the tidal range, anthropogenic impact and seasons (Livesley
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and Andrusiak 2012; Leopold et al. 2013; Chen et al. 2014; Nébrega et al. 2016).
Thus, it seems, from the studies to date, that particularly mangrove eutrophication
caused by discharge of untreated wastewater can substantially enhance GHG pro-
duction (Fig. 6.8) (Konnerup et al. 2014).

Bouillon et al. (2008) pointed out that the current uncertainty of published man-
grove C budgets at the global scale were largely due to lack of reliable sediment-air
and water-air CO, flux measurements. Several studies have subsequently provided
new information about key drivers influencing CO, emission at the sediment-air
interface (Kristensen et al. 2008b; Chen et al. 2014; Lovelock et al. 2014; Leopold
et al. 2015). These studies clearly demonstrate the importance of features such as C
stocks, sediment water content, temperature, and crab burrows/pneumatophores
density as regulators of CO, emission from mangrove sediments (Fig. 6.8). Thus,
Lovelock et al. (2014) observed a direct relationship between sediment respiration
and aboveground net primary production (a proxy of C accumulation). The role of
sediment water content for CO, emission is related to the impact of water on trans-
port processes and decomposition efficiency within the sediment. Molecular diffu-
sion is faster in gas than water, and CO, fluxes may increase when sediments become
partly dry during air exposure (see Sect. 6.3.1), while organic matter mineralization
is slow in waterlogged sediment due to the dominance of anaerobic processes
(Kristensen et al. 2008a). Consequently, sediment-air CO, emissions may decrease
under low redox, as observed by the wet conditions during the monsoon season in
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India (Chanda et al. 2013). Conversely, CO, emission also changes with tempera-
ture due to thermal sensitivity of microbial processes. Studies assessing the tem-
perature dependence of CO, emission from mangrove sediments reported Q,, values
between 2 and 3, which are comparable to other forested ecosystems (Lovelock
2008; Leopold et al. 2015) and marine sediments (Thamdrup et al. 1998). In addi-
tion, Leopold et al. (2015) showed that temperature was the main driving factor for
seasonal variations of sediment-air CO, emissions in Rhizophora and Avicennia
dominated stands in a semi-arid climate. They also suggest that the surface biofilm
at sediment surfaces may limit CO, efflux towards the atmosphere by forming a
protective barrier consisting of extracellular polymeric substances (EPS) and due to
microbial assimilation (Fig. 6.8). As mentioned earlier, crab burrows and aerial
roots (e.g., pneumatophores) act as efficient conduits that allow the ascent of excess
deep CO, to the atmosphere (Kristensen et al. 2008b; Troxler et al. 2015). However,
due to lack of comparable studies and data on how sediment-air CO, fluxes are
controlled in various mangrove forest ecotypes, it is presently not possible to per-
form a thorough analysis of CO, emissions among biogeographical regions.

CO, release measured across the sediment-water/air interfaces does not represent
the total mineralization of organic matter derived from mangrove forests. Part of
their net production (e.g. litter) is exported into tidal creeks and the adjacent estua-
rine and coastal waters through tidal-driven export of particulate materials
(Jennerjahn and Ittekkot 2002; Alongi 2014) and dissolved organic C from porewa-
ter seepage (Fig. 6.9) (Bouillon et al. 2007; Kristensen et al. 2008a, Maher et al.
2013; Stieglitz et al. 2013). These organic materials may be quickly mineralized in
the water column and the generated CO, emitted to the atmosphere (Bouillon et al.
2003). As a result, waters surrounding mangrove forests are usually oversaturated in
CO, (Kone and Borges 2008). This source of CO, in tidal creek and estuarine open
waters must be considered when assessing C budgets in mangrove ecosystems.
Further work is urgently needed to directly measure CO, emissions from mangrove
waters to the atmosphere, including their seasonal variability from the upper water-
sheds to the coastal zone (Fig. 6.9).

The largest CO, exchange between mangrove forests and the atmosphere is
through canopy uptake and release. This exchange has traditionally been derived by
extrapolating leaf metabolism measurements and leaf-area index (LAI) data (Alongi
2009). However, the recent implementation of the eddy-covariance (EC) technique
in mangrove forests has improved our understanding of the gas exchange between
forest canopies and the atmosphere (Fig. 6.9) (Barr et al. 2010, Rivera-Monroy et al.
2013). For example, Barr et al. (2010) used the EC technique in a subtropical region
of the AEP to evaluate the seasonality in riverine mangrove forest CO, assimilation.
They showed that assimilation was highest during the winter dry season due to an
increase in diffuse solar irradiance to the forest canopy. Furthermore, net ecosystem
exchange (NEE) decreased during low tide under both night and daylight condi-
tions. More recently, Troxler et al. (2015) integrated all components of CO, fluxes
at the same location to the whole forest scale, and found a larger than expected
contribution of the below-canopy respiration components to total forest ecosystem
respiration (ER). This underscores the need to improve our understanding of
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Fig. 6.9 Carbon fluxes identified as the main drivers for net ecosystem C balance (NECB) (solid
black arrows) and net ecosystem CO, exchange (NEE) obtained with the eddy covariance method
(open arrows). The dotted box represents the mangrove forest exchanging C with coastal waters
and the atmosphere. The processes contributing to NECB are diffusive and advective exchange of
CO, (i.e., NEE), CH,, CO, volatile organic C (VOC) with the atmosphere (including soot emission
during fires), lateral leaching and tidal exchange of dissolved organic C (DOC), dissolved inor-
ganic C (DIC), and particulate C (PC) in mangrove waters. The biological processes regulating net
ecosystem production are gross primary production (GPP), autotroph respiration (AR), and hetero-
troph respiration (HR) (Modified from Chapin et al. 2006; Rivera-Monroy et al. 2013)

below-canopy CO, fluxes to elucidate how mangrove C cycling respond to various
disturbance events (e.g., hurricanes) and long-term changes (e.g., climate change
and sea-level rise). Thus, global mangrove forest C budgets must include both can-
opy and below-canopy ER at larger geographical scales to fully clarify the role of
these forests in mitigating climate change (Rivera-Monroy et al. 2013; Giri et al.
2011).

Methane (CH,) emissions from mangrove sediments are usually undetectable
(Alongi et al. 2000a; Kreuzwieser et al. 2003) or very low (<1% of the total CO,
emissions; Kristensen et al. 2008b; Nébrega et al. 2016), mainly because it is oxi-
dized by methanotrophs before reaching the sediment surface (Canfield et al. 2005).
Actual methanogenesis within mangrove sediments can be orders of magnitude
higher than fluxes measured at the sediment surface (Sotomayor et al. 1994; Giani
etal. 1996; Lyimo et al. 2002). Significant CH, emissions from mangrove sediments
will therefore only occur when environmental conditions (e.g., sediment exposure
during low tide) allow rapid transport to the atmosphere. As mentioned earlier in the
case of CO, flux, crab burrows and aerial roots (e.g. pneumatophores) can also act
as efficient conduits for CH, emissions. Furthermore, porewater seepage from creek
banks during low tide generate a discharge of porewater supersaturated in CH,,
potentially becoming a source to the atmosphere (Call et al. 2015). Eutrophication
can also enhance CH, emission as result of large labile OM inputs that increase
sediment metabolic activity, leading to near-surface depletion of sulfate and a shift
to methanogenesis (Sotomayor et al. 1994; Purvaja and Ramesh 2001).
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Nitrous oxide (N,O) is a potent GHG with a high radiant forcing potential
(Lashof and Ahuja 1990). This gas can be produced either by denitrification under
anoxic conditions or by nitrification under oxic conditions (Canfield et al. 2005).
Mangrove sediments are generally characterized by low levels of porewater NH,"
and NO;~ (Alongi et al. 1998; Deborde et al. 2015), and are considered small N,O
sources to the atmosphere (Chen et al. 2011; Livesley and Andrusiak 2012). N,O
fluxes measured at the sediment-air interface in mangrove environments are closely
controlled by oxygen availability, organic C content, tidal exchange, Fe and SO,*~
concentrations, and N availability. However, mangrove forests are areas of intense
dissolved inorganic nitrogen (DIN) consumption since NH,* and NO;™ are assimi-
lated by plants as soon as they are produced (Alongi et al. 2002). Consequently,
plant uptake strongly limits N,O emissions to the atmosphere, and high rates from
mangrove sediments have only been reported under excessive anthropogenic DIN
input (Konnerup et al. 2014; Chauhan et al. 2015).

6.5 Ecosystem Services: Local and Global Perspectives

Mangrove wetlands provide a number of ecosystem services (ES) through their bio-
geochemical functions. Using the Millennium Ecosystem Assessment classification
(Carpenter et al. 2006, 2009), these services include climate change mitigation, flood
regulation and water purification (see Chap. 8). A monetary value has been proposed
for other mangrove ES (e.g., raw material and food, coastal protection, erosion con-
trol, maintenance of fisheries, tourism/recreation), but there are no comprehensive
economic estimates for functions linked to biogeochemical transformations (Barbier
et al. 2011). A possible exception is the role of C sequestration for climate change
mitigation as recent studies have provided C storage estimates in some IWP and AEP
locations. A major reason for the lack of economic information is the nonmarket
benefits and social values of these biogeochemical functions in contrast to the more
straightforward estimates for services like fish and fish habitats (Alongi 2011;
Barbier et al. 2011). Another key service provided by mangroves is the export of
organic material and nutrients that drives foodwebs in adjacent habitats such as coral
reefs and seagrass meadows and support fisheries (Bouillon and Connolly 2009).
The monetary values of this service have not been rated, but quantification (e.g.
Davis et al. 2014) and incorporation into more comprehensive assessments of the
ecological value of mangrove export has been initiated (Sheaves et al. 2015).
Furthermore, there is a need to assign the potential role of mangrove forests and
their biogeochemical functions as sinks, sources, and transformers of C, nutrients,
and heavy metals correctly in relation to the nature and location of the original
inputs. Because different mangrove types (fringe, basin, riverine) provide different
ES (Ewel et al. 1998), it is critical to determine the precise functional role and ES
capacity of each mangrove type. Yet, given the diverse range of mangrove ecogeo-
morphic settings, further information is needed about, for example, the range of
nutrient loadings and removal efficiencies along complex hydrological gradients
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(Rivera-Monroy et al. 1999). Currently, this information is lacking for a wide range
of coastal environments, including mangrove forests in both IWP and AEP regions
(Barbier et al. 2011).

Discussions about the optimal use of mangrove wetlands for wastewater treat-
ment have emerged regularly since the 1980s (Clough et al. 1983). However, there
is lack of reliable field data to support the implementation of this management strat-
egy at appropriate spatial scales (i.e., hectares) (Robertson and Phillips 1995;
Rivera-Monroy et al. 1999), particularly in areas strongly impacted by aquaculture
and agriculture practices and urban development (Lee et al. 2014). A potential
opportunity to advance mangrove biogeochemical studies at local and regional
scales is through climate-related and inspired restoration and rehabilitation projects
coupled with C sequestration studies (Manez et al. 2014). Although the economic
valuation of C sequestration in mangrove areas is still under discussion (Alongi
2012; Hemati et al. 2015; Huxham et al. 2015), the local incentive for such efforts
can be stimulated by including nutrient removal and sewage treatments in the long-
term estimates of the economic and social value of these presently nonmarket ES.

6.6 Conclusions and Research Directions

Mangrove forests are ecotones between marine and terrestrial environments. These
productive wetlands possess attributes of both environments, but also have intrinsic
ecological mechanisms and processes that clearly differentiate them from their
immediate surroundings, defined by distinct hydrological and elevation gradients.
Because of their transitional position in coastal regions, mangrove forests around
the world are increasingly vulnerable to anthropogenic impacts (i.e. deforestation
and urban settlement), and associated environmental alterations (e.g. erosion and
fluvial contamination and alteration of marine currents). Biogeochemistry research
has focused on C, N, P, and mineral cycling in mangrove ecosystems, but most sur-
veys have been short-term (months or less) and lacking a comprehensive regional
coverage to evaluate processes and transformations at the landscape level. Our cur-
rent understanding of the complex interactions between multiple factors and pro-
cesses that characterize mangrove biogeochemical transformations is limited and
prevents extrapolation of information from one biogeographical region to another.
More detailed studies must be performed at larger temporal (decadal) and spatial
(watershed, regional) scales to characterize and compare environmental processes
controlled by both natural and human disturbances.

Mangrove forests are particularly sensitive to rising sea level because of their
direct hydrological interactions with coastal waters (Lovelock et al. 2015). The
Intergovernmental Panel on Climate Change predicts that the sea level rise for the
years 2081-2100 relative to 19862005 will range from 40 to 60 cm (IPCC 2013).
Detailed studies of the response of mangrove environments to changes in sea level
are, therefore, urgently required. Research initiatives should include an interna-
tional network of permanent plots for long-term monitoring of biogeochemical pro-
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cesses, biodiversity, and plant structure among selected mangrove locations where
mangrove distribution is rich and extensive in both the IWP and AEP regions. These
proposed studies should include the establishment of eddy-covariance stations
along biogeographical and anthropogenic gradients to improve our assessment of
factors controlling mangrove net ecosystem productivity and GHG dynamics. Such
EC systems will also facilitate our understanding of how recurrent natural distur-
bance (cyclones, tsunamis) and climate change, causing seasonal and interannual
variability in precipitation, temperature, river discharge, will affect mangrove spa-
tial distribution, productivity, and CO, exchange.

The interaction between mangrove forests and neighboring ecosystems with
respect to exchange of materials and energy is another important aspect for consider-
ation in future studies. For example, inland zones at higher relative elevation adjacent
to mangrove forests (e.g. hypersaline sandy flats) are considered potential refuges for
mangrove expansion as response to sea level rise. Although mangrove ecosystems
are legally protected against deforestation or land use conversions in many countries,
those inland areas are not included in conservation plans and are consistently devel-
oped for human use. Given the increasing demand for space as human populations
expand into the coastal zone at an increasing rate, sometimes triggered by a high
demand of mangrove ES (e.g., fisheries, recreation), there is an urgent need to
develop conservation alternatives tailored to local and regional needs. Managers and
decision makers must acknowledge this problem now to avoid further mangrove
“squeeze” effects in the future that may cause a dramatic loss of mangrove area.

A clear example of the need to understand how mangrove biogeochemical cycles
interact with pressing management priorities is the use of mangrove wetlands as
tertiary treatment of waste water (e.g., aquaculture, urban). To evaluate the conse-
quences of such disturbance, more knowledge is urgently needed about cascading
effects of hydroperiod on sediment redox conditions and how this may alter, e.g., C,
N, P or S cycling. The current lack of understanding could result in destructive
effects on both forest productivity and survival and even conversion of mangrove
forests from functional C sinks to sources of GHG. The main issue is not if this type
of management (tertiary treatment) is feasible and effective because this approach
has been used in other temperate wetlands, but rather to ensure correct implementa-
tion of water and nutrient management practices (aquaculture, agriculture, urban) at
adequate spatial scales in combination with an understanding of the critical biogeo-
chemical transformations.

We have undoubtedly advanced our understanding of the most critical biogeo-
chemical transformations controlling mangrove productivity during the last
35 years, but the disproportion in the scope and quantity of mangrove biogeochemi-
cal studies across and within the IWP and AEP regions is troublesome. We advocate
for collaboration and expansion of biogeochemical studies around the world. This is
urgent because of the increasing rate of mangrove fragmentation and area loss at
continental scales. The scientific community should soon translate current data and
information about the complexity of mangrove biogeochemistry (i.e., supporting
ES) into robust and applicable performance measures in management programs. It
is our hope that such action may advance the conservation and protection of one of
the most productive coastal ecosystems in the world.
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Chapter 7
Mangrove Ecosystems under Climate Change

T.C. Jennerjahn, E. Gilman, K.W. Krauss, L.D. Lacerda,
I. Nordhaus, and E. Wolanski

7.1 Introduction

From fossil records, evidence suggests that mangroves first started colonizing the
intertidal zone around the Tethys Sea in the Upper Cretaceous (Ellison et al. 1999).
Since then, they have formed an interface between land and sea in most tropical and
sub-tropical regions worldwide, and are now expanding into temperate regions of
multiple continents (Saintilan et al. 2014). Environmental impacts on mangrove
plants and sediments make them susceptible to climate change outcomes, including
sea level rise (SLR), temperature shifts, and alterations of atmospheric gas composi-
tion and moisture over long temporal scales. All of these changes, as well as anthro-
pogenic impacts from land use and water resources in the watershed are likely to
significantly affect mangrove distribution and performance directly during this cen-
tury. The consequences for mangrove ecosystems, and the ecosystem services that
they provide, are likely to vary on a local to regional scale (Lee et al. 2014). Effective
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conservation and management therefore requires a local to regional scale assess-
ment and understanding of mangrove responses to climate change.

Hazards to mangroves not only arise from climate change, but also from human
interventions like, for example, land use change, urbanization, alterations to river
catchment hydrology, overexploitation of natural resources, and coastal construc-
tion. Moreover, since the fourth IPCC (Intergovernmental Panel on Climate Change)
report (Solomon et al. 2007), “Anthropocene” climate change and warming of the
earth, i.e., during the past approximately 250 years and in particular, since the
1950s, is suspected to be largely related to human interventions, i.e., the burning of
fossil fuels, land use change, and other human-induced changes in the atmosphere’s
composition. Mangroves have an adaptive capability as demonstrated by the fact
that they have survived harsh environmental conditions and climate and sea level
changes for millions of years, but at the same time, they now face rates of environ-
mental change that are unprecedented in their history.

In recent decades, it has become clear that mangroves and their connectivity to
adjacent terrestrial and marine ecosystems provide important ecological functions
and ecosystem services (e.g., Ewel et al. 1998; Mumby et al. 2004; Wells et al.
2006). Moreover, in recent years, political and societal awareness of the importance
of ecosystem services has increased, mainly due to the activities of global institu-
tions such as the IPCC and the Millennium Ecosystem Assessment (2005). Political
decisions in an economy-driven world hardly consider the value of a resource or
service that is not directly marketable. Therefore, attempts have been made to put a
value on ecosystem services (ES) from coastal wetlands. For example, one such
study resulted in a value of 10,000 USD ha~! year~! for mangroves (Costanza et al.
1997). However, giving these ES a direct economic value is difficult and remains
debatable.

This chapter will first identify the possible outcomes of climate change that are
likely to affect mangrove ecosystems, then report how mangrove forests respond to
these outcomes, and from that define the most vulnerable regions. The chapter will
also discuss the interaction of climate change with human interventions, the effects
on ecosystem services, and adaptation and management options. It will close with
an outlook on knowledge gaps and priority research needed to fill these gaps.

7.2 Climate Change Effects

There are well-known direct effects of climate change, which have the potential to
alter the structure, functions, and ES of mangroves. However, these effects addition-
ally alter the physical, chemical, biological, and geomorphological setting of the
mangrove environment. These, in turn, can indirectly alter the structure, functions,
and ES of mangroves through an altered exchange with neighboring ecosystems,
including effects of multiple climate change stressors and other anthropogenic and
natural stressors on mangrove systems (Table 7.1). There are also potential
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Table 7.1 Direct and indirect effects of climate change and direct human effects on mangroves

Direct effects of climate | Indirect effects of climate

change change Direct human impacts
» Sea level rise « Changing surface ocean e Clearing of mangroves
e Warming of surface circulation affecting tidal o Changing hydrology and tidal
waters exchange and geospatial flushing by roads and levees,
e Warming of dispersal of mangrove and dredging navigation
atmosphere propagules channels
» Changing « Changing salinity gradients « Changing freshwater inflows by
atmospheric moisture affecting tidal exchange river damming and diversion
transport and o Surface water acidification o Changing riverine sediment
precipitation « Changing freshwater inflow inflows by increased erosion
» Changing « Changing allochthonous and river damming
atmospheric gas sediment input « Pollution (e.g., nutrients,
composition (higher |« Changes in extreme weather garbage, sewage, dredge spoil,
CO,) events oil spills)
« Increased frequency of » Overharvesting of forest and
extreme high water events fisheries
« Changes in seasonality » Subsidence due to extraction of
» Degradation of ecosystems water, petroleum, and gas
that are functionally linked to
mangroves

feedback mechanisms of climate change outcomes that may affect mangrove resis-
tance and resilience (e.g., Cahoon et al. 2006; Krauss et al. 2014a).

7.2.1 Direct Effects

Sea level rise is a prominent direct effect of climatic warming on mangrove ecosys-
tems. However, what is important is not the absolute sea level change, but rather the
relative sea level change that mangroves experience locally. The concept of relative
SLR has been described in various ways by different scientific disciplines (see
Cahoon 2015), but for mangrove vulnerability assessment, relative SLR must
account for a number of regional and local factors (e.g., impoundment, harvesting
effects on subsidence) not all of which are related directly to climate change (Webb
et al. 2013; Lang’at et al. 2014; Wolanski and Elliott 2015; Kiwango et al. 2015).
For example, in some regions and settings, subsurface processes, such as mangrove
root production and decomposition, can be a primary control of mangrove sediment
surface elevation and hence, local-scale trends in relative sea level, within an indi-
vidual mangrove site (Cahoon et al. 2006; McKee et al. 2007; Krauss et al. 2014a).
One significant external factor of regional significance is the glacial rebound that
presently affects mangroves differently in various areas of the world. Morphology
and relief (i.e., a mangrove site’s physiographic setting) certainly play an important
role for the survival of mangroves facing relative SLR (Krauss et al. 2014a). Another
significant factor is the tidal regime deformation in shallow waters facing large river
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deltas such as that of the Mekong, which can increase the tidal range and hence tidal
flooding (Nhan 2016).

The global mean sea level rose by 3.2 + 0.4 mm year~! in the past two decades,
but with large regional variations (Wolanski and Elliott 2015). For example, sea
level fell by 1-2 mm year~! along the western coast of North America and northern
coast of South America, but it rose by 5-20 mm year~' in the Southeast Asia/Western
Pacific region (Nicholls and Cazenave 2010). A recent IPCC report projects sea
level to rise 26-55 cm (average 40 cm) by 2081-2100 for the “best case” scenario
RCP2.6 (RCP = representative concentration pathways) and between 45 and 82 cm
(average 63 cm) for the “worst case” scenario RCP8.5 (relative to 1986-2005). This
rise will not be uniform across regions and approximately 70% of the global coast-
line will experience a change of +20% of the global mean (IPCC 2014).

Another important factor directly affecting mangrove wetlands is the rise in air
temperature and sea surface temperature. The projected increase of both can vary
largely according to the four IPCC scenarios (RCP2.6, RCP4.5, RCP6.0, and
RCP8.5) and it differs between land and ocean. The increase in sea surface tempera-
ture (SST) will likely be lowest as the ratio of land to ocean warming is 1.4—1.7
(Collins et al. 2013). Moreover, the temperature increase is not spatially uniform
(Fig. 7.1); thus the impact on mangroves worldwide will vary according to location.
The degree to which changing SSTs affect extreme winter air temperatures may be
most important for determining whether mangroves will continue to expand into
temperate zones, and supplant salt marsh. In the second half of the twentieth cen-
tury, the SST increase was generally more pronounced in higher latitudes and in the
northern hemisphere. For surface air temperature, the general trend was similar, but
with a few low latitude regions exhibiting temperature increases in the same magni-
tude as in polar regions. In particular, arid to semiarid areas in eastern South America
and western North Africa experienced an increase of 1.5-2.5 °C (Hartmann et al.
2013). According to IPCC projections, the increase in SST will be larger in the low
latitudes in the coming two decades before it becomes larger in the high latitudes at
the end of the twenty-first century. Surface air temperature will generally increase
more rapidly and the increase will be larger in high latitude regions, in particular in
the northern hemisphere (Collins et al. 2013; Kirtman et al. 2013).

Changes will also occur in atmospheric moisture content and transport and hence
in precipitation. Again, this change will not be uniform across the globe. With
respect to mangrove distribution, the most relevant projected changes are increases
in precipitation in the equatorial Pacific, East Africa and the Middle East, and India.
While eastern South America and western Africa will probably become drier,
changes in Australasia and Southeast Asia are not that clear (Christensen et al. 2013;
Hartmann et al. 2013). As a result of changes in precipitation and evapotranspira-
tion, the runoff will change. The largest increase in runoff is projected for the
Southeast Asia/West Pacific region while the strongest decrease is to be expected
for Central America and eastern South America (Collins et al. 2013; Fig. 7.2).
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Fig. 7.1 IPCC projections for 2081-2100 of surface temperature changes for four emission sce-
narios (RCP representative concentration pathways; RCP2.6, RCP4.5, RCP6.0, RCP8.5) and the
present-day mangrove distribution (green lines) according to Giri et al. (2011). Figure modified
from Collins et al. (2013)
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Fig. 7.2 IPCC projections for 2081-2100 of annual mean runoff changes for four emission sce-
narios (RCP2.6, RCP4.5, RCP6.0, RCP8.5) and the present-day mangrove distribution (green
lines) according to Giri et al. (2011). Figure modified from Collins et al. (2013)

Last, the atmospheric concentration of greenhouse gases will increase and the
increasing CO, can directly affect mangrove productivity (Ball et al. 1997; McKee
and Rooth 2008). The IPCC projections foresee an increase of atmospheric CO,
concentration up to 450 ppm in the “best case” scenario (RCP2.6) and of >1000 ppm
in the “worst case” (RCP8.5) until 2100 (IPCC 2014).

7.2.2 Indirect Effects

Climate change will also indirectly affect mangrove wetlands in several ways
(Table 7.1). Changes in the global heat budget and the hydrological cycle can alter
the circulation in the coastal ocean, which may alter mangrove propagule dispersal
(Duke et al. 1998; Chap. 2) and impact the flushing rate of estuaries and their fring-
ing mangroves. For instance, warming and changes in rainfall and evaporation pos-
sibly increase the formation of an estuarine and coastal salinity barrier that prevents
the exchange of mangrove water with the coastal ocean. This may result in stagna-
tion that can last several months and formation of hypersaline waters that are stress-
ful to mangroves (Wolanski et al. 1992; Andutta et al. 2011). In places where rainfall
increases, mangroves may expand, such as in Moreton Bay, Australia (Dale et al.
2013). In general, changes in precipitation and evaporation will affect the water
budget of estuaries and thus, the salinity of their fringing wetlands, including
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mangroves (Robins et al. 2014). Such changes in salinity are expected to modify the
ecology and mangrove species distribution (Osland et al. 2014b).

The expected changes in storminess and coastal hydrodynamics will be crucial
for mangroves. An increase in frequency and intensity of tropical storms has been
observed in some areas (Knutson et al. 2010), such as the tropical North Atlantic for
the period 1983-2005 (Kossin et al. 2007). Identifying general trends is hampered
by the scarcity and inconsistency of data. Despite the uncertainties in projections of
future changes until 2100, it is likely that the intensity of tropical storms will
increase in the North Atlantic and western North Pacific, which already are the
regions with highest tropical storm activity (Christensen et al. 2013).

Increasing extreme weather events will lead to physical damage that will be
exacerbated if the mangroves are weakened by the formation of hypersaline waters
or pollution. These weather events may defoliate the trees, make them more suscep-
tible to attack by wood borers, and erode the soils. Although younger trees may be
able to refoliate more rapidly, the process may still take several decades (Salmo
et al. 2013). In addition, mangrove sediment elevation can be altered through soil
erosion, soil deposition, peat collapse, and soil compression (e.g., Cahoon 2006;
Piou et al. 2006; Aung et al. 2013). The frequency of extreme high water events is
projected to increase over coming decades. It may affect the position and health of
mangroves and associated coastal ecosystems by altering salinity, recruitment, and
inundation, in addition to changing the wetland sediment budget. This is due to the
same atmospheric and oceanic factors causing global sea level to rise, and possibly
additional issues such as variations in regional climate and change in storminess and
resulting storm surges (Woodworth and Blackman 2004).

Ocean acidification, a prominent outcome of climate change (e.g., Hoegh-
Guldberg and Bruno 2010), will also reach mangrove ecosystems through estuarine
flushing and will most likely affect their flora and fauna as well as biogeochemical
cycles, although there are no published studies yet to quantify this impact. Mangrove
forests are functionally linked to neighboring coastal ecosystems, including sea-
grass beds, coral reefs, and terrestrial coastal habitats, but the functional links are
not fully understood (e.g., Mumby et al. 2004). Coral reefs, seagrass beds, estuar-
ies, beaches, and coastal upland ecosystems may experience reduced area and
health from climate change outcomes (e.g., Hoegh-Guldberg and Bruno 2010). For
example, one indirect impact of increased temperature and CO, on mangroves is
the degradation of adjacent coral reefs caused by mass bleaching and impaired
growth (Hoegh-Guldberg 1999). The damage to coral reefs reduces their capability
to protect mangroves from wave action which, in turn, makes them prone to ero-
sion. On the other hand, mangrove forests may provide a non-reef coral refuge from
thermal stress and ocean acidification. On St. John, Virgin Islands, shaded sclerac-
tinian corals that grow attached to and under mangrove prop roots do not show
signs of bleaching in contrast to unshaded colonies. In addition, it was concluded
that the combination of substrate and habitat heterogeneity, hydrographic condi-
tions, and chemical water conditions acts as a buffer against ocean acidification
(Yates et al. 2014).
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7.3 Response to Climate Change

The response of mangroves to climate change effects will be manifold (e.g., Alongi
2015). The most important expected responses are shifts in (i) distribution (latitudi-
nal and keeping pace with SLR), diversity, and community composition, (ii) physi-
ological processes of flora and fauna, (iii) water budget, (iv) productivity and
respiration, (v) carbon storage in biomass and sediments, and (vi) filter function for
elements beneficial or harmful to life. These responses will likely vary from region
to region, at least between the two large biogeographical regions, the Atlantic East
Pacific (AEP) and the Indo West Pacific IWP), which display profound differences
in the diversity of mangrove trees and key faunal species (Tomlinson 1986; Lee
2008).

7.3.1 Distribution, Diversity, and Community Composition
7.3.1.1 Geographic Distribution and Shoreline Position

Global warming and SLR will directly lead to shifts in mangrove distribution. Using
the Tropics of Capricorn and Cancer at 23.5 degrees northern and southern latitude
is a common way to delimit the tropical regions. However, there are other climato-
logical and geographic features, mainly temperature, precipitation patterns and
atmospheric circulation that allow for other classifications and define slightly differ-
ent geographical limits. Taking these into account, climate observations from 1979
to 2004 indicate a poleward shift of the tropical belt by 2—4.5 degrees latitude. For
comparison, model simulations for the same period found an expansion of the tropi-
cal belt by about 2 degrees latitude (Seidel et al. 2008 and references therein).
Changes in surface temperatures have been observed to be affecting the latitudinal
limits of mangrove distribution at least in the North Atlantic and North Pacific,
where range is limited by temperature only (e.g., Saintilan et al. 2014).

Osland et al. (2013) discovered that a 0-2 °C increase in mean annual minimum
temperatures would facilitate mangrove expansion onto salt marshes on an addi-
tional 740 km? of coastline in southeastern United States, while a 2—4 °C increase
could give rise to an additional 9860 km? of mangrove vegetation. Such temperature-
mediated shifts in mangrove expansion are becoming widely documented
(Cavanaugh et al. 2014; Saintilan et al. 2014), and a strong global effort is underway
to understand the impact of temperate-zone marsh-to-mangrove habitat shifts on
carbon storage, nutrient processing, surface elevation change, and structural provi-
sioning for wildlife (e.g., Perry and Mendelssohn 2009; Osland et al. 2014a). New
efforts have even started to identify the influences of rainfall regime in areas having
active temperature-mediated mangrove encroachment (Osland et al. 2014b).

A global-scale examination of temperature variation and latitudinal limits of the
two mangrove genera Avicennia and Rhizophora did not find common isotherms
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characterizing the poleward limit of their distribution. Rhizophora did not expand
towards the colder Avicennia limit along the same coast although all other environ-
mental conditions were similar (Quisthoudt et al. 2012). Nevertheless, a 28-year
time-series of mangrove distribution at the northeast coast of Florida revealed a
large increase in mangrove area at its northern latitudinal distribution limit related
to a decreased frequency of extreme cold events (days colder than —4 °C; Cavanaugh
et al. 2014).

Mangrove poleward proliferation corresponds well with the extension of tem-
perature thresholds observed on five continents in the past 50 years (Saintilan et al.
2014). However, the response is not evenly distributed; a detailed study of the south-
ern limit of mangroves in the western South Atlantic showed no expansion to the
south (Soares et al. 2012). Similarly, at the southern limit of mangroves along the
western Pacific Ocean in Peru, the cold and arid conditions hinder mangrove expan-
sion south of a small stand of mangrove vegetation in the Piura River Estuary
(Cliisener and Breckle 1987). Obviously, species-specific responses to warming in
combination with other abiotic and biotic factors play a role in the poleward expan-
sion of mangroves. Although temperature is a major control of mangrove distribu-
tion, it appears that there is no consistent response of poleward mangrove expansion
to temperature increase (e.g., Bianchi et al. 2013).

The estuarine and coastal ocean circulation may also be altered, in a manner not
necessarily reflecting the atmospheric change. This could have an impact on the
variability of flushing and salinity of estuaries and their fringing mangrove vegeta-
tion because of changes in rainfall and evaporation. Mangroves trap sediment at
rising tides, especially so during river floods (Victor et al. 2004); thus a change in
the river hydrology will affect the sedimentation rate in mangroves and their ability
to keep up with SLR.

The first and simplest response of mangrove distribution to SLR would be to
keep up with the sea level and/or migrate landward where not obstructed. Mangroves
keep pace with changing sea level when the accretion of the mangrove sediment
surface is at least similar to the rate of change in relative sea level. The change in
mangrove sediment surface elevation is controlled by both surface and subsurface
processes (Krauss et al. 2014a). Whether mangroves can keep up with the sea level
depends, in part, on the net sediment budget, which includes both the organic matter
build-up through the growth of mangrove roots and deposition of litter, as well as
the inorganic sediment inflow from the estuary and coastal waters (Lovelock et al.
2015a). These processes depend strongly on human activities in the catchment
(Table 7.1) and on the local sea level change generating a prograding or an eroding
coast. However, the “true” landward migration and possible change in area covered
also depends on a number of other factors determining the environmental setting,
including rainfall (Woodroffe 1992; Eslami-Andargoli et al. 2009; Woodroffe
et al.2016). The relatively few data available show that sediment accretion rates in
healthy mangrove forests are often higher than current rates of SLR (Alongi 2008;
Lovelock et al. 2015a), but this assessment can be highly variable among forests. In
those environmental settings that have sufficient allochthonous sediment input and/
or production and accumulation of organic matter and a suitable gradient of land
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surface elevation, SLR should not impose a risk on mangrove distribution. This
generally holds true for environmental settings that are dominated by rivers and
tides with abundant sediment supply on prograding coasts only (Woodroffe 1992;
Woodroffe et al. 2016).

However, mangrove surface elevation is not exclusively determined by sediment
accretion, but also by (i) land uplift or subsidence, (ii) groundwater influx, (iii) veg-
etation and soil processes, and (iv) whether the coast is prograding or eroding
(Krauss et al. 2003, 2014a; McKee et al. 2007; Cherry et al. 2009; Lovelock et al.
2015a). Taking these factors into account, a review of the relatively sparse global
database concluded that surface elevations in many mangrove forests will not be
able to keep pace with SLR for very long under the projected highest IPCC scenario
RCP8.5 until the end of 2100. This holds true for mangrove areas in small island
locations with little allochthonous sediment input, e.g., in the Caribbean, East Africa
and parts of the Indo-Pacific region, even for the lowest scenario RCP2.6 (Sasmito
et al. 2015); although there are noteworthy exceptions (McKee et al. 2007). Using
surface elevation change records at 27 sites, a recent study assessed that the eleva-
tion gain is significantly correlated with sediment accretion in Indo-Pacific man-
grove forests to SLR (Lovelock et al. 2015b). The surface elevation gain in 69% of
the records was lower than the long-term rate of SLR. Model simulations based on
these data sets and a moderate SLR (0.48 m by 2100, RCP6 scenario) indicate sub-
mergence of mangrove forests by 2070 in the Gulf of Thailand, the southeast coast
of Sumatra, the northeast coasts of Java, Papua New Guinea and the Solomon
Islands. In general, mangrove forests may be submerged by 2080 in regions of the
Indo-Pacific with low tidal range and low allochthonous sediment supply under the
moderate IPCC RCP6 scenario, while mangroves receiving higher sediment loads
and larger tidal ranges are more buffered from submergence (Lovelock et al. 2015b).
Thus, in their current shoreline positions, some mangroves will be converted to
deeper water habitats, and where not obstructed, they may expand landward of their
current positions as relative sea level rises.

The landward migration response is determined by a complex setting of local
and regional environmental aspects modulating the effects of climate change. For
example, mangrove forest area along the coastline southeast of the Amazon mouth
expanded by 718 km? over a 12-year period (1996-2008), which seems to be typical
for this region (Nascimento Jr. et al. 2013). Also, along the semiarid coast of north-
east Brazil, mangroves are expanding rapidly in response to reduced rainfall due to
climate change and land use alteration in the local watersheds, in particular dam-
ming. For example, in the estuary of the Jaguaribe River, the largest river in the state
of Ceard, the mangrove-covered area increased by 24 ha between the years 1992
and 2003. A combination of land use-induced increased sedimentation and a
decrease in rainfall over the river basin allowed mangroves to rapidly colonize
newly formed islands in the estuary (Godoy and Lacerda 2014).

The complexity of factors controlling mangrove distribution makes it difficult to
assess the potential net loss in areas related to climate change in this century. For
example, based on the IPCC maximum SLR scenario, Gilman et al. (2006) pre-
dicted an up to 13% loss of Pacific island mangrove until the year 2100. Similarly,
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Alongi (2008) concluded that a global loss rate of mangroves related to climate
change on the order of 10-15% over a long time frame is a realistic projection.

7.3.1.2 Diversity and Community Composition

The future distribution of 12 common mangrove trees under climate change were
projected by applying species and community distribution models (Record et al.
2013). A range of SLR projections and a set of climatic, hydrological, and geomor-
phological variables associated with mangrove distribution patterns were used in
these models. For half of the modeled species (Avicennia germinans, Laguncularia
racemosa, Rhizophora mangle, R. racemosa, R. mucronata, Lumnitzera littorea), a
poleward shift of 2 degrees of latitude or more was projected. In addition, losses in
the total area of suitable coastal habitat available were predicted (Record et al.
2013). Four species (A. marina, Ceriops tagal, Lumnitzera racemosa, R. apiculata)
will gain suitable coastal habitat with mean latitudinal gains of less than 2 degrees
regardless of the amount of predicted SLR. Sonneratia alba and R. stylosa were
forecasted to gain coastal habitat and experience a decrease in absolute mean lati-
tude. Regarding species richness, a gain is predicted across much of southeastern
Asia, southern Brazil, northern Chile, eastern Australia, southeastern Africa, parts
of northern Africa, and parts of northwestern Mexico. By contrast, a loss in species
richness is projected for the Caribbean islands, parts of Central America, and parts
of northern Australia (Record et al. 2013).

For tropical and subtropical regions, species-specific changes in growth, produc-
tivity, and competitive ability will probably lead to changes in tree species composi-
tion (Pernetta 1993). It has been suggested that mangrove crabs and molluscs
expand poleward and that the length of inactive periods of native species in certain
locations may be reduced in response to a shorter cold season (Nordhaus 2008).

7.3.2 Physiology of Flora and Fauna

Global warming, the altered hydrological cycle, and the increase of atmospheric
CO, will directly affect the physiology of mangrove trees and animals which, in
turn, will entail changes in productivity and respiration, community composition,
distribution, and biogeochemical transformations.

7.3.2.1 Flora

Mangrove trees are very plastic in their response to shifts in salinity and inundation,
as they are able to adjust photosynthetic water use efficiency and leaf morphological
characteristics. As the environment changes over time, there may be a shift in spe-
cies composition to more stress-tolerant trees within a forest (Reef and Lovelock
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2015; Lovelock et al. 2016). While the majority of studies investigating adjustments
in water use efficiency in mangroves along environmental gradients focus on seed-
lings, recent evidence suggests that mangroves can also adjust their water use effi-
ciencies and CO, uptake capabilities at the stand level (Barr et al. 2013). This ability
of mangrove stands to take up CO, and facilitate growth and maintenance despite
reductions in rainfall or increases in salinity positions mangrove stands for
resiliency.

The few sap flow studies that are available from mangrove trees, generally con-
firm their water use efficiency values documented from the seedling leaf—gas
exchange literature (Lovelock et al. 2016): Water use values for individual trees are
typically <31 L H,O d™!, which is approximately one-third the water use of non-
mangrove trees of similar size (Lovelock et al. 2016). Thus, water use by most man-
grove stands is rather conservative relative to evapotranspiration (Krauss et al.
2015), and can rival the water use reductions documented by C, salt marsh grasses
in some settings (Krauss et al. 2014b). The ability to conserve water would buffer
mangroves against harmful rainfall variability and fluctuations in salinity associated
with both climate and land use alterations. How water is partitioned is also strongly
dependent upon forest structural characteristics. For example, stand water use of
trees >5 cm in diameter from two mangrove forests occurring within 2 km of each
other in Rookery Bay, Florida, ranged from 373-481 mm year™' over a 2-year period
(or 36—47% of evapotranspiration), with the higher water use being related to larger
individual trees of one species (Laguncularia racemosa) (Fig. 7.3; Krauss et al.
2015). Thus, any environmental, land use, or climate factor that alters forest struc-
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Fig. 7.3 Stand water use by dominant mangrove forest vegetation versus regional evapotranspira-
tion (ET) for two forests (Hall Bay, Henderson Creek) differing slightly in forest structural attri-
butes in Rookery Bay, Florida for the modeled year (a) 2008 and (b) 2009 (Data from Krauss et al.
2015)
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ture also has the potential to alter water use requirements of mangroves signifi-
cantly. In fact, while mangrove forest vegetation seemed to restrict losses to
evapotranspiration from those two locations in Rookery Bay, water use by mangrove
forests with larger trees in a different location was 872 mm year™!, and accounted
for a higher percentage of regional evapotranspiration (63—66%; Krauss et al. 2015).

7.3.2.2 Fauna

Benthic invertebrates in mangrove forests experience harsh environmental condi-
tions during their life phases. Juveniles and adults of crustaceans and mollusks have
to cope with daily fluctuations of temperature, salinity, and pH associated with the
tidal cycle. However, most have planktonic larvae that are less exposed to these
fluctuations. This is beneficial because larvae can have increased susceptibility to
environmental stress (Pechenik 1999) and are often regarded as the bottleneck for
success of marine species with regard to ocean warming and acidification (e.g.,
Byrne and Przeslawski 2013).

Considering distribution patterns, thermotolerant species with a wide latitudinal
range of distribution are often robust to warming (Byrne and Przeslawski 2013). By
contrast, many tropical species are considered to live close to their upper thermal
tolerance (McMahon 2001; Nilsson et al. 2009) and may thus respond with reduced
respiratory scope to even small temperature increases as reported for coral reef
fishes (e.g., Nilsson et al. 2009). The heat coma temperature of intertidal gastropods
from mangroves, rocky shores, and salt marshes displayed an overall negative qua-
dratic relationship with latitude. While there was no trend with latitude in tropical
regions, heat coma temperature decreased strongly with increasing latitude in extra-
tropical regions. The highest thermal tolerance was found for gastropods of the
group Littorinoidea from mangroves and salt marshes (McMahon 2001).

Two crab species occurring in tropical and subtropical mangrove forests demon-
strated species- and population-specific responses to temperature increases. Uca
urvillei is a thermal generalist and tolerates a broad range of temperatures across its
geographical distribution. By contrast, the thermal tolerance of Perisesarma gutta-
tum is much lower, but populations showed adaptations to local conditions. Tropical
populations of P. guttatum had higher tolerances to acute heat stress than subtropi-
cal populations and are likely less vulnerable to global warming (Fusi et al. 2015).
Another example is the mangrove oyster Crassostrea rhizophorae, which survived
aerial exposure at 45, 42, and 35 °C for 2, 5, and 24 hours, respectively. Thus, adap-
tation to high temperatures typically occurs in mangrove forests (Littlewood 1989).

So far, the combined effects of warming and acidification on mangrove inverte-
brates have not been investigated, but information is available for other marine and
estuarine species. A recent review on multistressor impacts of ocean warming and
acidification on marine invertebrates found effects to vary across life stages and spe-
cies (Byrne and Przeslawski 2013). Pre-larval stages are particularly sensitive to
slight warming (+2 °C), whereas larvae of some species may tolerate near-future
warming and acidification (+2 °C/pH 7.8). By contrast, deleterious effects on lar-
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vae, e.g., reduced sizes and survival rates, were recorded in experiments with higher
deviance from present conditions (ca. >4 °C/pH <7.6). Calcifying organisms, e.g.,
corals, mollusks, and the larvae of echinoderms will be most negatively impacted by
ocean acidification (Kroeker et al. 2013). Calcifying larvae need more energy for
calcification as a result of decreased saturation of carbonate minerals (Byrne and
Przeslawski 2013). For instance, the exposure to near-future elevations of pCO, and
temperature had deleterious effects on the oysters Magallana gigas (formerly
Crassostrea gigas) and Saccostrea glomerata, including a reduction in the fertiliza-
tion success of gametes, a reduction in the development of embryos, size of larvae
and spat, and an increase in abnormal morphology of larvae (Parker et al. 2010).
More active organisms, such as mobile crustaceans and fish, may be less sensitive
to acidification (Kroeker et al. 2013). Crustacean species that inhabit fluctuating
environments are considered to be the most tolerant to ocean acidification as they
are capable of compensating for acid—base disturbances via ion exchange mecha-
nisms (Whiteley 2011). However, experiments with coastal prawns (Palaemon
pacificus) from Japan revealed effects of ocean acidification on their molting fre-
quency and growth (Kurihara et al. 2008).

A serious shortcoming of these laboratory experiments is that adaptations to the
more gradual change of temperature and pH in the ocean over several decades can-
not be evaluated. Species with short generation times may be able to tolerate near-
future oceanic change through acclimatization and/or adaptation (Byrne and
Przeslawski 2013). However, considering the data available, a clear signal of accli-
matization is lacking (Kroeker et al. 2013). In addition, most experiments were con-
ducted with single species only. Responses were more pronounced when species
were exposed to acidification in multispecies assemblages, which led to the conclu-
sion that indirect effects also have to be considered (Kroeker et al. 2013).

Based on the few studies available, a high thermal tolerance can be expected of
the adults of a number of benthic species in mangrove forests. However, not only
species-specific but also population-specific responses and adaptations (Fusi et al.
2015), varying responses of the different life history stages (Byrne and Przeslawski
2013) and species interactions (Kroeker et al. 2013) have to be considered to predict
the consequences of climate change. The negative effects of warming and acidifica-
tion on many planktonic larvae may result in a decrease of benthic populations and
shifts in community composition if species are not able to adapt accordingly.

7.3.3 Water Budget

The water budget and associated variations in salinity are also important controls of
mangrove distribution. The demise of the large mangrove area in the arid Indus
Delta region illustrates this well (Kidwai et al. 2016). Damming of the Indus in the
middle of the last century and the use of water for numerous purposes reduced the
freshwater flow to about one-fifth of its original flow of 180 km?* year~! and the sedi-
ment load from 400 to 100 million tons year~'. In combination with the arid climate,
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the salinity in the Indus Delta region increased to 50 and as a consequence, the
number of mangrove species decreased from 8 to 3; the community is now domi-
nated by the highly salt-tolerant and dwarfed Avicennia marina (Amjad et al. 2007).
Although caused by human interventions, this example demonstrates how the com-
bination of reduced freshwater flow and increasing temperature as a consequence of
climate change can endanger the survival of mangroves. A similar case was observed
in the Tanzanian Wami River. There, a decrease in precipitation during the second
half of the last century in combination with increasing human uses of river water for
agriculture, irrigation, industry, and drinking water led to increasing dryness in the
estuary during dry seasons (Kiwango et al. 2015). Even with no anthropogenic
changes in the hydrology of rivers and estuaries, the combination of increasing tem-
perature and changing atmospheric moisture from climate change will affect the
precipitation/evaporation ratio and the freshwater flux and salinity of mangrove
environments. The largest threat to mangroves in terms of the water budget is the
combination of increasing temperature with decreasing rainfall.

Higher temperatures and reduced rainfall may lead to a reduction in mangrove
area because upper tidal zones are converted to hypersaline flats (Gilman et al.
2008). Despite the water conservation strategies of mangroves discussed previously
(Sect. 7.3.2.1), increasing pore water salinity and decreasing water availability will
reduce productivity, growth, and seedling survival (Field 1995; Ellison 2000) and
the reduced inflow of nutrient-laden freshwater will reduce overall ecosystem pro-
ductivity. In areas of low rainfall, mangrove forests are characterized by dwarfed
trees, narrower margins, and interspersed salt flats mainly because of salt stress
(Ellison 2000). Species-specific responses will also entail changes in community
composition and most probably, a reduction in biodiversity in these areas. In con-
trast, mangroves in regions with increasing rainfall will benefit as the increased
water availability will reduce salinity and physiological stress of plants and increase
sediment and nutrient inflow. Usually, mangroves are more productive, taller, and
more diverse in regions with high rainfall compared to those with lower rainfall
(Field 1995; Duke et al. 1998). Moreover, enhanced rainfall may lower salinity and
allow mangroves to outcompete salt marshes and hence, increase mangrove area
(Rogers et al. 2005).

7.3.4 Productivity and Remineralization

The rise in atmospheric CO,, air temperature, and water temperature will likely
increase the productivity and respiration of mangroves (e.g., Field 1995; Ball et al.
1997). A globally uniform trend, however, is unlikely because of the complex inter-
play of the aforementioned factors with other regional conditions and environmen-
tal settings. In general, mangrove productivity will probably not change much in the
inner tropics, while the increase will be largest near the poleward temperature limits
(Osland et al. 2013; Cavanaugh et al. 2014). However, in arid and semiarid regions
where temperature may exceed a threshold of 33 °C, the photosynthetic rate of
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mangrove plants declines (Cheeseman 1994; see also Osland et al. 2014b). This will
mainly concern the Red Sea and Persian Gulf regions.

A linear response of mangrove productivity to CO, increase is not likely because
of the interplay of photosynthesis with other factors, namely salinity, water use
efficiency, and nutrient availability (Lovelock et al. 2016). In an experiment on
Caribbean mangroves Rhizophora mangle, Avicennia germinans, Conocarpus erec-
tus, and Laguncularia racemosa under exposure to instantaneous pulses of increased
CO, (361-485 ppm), trees displayed decrease in stomatal conductance and transpi-
ration and increase in transpiration efficiency. However, net primary productivity
decreased in L. racemosa and did not change in the other species. Therefore, it was
suggested that a global rise in atmospheric CO, may result in a competitive disad-
vantage to L. racemosa in mixed mangrove communities and may lead to alteration
of the community composition in these locations (Snedaker and Araujo 1998).

Rhizophora mangle trees displayed enhanced growth rates and biomass in a one-
year experiment under doubled CO, and became reproductive much earlier than
usual in mangrove forests of Belize, Central America (Farnsworth et al. 1996).
Growth of Rhizophora apiculata and Rhizophora stylosa did not increase under
doubled CO, over 14 weeks in high salinity areas, but increased in low salinity areas
during an experiment in Australia (Ball et al. 1997). In general, exposure to elevated
CO, enhanced mangrove seedling growth by 12-47% (up to a maximum 71%) and
enhanced water use efficiency by 2-218% across a range of studies (Krauss et al.
2008; Lovelock et al. 2016). It was concluded that an increase of CO, may enhance
mangrove productivity when carbon uptake is limited by the evaporative demand of
the leaves, but not when it is limited by salinity at the roots (Ball et al. 1997; Gilman
et al. 2008). The partly contradicting results of these experiments suggest species-
specific responses to elevated CO, and the need for further research.

7.3.5 Carbon Storage in Biomass and Sediments

The well-known high carbon storage potential of mangrove ecosystems (Twilley
et al. 1992; Jennerjahn and Ittekkot 2002; Bouillon et al. 2008; Alongi 2014; Chaps.
5, 6) gained scientific and public attention in past years when the climate change
debate started focusing on the identification and conservation of natural carbon
sinks in the ocean, the so-called “blue carbon” concept (Nellemann et al. 2009).
Mangroves are part of the vegetated coastal habitats with very high relative carbon
storage rates per unit area, much higher than on shelves or in the open ocean (Alongi
2014). Being among the most productive ecosystems on earth, mangroves store a
larger amount of carbon in their above- and belowground biomass than terrestrial
forests. In addition, they accumulate carbon-rich sediments composed of dead plant
material and, depending on the environmental setting, large amounts of allochtho-
nous mineral sediments and carbon (e.g., Jennerjahn and Ittekkot 2002; Donato
etal. 2011).
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Climate change can affect the carbon storage of mangrove biomass and sedi-
ments in manifold ways, first and foremost through changes in area, second through
related changes in gain and loss terms of autochthonous (photosynthesis) and
allochthonous (exchange with land, sea, atmosphere) carbon. Mangrove ecosystems
gain carbon mainly through photosynthesis of (i) mangrove plants and (ii) macro-
and microalgae colonizing roots and the sediment surface and (iii) through import
from adjacent terrestrial and marine systems. Major carbon losses occur through
respiration and tidal export, while secondary production and respiration by man-
grove macrofauna are of minor importance (Alongi 2014).

Starting off with the first global mangrove carbon storage estimate by Twilley
et al. (1992), efforts to quantify global mangrove carbon storage have increased in
the past decade. Interestingly, when normalized to an area of 138,000 km? (Giri
et al. 2011), the annual total global mangrove carbon storage estimates increased
from 14-16 Tg year™' (Twilley et al. 1992; Jennerjahn and Ittekkot 2002) to 22-24
Tg year™' (Alongi 2012; Breithaupt et al. 2012) over one decade. In the light of the
ongoing mangrove area loss per year, such an increase is surprising and the possible
reasons are manifold. First, despite the advance in identifying and quantifying gain
and loss terms of carbon, there are still large uncertainties, for example, in the loss
through dissolved inorganic carbon (e.g., Bouillon et al. 2008). Second, mangrove
carbon accumulation rates can vary by one to two orders of magnitude both among
and within sites (e.g., Breithaupt et al. 2012). Global-scale extrapolation from the
relatively small database therefore can have a quite large degree of uncertainty.
Third, it is possible that the increasing atmospheric CO, and eutrophication of
coastal waters enhance mangrove productivity and burial of carbon in sediments.
Several studies have shown that nutrient enrichment can enhance mangrove growth
(e.g., Feller et al. 2002, 2003; Lovelock et al. 2007) and possibly also increase car-
bon burial in sediments. The increase in global estimates by a factor of two over
relatively short time is probably a result of all of these factors.

The average of all available budgets results in an annual global mangrove carbon
storage of 22 + 6 Tg year~'. Approximately 75% of this carbon is stored in sedi-
ments, the rest is above- and belowground biomass (Donato et al. 2011; Alongi
2014). Interestingly, there are differences between the two major biogeographic
regions. Based on the global set of data used by Breithaupt et al. (2012), the average
carbon accumulation rate is 265 = 161 g C m=2 year™" in the IWP and 194 + 155 g
C m~2 year™' in the AEP. Despite the large variability in numbers, this difference is
consistent with the finding of a significantly higher aboveground biomass in the
IWP than in the AEP mangrove forests at the same tree height. It potentially reflects
a higher primary productivity in the IWP region, the reasons of which can be mani-
fold, e.g., differences in climate, tree density, stand age, species architecture, and
anthropogenic disturbances (Lee 2008 and references therein). The low latitudes of
the Asian/western Pacific region receive the highest fluxes of dissolved nutrients
and suspended particulate matter worldwide and are also strongly affected by
human interventions (Smith et al. 2003; Syvitski et al. 2005; Milliman and
Farnsworth 201 1; Jennerjahn 2012). Accordingly, the high nutrient input may promote
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high productivity and, in combination with the higher allochthonous organic matter
input, also a higher carbon accumulation in IWP than in AEP mangroves.

Overall, the total annual average mangrove carbon sequestration of 22 = 6 Tg
year~! accounts for approximately 0.2% of the 9200 Tg year~' (estimate for the
period 2002-2011) of anthropogenic carbon emissions (Ciais et al. 2013). Assuming
that climate change related loss of carbon is equal to the estimated 10-15% loss of
mangrove area by the year 2100 (Alongi 2008), the annual carbon storage will be
reduced to 19 Tg year™'. In this context, mangroves appear to be a negligible sink
for anthropogenic CO,. However, the carbon that is released from the destruction of
mangroves is quantitatively more important. A recent estimate of the total mangrove
carbon stock worldwide, accounting for the uncertainties of available data, arrived
at the broad range of 4000-20,000 Tg (Donato et al. 2011), which adds significantly
to the total tropical wetland forest carbon storage of 82,000-92,000 Tg (Page et al.
2011). Climate change-related 10-15% mangrove loss until 2100 would mean an
annual release of 4.7-35.3 Tg C year™! and sum up to a total of 400-3000 Tg
C. Accordingly, a complete loss, though unlikely, would mean an annual release of
47-235 Tg C year~!. Compared to the annual anthropogenic carbon emissions, it
remains a small, but at 2.5% not a negligible amount (Fig. 7.4). Because of the large
uncertainties in fluxes, it remains unclear whether mangroves in the year 2100 will
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Fig. 7.4 Annual mangrove carbon storage (green) and release (red) today (a) and under 10-15%
loss (b and c¢) and total loss scenarios (d) until the year 2100 compared to the present-day (i.e.,
2012) anthropogenic carbon emissions (e). Dashed lines denote the lower limit of carbon release
from mangroves as reported in the text (Data sources: Ciais et al. (2013), Donato et al. (2011) and
data sources in the text. Note the break in the Y-axis)
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be carbon sinks or sources. However, from these calculations, it is conceivable that
the consequences of climate change alone can turn mangroves from sinks into
sources of carbon by the end of the century.

7.3.6 Filter Function for Elements Beneficial or Harmful
to Life

The many characteristics making mangroves such a unique ecosystem in the land—
ocean transition also make them an important filter for land-derived substances that
are beneficial or harmful to life. They trap mineral sediments, organic matter, and
nutrients. Climate change related SLR, temperature increase, altered hydrology, and
ocean acidification will alter these properties. As a consequence, land-derived sub-
stances retained and processed in mangroves will decrease if the mangrove area
decreases 10—15% by 2100 (Alongi 2008).

For example, eutrophication, i.e., the exposure of coastal waters to excess nutri-
ents, is a major man-made phenomenon. In a global-scale analysis of estuarine sys-
tems, Valiela and Cole (2002) showed that salt marshes and mangroves can protect
seagrass meadows from land-derived nitrogen loads. Fringing wetlands are capable
of absorbing up to 20 kg N ha~! year~!. Nitrogen loads between 20 and 100 kg N
ha~! year~! are known as a critical range for seagrass meadows (Valiela and Cole
2002). Climate-related loss of mangroves will therefore reduce the retention capac-
ity and increase the exposure of downstream ecosystems to land-derived nutrients.

Tidal exchange of suspended matter (TSS), as well as total (TP), particulate
(Part-P), and soluble reactive phosphorus (SRP) in northeast Brazil showed that the
retention of phosphorus in mangroves varies with anthropogenic inputs. A man-
grove site receiving effluents containing 1.2-5.2 kg h=! of total phosphorus from
nearly 3000 ha of shrimp ponds could trap about 40%, 45%, 47%, and 70% for TSS,
TP, SRP, and Part-P, respectively, of the incoming phosphorus flux. However, a non-
impacted mangrove site receiving phosphorus from only 10 ha of ponds (0.2 kg h™!)
tidal balances retained 92% of the total input of TSS and 100% of all other P frac-
tions. This suggests that mangrove phosphorus retention capacity decreases with
increasing nutrient input and limits the potential of mangroves as a natural nutrient
barrier (Fonseca et al. 2014).

Similarly, mangroves display an elevated capacity for storing calcophylic metals
as sulfides precipitates. Metal sulfides formed as a consequence of bacterial dissimi-
latory sulfate reduction is efficiently buried in anoxic mangrove sediments due to
high accretion and waterlogged conditions. Mangrove sediments immobilize 40.6 g
m~2 of Zn, 3.3 g m~? of Cu and 43 mg m~2 of Hg in the highly polluted Guanabara
Bay, Rio de Janeiro, southeastern Brazil (Machado et al. 2002). Some metals, such
as Hg, may suffer a different fate in mangrove environments due to their high affin-
ity to organic complexes. Inorganic Hg forms the major pool of Hg entering man-
groves through tides or river transport. It will efficiently accumulate in sediments,
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but a significant fraction, rather than precipitating as sulfides will be sequestered by
the large amount of dissolved organic complexes (DOC) present in pore waters due
to the incomplete oxidation of organic matter. Formation of complexes with DOC
then will increase the amount of highly bioavailable organic Hg complexes being
exported by mangroves relative to the incoming fluxes of these chemical species. A
5-year study in the Jaguaribe estuary showed an increasing export of dissolved Hg
to adjacent waters over time. It was enhanced in dry periods, which are more fre-
quent because of an overall decreasing annual rainfall, and because of damming in
the river basin (Lacerda et al. 2013).

The impact of global climate change on the aforementioned processes will
depend on local geomorphological dynamics. In areas with expected mangrove
expansion, such as those in northeastern Brazil and in the southeastern USA, accu-
mulation and storage of carbon and nutrients as well as of pollutants may be
increased accordingly. However, along constrained coastlines where mangroves
cannot expand landward or on low-lying islands, erosion of the deposited sediments
may result in the release of nutrients and pollutants to the adjacent waters.

7.4 Vulnerability of Regions

The four most important factors determining the vulnerability of mangrove forests
to climate change are SLR and associated increase in frequency/intensity of storms,
temperature, and aridity. In this context, mangrove forests are best protected in
river- and tide-dominated settings where allochthonous inputs from land and ocean
can help keep pace with the rising ocean, i.e., along macrotidal coasts, in river estu-
aries and in wet coastal areas (e.g., Woodroffe 1992; Woodroffe et al. 2016).
Applying these criteria allows for an identification of the most vulnerable mangrove
regions to climate change worldwide as depicted in Fig. 7.5. While low-lying islands
in the equatorial Pacific are mainly threatened by SLR, areas further north and south
are possibly additionally threatened by an increased intensity of storms. The same
holds true for the Caribbean. In the already arid regions of the Red Sea and the
Persian Gulf, IPCC projections foresee increasing temperature and aridity
(Christensen et al. 2013; Collins et al. 2013), which may go beyond ecological
thresholds and therefore pose an additional risk to the existence of mangroves.
Other vulnerable areas include mangrove forests along coasts where narrow coastal
plains are restricted by mountains, such as in southeastern Brazil and on mountain
islands. It appears, though, that more mangrove systems are vulnerable to the
adverse effects of climate change in the IWP than in the AEP region (Fig. 7.5). A
recent assessment of climate change impacts on mangrove forests, based on IPCC
projected regional changes in salinity, precipitation, and SLR (Alongi 2015), came
to a similar conclusion.
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Fig. 7.5 Mangrove regions most vulnerable to consequences of climate change (sea level rise,
increased frequency/intensity of storms, increasing temperature and aridity) are marked in red.
Regions were chosen according to most severe changes projected by the IPCC ARS. Mangrove
distribution (green lines) (According to Giri et al. (2011); data set taken from UNEP World
Conservation Monitoring Centre, URL: data.unep-wcmc.org/datasets/21. World borders data set
taken from Thematic Mapping Engine, URL: thematicmapping.org)

7.5 Interaction with Human Interventions

Human activities play an important, if not the dominant, role in the decline of man-
grove forests (Valiela et al. 2001), although mangrove loss has slowed over the last
decades (Spalding et al. 2010). It is still alarmingly high. Assuming that deforesta-
tion continues at the usually cited loss rates of 1-2% per year (Alongi 2002), man-
groves will be lost before the end of the century, rendering climate-related changes
almost negligible (Alongi 2008). However, recent studies indicate that the average
loss rate was an order of magnitude lower since the year 2000. Between 2000 to
2012 global mangrove deforestation varied between 0.16% and 0.39% per year
(Hamilton and Casey 2016) and was on average 0.18% per year in Southeast Asia
(Richards and Friess 2016), the region which contains the greatest diversity of man-
grove species and roughly one third of the global mangrove area. Taking this into
account mangrove vulnerability to climate change threats may be larger than previ-
ously thought.

The major factor determining mangrove resilience to climate change related SLR
is landward migration as shorelines retreat. The survival of the ecosystem as a whole
is then mainly determined by hinterland topography and/or sediment accretion
allowing the system as such to migrate landward and to maintain a suitable surface
elevation. Simulations of landward migration in Gazi Bay, Kenya, until the year
2100, have shown that mangroves under low to medium SLR scenarios can manage
without significant losses. However, under a maximum SLR scenario, further land-
ward migration is obstructed by a strong increase of the topographical gradient (Di
Nitto et al. 2014). What becomes even more important in this context is coastal
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development, i.e., settlements and hard engineering coastal protection (e.g., sea-
walls, revetments), that hinders landward migration of mangroves. Coasts suffering
from mangrove clearing can become destabilized even when coastal engineering
measures are taken. In Guyana, for example, the coastal dikes constructed after
mangrove clearing were not as efficient in stabilizing the muddy coast as the man-
groves were (Anthony and Gratiot 2012). However, with respect to SLR and an
increasing storminess, coastal engineering measures and mangroves may even com-
plement each other as shown by an example from the Mekong Delta. There, keeping
or restoring mangroves helps to keep the necessary dikes lower and hence less
expensive than without a seaward mangrove belt (Albers and Schmitt 2015).

Other important human factors are the regulation of hydrology and land use
change, which affect fluxes of sediments and all other dissolved and particulate
constituents from terrestrial runoff. Land use change, mainly deforestation, settle-
ments and infrastructure, leads to an increase of erosion and higher river fluxes of
suspended sediments, nutrients, and other substances. The opposite happens in the
case of river damming and other hydrological regulations (e.g., Vorosmarty et al.
2003; Walling and Fang 2003; Jennerjahn 2012). A global analysis of river fluxes
showed that human activities have increased the suspended sediment transport to
the ocean by 2.3 x 10° t year™! through soil erosion, and simultaneously decreased
the transport by 3.7 x 10° t year~! through trapping in reservoirs behind dams,
resulting in a net loss of 1.4 x 10° t year™' suspended sediment during the
Anthropocene (Syvitski et al. 2005). However, large regional variations in the net
effect of both processes and increases in the sediment load during the Anthropocene
are almost exclusively observed in the tropical belt. While the coasts of Africa, large
parts of South America, and West Asia suffer from reduced sediment input, sedi-
ment fluxes increased in parts of South and Southeast Asia (mainly Indonesia and
the Philippines) and in Central America and the Amazon region (Syvitski et al.
2005). In the latter regions, the increased sediment input can probably to some
extent offset the adverse effects of SLR and may even promote an increase in man-
grove area. In the former coastal regions, sediment starvation may aggravate the
loss of mangrove areas to SLR.

Eutrophication is another anthropogenic threat to coastal ecosystems. Human
discharges of nitrogen and phosphorus into the ocean have increased by a factor of
three from the 1970s to the 1990s (Smith et al. 2003). The Mississippi—Gulf of
Mexico and the Danube—-NW Black Sea are two prominent large-scale examples of
how human interventions drastically change the amount and composition of nutri-
ents with associated effects on biogeochemical cycles and food webs (e.g., Humborg
et al. 1997; Rabalais et al. 2000). However, the inputs and ecological consequences
can be very different in tropical regions (e.g., Jennerjahn et al. 2008; Jennerjahn
2012). Flooding with nutrient enriched coastal waters and increased input of fluvial
nutrients may enhance productivity of mangrove forests, but may also cause changes
in community composition of flora and fauna. However, nutrient enrichment may
also increase mangrove mortality (Reef et al. 2010). Since nutrient enrichment
favors the growth of shoots over roots, the higher water demand of the shoots has to
be met by the roots. This, in turn, increases the vulnerability of mangrove trees to
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environmental stress such as high salinity, low humidity, and low rainfall (Lovelock
et al. 2009). Seaward fringing forests are less vulnerable than landward scrub for-
ests due to differences in inundation frequency and these differences become larger
along gradients in aridity. The higher ratio of above- to belowground biomass could
also make mangrove forests more vulnerable to windthrow and waves (Alongi
2008; Lovelock et al. 2009). It is therefore conceivable that eutrophication will
exacerbate climate change—related mangrove dieback particularly in areas exposed
to tropical storms and where temperature and aridity increase.

The increasing settlement and use of coastal zones also changes the physical
conditions. Large deltas of major world rivers have always been preferred locations
for human settlement. Tropical deltas also host the most luxurious mangrove forests
because of the high sediment and nutrient supply, and wide intertidal zones. The
subsidence of deltas has increased dramatically in the past decades, mainly due to
the reduced sediment supply caused by river damming, extraction of oil, gas, and
water from delta sediments, and floodplain engineering (Syvitski et al. 2009).
Subsidence due to natural compaction is generally <3 mm year~! (Syvitski 2008).
Accelerated compaction due to human activities can be orders of magnitude higher
as, for example, in the Chao Phraya, where it ranges between 50 and 150 mm year™!
(Saito et al. 2007). An analysis of 33 representative world deltas revealed that many
of them are sinking relative to the global sea level mainly because of human activi-
ties making them particularly vulnerable to flooding and storm surges. Many of the
major world river deltas in the tropics are at great risk, particularly in Asia. Relative
rates of SLR in those regions are generally >2 mm year™' and can be as high as
150 mm year~'. Moreover, the northern hemisphere Asian deltas are exposed to the
highest frequency and intensity of tropical storms (Syvitski et al. 2009). Taken
together, it appears that mangrove areas that were supposed to be least vulnerable to
SLR and other consequences of climate change because of high allochthonous
inputs of sediment and nutrients, may be more vulnerable than previously thought
due to the human-induced sinking of deltas (Lovelock et al. 2015b).

7.6 Effects on Ecosystem Services

The ecosystem services (ES) of mangroves will change during this century because
of climate change and associated SLR, but probably much more by other human
interventions. In particular, the “provisioning” and the “cultural” ES, which are
directed towards sustaining livelihoods will be much more affected by increases in
exploitation. The climate change related overall loss of mangrove areas will also
lead to an overall loss of ES, but apart from that the consequences of climate change
will be more relevant for the “regulating” and the “supporting” ES and probably
display large regional variations (Table 7.2).

At the lower end of the temperature range, global warming may positively affect
almost all ES. The “provisioning” ES may benefit from the temperature-induced
increased productivity, i.e., at the northern and southern latitudinal limits of mangrove
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distribution, it could lead to an enhanced supply of fuelwood and building materials.
It could also enhance carbon sequestration (“regulating”) and even tourism and rec-
reation (“cultural”) could benefit from more comfortable temperatures. Such a pro-
liferation at latitudinal limits will often occur at the expense of salt marshes. As both
these ecosystems have almost similar ES, also in monetary values (Barbier et al.
2011), this ecosystem change may not change the overall ES of such a coastal zone.
However, there are clear exceptions, such as Hawaii, where mangroves are
non-native introduced species. Changes resulting from mangroves replacing other
coastal habitats have been interpreted as reducing ES, including reduced stream
flow with concomitant flooding risk in adjacent inhabited areas, eliminating open
water habitats of native waterbird species, and obstructing culturally valuable fish
ponds (Allen 1998; Chimner et al. 2006).

At the upper end of the temperature range, further temperature increase can
exceed species-specific thresholds and result in less productivity, hence reducing
“provisioning” ES. This is of particular importance in areas that may suffer from
reduced freshwater supply in the future, e.g., in the Persian Gulf and the Red Sea. In
general, increasing aridity and decreasing freshwater inflow probably impair the
“regulating” ES such that, for example, the filter function for nutrients, sediments,
and other elements will be reduced. In areas that are projected to expect an increas-
ing freshwater and allochthonous sediment input, the “regulating” and “supporting”
ES may benefit. According to the IPCC ARS, this is mainly the case for the Southeast
Asia/West Pacific region and the west coast of South America (Fig. 7.2). However,
in the former region, the large number of dams and other regulations of hydrology
will counteract such enhanced freshwater and sediment inflow into the coastal zone
while increased erosion due to deforestation may support it. Species-specific
responses of organisms to warming and changing water availability may lead to
changes in the community composition, which can have consequences for ES. For
example, changes in tree community composition can directly affect sediment trap-
ping, water quality maintenance, and nutrient cycling functions, while a change in
benthic fauna through altered burrowing and feeding activities may affect nutrient
cycling and carbon sequestration (Table 7.2).

Rapid SLR will mainly impair the “regulating” ES by increasing beach and soil
erosion and, in turn, also lower the coastline protection. This is of particular impor-
tance in regions with low freshwater and allochthonous sediment input and where
increasing heat and aridity are projected to be most vigorous like, in the Red Sea
and the Persian Gulf. Increases in the frequency and intensity of storms will prob-
ably impair all the “regulating” ES and tourism may also suffer strongly in affected
regions (Fig. 7.5). During floods, storms, and extreme high water events exacer-
bated by climate change, the increased turbidity and direct hydrodynamic damage
will change the “supporting” ES in a way that will alter nutrient cycling, probably
destroy nursery habitats and change biodiversity (Table 7.2). The most deleterious
effects on ecosystem services can be expected in areas that are most vulnerable to
the combined effect of SLR and storms like, for example, in the Caribbean, on
Pacific islands and along the Chinese and Japanese coasts (Fig. 7.5).
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Table 7.2 Climate change-related effects on mangrove ecosystem services: Ecosystem services of
mangroves defined by the UNEP World Conservation Monitoring Center (Wells et al. 2006; second
column) are grouped in the four categories defined by the Millennium Ecosystem Assessment
(2005; first column)

Mangrove ecosystem

Category service Response to climate change
Provisioning (a) Subsistence and o Area loss decreases all ES
commercial fisheries « Shift in community composition may lead to
(b) Aquaculture change of particular ES value (c) to (f) (one
(c) Honey species may have a higher value than another)
(d) Fuelwood o Increasing temperature and reduced freshwater
(e) Building materials inflow may impede (a) and (b)

(f) Traditional medicines Increasing productivity (because of increasing

temperature and CO,) increases (d) to (f)

Regulating (a) Protection of beaches  Area loss decreases all ES
and coastlines from Rapid SLR decreases (a) to (d)
storm surges, waves, Increasing intensity of storms decreases (a) to

and floods (e)

(b) Reduction of beach and |« Reduced freshwater inflow decreases (d),
soil erosion increased freshwater inflow may increase (d)

(c) Stabilization of land by (if freshwater not laden with anthropogenic
trapping sediments nutrients and pollutants)

(d) Water quality « Increased/reduced allochthonous sediment
maintenance (nitrogen input related to increased/reduced freshwater
and pollutant filter) input may increase/decrease (a) to (e)

(e) Climate regulation  Species-specific responses and changing
(carbon sequestration) community composition may alter (c) to (e)

Cultural (a) Tourism and recreation | Area loss decreases all ES

(b) Spiritual—Sacred sites |« Changes in freshwater and sediment inflow
may impair (a)
« Increases in storm intensity decrease (a)

Supporting (a) Cycling of nutrients  Area loss decreases all ES

(b) Nursery habitats ¢ Reduced/increased freshwater inflow

(c) Biodiversity decreases/increases (a)

« Increases in storm intensity decrease (a)
and (b)

 Species-specific response will alter, probably
reduce (c)

The degree of resource exploitation is another critical factor that may accelerate
the climate change related loss of mangroves. Natural resources are a major supplier
of mangrove ecosystem services, i.e., the “provisioning” ES (Table 7.2), directly
sustaining livelihoods of people, but at the same time also a major threat to man-
grove survival, if not controlled in a sustainable way. The “regulating” ES of man-
groves are to a large extent determined by the physical setting and its interaction
with the flora and fauna. The vegetation, in particular the roots, largely determines
the dissipation of tidal and wave energy in mangrove forests, which promotes the
settling of particles and hence, the formation of sediments. It stabilizes the whole
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system and contributes to an increase in area (e.g., Mazda et al. 2007). As such, the
mangrove vegetation provides protection from waves and storms and supplies the
substrate and preconditions on which the “provisioning” ES build. Similarly, eco-
system engineers such as crabs also have important functions like, for example,
retaining nutrients in the system (e.g., Robertson 1986; Robertson and Daniel 1989;
Nordhaus et al. 2006). Overuse of the “provisioning” ES by, for example, extraction
of too much mangrove wood, probably leads to a destabilization of the substratum
and eventually to the loss of sediments and nutrients, i.e., a weakening of the “regu-
lating” and “supporting” ES. The overexploitation-induced destabilization can
therefore accelerate the loss of mangrove areas related to SLR and increased inten-
sity of tropical storms.

7.7 Adaptation and Management Options

Being located at the interface between land and ocean in the high temperature range
of the globe and exposed to large gradients in physicochemical properties of water,
mangrove forests as a whole and their assemblage of organisms are by nature suc-
cessful “adaptors.” They have developed strategies that allow them to survive in
such harsh environments and even to move in response to sea level oscillations as
long as topographic gradients and surface elevations allow. Large-scale oscillations
of sea level on glacial-interglacial timescales led to major disruptions of mangrove
distribution during the Pleistocene. However, since around 7000 years ago, when
the speed of SLR slowed down and sea level almost reached its present position,
mangroves have colonized a large part of the tropical intertidal zone (Woodroffe
et al. 1985; Woodroffe 1992).

Considering SLR, it is obvious that systems with little or no allochthonous sedi-
ment input are generally the most vulnerable. From Holocene records, it was con-
cluded that mangrove ecosystems can keep pace with rising sea level on the order of
8-9 cm in 100 years, are under stress at rates of 9—-12 cm in 100 years, and may
collapse at higher rates (Ellison and Stoddart 1991). This view has been challenged
by examples where mangrove swamps kept pace with higher rates of SLR (e.g.,
Snedaker et al. 1994 and references therein). Nevertheless, the aforementioned rates
appear to be valid for carbonate settings and/or low-lying islands where mangrove
growth almost exclusively builds on the autochthonous production. The various sce-
narios of the recent IPCC report suggest an average global SLR of 40—63 cm until
the year 2100 (Church et al. 2013), clearly higher than the threshold value for man-
grove settings without allochthonous sediment input. Increasing temperature, atmo-
spheric CO,, and nutrient input may increase mangrove productivity and growth in
carbonate settings and/or low-lying islands and hence, raise the aforementioned
thresholds. However, such an increase will not at all match even the lowest pro-
jected rate of SLR. As a consequence, many of the mangroves mainly in the western
Pacific and the Caribbean have little chance to survive long term.

In the numerous regions where human exploitation dominates, direct manage-
ment options mitigating potential adverse consequences of climate change are limited.
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An overview of adaptation options to augment mangrove resistance and resilience
to climate change (Gilman et al. 2008) suggests that it is rather the human-induced
degradation that can be readily mitigated. For example, reducing or eliminating the
main non-climate related stressors on mangroves and functionally-linked adjacent
coastal ecosystems would contribute to reducing mangrove susceptibility to climate
change outcomes. Managing coastal land uses to facilitate gradual landward man-
grove migration at sites where this is predicted to occur in response to relative SLR
is an additional adaptation method.

In combination with these and other options for augmenting mangrove resistance
and resilience to climate change, there is a need for (i) regional monitoring networks
to provide a stronger basis for inferring whether global versus local stressors are
causing observed changes in mangrove position, structure, and processes and (ii)
outreach and education activities to increase awareness of the value of mangrove
ecosystem services among the public and decision makers. The future of mangroves
therefore to a large extent depends on the degree of human interventions and their
interactions with climate-related changes.

7.8 Knowledge Gaps and Future Directions

* The physiological response of mangrove plants and animals as well as the
response of communities to climate change are not well understood and require
further study, in particular on the response to interacting multistressors.

* The carbon storage potential has large uncertainties and needs to be improved.

* There are large knowledge gaps on how the interaction of human interventions
and climate change will affect mangrove ecosystem structure, functions, and ser-
vices; multi- and interdisciplinary studies on these are required.

* Further efforts to increase the awareness among the public and decision makers
of the value of mangrove ecosystem services will contribute to decreasing the
risk of mangrove loss related to climate change.
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Chapter 8
Mangroves and People: Local Ecosystem
Services in a Changing Climate

Mark Huxham, Amrit Dencer-Brown, Karen Diele, Kandasamy Kathiresan,
Ivan Nagelkerken, and Caroline Wanjiru

There is no wealth but life
— John Ruskin

8.1 Introduction

8.1.1 The Value of Local Ecosystem Services

Mangrove forests are exceptionally useful ecosystems, but understanding the ways
in which they improve human welfare and communicating this so that it makes a
difference is difficult. A popular approach involves economic valuation. A range of
economic tools is used to capture and summarise the value of different services in
monetary terms. There are good arguments for this approach; ‘money talks’ so
nature can be heard. However, it risks encouraging partial or distorted views — often
to the frustration of economists themselves who do not conflate ‘the price’” with the value.
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It is particularly so for ecosystem services of most immediate benefit to local (and
often poor) people, the focus for this chapter. An example from Gazi Bay in Kenya
helps illustrate the point. Here the value of wood to be used as fuel for cooking is
only around 5% of the total economic value of the forest, whilst carbon sequestra-
tion makes up 38% (Huxham et al. 2015). This follows the typical pattern in which
regulating services such as coastal protection and carbon capture and storage domi-
nate the estimated values of mangrove forests when using economic methods.
However, 71% of households in the village rely on mangrove firewood and 96% of
the individuals responsible for collecting this wood are women (who as a group are
poorer than men). Throughout the tropics, it is common for women to carry the
burden of fuel wood collection (e.g., in Brazil; Glaser 2003); hence, under-valuation
of the ecosystem service of firewood production may marginalise women as well as
the poor. In Kenya, firewood is used daily in the preparation of food, whilst the
value of carbon sequestration to local people is a theoretical one at most sites
(although not entirely at Gazi; Plan Vivo 2015). Hence, firewood assumes an imme-
diate and pressing importance in the lives of some of the poorest people associated
with mangrove forests, an importance that may be obscured if we only rely on
global economic valuations. From the local perspective, the value of mangrove for-
ests in national or global policy may be irrelevant and, hence, do little to help
encourage local action for sustainable management. Social equity and practical con-
servation demand that we remember the importance of the local.

8.1.2 Defining Local Services

Ecosystem services are contributions to human welfare made by the natural world.
As such, all human beings are stakeholders in ecosystem services if we follow Hein
et al. (2006) in defining stakeholders in this context as ‘any group or individual who
can affect or is affected by the ecosystem’s services’; ultimately, all of us depend on
ecosystems. However, different services are generated and used at different spatial
scales. In defining here what we mean by ‘local’ ecosystem services, we focus on
the social rather than the ecological characteristics, since these two elements might
differ. For example, services might be generated at very small ecological scales
(such as truffle fungi growing in a few patches of a forest) but enjoyed over large or
distant scales (in exclusive restaurants gracing distant capitals). In economic lan-
guage, the ‘distance decay’ of a service might be fast (the shade provided by a tree?)
or non-existent (the value of Antarctic wilderness, as perceived by Europeans). Hein
et al. (2006) use international, national, state/provincial, municipal, family and indi-
vidual levels in their analysis of the institutional scales pertinent to ecosystem ser-
vices. Our definition of ‘local’ incorporates their individual to municipal levels.
Figure 8.1 summarises the spatial extent of key ecosystem services provided by
mangrove forests. It is based on the usual and maximum distances recorded in the
literature over which the benefits of a service from a specific mangrove site were
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Fig. 8.1 Mangrove ecosystem services by category range. Range refers to the maximum distance
over which the benefits of the service are spread, as recorded in a review of relevant literature. For
example honey and wax are utilised and sold immediately adjacent to forests and in global markets
hundreds of kilometres away. In contrast, commercial pharmaceuticals serve only global or distant
markets. Our definition of ‘local services’ are those of most benefit to people in close proximity to
mangrove environments. Whilst payments for ecosystem services schemes can make distant ser-
vices of local benefit we exclude them from this review. Full details of the methodology under-
pinning Figs. 8.1, 8.2 and 8.5 are provided in supplementary materials

spread; for example, the distance to the market of a product such as charcoal or the
area of coastal land protected from storm surges. Hence, the ecosystem services
considered in this chapter are primarily those of most benefit to people living in
close proximity (from zero to tens of kilometres) of mangrove forests. This defini-
tion excludes services such as carbon sequestration and storage that benefit all
humanity, since these benefits accrue more internationally than locally. In an
increasingly globalised and interconnected world, such distinctions between ‘local’
and ‘global’ scales of impact and benefit has become harder. A striking example is
the inequality in the distribution of costs borne and benefits realised from intensive
shrimp aquaculture in mangrove swamps. High income groups (the global rich) are
responsible for 44% of the estimated costs of this destructive practice but suffer
<0.5% of the damages (mainly because they usually live at a great distance from the
affected sites); the equivalent data for low income groups are 29% and 54% (using
‘equity weighted’ sums that correct for poverty; Srinivasan et al. 2008). One
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complication here is the existence of a range of market and policy mechanisms that
may help transfer these global benefits (or compensation for costs) back to local
levels, creating real income for local people. Examples include payment for ecosys-
tem services (PES) schemes in which local stakeholders are paid for protecting and
enhancing services enjoyed by others (Locatelli et al. 2014; Plan Vivo 2015). Whilst
acknowledging their potential for helping to ‘make the global local’, such schemes
are still rare in mangrove areas and are beyond the scope of this chapter.

The local mangrove services we consider here include provisioning (fuel wood
and charcoal, fodder, timber, crabs and fin-fish) and regulating (coastal protection
and fisheries nursery functions) services. We chose these because the literature
emphasises their local importance and because there is information to explore gen-
eral trends; other services, such as water filtration, may be vital locally but are
poorly studied. The forests that deliver these services range in size from a few hun-
dred trees to thousands of hectares, may consist of just one or dozens of tree species
and may grow in vast deltas or on tiny over-wash islands; but the diversity of our
subject matter is not limited to the biological and geographical features. The types
of human communities contiguous to these forests range from megacities to tiny
villages and consist of some of the poorest and the wealthiest people on the planet.
Any general patterns that emerge in the face of such variety are likely to be impre-
cise and to ignore multiple exceptions. This does not mean that attempts to classify
mangrove forests and their ecosystem services at the global scale are doomed to
lack utility. For example, a scheme based on only three variables — soil organic mat-
ter, suspended particles and tidal range — provides a useful indication of the likely
best approaches to mangrove restoration across the tropics (Thorsten and Friess
2016). Two guiding and interacting themes inform the approach taken in this chap-
ter: the roles of biological diversity and of poverty. For each of our local services,
we consider whether patterns of usage — involving, for example, particular species
or families of mangrove trees — are consistent between biogeographical regions. We
examine the role of biological diversity in determining local use and value of man-
grove forests, asking whether people exploit a wider range of species, which pro-
vide a wider range of services, in forests with higher levels of floral diversity. We
also explore the social factors, and in particular poverty, that may determine forest
use. Finally, we conclude with thoughts on the future. Mangrove ecosystems face
numerous challenges, not least from climate change; are there biological or social
factors that are likely to make the provision of local mangrove services more or less
vulnerable in the face of these stresses?

8.2 Fuel Wood and Charcoal

Mangrove trees are used for fuel wood and charcoal production throughout the trop-
ics, making this ecosystem service one of the most widespread (Walters et al. 2008).
Many studies report that mangrove wood is highly prized as fuel. In Pakistan, about
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0.1 million people use 18,000 tonnes of mangrove firewood each year (Vannucci
2002). In the Philippines, ‘mangrove wood is unanimously viewed as superior for
firewood to non-mangrove wood’ (Walters 2005). This preference may reflect the
ease of access to the wood, or the fact that it is not owned or actively managed at
some sites, i.e., that it is an open access resource in contrast to wood from trees
deliberately cultivated. Thus, forests that are adjacent to settlements and are easy to
reach are likely to experience higher rates of exploitation. This can sometimes
reflect seasonal differences in accessibility; for example, flooding permits easier
access to mangrove firewood by canoe in Cameroon (Munji et al. 2014). However,
the superior qualities of the wood, such as its ability to burn for a longer time and at
high temperatures combined with the production of particular flavours of wood
smoke may also be important. Walters (2005) describes how the use of mangroves
as firewood increases dramatically during fiestas in the Philippines, when even
households that do not routinely use it, prefer it for roasting pig. Because species in
the family Rhizophoracea (such as Rhizophora spp. and Ceriops spp.) produce par-
ticularly dense wood that sustains hot fires, some literature identifies them as pre-
ferred sources of fuel wood. Less desired species, such as Avicennia germinans,
may be left untouched as part of a management strategy (for example in the
Caribbean; Smith and Berkes 1993), since maintaining canopy cover can help pre-
vent deterioration of sediment quality and help ensure natural regeneration (Huxham
et al. 2010). More commonly, however, other species are also exploited if the pre-
ferred sources are depleted. The tendency for communities to prefer Rhizophoraceae
(and specifically R. mangle) is most pronounced in the Atlantic-East-Pacific region
(Table 8.1), which is also the region with the lowest overall species richness of man-
groves. With increasing availability of different species (or perhaps decreasing
dominance of one or two key species), there is less evidence of a clear preference.
Hence, communities in Asia are recorded as utilising a wide range of different spe-
cies with no clear preferences (Table 8.1). For fuel wood, this broad comparison
suggests that increasing biological diversity (that is, increasing numbers of man-
grove species) generally correlates with increasing diversity of human use and per-
haps, greater flexibility in provision of this ecosystem service.

Wood is the main source of domestic fuel throughout the tropics, although rates
of use vary widely between countries. Much of this variation is driven by climate,
with desert and dryland nations having much lower wood resources than those in
wetter areas. For example, people in Chad use an estimated 0.3 kg/cap/day com-
pared with 1.5 kg/cap/day in wetter Nigeria (Yevich and Logan 2003). However,
social factors exert at least as strong an influence as climate. Africa has the lowest
global per capita use of fossil fuels because of its relative poverty. Hence, most
people, and especially those in rural areas, rely heavily on biofuels, principally
wood and charcoal. For example, rural households in Kenya consume an average of
2.14 kg/cap/day of fuel wood, more than 15 times the average used in urban areas
(Kituyi et al. 2001). Urban dwellers have a higher reliance on charcoal, at 0.37 kg/
cap/day, than rural users (0.26 kg/cap/day), which partly compensates for this lower
fuel wood use (Kituyi et al. 2001). Rates of fuel wood use are even higher in other
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Table 8.1 Mangrove species used for fuel wood and timber in the Atlantic-East-Pacific (AEP) and
Indo-West- Pacific (IWP) regions. Species in bold are those highlighted in studies that report more
than one species being used but identify those species as of particular importance. Information
here and in subsequent tables was taken following a literature search for detailed case studies of
particular sites as well as more general overviews of countries and regions. Full references and
more methodological information for Tables 8.1, 8.2, 8.3, and 8.4 are available as supplementary
material

AEP region IWP region
Americas Caribbean | W Africa E Africa ‘ Asia Oceania

Fuel wood

R. mangle R. mangle | A. germinans | A. marina A.officinalis B. gymnorhiza
A. germinans C. erectus B. gymnorrhiza | A. corniculatum | R. apiculata
L. racemosa | C. tagal A. marina

R. racemosa | R. mucronata B.cylindrical
R. mangle S. alba B. gymnorrhiza
B. parviflora
C.decandra

E. agallocha
H.fomes

L. racemosa

R. apiculata

R. mucronata
S. apetala

S. caseolaris
X. granatum

Timber

A. germinans R. harisonii | B. gymnorrhiza |A. marina B. gymnorhiza
L. racemosa A. germinans | C. tagal A. officinalis R. apiculata
R. mangle R. mangle R. mucronata | B. cylindrical
B. parviflora
E. agallocha
H. fomes

R. apiculata

R. mucronata
S. alba

S. apetala

X. granatum

B. gymnorrhiza

African countries where relatively abundant supplies of wood combine with poverty
and lack of access to fossil fuels; thus, Zambia tops the per capita consumption rates
at 3.24 kg/cap/day (Yevich and Logan 2003). Mangrove forests provide an interest-
ing case study of how poverty and social factors influence the use of natural wood
resources; most users of mangrove fuel wood collect under de facto open access
conditions from unplanted forests growing close to their homes. Reviewing the lit-
erature for case studies that identify proportional reliance (the percentage of house-
holds using mangrove wood for fuel) in communities living adjacent to mangrove
forests shows a strong influence of average income (as reflected by GDP per capita
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Fig. 8.2 Local dependence on mangroves fuel wood versus national average per capita
GDP. Dependence data come from case studies of communities living adjacent to forests, and
show the percentage of households reported using mangrove fuel wood. GDP per capita are in
international dollars (adjusted for spending parity) taken from IMF 2014. Linear regression
R?*=0.63, P<0.001. Countries are BR Brazil, CM Cameroon, GM Gambia, /D Indonesia, IN India,
KE Kenya, LK Sri Lanka, MM Myanmar, MX Mexico, PH Philippines, TH Thailand, 7Z Tanzania,
VN Vietnam and ZA South Africa

for the country) on the proportional use, with wealthier countries showing less
reliance (Fig. 8.2). However, the considerable scatter in this relationship also reflects
the importance of local conditions including governance and access regimes; for
example, the data from Tanzania represent an outlier, with unexpectedly low
percentage use, because of the effective regulation in force in the area of the case
study (McNally et al. 2011).

Just as mangrove wood is considered a superior fuel, charcoal derived from man-
groves is also highly prized as long burning, with a low ash and moisture content
and resistance to spitting. Whilst exploitation for fuel wood and charcoal often co-
occur and share some of the same driving factors, there are significant differences in
the socio-economic characteristics of these two related services. In particular, char-
coal is often produced for sale to markets that may be at a great distance (more than
2000 km) from their source (Fig. 8.1). Hence, its definition as a local ecosystem
service is less consistent than for firewood. Although there are cases of large-scale
cutting of mangrove forests to supply commercial markets with fuel wood (for
example, in Cameroon, where mangrove wood is also used for smoking fish; Atheull
et al. 2009), most exploitation for fuel wood is artisanal, unmanaged and outside
formal markets. In contrast, some mangrove forests are planted and managed spe-
cifically for commercial charcoal production. For example, plantations of R. apicu-
lata have been managed for charcoal in Thailand for 50 years (Kridiborworn et al.
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2012), whilst the Matang mangrove forest reserve in Malaysia has been a model of
mangrove silviculture, producing commercial charcoal and poles for timber, for
more than a century (Goessens et al. 2014).

8.3 Timber, Thatch and Fodder

Mangrove wood is used for a range of timber products, from small household items,
to fish traps through to large beams for construction (Walters et al. 2008). Harvesting
for timber is often species and size specific. For example, in Kenya, poles with
diameters of 8—13 cm are preferred for construction and R. mucronata has been the
main species targeted for these. This has in some areas led to shifts in forest compo-
sition towards less valuable species such as Ceriops tagal (Kairo et al. 2002). In
Colombia, R. mangle is targeted for poles, whilst A. germinans is preferred for
planks; this selective extraction has led to shifts towards Laguncularia racemosa
dominance (Blanco et al. 2012). Whilst a general preference for Rhizophoraceae is
recorded in the literature, and is reflected in the deliberate cultivation in managed
forest (Goessens et al. 2014), it is not universal (Table 8.1). As with firewood, the
largest number of exploited species is recorded from Asia where the largest number
of available species grows.

The mangrove palm Nypa is often highly prized. The fronds of this plant are used
as thatch for houses and outer boundary walls. One hectare of Nypa plantation pro-
vides about 15,300 palm leaves each year. In addition, mats, baskets, hats and rain
caps are also woven from leaf fibres. Young leaves are used as wrappers for food,
while the ribs are used as fuel. The sap of young inflorescences is tapped for sugar
production, alcohol distillation and vinegar production. The soft endosperm of the
fruit is edible and highly esteemed in Thailand, Indonesia and Philippines. The hard
shells of the ripe fruits are used to make buttons.

Some mangrove species, particularly Avicennia spp., provide cheap and nutritive
feed for buffaloes, sheep, goats and camels; this use is common in arid areas of
India, Pakistan and the Persian Gulf region. It is believed that cattle feeding on
mangroves yield highly nutritious milk. Camel herding is one of the activities prac-
ticed by the pastoral communities known as ‘Maldharis’ in Gujarat, India. The
Maldharis are in the habit of shifting along with their livestock to distant areas in
search of fodder for their cattle, and degradation and restriction of access to man-
grove forests have critically impacted their livelihoods (Kathiresan 2015).

8.4 Mangrove Crab Fisheries

An abundant and diverse fish, mollusc and crustacean fauna inhabit mangrove for-
ests and estuaries. Many species are exploited by small-scale and artisanal fisheries
(sensu FAO http://www.fao.org/fishery/topic/14753/en) for subsistence and income.
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Fig. 8.3 1000 to 3000-year old clay artefact of the mangrove crab Ucides cordatus (Museo Forte
do Castelo, Belém, Pard). Excavated at Marajé Island near the mouth of the Amazon river, Brazil
(Museo Forte do Castelo, Belém, Pard, personal communication) (Photo credit: Karen Diele)

These fisheries deliver the major value of marketed mangrove resources (Walters
et al. 2008). We focus on the fishery of crabs here, a key faunal component of man-
grove ecosystems around the globe, playing important functional roles whilst also
delivering significant provisioning services and being culturally important. In north-
ern Brazil, for example, the obligate mangrove forest dweller Ucides cordatus is the
most frequently used mangrove resource and supports a valuable market-driven
yield of up to 7 tonnes per km? Rhizophora mangle forest yr.”' (Diele et al. 2010).
About 60% of interviewed households indicated its use for subsistence and 40% for
marketing (Glaser 2003). In Asia, mud crabs (i.e., Scylla spp.) reached a production
value of US$ 252 million in 2004 (FAO 2006; cited after Ellison 2008). Mangrove
crabs were probably already harvested in pre-historic times in the Americas, as sug-
gested by a richly ornamented clay artefact of U. cordatus (Fig. 8.3), dating back to
the Maraj6 culture (approximately AD 400-1350) (Diele et al. 2010). Coastal vil-
lages in northern Brazil have retained a strong cultural relation to the fisheries
resources provided by adjacent mangrove ecosystems, exemplified par excellence
during annual thanksgiving festivals when dancers dress in beautiful ‘natural cos-
tumes’, such as those made entirely from crab shells (Fig. 8.4).

Table 8.2 summarizes a literature search for mangrove and mangrove associated
crabs fished for subsistence and/or commercial purposes. The harvested crabs
include supratidal species of the family Gecarcinidae, intertidal forest-dwelling
grapsid, ocypodid, sesarmid and ucidid crabs foraging at low tide, as well as mostly
subtidal/mangrove—estuarine families (Calappidae, Matutidae, Menippidae,
Oziidae, Panopeidae, Portunidae and Varunidae). The list is not exclusive, particu-
larly for species captured for subsistence that are unlikely to be adequately docu-
mented in the scientific literature. They are also not included in fisheries statistics
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Fig. 8.4 Girl dancing at
thanks giving festival in
Acarajo, north Brazil. Her
dress is made entirely out
of the shell from Ucides
cordatus legs (Photo credit:
Karen Diele)

that typically focus on marketed species only, despite the fact that local communities
may harvest significant amounts of these non-marketed fisheries resources. In
Micronesia, for example, the proportion of non-marketed catch to total catch was
estimated at 90% (Naylor and Drew 1998). Clearly, to obtain a realistic view of
livelihood dependencies on mangrove forests, of fishery impact on the full range of
harvested species (including the delivery of functional roles of the targeted species)
and of economic valuation of mangrove ecosystems, these non-marketed resources
need consideration. The poorest and less educated parts of coastal populations often
harvest supratidal and forest dwelling intertidal crabs, since their capture does not
require costly equipment. These species are mostly burrowing and can be caught
with relative ease (yet requiring professional experience) during low tide, e.g., by
digging them out by hand, grabbing them carefully with a hooked stick or with
simple baited traps (e.g., Brown 1993; Rodriguez-Fourquet and Sabat 2009; Diele
et al. 2005). The relative ‘affordability’ of this fishery permits self-employment, so
harvesting supra- and intertidal mangrove crabs holds an important poverty allevia-
tion function for those with few or no other income options. Harvesting subtidal
mangrove-associated species such as portunid crabs, e.g., Callinectes in the
Neotropics and Charybdis in the Paleotropics, generally requires more financial
input such as nets, and often involves trawling from smaller boats, resulting in a
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lower number of self-employed fishers. Crabs are also targeted by recreational fish-
eries in some countries, e.g., Scylla serrata in Australia.

Two main patterns emerge from the literature review regarding the identity and
diversity of the targeted species (Table 8.2). First, targeted species are mostly mid
(4-5 cm carapace width) to large- sized (> > 7 cm carapace width). Eating crabs is
a laborious task due to their hard carapace and small specimens may not contain
enough meat to make the effort worthwhile. This also explains why the number of
supra- and intertidal species that are fished is only a small proportion of the much
larger number of crab species associated with these habitats globally (about 300
mangrove species of brachyuran crabs reported; Ellison 2008), since few of these
species grow large, e.g., crabs of the genera Cardisoma and Ucides. The size selec-
tivity of crab fisheries further explains the globally much higher number of targeted
subtidal crabs compared to the intertidal ones. The portunid swimming crabs, for
example, include the large and fast growing species of the genera Callinectes,
Charybdis and Scylla, representing over half of the species listed in Table 8.2. The
size selectivity of mangrove crab fisheries, however, only accounts for the yield
directed to live-crab and meat-processing markets. In contrast, large numbers of
megalopae and small juveniles (‘crablets’) of mud crabs, Scylla spp., are collected
as seed stock to supply crab farms in many Asian countries. The continuous capture
of these early life stages due to expanding export markets is threatening wild popu-
lations (Quinitio et al. 2001).

The second pattern emerging from the literature review is that the number of
recorded species that are harvested is by far largest in Asia. This probably reflects
the overall higher faunal (and floral) diversity in this region (e.g., Ellison 2008),
rather than simply being a function of a possibly higher number of fishers. For
example, the number of medium-sized “fishable” sesarmid species is much higher
in this region than in the Americas (Lee 1998). Overall, the literature review yielded
27 exploited mangrove crab species in the AEP and 40 in the IWP. This divergence
matches the global pattern observed for the use of mangrove fuel wood, charcoal
and timber.

8.5 Mangrove Fin-Fisheries

Fish may utilise different habitats at different life stages (Kimirei et al. 2013) and
mangrove forests often act as important nursery habitats for marine fish (e.g.,
Nagelkerken 2009). Local households often depend directly on mangrove forests
for fish, deriving their income and subsistence from fishing practices within and
around forests (Barbier 2006). There can be serious social and economic conse-
quences for local people if this fisheries function is impaired. For example,
mangrove-rich areas in India provide up to 70 times more catch and income than
similar mangrove-poor areas (Kathiresan and Rajendran 2002). This service is often
well understood at a local level. Mangrove forests are described as ‘the roots of the
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Fig. 8.5 Local dependence on mangrove fish species versus national average per capita
GDP. Dependence data come from case studies of communities living adjacent to forests, and
show the percentage of households reported as being reliant on fishing in and around mangrove
waters as their main household income. GDP per capita are in international dollars taken from IMF
2014. Countries are BD Bangladesh, BR Brazil, CM Cameroon, KH Cambodia, SV El Salvador, F.J
Fiji, GM Gambia, /D Indonesia, KE Kenya, MZ Mozambique, NG Nigeria, 70 Tonga and 7Z
Tanzania

sea’ in Asia; their loss would leave no fish and the sea would behave like a tree
without roots.

Whilst fin-fish can be vitally important for individual households and whole
communities adjacent to mangrove forests, there is wide variation that cannot sim-
ply be explained by crude measures of poverty. In contrast with fuel wood, there is
no clear relationship between the GDP of the country and reported local reliance on
mangrove forests for fish (Fig. 8.5). Fishing is often an occupation of the poor, but
it can also secure high and stable incomes and may be central to cultural identity.
Furthermore, recreational fisheries are important in many countries with a high
GDP. Hence, in contrast to fuel wood, this local service may not decline in impor-
tance with increasing wealth.

Many of the world’s commercial fish species rely on mangrove areas during their
life cycle (FAO 2006). Table 8.3 shows the main mangrove fish taxa caught by arti-
sanal fishers in the AEP and IWP, identified in a literature search of studies looking
at artisanal mangrove fisheries; ‘key species’ (or taxa) were defined as those cited
from more than one study in any one region. Fish from the families Lutjanidae and
Gerridae are the most prevalent species and both commercial and artisanal fishers
target these.
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Table 8.4 Species of mangroves recorded as planted or managed specifically or primarily for the
purposes of coastal and storm protection. This includes ‘storm holes’ for sheltering boats from
cyclones in Australia and the Caribbean

AEP region IWP region
Americas Caribbean | W Africa E Africa Asia Oceania
Avicennia All species | Rhizophora sp. | Sonneratia | Avicennia spp. All species
germinans available alba A. marina available
Laguncularia A. officinalis
racemosa Kandelia spp.
Rhizophora K. candel
mangle Sonneratia spp.

S. apetala

S. caseolaris

Rhizophora spp.

R. apiculata

R. stylosa

8.6 Coastal Protection

The idea that mangrove forests can act to protect the shoreline is old. Saenger and
Bellan (1995) describe misguided advice to stabilise the banks of the Suez Canal by
planting mangroves and report official calls in 1911 to protect the coastline of
Cameroon using mangroves. Some local communities have also long recognised
this function; for example, Fijians traditionally maintained mangrove forests for
coastal protection, and areas that have continued this tradition suffer less erosion
now (Mimura and Nunn 1998). Both the profile and the understanding of this ser-
vice have developed rapidly in the past two decades, driven by dramatic events
(such as the Asian tsunami) and impending sea level rise. Mclvor et al. (2012) sum-
marise the evidence for protection against major events (storm surges) whilst
Thampanya et al. (2006) present a clear demonstration of how mangrove forests
control erosion; forested sites across Thailand suffered, over the past 30 years, sig-
nificantly less (or no) loss of shoreline compared to sites where mangrove trees had
been cleared.

The shoreline protection service often features prominently in official govern-
ment and NGO campaigns and in estimates of the total economic value of mangrove
forests. It may, however, be of less immediate concern to local people than provi-
sioning services, since its benefits can be subtle (gradual erosion) or demonstrated
during relatively rare events (such as storm surges), and the poor may not have the
luxury of privileging such longer-term considerations over more immediate subsis-
tence. It is certainly harder to find examples in the literature where this service is the
main incentive for local communities in their use, management and restoration of
mangrove sites than for other services (Table 8.4). However, knowledge of the abil-
ity of mangrove forests to protect the coast is widespread and is often reported as an
additional benefit in projects and surveys focused on other services such as fish and
timber. This is particularly true in Asia, where some of the worst tropical storms
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Boat jetty- before tsunami in 1990

Fig. 8.6 A jetty in south east India destroyed by the 2004 tsunami, in contrast to the resilient
adjacent mangroves (Photo credit: K. Kathiresan)

occur and where recovery from the 2004 tsunami continues. Barbier (2006) reports
how communities in Thailand that are most dependent on mangrove fish are most
likely to invest time in restoration, whilst also being aware of the protective function
of the forests. Dangerous storms provide tragic demonstrations for local people to
see for themselves the protective functions of mangrove vegetation, and local anec-
dotes are supported by wider surveys and theory. For example, in 2008, cyclone
‘Nargis’ caused the deaths of over 30,000 people in Myanmar, with mortality worst
in areas with no or degraded mangrove forests (Kathiresan 2015). Mangrove vege-
tation is often surprisingly resilient in the face of extreme events, in sharp and visi-
ble contrast to human infrastructure and artificial coastal protection (Fig. 8.6)

Theoretical and empirical studies have identified some of the mangrove charac-
teristics most likely to reduce the depth of storm surges, the heights of waves and to
ensure surface elevation in the face of sea level rise. The clearest (and most obvious)
is the size of the forest. Wave heights during a typhoon were reduced by 50% after
passage through ~380 m of K. candel forest, and by ~90% after 1 km (Barbier et al.
2008). The density of forest is also important (Kumara et al. 2010; Thampanya et al.
2006). Some species are more effective than others in reducing wave energy, in
particular those with denser aerial roots (hence, S. caseolaris is three times better
than K. candel; Barbier et al. 2008), and some (such as R. mangle compared with L.
racemosa) are better at recovering after storm damage (Mclvor et al. 2012 and refs
therein). Experimental work suggests that mixing species with different root pro-
files may boost forest productivity and therefore resilience (Lang’at et al. 2013).
However, where coastal protection or storm shelter are the key objectives of restora-
tion or management, the species of tree used are normally not selected specifically
or exclusively for their ability to stabilise and protect shorelines. The planning and
implementation of such work is rarely sophisticated enough to utilise such knowl-
edge, but must focus instead on considerations of ensuring successful planting and
growth and appropriate local tenure and governance (Primavera and Esteban 2008).
As with other services, Asia supports more species providing coastal protection than
in other regions (Table 8.4). This probably reflects the greater range of species avail-
able at individual sites rather than any deliberate attempt to utilise different ecologi-
cal or hydrological properties.
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8.7 The Vulnerability of Local Mangrove Services
to Climate Change

Mangrove forests face a wide range of stressors and threats. Any of these — such as
aquaculture, coastal development, diversion of freshwater and silt by dams and agri-
cultural conversion — can undermine the provision of their local services and require
urgent amelioration (Van Lavieren et al. 2012). Here, we focus on the possible
impacts of climate change for two reasons. First, this growing global threat is rele-
vant to all mangrove forests regardless of their location. Second, the factors that
make local mangrove services at any given site particularly vulnerable to antici-
pated climate change tend also to reduce their resilience to other threats. Hence,
considering climate change vulnerability helps clarify general points about the resil-
ience and fragility of local mangrove service provision and can thus improve the
management. The combination of potential climate change impacts and vulnerabil-
ity of individual species will help guide the type of management needed. For exam-
ple, when both variables are high, a more active and directed management approach
(e.g., habitat re-creation, species translocations) may be required, while passive
management (e.g., monitoring, ecosystem-based management) would suffice when
both are low (Koehn et al. 2011).

8.7.1 Mangrove Forests and Sea Level Rise

The positioning of mangrove forests at the interface of land and sea makes them
directly susceptible to sea level rise. Higher sea levels result in extended exposure
to seawater reducing growth, survival and reproduction (Krauss et al. 2008). The
degree to which any given forest is affected by sea level rise largely depends on
local physical processes, coastal geomorphology, interactions with other environ-
mental factors and ecosystem interdependencies (Mcleod et al. 2010; Alongi 2015).
The balance between sediment accretion rate and sea level rise is critical in deter-
mining whether mangroves drown, persist or expand at their seaward and landward
edges. Mangrove forests will be more resilient where sediment sources are plentiful
and unobstructed (Field 1995). Rivers are important sources of freshwater and sedi-
ment for riverine mangrove forests and their natural setting within the seascape is
therefore important. However, human activities modify freshwater and sediment
loads of rivers systems in many ways (Davis et al. 2015). For example, alterations
to river flows due to construction of dams and channels, and extraction of freshwa-
ter, have consequences for the influx of freshwater and sediment into tropical river
deltas. The degree of rainfall also regulates the magnitude of freshwater and sedi-
ment flow, and climate change is predicted to alter regional precipitation patterns,
most likely leading to less rainfall in dry regions and more rainfall in wet ones
(Alongi 2015).
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Mangrove forests may adapt to sea level rise by extending landwards (Di Nitto
et al. 2014), but the degree and type of coastal development at the landward fringes
will determine how likely this is. Where mangrove forests occur next to coastal
developments, their extension to higher elevation is prevented and forests are
squeezed in the coastal zone. Topography also plays a major role as steep slopes
prevent horizontal extension, while mangrove forests on flat, low-lying islands
quickly run out of space at higher elevations. For example, shoreline retreat in
Gambia has been predicted to be 6.8 m in cliffy areas and ~880 m in flat, sandy
areas, and most areas lost to inundation will be associated with wetland and man-
grove ecosystems (Jallow et al. 1996). Ecosystem interdependencies may further
alter the impacts of sea level rise. In cases where coral reefs or seagrass beds occur
close to mangrove forests, the wave energy is usually reduced by these more sea-
ward located ecosystem structures (Gillis et al. 2014). However, coral reefs are
unlikely to keep up with the rate of sea level rise, leading to more wave energy mov-
ing into back reef areas (Saunders et al. 2014). This effect will be further exacer-
bated by direct destructive impacts of local communities on reefs and reduced reef
calcification due to ocean warming and acidification. Whilst elevated CO, can lead
to enhanced mangrove primary productivity, this may only occur at low salinity and
high humidity (Ball et al. 1997). Hence, the combination of higher aridity (from
global warming) and salinity (from sea level rise) might counteract any positive
effects of elevated CO, on mangrove growth. Thus, climate change will most likely
cause multiple stressors to interact (see Chap. 7).

The degree to which local mangrove ecosystem services are affected by climate
change will depend on local environmental and geomorphological conditions and
whether humans exacerbate or mitigate climate change effects. For example, the
way in which river flows are modified can alter the responses to sea level rise. Some
mangrove forests will increase in surface area in response to sea level inundation
(Traill et al. 2011) and may provide more opportunities for harvesting wood and
forest products by local communities, whereas in other parts of the world, mangrove
areas might quickly decline (Saleem Khan et al. 2012) leading to lower primary and
secondary productivity. Higher sea levels can also have positive effects such as bet-
ter access by canoe to forest areas otherwise inaccessible to harvest mangrove wood
(Munji et al. 2014). Altered inundation patterns of mangrove wetlands may also
change their nursery function and alter fish community structures (Igulu et al. 2014;
Hylkema et al. 2015) and may affect local harvests. Not all ecosystem services will
be equally affected by climate change. In a case study in India, agriculture, aquacul-
ture and mangrove forests were the three natural resources most at risk of inunda-
tion from sea level rise (Saleem Khan et al. 2012). Aquaculture in this area is based
on brackish water farming of prawns, leaving this industry and the communities that
depend on this prone to salinisation from seawater intrusion.
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8.7.2 Range Extensions of Mangrove Forests

Mangroves are limited at their high-latitude ranges by low winter temperatures.
Climate change is facilitating range extensions of various mangrove species to
higher latitudes (Osland et al. 2013; Saintilan et al. 2014). Modelling studies sug-
gest that Central America and the Caribbean will lose relatively more mangrove
cover than elsewhere in the world due to regional decreases in rainfall (Record et al.
2013). Because saltmarshes occupy a similar ecological niche to mangrove forests,
this often leads to invasion of salt marshes by mangroves. In cases where they
already co-occur, mangrove forests have been observed to extend their ranges land-
wards and invade salt marshes (Saintilan and Williams 1999).

Whilst mangrove forests and salt marshes are both highly productive and support
fisheries, they harbour very different biological communities and therefore changes
in coastal vegetation due to climate change may have large consequences for local
marine fauna and for the people that depend on it. We know very little about the
response of associated marine species to mangrove range extensions, or range con-
tractions of salt marshes. As a potential analogue to range extensions, one study
found that introduced mangrove forests in Hawaii did not have a negative effect on
local fish communities and may act as nurseries for local as well as exotic fish spe-
cies (MacKenzie and Kryss 2013). Although the ultimate effects are still difficult to
predict, range extensions of mangrove forests will lead to losses as well as gains for
local human communities.

8.7.3 Range Extensions of Fisheries Species

As the oceans warm and foundation species like mangroves extend their ranges, so
will those species that depend on them. Many of these mangrove-associated species
are of high value to local fishers. Various marine species have already extended their
ranges to higher latitudes (Poloczanska et al. 2013); this is an on-going process
driven by ocean warming. Most emphasis on marine range extensions has been on
ecosystems and species from coastlines or the open ocean, with barely anything
known about inshore ecosystems or mangrove-associated fauna like fishes, crabs,
shrimp and bivalves. It is very likely that these taxa will also extend their ranges, but
we know little of the rate at which this might occur and the species that will respond
fastest. Mangrove-dependent species might be limited by the rate at which man-
grove habitats move, while others may outpace mangrove movement and utilise
novel habitats they encounter (Riley et al. 2014). Because many species that live in
mangrove forests and estuaries are more tolerant to fluctuating environmental con-
ditions than oceanic species (Gillanders et al. 2011), their responses might differ
from the latter. Life history strategy will also determine how fisheries species are
impacted, because some species use mangrove estuaries during their entire life,
some for part of their life, and some as transient areas to move between the ocean
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and freshwater systems (Crook et al. 2015). Because the rates of community
response to climate change will vary with habitat type, species with the most com-
plex life history dependencies might be particularly vulnerable (Nagelkerken et al.
2015). These include species that require mangroves, seagrasses and corals in close
proximity, such as various species of Haemulidae, Lutjanidae and Scaridae
(Nagelkerken et al. 2001).

The impact of species range extensions and changes in species assemblages due
to climate change on local communities will largely depend on the specific species
that are targeted by artisanal mangrove and estuarine fisheries. In addition, local
environmental factors and geomorphology will play a role, with (partially) enclosed
mangrove estuaries perhaps being less prone to range-extending species than ocean-
facing mangrove forests and mangrove forests along continental coastlines being
more likely to experience range extensions by post-settlement movement of marine
species than oceanic islands surrounded by deep waters.

8.7.4 Effects of Ocean Acidification, Warming, Salinity
and Hypoxia on Fisheries Species

Elevated CO, and temperature can have positive effects on primary producers,
thereby enhancing benthic and pelagic marine primary production and increasing
food availability for consumers (Roessig et al. 2004), although this is more likely to
be the case for temperate rather than tropical species. Higher temperatures elevate
metabolism usually leading to a greater demand for food (Roessig et al. 2004). In
cases where food is not limiting, growth rates of some mangrove and estuarine
fauna may therefore increase with temperature leading to higher reproduction and
secondary productivity (Hare et al. 2010). However, global meta-analyses suggest
that although primary production might increase in some regions, this does not
translate to higher (fisheries) productivity of most consumer species (Nagelkerken
and Connell 2015). Moreover, elevated CO, can have detrimental effects on species
survival rates through altered animal behaviour (Nagelkerken and Munday 2016)
and by reducing the growth of calcifying organisms (Fabry et al. 2008). Mangrove
forests harbour a range of calcifying species such as oysters, mussels and various
species of crustaceans, and ocean acidification is likely to have large impacts on
such seafood species (Branch et al. 2013).

The degree to which mangrove fisheries species are affected on a local scale will
depend not only on species identity, but also on multi-stressor effects. For example,
many shallow coastal areas and estuaries are increasingly turning into hypoxic
‘dead zones’ due to human eutrophication, exacerbated by ocean warming (Altieri
and Gedan 2015), whereas artificially drained mangrove wetlands can be sources of
highly acidic sulphur soils (Sammut et al. 1996). Furthermore, because climate
change is predicted to either increase or decrease rainfall (and therefore river flow
and salinity of estuaries) depending on region, and because many species have life
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cycles driven by temperature and salinity gradients, climate change will have
consequences for many species using estuaries (Gillanders et al. 2011; Igulu et al.
2014). This will be particularly evident for fish species from freshwater and marine
environments that temporarily move into and utilise (mangrove) estuaries as spawn-
ing grounds or nurseries (Boucek and Rehage 2014), as well as in offshore fisheries
that are often positively correlated with freshwater runoff and rainfall (Meynecke
et al. 2006). How such local and global stressors interact at levels relevant to local
communities, in combination with local hydrology and geomorphology, will deter-
mine the impact on local fisheries. Little is known about multi-stressor effects on
mangrove fisheries species specifically, but due to different species sensitivities to
such stressors (or their interactive effects), there is the possibility that local fisheries
might need to adjust the species they target in the near future.

8.7.5 Socio-economic Implications and Climate Adaptation
Options

The impacts of climate change on mangrove fisheries will vary among different
types of fishers (Roessig et al. 2004). Commercial fishers can often adapt to changes
in the range and season of fish stocks since their large boats can stay at sea for long
periods. They also have access to storage facilities and more distant markets.
Artisanal fishers are usually restricted to areas close to their homes and have fewer
financial resources for adaptation. Changes in fish species, abundances, migrations
and body sizes may therefore have a stronger impact on local communities, and
artisanal fishers may need to adjust the species they target and the gear they use. For
example, modelling studies have forecasted smaller fish body sizes and lower catch-
ability in the tropics (Rashid Sumaila et al. 2011). Recreational fishers are also
likely to be affected at local scales. A narrow range of fish species form the basis of
the recreational fishing industry in various countries. Some of these are associated
with mangrove estuaries, e.g., tarpon (Megalops atlanticus), bonefish (Albula
vulpes), grey snapper (Lutjanus griseus), and barracuda (Sphyraena barracuda) in
the Caribbean, and barramundi (Lates calcarifer) in Australia. Recreational fishing,
especially in westernised countries, can be a large industry with significant financial
flow-on effects to support businesses (e.g., hotels, restaurants, car rentals, boat char-
ters, sale of fishing gear and bait). For example, the annual recreational fishing
industry in Australia is worth $1.8 billion based on 3.36 million fishers (Stephan and
Hobsbawn 2014). In Queensland alone, the recreational fishery is worth ~ $320-
400 million annually, based on 700,000 fishers. About 43% of this state’s recre-
ational catch is from mangrove estuaries, with the main target species being
yellowfin bream (Acanthopagrus australis), sand whiting (Sillago ciliata), trum-
peter whiting (Sillago maculata), dusky flathead (Platycephalus fuscus), pikey
bream (Acanthopagrus pacificus) and barramundi (Taylor et al. 2012). Range exten-
sions of highly esteemed recreational species will probably have strongest effect on
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local businesses that cannot move as easily as the moving species, whereas the
fishers themselves could more easily target the species in their new ranges. The
aquaculture sector will also feel the impacts of climate change. Sea level rise and
increased storm frequency can lead to salinisation of inshore areas, having a nega-
tive effect on local communities that culture fish in freshwater ponds close to shore,
but potentially having a positive effect on shrimp farming (Ahammad et al. 2013).

Local communities most at risk from sea level rise are those living in low-lying
flat coastal areas where risk and extent of inundation will be largest. Sea level rise
and any increase in the intensity of storms following climate change will exacer-
bate the risks of coastal erosion and storm damage. Hence, the value of coastal
protection provided by mangrove forests is likely to increase, provided the forests
can adapt to the new conditions. Healthy forests with adequate sediment supply
should be able to track sea level rise, and management that encourages dense
growth may help (Kumara et al. 2010). Modelling saltmarsh carbon burial suggests
that initial responses to increased CO, may be an increase in organic matter accu-
mulation (Kirwan and Mudd 2012); if mangrove forests respond similarly, then
there may be initial positive impacts for this service. Also at risk are communities
that rely heavily on local resources (e.g., recreational fishing tourism, specific local
fisheries species, nearby fishing grounds) and cannot adequately adapt, i.e., diver-
sify livelihoods, migrate, change to alternative fishing areas, change to alternative
forms of protein, have insufficient capital to switch gear (Ruckelshaus et al. 2013).
Reliance on mangrove fisheries varies considerably (see Fig. 8.5) with economic
fisheries values in the range 0.2—12,305 US$/ha/yr. (Hutchison et al. 2014), show-
ing that different local communities will not be affected to the same extent. Fishers
that depend on traditional knowledge (rather than technology), using weather and
tidal patterns to predict abundance and catch potential of fisheries species, are at
high risk (Marschke et al. 2014).

Options for climate adaptation by local communities include switching gear and
fisheries target species, mangrove reforestation, fish species and habitat protection,
and greater reliance on ecotourism (Roessig et al. 2004). Ecotourism can provide a
buffer against further decline from exploitation and create income for local com-
munities (Marschke et al. 2014). Likewise, mangrove habitat protection and refor-
estation can buffer mangrove loss due to climate change and provide people with
access to a more diversified range of products making them more resilient to climate
change (Pramova et al. 2012). Another option for climate adaptation involves chang-
ing from wild-caught fisheries to aquaculture, because the latter has higher control
over water quality (Richards et al. 2015). The early life stages of fish are particularly
sensitive to global change stressors, and in aquaculture, these early stages are often
kept in culture environments where water quality can be monitored and adjusted.
While global stressors like warming and acidification are difficult to halt, appropri-
ate actions toward local stressors, such as eutrophication, acid soils and river flow
alteration, can mitigate cumulative stressor effects (Gilman et al. 2008) and provide
opportunities for species to acclimate. Climate change presents a major threat to
many oceanic habitats (and their services), but mangrove forests are by nature



268 M. Huxham et al.

amongst the most resilient to the anticipated impacts. For example, whilst risk of
impacts on warm water corals of an increase in sea surface temperature of 1.5-2 °C
is predicted to be high or very high, the direct risk to mangroves of a similar change
is undetectable or moderate (Gattuso et al. 2015). Hence, there is hope that careful
management of local stressors could allow mangrove forests to flourish under the
less extreme climate predictions. Severe concurrent impacts on more sensitive eco-
systems such as corals, and the predicted loss of their services, may make those
provided by mangrove forests even more important to many local communities.

8.8 Conclusions

We should do what we can to conserve and restore the world’s mangrove forests;
that is a general message that ecologists, economists, political scientists and
mangrove-dependent communities agree on (see Chap. 10). But the urgency of this
message, the chances of its success and the winners and losers from sustainable
mangrove management vary greatly from one place to another. As this chapter
shows, biological and socio-economic factors work together to determine the degree
of reliance of people on particular local mangrove services and species, and their
options in the face of decline or change in these services. In general, higher biologi-
cal diversity translates to a wider range of exploited species, and therefore greater
possible redundancy (or ‘insurance’) in the event of the loss or decline of any par-
ticular species. Similarly, greater wealth brings more options for fulfilling some
needs — fossil fuels and electricity, protein from farms instead of the sea, land that is
less vulnerable to salinisation and flooding. Similar conclusions are likely to apply
to climate change impacts. Hence, forests with many tree species may have the
biological resources to allow shifts in species composition in response to changes in
rainfall and salinity, whilst those with fewer species may not achieve this. Wealthy
communities can also invest in methods of fishing and storing fish that allow adapta-
tion to changing fishing locations, species and times. Put crudely, vulnerability to
current and predicted future stresses increases as we move from diverse and lush
mangrove locations to biologically depauperate and economically poor ones. Of
course, such a simplification ignores important caveats and may mislead thinking,
particularly where there are complex dependencies between these variables. For
example, mangrove forests that are biologically productive and diverse may be so
because of their place in a complex connected sea-scape of other forests and related
habitat (Brander et al. 2012). Their higher diversity may thus be a sign of a broader
vulnerability to environmental damage in fragile neighbouring habitats such as
coral reefs.

There is a general trend of greater variety of exploited fuel wood, timber, crab
species and coastal protection in the IWP (and particularly in Asia) than in the
AEP. This probably reflects the higher floral and faunal diversity of mangrove for-
ests in this region presenting a greater range of options for harvesting and planting.
Alternative explanations are possible; for example, sites with higher population
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densities and greater anthropogenic pressure may see people forced into the use of
a wider range of less preferable species. However, this is unlikely to explain the
broad pattern, since many sites in the AEP region report intense use of all the avail-
able, but limited, pool of species (for example for fuel wood in West Africa). Fin-
fish are an exception to this pattern and provide support for this opportunistic
explanation, since we are not aware of higher diversity of mangrove-related fish
species in Asia compared with other regions.

Income is a key predictor of the dependence on some local mangrove services.
Firewood is the best example here, with people changing to alternative fuels when
they can afford them. The use of less desirable (smaller) crab species is also prob-
ably closely linked to wealth. But this pattern, of ‘liberation’ from use of the local
forest, is not seen for other ecological services such as fisheries and coastal protec-
tion. Whilst wealth may bring a broadening of options, these often include an
increased expenditure on desirable fish protein or investment in infrastructure that is
sheltered by mangrove forests. Hence, economic development may increase local
resilience to environmental change, but does not imply a reduction in the value,
economic or ecological, of mangrove forests. It will rather result in a shift in impor-
tance, often from provisioning towards regulating services and from less preferred
to higher valued products. Whilst the world as a whole benefits from mangrove
forests, it is local people, rich or poor, who are the key beneficiaries and who can
best act as their champions and protectors.
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Chapter 9

Anthropogenic Drivers of Mangrove Loss:
Geographic Patterns and Implications

for Livelihoods

Rinku Roy Chowdhury, Emi Uchida, Luzhen Chen, Victor Osorio,
and Landon Yoder

9.1 Introduction

National and global monitoring efforts of losses in mangrove areas are important to
highlight the seriousness of threats facing mangroves worldwide (Valiela et al.
2001), as well as the outcomes of recovery efforts. They provide an invaluable evi-
dence of changes to this dynamic and valuable ecosystem. However, multiple forces
drive global mangrove losses, whose nature and dynamics can vary dramatically
across regional and local contexts. If we are to truly understand the human dimen-
sions of these systems, we need to understand the fundamental drivers of mangrove
losses and how they interact at local levels. The fate of interdisciplinary mangrove
science as well as current and future mangrove conservation efforts rests on this
knowledge.
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In this chapter, we present a systematic, synoptic review of case studies involving
mangrove ecosystems from Africa, Asia, and Latin America to compare the funda-
mental drivers of mangrove losses at a global scale. We then delve further into two
significant drivers of mangrove losses: (a) mangrove-dependent subsistence econo-
mies and related poverty traps and (b) the global trade in shrimp. Next, we focus on
Southeast Asia/China and Ecuador, representing two distinct geographic regions that
have experienced rapid mangrove losses in the recent few decades, and examine spe-
cific drivers in those regional contexts. We discuss the implications of our findings for
mangrove vulnerability and prospects for resilience. We argue for the benefits of a
coupled system (specifically, a coupled socio-ecological system) approach to under-
stand the bidirectional linkages between mangrove ecological dynamics on one hand,
and the constellation of anthropogenic drivers of mangrove change, on the other.

9.2 Proximate Sources and Underlying Driving Forces
of Mangrove Change: A Synoptic Approach

In this section, we draw from a representative cross section of subnational case stud-
ies to understand which factors are most prominent in driving mangrove loss.
Following Geist and Lambin (2002), we identify proximate sources of mangrove
loss (i.e., the immediate type of land conversion that directly provokes declines in
mangrove area), as well as the underlying, deeper driving forces behind such losses
(i.e., social and political processes behind the proximate land conversions, which
are the indirect causal drivers of mangrove loss), and how multiple drivers interact
to cause mangrove declines.

Specifically, we identified 43 case studies discussed in 38 published papers (33
journal articles, 2 book chapters, 1 dissertation, 1 conference paper, and 1 NGO
report) for our analysis of both the proximate sources and underlying drivers of
mangrove losses across Africa, Asia, and Latin America. Study periods ranged from
single-year analyses to decadal reviews, dating back as far as 1903 to as recent as
2010. Criteria for including cases in the analysis were: (a) quantified estimates of
mangrove loss during the study period—primarily as areal losses of mangrove cover,
but sometimes verified through the reduction in mangrove tree stem diameter linked
to unsustainable harvesting rates; (b) a detailed familiarity with the study area—as
demonstrated via field-based interviews, surveys, documentation of social contexts
or detailed case histories using a combination of primary sources and extensive lit-
erature reviews; and (c) a connection between specific proximate sources and under-
lying drivers identified by each author for the examined study area.

The overall patterns that emerged from this review provide evidence of distinct
regional differences, but grounded on similar dynamics of change. The dominant
proximate sources of change included land conversions to agriculture and
aquaculture, harvesting of wood products (e.g., to produce charcoal for cooking,
household and commercial construction), and infrastructure development (estab-
lishment of urban and rural settlements, roads, and dams). Underlying driving
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forces encompass demographic, economic, institutional, technological, and cultural
factors. Our findings indicate that a driving force of mangrove loss from a given
category (e.g., population increase as a demographic driver) did not occur in isola-
tion, but rather along with drivers in other categories (e.g., aquaculture-market
expansion as an economic driver).

Narrative descriptions of case studies suggest, moreover, that such coinciding
drivers could also have strong interactive effects. Most notably, economic factors
and policy/institutional factors have jointly driven mangrove loss across all regions.
It indicates that our results herein are descriptive in nature, indicating common con-
figurations (coinciding occurrences) of specific driving factors in cited cases of
mangrove loss. They should not be interpreted as results indicating statistical sig-
nificance or correlations among pairs of drivers in an analytical model, such as a
regression. The main elements shaping these dynamics are the livelihood needs of
people who directly utilize mangrove products, the opportunity to profit from aqua-
culture production, and government policies, property rights, and related institu-
tional regimes that promote short-term uses over long-term mangrove protection.

9.2.1 Proximate Sources of Mangrove Loss

Three main proximate sources dominated the case studies on mangrove loss: infra-
structure development, land use conversions linked to agriculture or aquaculture,
and wood extraction. Among these, conversions for agriculture/aquaculture and
harvesting of wood for both household and commercial use were the most com-
monly cited proximate sources of mangrove loss. Table 9.1 provides a breakdown
of the main proximate sources, and Table 9.2 further details the particular types of
mangrove conversion within these three main categories.

Agriculture and wood extraction are implicated in 29 (or 67%) of the 43 cases
(Table 9.1). Infrastructure development is also an important factor, occurring in 20
of the cases (47%). However, it is clear that the three main proximate sources of
mangrove losses most frequently co-occur, rather than occurring exclusively. For
instance, none of the case studies cites infrastructure as the exclusive proximate
source of mangrove loss. Rather, Table 9.1 indicates that infrastructure development
acts in tandem with land use or with wood extraction in a two-factor causal chain
driving mangrove loss (10 out of 43 cases), or with both land use and wood extrac-
tion in a three-factor causation (4 out of 43 cases). Of the limited number (16) of
single-factor proximate sources, wood extraction is indicated for 6 African cases
and 1 Latin American case, while land use conversions appear to be more frequent
in Latin America or Asia (4 cases each).

We find additional regional-continental differences when we examine the par-
ticular types of proximate sources of mangrove loss (Table 9.2). Conversion of
mangroves for aquaculture occurred in 26 of the cases (60%), overwhelmingly to
create shrimp ponds. Conversion to agricultural uses, mostly for rice cultivation and
pasture, occurred in nine cases (21%). Aquaculture occurs in 17 of 19 Asian cases,
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Table 9.1 The three main proximate sources of mangrove loss include the development of
infrastructure, land use conversions from forest to agriculture or aquaculture, and direct timber
harvesting. The table shows the interactions between these different sources in driving mangrove
losses

Africa Asia Latin America
All cases (n =43) (n=10) (n=19) (n=14)
Rel. | Cum. Rel. Rel.
Abs. | (%) (%) Abs. | (%) |Abs. (%) |Abs. | Rel. (%)
Single-factor causation (only one category or factor cited as the exclusive proximate source of
mangrove loss for the case)
Infrastructure - - - - - - - -
Land use (LU) 8 19 19 - - 4 9 4 9
Wood extraction 7 16 35 6 14 - - 1 2
Other 1 2 37 - - 1 2 - -
Two-factor causation
Infra-LU 5 12 49 - - 2 5 3 7
Infra-Wood 5 12 61 2 5 1 2 2 2
Infra-Other - - - - - - - - -
LU-Wood 7 16 77 2 5 4 9 1 2
LU-Other - - - - - - - - -
‘Wood-Other - - - - - - - -
Three-factor causation
Infra-LU-Wood 4 9 86 - - 3 7 1 2
Infra-LU-Other - - - - - - -
Infra-Wood-Other 1 2 88 - - - - 1 2
LU-Wood-Other 1 2 90 - - - - 1 2
Four-factor causation
All four factors 4 9 99 - - 4 9 - -
Total 43 100 99 10 23 19 44 14 33

Notes: Percentages rounded and may not total 100
abs absolute number, rel relative percentages, cum cumulative percentages

but is also a dominant force in Latin America (10 of 14 cases). Wood extraction is
evenly split between harvests for household use for cooking or construction materi-
als, and commercial harvesting (19 cases, 44% for each). Direct utilization of
African mangrove forests is almost exclusively predicated on wood extraction,
which is present in all 10 cases from the continent. In nearly all cases, household
wood use is critical, typically reflecting a lack of affordable or accessible substitutes
for cooking fuel. Moreover, in multiple African studies, mangrove harvesting is
linked to fish smoking, an economically important industry requiring a significant
amount of mangrove wood (Feka et al. 2009). Infrastructure development is another
major proximate cause of losses in mangrove areas, as documented in 20 cases
(47%). Of these, the establishment of rural or urban settlements is the leading causes
of deforestation (11 cases, 26%); the construction of roads, ports/piers, and dams/
dikes are collectively cited in 12 cases (28%).
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Table 9.2 The types of activities identified in cases within the main proximate sources of
mangrove loss

Latin
All cases | Africa Asia America
(n=43) (n=10) (n=19) (n=14)
rel. rel. rel.
abs. | % abs. | % abs. | % abs. |rel. %
Agri/aquaculture conversion/expansion 29 |67 |2 5 17 40 10 |23
Aquaculture conversion 26 |60 |- - 17 140 |9 21
Shrimp 23 |53 |- - 14 33 |9 21
Fish 6 14 |- - 5 12 |1 2
Agriculture conversion 9 21 |2 5 5 12 |2 5
Rice 4 9 1 2 3 7 - -
Grazing 3 7 1 2 2 5 - -
Wood extraction 29 67 10 |23 12 28 |7 16
Household use (cooking, construction) |19 |44 |9 21 6 14 4 9
Commercial use 19 |44 |5 12 |9 21 |5 12
Infrastructure development 20 47 |2 5 11 26 |7 16
Urban, industrial, rural development 11 126 1 2 7 16 |3 7
Dams and dikes 3 7 1 2 1 2 1 2
Roads 5 12 |- - 2 5 3 7
Port/pier construction 4 9 - - 3 7 1 2
Boat traffic (wake erosion) 3 7 - - 3 7 - -
Use as landfills 3 7 - - 1 2 2 5
Other 5 12 |- - 4 9 1 2
Mining 1 2 - - 1 2 - -
Pollution 3 7 - - 2 5 1 2
War/conflict 1 2 - - 1 2 - -

Notes: Percentages rounded and may not total 100
abs absolute number, rel relative percentages, cum cumulative percentages

9.2.2 Underlying Drivers of Mangrove Loss

Underpinning these proximate mangrove conversion activities are fundamental,
deeper or indirect anthropogenic drivers. Geist and Lambin (2002) identify five
main types of driving forces of tropical deforestation: demographic, economic,
institutional, technological and cultural. Table 9.3 provides a breakdown of the main
categories of underlying drivers and their interactions, while Table 9.4 provides
further details on these five categories. We have chosen to follow Geist and Lambin
(2002:145, Table 9.1 in original article) to clarify single or multi-factor “causation”
in our Table 9.3. Our empirical summary in these tables more closely presents the
configurational conditions (e.g., collections of drivers that co-occur for a given
case) and likely causal effects of the documented driving forces, rather than outlin-
ing causal mechanisms or causality per se (Meyfroidt 2015).
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Table 9.3 The five main underlying drivers of mangrove loss include demographic, economic,
political/institutional, cultural, and technological drivers. The table shows the interactions of these
different drivers in causing mangroves losses. We follow Geist and Lambin (2002) in our usage of
“causation” below. Our empirical summary presents the configurational conditions and implied
causal effects behind mangrove loss, rather than outlining detailed causal mechanisms or causality
per se (Meyfroidt 2015)

Latin
Africa America
All cases (n =43) (n=10) Asia(n=19) |[(n=14)
Rel. | Cum. Rel. Rel. Rel.
Abs.  |[(%) | (%) Abs. | (%) |Abs. (%) |Abs. |(%)
Single-factor causation
Demographic 1 2 2 - - - - 1 2
Economic 2 5 7 - - - - 2 5
Political/Institutional 5 12 19 - - 4 9 1 2
Two-factor causation
Dem-Econ 2 5 24 - - 1 2 1 2
Dem-Pol/Inst. 1 2 26 - - 1 2 - -
Econ-Pol/Inst. 8 19 45 2 5 3 7 3 7
Econ-Cultural 1 2 47 - - 1 2 - -
Three-factor causation
Dem-Econ-Pol 3 7 54 2 5 - - 1 2
Dem-Econ-Cult 1 2 56 1 2 - - - -
Dem-Pol-Cult 1 2 58 - - 1 2 - -
Econ-Pol-Cult 3 7 65 - - 1 2 2 5
Four-factor causation
Dem-Econ-Pol-Cult 8 19 84 3 7 3 7 2 5
Dem-Econ-Pol-Tech 2 5 89 1 2 - - 1 2
Dem-Econ-Cul-Tech 2 5 94 1 2 1 2 - -
Five-factor causation
All five factors 3 7 101 - - 3 7 - -
Total 43 100 | 101 10 23 19 44 14 33

Notes: Percentages rounded and may not total 100. Table omits factors and combinations of factors
that were not present in any of the studies
abs absolute number, rel relative percentages, cum cumulative percentages

Our review indicates that the underlying driving forces of mangrove losses are
overwhelmingly economic (cited in 34 cases, 79%) and policy/institutional factors
(33 cases, 77%). In addition to these, demographic changes played an important
role, featuring in 23 cases (50%), and cultural explanations also accounted as a
driver in 20 cases (47%). Technological driving forces feature less prominently (7
cases, 16%). The leading factor among economic drivers causing mangrove decline
are market and income opportunities (15 cases), increased local or tourist demand
(9 cases), or export-oriented development (6 cases), totaling 70% of cases.
Household subsistence needs and a lack of alternatives to mangrove-derived
incomes also shaped economic drivers of mangrove loss (13 cases, 30%). Policy/
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Table 9.4 The types of activities identified in cases within the major drivers of mangrove loss
across continents

Latin
All cases | Africa Asia America
(n=43) (n=10) (n=19) (n=14)
rel. rel. rel.
abs. (% abs. % |abs. (% | abs. rel. %
Economic Factors 34 79 |10 23 |13 30 |11 26
Livelihood dependence/subsistence 13 30 |8 19 |2 5 3 7
Increased consumer demand 7 16 |2 5 3 7 2 5
Market/income opportunity 15 35 |2 5 7 16 |6 14
Export opportunity 6 14 |- - 2 5 4 9
Policy and Institutional Factors 33 777 16 |16 37 110 |23
Formal policies facilitating loss 22 51 |5 12 |10 23 |7 16
Government incentives 9 21 |- - 4 9 5 12
Weak enforcement/mismanagement | 15 35 16 14 |5 12 4 9
Foreign development 4 9 |- - 3 7 1 2
Demographic Factors 23 53 |8 19 |10 23 |5 12
In-migration 8 19 |2 5 3 7 3 7
Growing population density 6 14 |2 5 4 9 - -
Population pressure (proximity for 9 21 |2 5 5 12 12 5
access)
Resettlements (leads to clearing land) 3 7 12 5 1 2 - -
Cultural Factors 20 47 |6 14 |10 23 |4 9
Preference 10 23 14 9 5 12 1 2
Cooking flavor 7 16 |3 7 3 7 1 2
Construction material 3 7 |2 5 1 2
Values 7 16 |2 5 5 12 - -
Knowledge 3 7 - - - - 3 7
Technological Factors 7 16 |2 5 4 9 2
Alternative technology unused 2 5 |1 2 1 2 - -
Waste in harvesting/processing 1 2 1 2 - - - -
Poor site selection/management 4 9 |- — 3 7 1 2

Notes: Percentages rounded and may not total 100. Table omits factors and combinations of factors
that were not present in any of the studies
abs absolute number, rel relative percentages, cum cumulative percentages

institutional drivers consisted of two domains: formal institutions/policies that facil-
itated deforestation, and insecure land tenure. Formal institutions included policies
and efforts to promote land development, most frequently shrimp aquaculture, or
facilitate deforestation through government incentives or foreign development proj-
ects (13 cases, 30%). Weak enforcement or mismanagement of conservation or
insecure land/forest rights is identified as a driver in 15 cases (35%). Land tenure
conflicts are specifically cited in 14 cases (33%). For instance, conflicts may arise
when collective usufruct (rights over mangrove resources held in common) of local
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communities can be undermined by other stakeholders that either treat mangroves
as open access or attempt to privatize them for the development of aquaculture
projects.

Demographic factors may also drive mangrove losses. For instance, increasing
population density (6 cases, 14%), sometimes through immigration (8 cases, 19%),
can lead to increasing demand for mangrove wood or the need to clear mangroves
for settlements. Population pressure in proximity to mangroves leads to increased
demand for mangrove products, harvesting rates, and urban pollution and waste that
in turn impact mangroves (9 cases, 21%). Cultural drivers of forest loss relate to
attitudes, beliefs, values, and preferences. The most frequently cited cultural driver
of mangrove losses was a specific preference amongst mangrove wood users for the
flavor that mangrove wood provides to food when used for cooking, as well as its
burning efficiency. Technological drivers of mangrove losses were less frequently
cited, indicative of broader coverage gaps among these factors behind global forest
loss in the driving forces literature.

Nevertheless, poor site selection and mismanagement of aquaculture, especially
intensive shrimp farming, has been an important driver of mangrove loss. In part,
stocking densities of shrimp larvae and site selection can harm shrimp production
through the increased risk of disease and water that is too acidic for shrimp produc-
tion (Dewalt et al. 1996). Similarly, stocking densities can generate effluents that
may cause human health risks, eutrophication, and harm shrimp production when
there is insufficient mangrove area to absorb those pollutants (Dahdouh-Guebas
et al. 2002; Mialhe et al. 2013). In some cases where shrimp production fails, espe-
cially due to disease outbreaks, farmers choose to abandon their ponds and clear
more mangroves to establish new ponds (Thu and Populus 2007). Such problems
affect the management, intensity, and sustainability of shrimp production, and are
major causes to mangrove losses, since aquaculture is a leading proximate source of
global mangrove conversions. While these issues were discussed in only a few case
studies, they were raised at a general level by the selected papers. While a more
focused review of mangrove losses specifically related to aquaculture is outside the
scope of our general synopsis presented here, such an in-depth study would high-
light specific management issues related to mangrove losses in regions of shrimp
aquaculture expansion or intensification.

9.2.3 Interaction Effects of Multiple Causes

Echoing Geist and Lambin’s (2002) findings for tropical deforestation, the interac-
tion of multiple proximate sources and underlying drivers provides a better explana-
tion of mangrove loss than single factors alone. Among proximate sources,
multiple-factor land use impacts occurred in 27 cases (62%), while single-factor
explanations account for 16 cases (37%). A single underlying driver explains only
one-fifth of cases, while combinations of economic and policy/institutional drivers
are present in 24 of the cases (57%). Multiple interacting drivers, most frequently
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economic factors in combination with policy/institutional and/or demographic
ones, best explain why mangroves become deforested. A common scenario features
government or market incentives to exploit mangrove habitat for shrimp aquacul-
ture, prompting investment in aquaculture and the development of shrimp ponds
(e.g., the case of Ecuador is detailed below in Sect. 9.4.2). This can occur in combi-
nation with unclear property rights that facilitate open-access conditions in coastal
mangrove habitats. The long-term ecosystem services provided by mangroves,
including protection of important subsistence economies such as artisanal coastal
fisheries, is typically undervalued. This is further exacerbated by weak government
protection for mangroves and insecure land tenure conditions (Binh et al. 2005;
Hamilton 2011). Another common syndrome of mangrove degradation occurs when
the proximity of a coastal population to mangroves facilitates primary extraction
that becomes unsustainable as the population increases over time. Such increases
can be facilitated by immigration following the building of roads, and can in turn
lead to direct mangrove losses due to clearing for settlements, or indirect losses
related to amplifying consumer demand for mangrove wood and other resources
(Walters 2003).

It is also clear from these case studies, and from the broader literature on man-
grove conservation, that when mangrove protection is poorly enforced or nonexis-
tent, there are multiple and often devastating impacts on local communities. In the
worst scenarios, conversion to intense shrimp aquaculture clears an area of man-
grove trees, but then fails due to poor management that brings diseases to the shrimp
ponds. The pond is then abandoned and the owners simply clear new mangrove
areas and begin the process again (Thu and Populus 2007). In more promising cir-
cumstances, local communities may respond to the scarcity of mangrove wood by
replanting mangroves and subsequently harvesting in a more sustainable manner
(Walters 2003). In both of these scenarios, it is clear that economic and policy/insti-
tutional dynamics can combine to amplify either negative or positive consequences
for mangrove conservation.

9.3 The Dynamics of Mangrove Dependence, Poverty,
and Livelihoods

In this section, we delve further into poverty and livelihoods of rural coastal com-
munities as one of the key underlying drivers of mangrove losses. Extreme poverty
and natural resource degradation are correlated geographically and concentrated in
rural areas where livelihoods depend disproportionately on natural resources
(Barrett et al. 2011). Mangrove forests and the ecosystem services they provide are
no exception. Mangroves mostly exist in rural coastal areas in tropical and subtropi-
cal countries, many in areas characterized by high poverty rates. Among the 118
countries and territories identified to have some mangrove forests in 2000 (Giri
et al. 2011), the largest extent of mangroves is found in Asia (42%), followed by
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Table 9.5 Most common direct and indirect use of mangroves by coastal communities

Direct use Indirect use
Forestry Timber for building Shoreline protection | Blocking flood
houses and boats
Fuel, e.g., firewood and Slowing wind
charcoal
Food, e.g., seeds and Preventing shoreline
honey erosion
Medical use Agriculture and Water purification
Fishery Inshore fishery aquaculture Nutrient retention
Offshore fishery
Recreational Tourism
Education

Africa (20%), North and Central America (15%), Oceania (12%) and South America
(11%). Approximately 75% of global mangroves are concentrated in just 15 coun-
tries: Indonesia, Australia, Brazil, Mexico, Nigeria, Malaysia, Myanmar, Papua
New Guinea, Bangladesh, Cuba, India, Guinea Bissau, Mozambique, Madagascar
and the Philippines. All of these countries, except Australia, are categorized as low
or middle income—based on GDP per capita. Moreover, within these countries, rural
coastal areas with higher poverty rates tend to be where large areas of mangroves
are located. This geographical overlap between mangrove forests and high preva-
lence of poverty sets the stage for a disproportionate reliance by the poor communi-
ties on mangrove-derived natural resources.

Mangrove forests and their ecosystem services support the livelihood of rural
coastal poor communities. Mangrove forests are one of the most productive ecosys-
tems in the world due to their special biological characteristics and adaptation to the
coastal environment. They can benefit coastal communities in direct and indirect
ways, including the provisioning of extractive goods (raw materials and energy) and
nonextractive ecosystem services such as functioning as nurseries for fish and
shrimp, shoreline protection from saltwater intrusion, erosion and floods (e.g.,
Bann1998; Gordon et al. 2009; Kuenzer and Tuan 2013, Table 9.5). Household and
village-level surveys have documented the importance of these direct and indirect
benefits of mangroves to the livelihoods of the rural poor, for example, in Malaysia
(Bann 1999), India (Hussain and Badola 2010), Kenya (Dahdouh-Guebas et al.
2000; UNEP 2011), Tanzania (McNally et al. 2011), and Thailand (e.g., many
works by Barbier, including Barbier 2010).

An extensive literature on valuation of mangrove forests demonstrates that their
direct and indirect benefits are large. The majority of ecological-economic valuation
studies are conducted in the context of rural developing countries, mostly in Asia,
where communities are dependent on mangrove forests. Values have been estimated
for fuelwood, fisheries and coastal protection. Estimates vary widely, especially for
the functions of mangrove forests in protecting fisheries habitat. For example,
Ronnbick (1999) estimated that the value of mangrove forests for fisheries range
from $16 per ha per year for penaeid shrimp in Indonesia to $113 per ha per year
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(1999 prices) for sergestid shrimp in the Philippines. UNEP (2011) estimated that
the mangrove forests in Kenya support local fisheries worth $44 per ha per year,
while Islam and Ikejima (2009) found that the value was US$52—105 per ha per year
in Thailand. Mangroves also support biodiversity by providing nutrients. Hussain
and Badola (2008) estimated that each hectare of mangroves contains additional
nutrients worth US$232 compared to non-mangrove areas, which translated to
US$3.37 million worth of nutrients in 145 km? of mangrove forests.

Mangroves also play a key role in protecting shorelines by mitigating intensive
waves, slowing down winds, and improving land productivity by accumulating nutri-
ents from terrestrial runoff. Studies have found that mangrove ecosystems provided
protection to life and property during the 2004 tsunami in Southeast Asia (Barbier
2006; Dahdouh-Guebas et al. 2005; Danielsen et al. 2005; Kathiresan and Rajendran
2005; UNEP 2005), although some have argued against this claim (Kerr and Baird
2007; Vermaat and Thampanya 2006). Studies in India showed that villages located
behind mangrove forests suffered less damage than those directly exposed to the
coast (Kathiresan and Rajendran 2005). In addition, Kathiresan (2012) suggested
that the destructive power of the storm surge was exacerbated during Cyclone Nargis
in 2008 by recent loss of mangroves in Myanmar, although no primary evidence to
support these statements was presented. Some researchers who are skeptical about
the ability of mangroves to protect against tsunamis have noted that mangroves might
be more capable of protecting against tropical storm surges. Storm surges differ from
tsunamis in having shorter wavelengths and relatively more of their energy near the
water surface. The current consensus is seemingly that mangroves provide protection
to a certain extent, but proving it scientifically is a challenge.

Damages from these natural hazards may be a source of poverty traps for house-
holds. In a comparative study in India, Badola and Hussain (2005) found that storm-
related losses incurred per household were the greatest (US$154) in a village not
sheltered by mangroves but had an embankment, followed by a village that was
neither buffered by mangroves nor an embankment (US$44), and the village that
was protected by mangrove forests suffered the lowest losses (US$ 33). In another
study in India, mangroves were found to have reduced house damages by approxi-
mately US$177 per ha at 1999 prices (Das and Crépin 2013). Although these mon-
etary values may be highly site-specific and some methodologies used in nonmarket
valuation remain controversial (e.g., Kling et al. 2012), it is clear that mangrove
forests and their ecosystem services benefit the coastal poor communities.

9.3.1 Linkages Between Dynamics of Mangrove Resources
and Local Livelihoods

Certain socioeconomic contexts further heighten the importance of mangrove for-
ests for the welfare of poor populations. First, poor households often have a severely
limited capacity to purchase substitutable goods and services (World Bank 2008).
Economic livelihoods of households from mangrove-rich villages have depended
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traditionally on the surrounding mangrove ecosystems with few other income
sources (e.g., Aksornkoae et al. 2004). Additionally, poor households often have
limited access to credit and insurance markets for risk management. Second, forest
resources and their ecosystem services can also act as safety nets for the poor com-
munities, for example, by providing additional income sources in times of need
(Ewel et al. 1998; Barbier 2007b). However, the dependence of rural poor commu-
nities on natural resources can also drive mangrove degradation. Thus, the higher
the demand for mangrove resources, the higher the pressure is on mangrove forests.
This feedback mechanism necessitates a coupled systems framework to understand
the impact of mangrove dynamics on local livelihoods and vice versa.

There are several potential mechanisms that link mangrove resources and local
livelihoods. The most fundamental mechanism stems from the rural poor’s depen-
dence on extractive uses of mangroves for their livelihoods, which potentially leads
to a poverty—environment trap—a vicious cycle between poverty and environment
(e.g., WCED 1987; Vosti and Reardon 1997). Extraction of mangroves (i.e., use of
their “provisioning” ecosystem services) at an unsustainable rate not only reduces
future availability of mangrove ecosystem services but also generates contempora-
neous losses of non-extractive (e.g., regulating) ecosystem services. When an eco-
system service diminishes, the productivity of labor can fall as well, as household
members must expend more time and labor in meeting basic needs, for example, in
securing fuelwood, drinking water, and fish and shrimp. In addition, such house-
holds may face a greater risk of asset damages from floods, coastal erosion, and
other impacts of reduced coastal protection. Both types of vulnerability can lead to
a poverty trap. Other mechanisms can exacerbate poverty and damage to mangrove
ecosystem services. For example, institutions (e.g., property rights and cultural
practices) may be poorly coordinated and thus fail to facilitate effective mangrove
management or conservation. Lack of informational feedback can leave local com-
munities ill-equipped to make decisions that can sustain ecosystem services.

Despite the importance of these mechanisms, much work remains to be done to
adequately theorize and empirically document them. One exception is Barbier
(2007b), who found that decrease in mangrove area has led to more participation of
adults in off-farm employment for lower wages among coastal households in
Thailand. The study showed that this effect is plausibly due to the fact that labor
returns from mangrove-related livelihood activities diminished after mangroves for-
ests were depleted. Other mechanisms that link mangrove valuation with local liveli-
hood dynamics need to be examined conceptually and empirically. Such efforts will
be essential for designing policies to reduce mangrove degradation and poverty.

9.4 Case Studies of Mangrove Loss

In this section, we highlight in greater depth the dynamics of mangrove loss using
two regional case studies from Asia and Latin America, where much of the world’s
mangrove decline has been concentrated. The examples of China and Ecuador
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underscore how these two countries, characterized by important contrasts in
political-economic conditions, have nevertheless seen similar trajectories of man-
grove ecosystem change. One proximate source of mangrove loss that is common to
both case study regions is the expansion of shrimp aquaculture. Shrimp farming
originated in the middle of the twentieth century along tropical and subtropical
coasts, particularly in Asia (e.g., China and Thailand), where three-quarters of the
world’s farmed shrimp is produced. Global production of shrimp increased from
1325 metric tons (MT) in 1950 to one million MT by 1982, 3.5 million MT in 2009,
and peaking at 3.9 million MT in 2011. Production subsequently declined to 3.8
million MT in 2012 and 3.2 million MT in 2013, mainly due to diseases such as
early mortality syndrome, which reduced shrimp production in China and South
and Southeast Asia by 35% in 2015 (FAO 2016). The rapid expansion of shrimp
production has spurred an intense debate regarding its attendant economic, social,
and, environmental impacts. Particular concerns center on wetland losses, increased
organic loading in coastal waters, introduction of exotic species, and the dispersal
of harmful diseases (Boyd and Clay 1998; Primavera 2006). The sections below
illustrate the role of shrimp farming in mangrove losses in the two case study areas,
along with other drivers of mangrove loss. We reflect on the value of such case stud-
ies to highlight the causal dynamics of mangrove loss, and lessons for the future of
mangrove conservation.

9.4.1 Mainland China in the East/Southeast Asian Context

In order to understand the trajectories of China’s mangrove forests in the past
decades, it is useful to relate it to the broader Asian and Southeast Asian context.
Asia houses more than a third of the world’s mangrove forests, and yet, has also lost
more than one-third of its mangrove area since the 1980s. Aquaculture was the main
proximate source of mangrove deforestations in Asia before year 2000, with land
use conversions and extraction related to agriculture, while forestry and urbaniza-
tion were of secondary importance in the region during that period (Valiela et al.
2001). However, agriculture and urbanization began to gain importance locally, and
have been increasingly implicated in mangrove deforestation since 2000 (Lai et al.
2015; Richards and Friess 2016). Notably, Southeast Asia houses the greatest man-
grove species diversity, and more than one-third of the world’s mangrove area. A
recent study quantified the proximate sources of mangrove deforestation across
Southeast Asia between 2000 and 2012 (Richards and Friess 2016). Aquaculture
and agriculture were found to be the primary sources of mangrove deforestation
(Table 9.6 and Fig. 9.1).! Table 9.6 indicates, for instance, that during 2000-2012,
Indonesia lost 1.72% of its net mangrove area. For this country, 48.6% of mangrove
change during 2000-2012 reflected conversions to aquaculture, 0.1% to rice

'Table 9.6 and Fig. 9.1 reedited from Richards and Friess (2016). The original figure was cited
with the permission of the journal.
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Table 9.6 Percentage of mangrove areal loss in the period 2000-2012 in Southeast Asia, and the
use/conversion categories

Percent Area (%) converted to distinct land use/covers

mangrove Oil Mangrove Other
Country loss Aquaculture |Rice |palm |regrowth Urban | category
Indonesia 1.72 48.6 0.1 | 157 |22.6 1.9 11.2
Myanmar 5.53 1.6 87.6 1.1 0.5 1.6 7.6
Malaysia 2.83 14.7 0.1 382 |17.6 12.8 16.7
Thailand 1.36 10.8 5.6 400 5.1 144 24.1
Philippines 0.50 36.7 09 |11.1 7.3 2.7 41.3
Cambodia 2.28 27.7 1.5 8.9 9.8 4.6 47.6
Vietnam 0.25 21.0 10.4 0.5 0.6 62.5 4.9
Brunei 0.37 29.2 0 277 | 125 159 14.8
Timor-Leste | 0.19 0 26.1 0 0 0 73.9
Singapore 0 0 0 0 0 0 0
Total 29.9 21.7 163 | 154 4.2 12.3

Adapted from Richards and Friess (2016)

Countries are ordered by absolute areas of mangroves lost. Percentages might not sum to 100
owing to rounding

“The small amount of mangrove deforestation in Timor-Leste is due mainly to shoreline erosion

Dominant land use 9f{
deforested mangrove
patches in 2012

@® Aquaculture

Rice

Qil palm
Mangrove
Urban
Other

+ =1% mangrove loss
® 5% mangrove loss

@ 10% mangrove loss
@ 20% mangrove loss
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Fig. 9.1 Percentage of mangrove deforestation in Southeast Asia between 2000 and 2012, and
dominant land uses of deforested areas in 2012. Land uses are summarized as the converted land
use with the greatest area within each 1 decimal degree grid square. Circles are located in the cen-
ter of each grid square; each circle size represents the percentage of the mangrove area in 2000 that
has been lost (Adapted from Richards and Friess 2016)
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farming, 15.7% to the expansion of oil palm plantations, 1.9% to urban expansion,
11.2% to other causes. Along with localized patterns of mangrove regrowth (22.6%
for Indonesia), the rows (relative areal proportions under the listed land cover/use
conversions) sum to approximately 100%. While aquaculture is a significant source
of mangrove loss, rice agriculture and oil palm plantations were also identified as
posing critical yet under-recognized threats to mangroves, especially in Myanmar,
Indonesia, Thailand and Malaysia. Urbanization had small regional but locally
important impacts in the Bangkok region of Thailand, southern Malaysia and
Vietnam.

In China, almost all mangrove forests are located in the subtropical coastal
regions, which are the northern limits for many mangrove species. Before their
important ecological and economic values were publicly recognized in the early
1990s, mainland China’s mangroves were greatly reduced from about 50,000 ha in
the 1950s to 22,700 ha in 2001 (Chen et al. 2009). The main sources of mangrove
deforestation were linked to China’s growing economy since the 1950s, and differed
from the case of Southeast Asia in terms of the proximate sources. From the 1950s
to the 1990s, timber and firewood/charcoal used were the main threats to man-
groves. As rice agriculture expanded, and seawalls were constructed along the
coastline of China, mangroves underwent serious declines in the 1960s and 1970s.
During these two decades, many seawalls built in the mid-intertidal zones resulted
in the loss of mangrove forests in high-intertidal zones. Since 1980, large areas of
mangroves continued to be reclaimed for the establishment of fish ponds. A total of
12,923 ha mangrove forests were lost and 96.7% of them converted into fish or
shrimp ponds all over mainland China in the 1980s and 1990s (Wang and Wang
2007).

Urbanization was a source of major pressure on Chinese mangroves after the
1990s, even if it did not lead to areal declines immediately. National economic
reforms begun in 1979 brought rapid economic growth in coastal areas in mainland
China. Since then, national GDP growth has been closely and positively correlated
with environmental degradation of coastal regions (He et al. 2014). Mangrove areas
decreased significantly from the 1950s until reforestation programs were initiated
after 1990 (Table 9.7; Liao and Zhang 2014).

Guangdong Province, which is among the most intensively developed regions in
China following the economic reforms, saw extensive mangrove conversions to
mariculture during the 1980s and subsequently to infrastructure expansion
(Table 9.7). In 1979, Shenzhen city, located in the mangrove-rich Pearl River
Estuary, was designated a special economic zone in Guangdong Province. Over the
past three decades, Shenzhen has become a massive urban center. A national man-
grove reserve was established in 1988, and has now become an iconic urban man-
grove forest in China. A remote sensing study revealed mangrove patterns and
spatial extents pre- and post-urbanization (Table 9.8, from Chen et al. 2012), dem-
onstrating mangrove area decreased steadily from 1979 to 1998, but increased after
1998 due to mangrove conservation within and around the reserve.
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Table 9.7 Historical mangrove extent (hectares) change in mainland China coastal provinces
since the 1950s

Year
Province 1950s 1986 1995 2001* 2013
Hainan 9992 4667 4836 3930 4891
Guangxi 10,000 8000 5654 8375 6595
Guangdong 21,289 4000 3526 9084 12,131
Fujian 720 368 360 615 942
Zhejiang 0 0 21 20 0
Total 42,001 17,035 14,397 22,024 24,559

Adapted from Liao and Zhang (2014)
“Reforestation activities began in 1990s, which increased the area of mangroves

Table 9.8 Mangrove forests, fish ponds, and urban construction area (hectares) in Shenzhen city
from 1979 to 2009

Year Mangrove forests Fish ponds Urban built-up area
1979 79.56 227.25 508.95
1989 58.59 431.28 708.48
1998 52.65 100.26 1194.57
2003 72.99 60.39 1895.85
2009 81.00 30.15 2072.50

Reedited from Chen et al. (2012)

This local mangrove recovery was also replicated in other coastal regions after
the 1990s. Total mangrove extents increased along the coastline of China, attributed
to the establishment of mangrove reserves and reforestation programs. Now, almost
all of the remaining natural mangroves in China are protected nature reserves (Chen
et al. 2009). These efforts can help protect mangrove areas, and yet, forest degrada-
tion remains a major threat (Peng et al. 2016). Urbanization increases the proximity
of human settlements to mangroves, and intensifies their direct and indirect impacts
on them. In cities such as Shenzhen, mangrove reserves are surrounding by sky-
scrapers and many mangrove reserves became tourist sites (Fig. 9.2). In mangrove
afforestation programs, monocultures and nonnative species of mangroves were
intensively used to target rapid and visible forest regrowth, but these practices also
degraded the long-term ecological diversity and health of mangroves.

The Chinese case study indicates the land use changes that have driven mangrove
loss in the past decades are linked to significant economic growth and reforms.
From primary extractive uses to recreational use, threats to mangrove have also
changed, but driven by GDP growth. Over the course of massive urbanization, there
was also a public recognition of the ecosystem services provided by mangrove eco-
systems, and urban populations have come to rely much more on the tourism and
educational potential of mangrove ecosystems. Such cultural and policy changes
may help stem future areal losses and perhaps even lead to mangrove expansion.
However, degradation caused by pollution, noise and human disturbance can
become much more serious threats to mangroves in the coming years.
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Fig. 9.2 Urbanization has become a new challenge to mangrove conservation. (a) A national
mangrove nature reserve in Shenzhen City of Guangdong Province, China. (b) Tourism in a
national mangrove nature reserve in surrounding region of Haikou City of Hainan Province, China

9.4.2 Ecuador

This section describes changes in the coverage of mangroves and salt flats along the
Ecuadorian coast from 1991 to 2006, and discusses the development of shrimp
aquaculture as the major driver of these changes. We use information from studies
developed by CLIRSEN, the Ecuadorian authority for the monitoring of mangroves,
during 1991, 1995, 1999, and 2006.

Mangroves, shrimp farms, and salt flats are found within 15 estuaries in Ecuador.
Data from the CLIRSEN’s 2006 survey show that 99.8% (146,971 ha) of mangroves
and 97.1% (170,648 ha) of shrimp farms were concentrated in the following six
estuaries (Fig. 9.3): (1) Cayapas Mataje, (2) Muisne River, (3) Cojimies River, (4)
Chone River, (5) Gulf of Guayaquil, and (6) the Jambeli Archipelago. The variation
of mangroves, salt flats, and growing shrimp aquaculture in these estuaries are
depicted in Figs. 9.4, 9.5, and 9.6, respectively.

Mangroves are mainly concentrated in the Gulf of Guayaquil (71.4%), Cayapas
Mataje Estuary (14.5%) and Archipelago of Jambeli (10.3%). The most degraded
estuaries are the estuaries of Muisne, Chone, and Cojimies Rivers, with mangrove
losses of 52.5%, 76.5%, and 79.1%, respectively. The least degraded estuary is the
Cayapas Mataje, at 9.6% mangrove loss. Between 1969 and 2006, mangrove area
declined from 203,625 to 147,229 ha and salt flats from 51,496 to 3705 ha. During
the same period, the area devoted to shrimp aquaculture grew from zero to an
impressive 1,706,489 ha.

The Gulf of Guayaquil and the Archipelago of Jambeli experienced the greatest
loss of mangrove forest (68.6%) during 1991-1995, the former location experienc-
ing an average deforestation rate of 1875 ha per year. Approximately 3000 ha of
mangroves were lost in Cayapas Mataje from 1970-2008 (Hamilton 2012). In the
Cojimies Estuary, 10,000 ha (66%) of mangrove forests were lost from 1971 to
2006. These losses were primarily due to shrimp aquaculture development (Hamilton
and Collins 2013). The spatial extent of shrimp farms has surpassed that of man-
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Fig. 9.3 Mangrove (green) and shrimp farm (red) locations on the coast of Ecuador
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Fig. 9.4 Mangrove cover changes within the six estuaries containing 99.8% of the total mangrove
area along the coast of Ecuador

groves in some estuaries. For instance, the Cojimies River estuary has 4.8 ha of
shrimp farms for each hectare of mangroves, and the Chones River estuary has 5.8
(Bravo 2010). Shrimp farms in Ecuador are located principally in the Gulf of
Guayaquil (59%) and in the Archipelago of Jambeli (24%), distributed across
55,831 ha of mangroves (33%), 61,523 ha of uplands (36%), and 53,295 hectare of
salt flats (31%) (Fig. 9.7). The expansion of shrimp farms reached its peak in the
Gulf of Guayaquil during the period 1984-1987, at an average rate of increase of
7277 ha per year.
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Fig. 9.5 Salt flat areal variation within the six estuaries containing 99.8% of the total mangroves
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Fig. 9.6 Shrimp aquaculture areas within the six estuaries containing 99.8% of the total man-
groves of Ecuador

The shrimp aquaculture industry was initiated in the late 1960s, and is based on
the local species Litopenaeus vannamei. The growth of aquaculture has been steady,
with periods of accelerated growth coinciding with El Nifio cycles and low growth
or declines during outbreaks of shrimp viral diseases such as white spot (Fig. 9.8).
In response, the industry embraced extensive to semi-intensive stocking densities
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(7-12 post larvae/m?) in order to continue production while lowering production
risks and costs. Production reached historical highs following technical innovations
to address white spot virus, including the development of white spot-resistant
shrimp strains, application of biosecurity protocols during all phases of culture, bet-
ter training of personnel, and other techno-managerial changes. Intensification of
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shrimp farming reached its peak in 2015 with a production of 297,000 MT without
increasing the area of production (Ecuadorian National Aquaculture Chamber,2016).

Ecuadorian farms use locally developed technology at the pond-raising phase, and
farms dating to the earliest phases of development of the industry continue to be active
in shrimp production. State-of-the-art technology is used at shrimp breeding and seed-
production phases, because the capture of wild seed and wild broodstock has been
prohibited by law (Ministerial resolution 106, RO N° 685 of Oct. 17, 2002) since the
occurrence of the white spot syndrome (WSSV). Broodstock is currently pond raised
and disease-resistant strains are being developed. This combination of low- to
medium-intensity production systems causes moderate environmental impacts associ-
ated with waste, feed, and the use of chemicals (Thompson 2014). Disease outbreaks
on shrimp farms have been the driving force behind the shift of Ecuador’s shrimp
aquaculture from extensive to semi-intensive practices. Better aquaculture practices
and the use of probiotics are the preferred forms of health management, but some use
of controlled antibiotics (oxytetracycline or florfenicol) exists. Both oxytetracycline
and florfenicol are listed by the World Health Organization (WHO) as “Highly
Important” for human health (Briggs 2006a, b; Lightner 2011).

The majority of mangrove losses in Ecuador occurred before the late 1990s.
Since then, a number of factors have greatly reduced mangrove losses due to shrimp
farming, including: (a) regulatory protection and prohibitions on mangrove felling
for any use; (b) the ability of the species (Litopenaeus vannamei) to grow in a broad
range of salinity conditions (0 to 50+); and (c) the realization that former mangrove
soils negatively affect pond water quality and shrimp coloration. Over a decade ago,
Ecuador had a poor record of environmental protection due to widespread conver-
sion of ecologically important habitats in the country. However, current national
regulations seek to return mangrove areal extents to the official 1999 levels
(Presidential Decree 1391, 2008) and prevent further mangrove and wetland loss
during farm construction by instituting environmental impact assessments (EIA)
(Thompson 2014).

Mandatory annual inspections carried out by the National Institute of Fisheries
target the compliance of farms with existing environmental regulations. In compari-
son to intensive shrimp farming in Asia (stocking density of 150 post larvae per
square meter), extensive shrimp culture in Ecuador requires the application of fertil-
izers to the ponds to stimulate natural feed production, while the supplemental use
of feed in semi-intensive shrimp culture results in a relatively low (1-1.5) food
conversion ratio (FCR), and therefore relatively low waste production from the
shrimp. The relationship of mangrove loss and gain to the intensity of shrimp cul-
ture cannot be overemphasized. It stands to reason, and the Ecuadorean case illus-
trates, that an intensification of aquaculture along with attendant shifts in
techno-managerial strategies can release pressure on mangrove forests. However,
simply intensifying aquaculture in the absence of adequate regulatory protections
against mangrove felling and water quality/toxicity problems can exacerbate threats
to coastal ecosystems, local livelihoods and human health.

The current Ecuadorian Forestry Law stipulates that mangroves are public
goods of the State, "are out of trade, not subject to possession or any other kind of
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appropriation, and can only be exploited by way of authorized concession granted
under this law and its reclamation."? Since 1985, cutting, burning, and exploitation
of mangroves have been prohibited (Bravo 2007). By the year 2000, the Ecuadorian
State began to recognize the “ancestral” rights of “traditional user groups” to man-
grove resources, paving the way for custodias, ten-year community-managed con-
cessions. As of July 2011, a total of 37,818 ha have been granted to 41 different
communities as part of the national strategy toward community-based conservation
and management of mangrove resources (Rosero Moya and Santillan Salas 2011).

9.5 Conclusion: Mangroves as Critical Socio-Ecological
Systems

Globally, mangroves constitute highly significant natural resources and ecosystems.
They are globally significant land—ocean carbon exchange sites (France-Lanord and
Derry 1997; see also Chaps. 5 and 6), house important hotspots of global biodiver-
sity (Chap. 2), offer protection against extreme climate events such as cyclones and
related storm surge (Chap. 7), and, in many parts of the world, have been utilized by
local communities for generations. The provisioning, regulating, and cultural ser-
vices provided by these important coastal ecosystems are extensive. It is, therefore,
imperative to better understand the geographic patterns and processes that are driv-
ing continued losses and in some cases, gains in these vital, coupled socio-ecological
systems.

Our synoptic review of the research literature clearly reveals that mangrove
losses are spatially differentiated, time-dependent, and linked to varying sets of
proximate activities and causal drivers. The expansion of agriculture and aquacul-
ture is a major proximate source of mangrove losses worldwide. Extractive activi-
ties such as harvesting of timber and non-timber resources from mangroves are also
linked to serious degradation of local mangrove resources, as is the significant
increase in infrastructure development. These immediate sources of mangrove con-
versions are ultimately linked to deeper demographic, economic, institutional, tech-
nological and cultural driving forces. In particular, our review of a representative
literature on mangrove loss and recovery indicates that such drivers rarely operate
in isolation; we find, instead, that most studies reveal a complex set of interacting
causal drivers of mangrove loss. Further, the combination of economic drivers (such
as global shrimp commodity markets) with policy-institutional change (such as gov-
ernment policies and subsidies, property rights regimes, and conservation policies)
has been the most powerful process shaping mangrove change globally.

2 (Author’s translation). The original text of the Forestry Law Titulo 1, Capitulo 1, Art. I published
in Registro Oficial No. 418 (September 10, 2004) states: “Los manglares, aun aquellos existentes
en propiedades particulares, se consideran bienes de Estado y estdn fuera del comercio, no son
susceptibles de posesion o cualquier otro medio de apropiacidn y solamente podran ser explotados
mediante concesion otorgada, de conformidad con esta Ley y su reglamento.”
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The case studies from China and Ecuador exemplify these broader findings. In
the Chinese context, national economic development and specific economic reforms
led to important intensification of pressure on select geographic and coastal regions,
impacting mangrove spatial extent and ecological health. The establishment of
Special Economic Zones, and rampant urbanization therein served as the immediate,
proximate source of pressure on mangrove resources, further threatened by the
establishment of shrimp farming, rice agriculture, and associated changes in hydro-
logical regimes. In the Ecuadorean case, shrimp aquaculture underwent phenome-
nal growth during the past decades, but especially during the mid-1980s. The
expansion declined subsequently with a shift in the technological approach to
shrimp aquaculture, de-emphasizing extensive shrimp farms and prioritizing inten-
sive aquaculture practices instead.

In both China and Ecuador, increasing recognition of the ecological, socioeco-
nomic and cultural value of mangroves has led to policy and regulatory shifts in
favor of ecosystem protection and community-based conservation. Such institu-
tional changes hold important implications for the sustainability of mangrove utili-
zation as well as ecosystem recovery. These cases also reflect findings in the broader
literature that economic factors and policy/institutional factors have jointly and
overwhelmingly driven mangrove loss and gain across various geographic regions.
These critical ecosystems are intimately tied to local livelihoods on one hand, and
regional, national, and international economic and conservation priorities on the
other. Future trends in mangrove degradation or recovery will ultimately depend on
the design, implementation, and efficacy of policies that balance short-term priori-
ties against long-term social and ecological goals of mangrove protection, and on
how such goals fully and fairly engage the communities that depend the most on
these important resources for their livelihoods and survival.
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Chapter 10
Mangrove Forest Restoration
and Rehabilitation

Jorge Lopez-Portillo, Roy R. Lewis III, Peter Saenger, André Rovai,
Nico Koedam, Farid Dahdouh-Guebas, Claudia Agraz-Hernandez,
and Victor H. Rivera-Monroy

10.1 Introduction

The historical loss of mangrove wetland distribution is on a worldwide scale
approximately 35-50% of the current area with a variable loss rate of 1-3% per year
(i.e., ~150,000 ha/y) (Valiela et al. 2001; Wilkie and Fortuna 2003; Giri et al. 2011).
The most recent global coverage estimate for 2014 is 163,925 km? down from
173,067 km? in 2000, providing an annual loss during that period of 0.4% (Hamilton
and Casey 2016). The ongoing wetland loss has triggered an increasing interest in
implementing a better management of existing healthy mangrove areas (Ong and
Gong 2013). Such management includes the return of key ecological functions in
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coastal areas where wetland mortality is widespread and where these valuable eco-
systems and their goods and services are beginning to show deterioration because of
increasing human activities (Field 1999a, b; Ellison 2000; Lewis et al. 2005, 2009).
Ecosystem restoration is defined as the return from a deteriorated condition to a
state similar to a preserved reference site that represents the structural and func-
tional variability within habitats before a devastating natural or human-induced dis-
turbance (Kaly and Jones 1998). For mangrove wetlands, Lewis (1990) defined
restoration as “return from a disturbed or totally altered condition by some action of
man” underscoring the more active alternative, as opposed to passive restoration
through natural secondary succession; the speed of which depends on the ecosystem
resilience capacity, past land-use history, and health of the surrounding landscape
matrix (Holl and Aide 2011). In contrast, rehabilitation is not defined as a return to
previously existing conditions, a view characterized as “the myth of carbon copy”
(Hilderbrand et al. 2005), but to a defined “better” or improved state (Lewis 1990).
It has been proposed that rehabilitation is aligned with restoration as both manage-
ment strategies generally take a culturally acceptable original (preanthropogenic
era, sensu Crutzen and Stoermer 2000) or historic ecosystem/landscape as a refer-
ence for planned initiatives to halt degradation and initiate more sustainable ecosys-
tem trajectories (Aronson et al. 2007). Indeed, there is a recent consensus based on
the historical usage of the terms “restoration” and “rehabilitation” in mangrove wet-
land management programs, where “the use of the term ‘rehabilitation’ would
reduce confusion as it encompasses the widest range of remedial actions for man-
grove degradation” (Dale et al. 2014). However, it is also acknowledged that the
term “restoration” has a strong ascendancy in the published literature and therefore
we maintain this term in our discussion of the state of mangrove restoration/reha-
bilitation (R/R) approaches (Primavera et al. 2012; Lewis and Brown 2014).
Similarly to the usage and definitions of “restoration” and “rehabilitation”, there
is also some confusion regarding the meaning of other related terms such as “fores-
tation”, “reafforestation”, “replanting”, and “plantation”. For example, the initial
planting of mangrove propagules or seedlings is often called “replanting” where it
implies that a first planting may have failed and a second one is taking place.
Although this might be a minor detail in describing the type of action and timing to
initiate a restoration program, such critical steps must be clearly documented when
assessing the success or failure of either a mangrove initial planting effort or
repeated plantings in a location or set of locations. Thus, clarity on the type of
action can help identify problems with site selection that could, as a consequence,
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potentially increase the costs of restoration programs. Well-defined actions become
critical indicators of the applicability of any method of restoration, particularly
when planting has been proposed as an alternative after natural seedling recruitment
during secondary succession is insufficient to promote mangrove regeneration
(Lewis et al. 2005, 2009; Lewis and Brown 2014). Therefore, we encourage the
provision of detailed descriptions and implementation of management strategies to
be as specific as possible within the context of the definition of both restoration and
rehabilitation, especially the description of the actions selected to remedy or
improve a specific environmental condition (e.g., geomorphic setting, such as del-
taic vs. karstic) in a mangrove wetland.

In this chapter, we explore the main motivations to implement mangrove restora-
tion projects and evaluate R/R projects across latitudinal gradients in the AEP (West
Africa and America; Fig. 10.1a—c) and the Indo-West Pacific (IWP: East Africa,
Asia, and Australasia; Figs. 10.1d and 10.2a, b) regions. We also identify research
gaps and delineate a strategy to improve the implementation of R/R projects using
lessons learned in different environmental and social contexts through case studies.
Our synthesis contributes to recent analyses aimed at developing best practices
when implementing urgently needed science-based mangrove restoration projects.

10.2 Original Motivations and Plans for Implementation

Mangrove resource management should rely on R/R approaches to enhance the full
potential of sites, either with complete or cryptic impairment (sensu Dahdouh-
Guebas et al. 2005a, 2005b), for the conservation and community-based participa-
tion in projects. One of the main attributes of these projects is relying on the
knowledge of key ecosystem properties and on documented successes or failures
from other R/R endeavors (Primavera and Esteban 2008; Zaldivar-Jiménez et al.
2010). Following on the wealth of data and information, several institutions have
developed technical reports with guidelines for restoration programs in mangrove
wetlands, which have improved the communication of technical details to evaluate,
at least in the short term, project success and/or failures (e.g., Pulver 1976; Field
1995; Saenger 2002; Agraz Herndndez et al. 2007; Primavera et al. 2012, 2014;
Lewis and Brown 2014).

As a result of the increasing recognition of valuable direct (e.g., wood, carbon,
shoreline protection) and indirect (e.g., fisheries maintenance, water quality, carbon
storage/sequestration) ecosystem services provided by mangroves (see Chaps. 5, 8,
and 9), we identified several R/R projects throughout tropical and subtropical
regions. A web search using the ISI Web of Knowledge platform for publications

LLIY3 9% <.

from 1995 through 2015 with the keywords “mangrove”, “restoration”, “rehabilita-
tion”, “reforestation”, “forestation”, and “recovery” in the title produced 136 refer-
ences with 2273 citations. From this search, supplemented with results from the
Google search engine, we selected references that included specific project location

data. This combined publication search produced 65 references that provided infor-
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Fig. 10.1 Mangrove R/R projects implemented in the AEP Region (a—c) and the Africa sector of
the IWP (d). Numbers indicating location in each panel are included Tables 10.2 and 10.3. See text
for explanation on site identification and selection

mation for our analysis (Table 10.1) and included 90 sites around the world where
R/R actions have been implemented (Figs. 10.1 and 10.2). We included each site in
a Google Earth KMZ file (available upon request). Given the volume of information
in the “gray” literature and other publications not included in the search engines, we
acknowledge that this search might not be exhaustive and encourage readers to con-
sult published reports in other coastal regions around the world.

10.2.1 Sources of Mangrove Wetland Damage

The source of damage to mangrove wetlands might be of natural origin (e.g., silt-
ation, erosion, the direct and indirect effect of tropical storms or tsunamis) or
induced by anthropogenic activities (e.g., pollution, land use policies, overharvest-
ing, aquaculture, or altered hydrology and hydroperiod; see also Chap. 9). Thus, to
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Fig. 10.2 Mangrove R/R projects implemented in the Asia and Australasia sectors of the IWP (a,
b). Numbers indicating location in each panel are listed Tables 10.2 and 10.3 for further informa-
tion about the sites. See text for explanation on site identification and selection

be effective and efficient, each mangrove wetland project requires a specific R/R
approach (i.e., restoration, rehabilitation, or afforestation). There are many causes
for mangrove impairment, and because they are frequently mixed and complex, we
only assess them according to their frequency in 14 general categories (Table 10.1;
percentage [%] of site reports): exposed shores [25%]; impaired hydrological
regime [19%]; deforestation [19%]; siltation [11%]; shrimp or fish aquaculture
[11%]; conversion to other soil uses, such as palm oil [8%]; blocking of inlets after
strong storms such a cyclones/typhoons/hurricanes and tsunamis [7%]; exposure to
dredge spoils [5%]; mosquito-preventing dikes [2%]; pollution [2%]; water logging
[1%]; soil collapse [1%]; drought [1%]). The quantitative evaluation of the impact
by each cause in impairing mangrove wetlands and associated variability in struc-
tural and functional properties requires further work at a global scale.
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10.2.2 Amelioration Procedures

Forestation practices (Table 10.1) using individual plants from nurseries was the
main amelioration procedure (n = 67) followed by hydrologic rehabilitation (n = 29),
although both actions were frequently combined (n = 22). Direct seeding or mature
propagule planting (mainly the genus Rhizophora) was also a frequent action
(n=11). Natural regeneration was implemented in 10 sites including cases where it
was coupled with transplants (n = 1) and forestation (n = 2) techniques. We assume
that there was afforestation in the 17 sites (covering 43,760 ha) exposed to wave
energy and described as “bio-shield” plantations in the states of Kerala, Andhra
Pradesh, and Tamil Nadu in peninsular India (Mukherjee et al. 2015).

10.2.3 Spatial Scales of the Amelioration Procedures

The mangrove sites undergoing restoration or just afforestation encompassed a
range of area extensions from few square meters to several thousand hectares. The
most extensive afforestation sites are located in the Sundarbans, in Bangladesh and
India (120,000 ha afforested by 1993, Saenger and Siddiqi 1993), United States
(12,605 ha restored, Rey et al. 2012; 500 ha restored, Lewis 2005, Lewis and
Gilmore 2007), and other coastal regions in Asia (e.g., Pichavaram Province:
>300 ha of restored mangroves, Selvam et al. 2003) and Indonesia at Tanakeke
Island (400 ha), where hydrologic restoration was also part of the R/R strategy
(Brown and Massa 2013; Brown et al. 2014).

The large mangrove extension in the Sundarbans delta region is characterized by
both large spatial scale impacts and management strategies, including erosion,
aggradation (i.e., natural sediment accumulation), deforestation, and mangrove
rehabilitation programs (Giri et al. 2007). For example, 7300 ha of mangrove wet-
land were lost to erosion from 1977 to 2000, whereas net aggradation was variable
with gains ranging from 2900 ha (1970s) to only 590 ha (2000). Recent estimates
show a total loss of 26,200 ha and total gain of 24,000 ha from 1989 through 2014
(Ghosh et al. 2015). Due to the significant new land gains as a result of high sedi-
ment deposition, natural mangrove establishment in the newly formed land was
combined with active and intense community-based seeding and planting of seed-
lings to compensate for eroded mangroves (Saenger and Siddiqi 1993; Giri et al.
2007). In contrast to the net gain in mangrove area in this region, a large effort with
propagule planting (79 million distributed throughout 7920 ha) in Cabrousse,
Senegal, West Africa in 2008, showed no evidence of increase in mangrove cover-
age as evaluated by changes at the landscape level using remote sensing images
obtained up to 2010 (Alexandris et al. 2013).
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10.2.4 Mangroves and Aquaculture

Over the last three decades of human impact on mangrove wetlands, shrimp aqua-
culture and their associated culture ponds have probably been responsible for the
greatest losses of mangrove wetland area (see Chap. 9). This activity has been
actively encouraged by governments in developing countries (e.g., Brazil, Ecuador,
Thailand, Indonesia, and Vietnam) interested in the high earning potential of shrimp
as an export product, but also often driven by political patronage (Tobey et al. 1998;
Foell et al. 1999; Dahdouh-Guebas et al. 2006; Oliveira-Filho et al. 2016, Table 10.2).
A comprehensive work on the total area of mangrove loss to commercial aquacul-
ture indicates that in the eight countries that host about 45% of total world man-
grove cover, about 52% of their historic mangrove coverage is lost, including 28%
to commercial aquaculture (Hamilton 2013; Hamilton and Casey 2016). Given the
proliferation of shrimp farms around the world, many R/R projects have been under-
taken in countries where shrimp farms were abandoned due to major disease out-
breaks that decimated the industry (e.g., viral diseases) (Stevenson et al. 1999;
Matsui et al. 2010; Primavera et al. 2011, 2014; Brown et al. 2014). In fact, some
studies have used hydrological models to determine which dikes or artificial barriers
should be removed to restore the original hydrology and induce natural mangrove
reestablishment and growth (Di Nitto et al. 2013). In other locations, particularly in
developed countries (e.g., the USA or Australia), R/R projects were initially used as
ecological offsets related to land use and mitigation policies (Teas 1977; Snedaker
and Biber 1996; Latif 1996). As an example of this strategy, Brockmeyer et al.
(1997) and Rey et al. (2012) reported an accumulated 12,000 ha of successful res-
toration programs mainly due to reconnection and controlled flooding along the east
coast of Florida.

A number of R/R projects have been undertaken to address the problem of exten-
sive abandonment of shrimp ponds due to economic failure in several countries
(e.g., Primavera and Esteban 2008; Brown et al. 2014), and as a result, there is
growing number of peer-reviewed studies that provides useful insights into design-
ing R/R projects with specific management objectives and goals based on the initial
nature of the damage (e.g., Latif 1996; Saenger 1996; Das et al. 1997; Walters 1997,

Table 10.2 AquaculturF: Country Pond area (ha) Number of farms

pond areas constructed in Indonesia 350,000 60,000

mangroves in major shrimp -

producing developing India 200,000 10,000

countries (From Tobey et al. Vietnam 200,000 2000

1998) Bangladesh 140,000 13,000
Ecuador 130,000 1200
China 127,000 6000
Thailand 70,000 16,000
Philippines 60,000 1000
Mexico 14,000 240
Honduras 12,000 55
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McKee and Faulkner 2000; Macintosh et al. 2002; Lewis et al. 2005; Darkwa and
Smardon 2010; Matsui et al. 2010; Lewis and Brown 2014). Indeed, specific out-
comes of mangrove R/R implemented on abandoned shrimp farm locations have
been critically reviewed with major emphasis on case studies in the Philippines
(Primavera and Esteban 2008) and Costa Rica (Stevenson et al. 1999) and have
provided essential and useful practical guidelines (e.g., Brown and Lewis 2006;
Lewis and Brown 2014).

10.2.5 Monitoring of R/R Projects

Most R/R projects consist of planting propagules, wildings, or saplings reared in
nurseries close to or away from the target site. Few of these projects have detailed
monitoring plans, and in most instances, there is no documentation of either posi-
tive/negative outcomes or recommendations for modifications of the original plant-
ing design (Lewis et al. 2005; Kodikara et al. 2017 ). An exception is the Ciénaga
Grande de Santa Marta (CGSM), Colombia monitoring project (1995-2001),
which was carried out after the construction of box culverts to reestablish hydraulic
flow in a mangrove area representing the largest restoration project in Latin America
(~350 km?, including freshwater and mangrove wetlands and natural water bodies).
The hydrological rehabilitation of the area consisted of dredging and reopening
previous tributaries to conduct freshwater from the Magdalena River to the eastern
region of the CGSM system, where mangrove mortality was extensive due to
hypersalinity (>80 ppt) (Botero and Salzwedel 1999). There was a significant
reduction in soil and water column salinity (<30 ppt) in all sampling stations fol-
lowing the hydraulic reconnection, which resulted in a major increase in mangrove
forest regeneration promoting a net gain of 99 km? from 1995 to 1999 (Rivera-
Monroy et al. 2006). Unfortunately, the lack of economic investment in the mainte-
nance of the diversion structures from 2001 to the present has reverted the system
to pre-project ecological conditions causing an increase in soil salinity, which has
negatively affected the already restored vegetation (Elster 2000; Rivera-Monroy
et al. 2006; Rivera-Monroy et al. 2011; Vilardy et al. 2011; Roderstein et al. 2014).
In addition, areas where Avicennia germinans propagules established and devel-
oped into saplings were heavily impacted by the butterfly Junonia evarete, further
increasing plant mortality rates; yet, some survived and increased plant density in
areas with previously extensive mangrove mortality (Elster 2000). Overall, her-
bivory has not been explicitly addressed as a negative factor in mangrove R/R, but
it is probably significant based on reports from other mangrove wetlands
(Nagelkerken et al. 2008; Fernandes et al. 2009). Although there are fewer man-
grove species in the AEP region (West Africa and Americas; see Chap. 2), such R/R
failures still provide essential knowledge on biological, ecological, and hydrologi-
cal variables that should be considered during forestation or afforestation projects,
including the direct impact of trampling, barnacle colonization, and flotsam
(Kodikara et al. 2017 ).
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10.3 Geographical Distribution of R/R Projects in Mangrove
Habitats

Assessing the geographical distribution of R/R projects (Figs. 10.1 and 10.2) con-
tributes to our understanding of the causes triggering mangrove wetland conversion
and its relative impact and how current R/R practices are related to economic or
social failure. Indeed, there are some geographical differences (and similarities)
concerning the causes of mangrove degradation. In the United States, most of the
damage in mangroves and other wetlands was caused by dikes and draglines (which
include ditching, dredging, filling, and impounding for land development) to control
mosquito and biting midge populations in South East and West Florida and the
Florida Keys (Fig. 10.1a). These hydrological modifications at the landscape level
had negative consequences by reducing wetland productivity and fisheries abun-
dance (McKee and Faulkner 2000; Rey et al. 2012). In mid-latitudes across the AEP
region (Fig. 10.1 a—c), mangrove degradation is generally caused by the construc-
tion of highways and embankments that interrupt water (fresh and marine) flow; the
opening of artificial inlets, dredging of navigation channels, and deposition of this
dredged materials over or nearby mangrove forests; conversion to shrimp farms and
the pumping of estuarine/coastal water during operations of shrimp aquaculture
(Teas 1977; Twilley et al. 1998; Chargoy Reyes and Tovilla Herndndez 2002;
Menezes et al. 2005; Primavera 2006; Rivera-Monroy et al. 2006; Pagliosa et al.
2012; Hamilton 2013; Miyagi 2013; Benitez-Pardo et al. 2015; Ferreira et al. 2015).

In West Africa (Fig. 10.1c), the causes of mangrove degradation are related to
expansion of agriculture and aquaculture, construction of embankments and access
roads, unsustainable wood extraction for fuel wood and charcoal, and fishing and
hunting, among other causes (Corcoran et al. 2007). Although mangrove extension
and causes of mangrove mortality in these coastal regions are yet to be documented,
extensive R/R efforts are implemented at different stages in several sites where
most of the same causes of degradation are similar to those observed at the global
scale (see Chaps. 8 and 9; Table 10.1; Figs. 10.1 and 10.2). For example, in the IWP
region (East Africa, Asia, and Australasia), planting efforts in Gazi Bay, Kenya,
were implemented in response to a lack of natural regeneration after the synergetic
impact of clear-cut felling of trees about 40 years ago and heavy silting due to
major upland deforestation in the middle and upper river basins. This synergy of
human impacts along river watersheds from upstream to coastal regions seems to be
common for other mangrove forests throughout East Africa (Kairo et al. 2001,
Bosire et al. 2003; Dahdouh-Guebas et al. 2004; Fig. 10.1d). Considering man-
grove reforestation as an R/R approach, the Payment for Ecosystem Services and
REDD+ in Gazi Bay through the Mikoko Pamoja project is a prime example of how
important the recognition of mangrove ecosystem services is and how essential it is
to clearly identify the social need and economic value of mangrove wetlands (http://
www.planvivo.org/project-network/mikoko-pamoja-kenya/; Jerath et al. 2016; see
Chaps. 8 and 9).
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Human impacts on mangrove-dominated ecosystems in India also include clear
cutting and deforestation, fresh water diversions and intensive shrimp farming
(Table 10.2, Fig. 10.2a; see also Chap. 9). Mangrove forests in the Pichavaram and
Muthupet regions of India have been historically affected by major clear-cut log-
ging (Selvam et al. 2003). In contrast, the impacts of land use changes in the
Sundarbans National Park, one of the largest mangrove protected areas in the world
(10,000 km?), seem to be relatively minor; yet, turnover rates “due to erosion,
aggradation, reforestation, and deforestation” are apparently significantly greater
than the net change estimated using remote sensing techniques (Giri et al. 2007).
The estimated actual mangrove wetland area in the vast Sundarbans ecosystem in
the year 2000 was 5816 km? (Giri et al. 2007). This value includes an area of
1200 km? that have been afforested from 1973 to 1990 within the park limits, pri-
marily on new accreting mud deposits as a protection against tropical cyclones
(Saenger and Siddigi 1993). Recent estimates report 1852 km? of mangrove cover
in 2014 in the Indian Sundarbans (Ghosh et al. 2015); adding this area to the area
determined for the Bangladesh Sundarbans (3745 km?), a total of 5327 km? is
obtained, which is slightly lower than it has been previously reported (i.e., 5816 km?
for a deficit of 489 km?; see Giri et al. 2007). Similar patterns in extensive man-
grove loss are also observed in the Seychelles, Sri Lanka, Pakistan, Bangladesh,
Myanmar, Thailand, Cambodia, Vietnam, Sumatra, and Java (Macintosh et al.
2012; Alexandris et al. 2013).

Specifically, for the Indian Ocean area, the devastating tsunami of 2004 has been
an incentive for mangrove restoration programs through international and national
funding initiatives. Unfortunately, most of the funding opportunities do not translate
into science-based plans and are often ill prepared and unsuccessful (Jayatissa et al.
2016). A colloquium held in the coastal town of Mamallapuram, India, listed 52
sites where restoration efforts have been implemented, especially in the wake of the
tsunami (Macintosh et al. 2012). Similarly, guidelines have been prepared for R/R
projects after the tsunami damage to mangroves and coastal forests in Southeast
Asia (Chan and Ong 2008; Chan and Baba 2009), or following oil pollution recla-
mation and camel grazing in the Middle East (Protection of the Environment of the
Red Sea and the Gulf of Aden; Saenger and Khalil 2011).

10.3.1 Current Motivations for the R/R projects

Among the main motives identified for the implementation of R/R projects include
ecological problems caused by the operation or abandonment of shrimp ponds,
altered hydroperiod and tidal circulation patterns, water pollution, loss of habitat
(particularly for fisheries of local and regional social and economic value), and
significant decrease of soil pH (acid sulfate). In the latter case, some mangrove
soils contain pyrite (potential acid-sulfate soils), which remain immobile while
waterlogged (see Chap. 6). However, when these soils are used to build pond
walls, where they partially dry out, sulfuric acid is produced, which lowers pond
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water pH values and releases Al** (Saenger 2002; see Chap. 6). As a consequence,
shrimp farms often do not function well in the long term, and shrimp/prawn pro-
duction dramatically declines leading to bankruptcy of aquaculture farms. In the
aftermath of such local/regional socioeconomic failure, soil quality problems are
left behind. Pond water acidity and toxic concentration of AI** must be dealt with
before effective restoration or rehabilitation can be implemented, increasing over-
all R/R project costs. More recently, the motives for the implementation of R/R
projects have expanded to include shoreline protection, channel stabilization, fish-
eries and wildlife enhancement, biodiversity conservation, legislative compliance,
or socioeconomic improvement of local communities (Stubbs and Saenger 2002;
Mukherjee et al. 2015).

10.3.2 Effective R/R Projects Goal Setting

Based on the experiences described above, it is essential that R/R project objectives
are clearly defined and prioritized as a first step. A coastal afforestation project in
Bangladesh, for example, had several objectives that included the production of
commercial timber, acceleration of the accretion rate to form new land areas, and
protection of nearshore agricultural and residential land from storm damage
(Saenger 2011). These objectives were gradually achieved, but in some cases, there
were conflicts in achieving success for each specific objective. For instance, in
planting sites where very high sedimentation rates occurred, trees were buried and
timber production was negligible. Thus, when assessing the significance of high
sedimentation rates at specific sites in such cases, consideration must be given for
both well-prepared and managed production of timber and coastal protection as
those objectives were of highest priority, giving way to best practices for mangrove
restoration and management.

Other examples in the complex implementation of R/R projects include sites in
the states of Tamil Nadu and Andhra Pradesh, India (Selvam et al. 2005) and in
Celestin, Campeche, Mexico (Miyagi 2013). In some locations in India, soil col-
lapse was a consequence of extensive forest clear felling (wood revenue) of vast
mangrove wetland extensions from 1935 to 1975 (Selvam et al. 2003; for other
location, see Cahoon et al. 2003). As a result of direct cutting, trough-shaped areas
resulted from soil exposure after tree felling causing water stagnation and high soil
salt concentration. The proposed solution was to excavate artificial channels (I m
deep, 1.5 m wide at the base and 3 m wide at the soil surface) and connect them to
natural adjacent channels (Fig. 10.3). Feeder channels (0.75 m deep, 0.6 wide at the
base, and 1.5 m wide at the soil surface) were also excavated throughout the die-
back mangrove area, following a “fish bone” spatial pattern (Fig. 10.3). The exca-
vated sediments were deposited next to the channels, increasing soil relative
elevation. This strategy was designed to reestablish water exchange between the
mangrove die-back areas and the natural channels with the goal of increasing the
survival rate of planted and naturally established seedlings, The technique (i.e.,
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100 m

Fig. 10.3 Hydrological restoration implemented in mangrove wetlands in Pichavaram, Tamil
Nadu, India, showing original main and feeder channels excavated circa 1996. (a): March 3, 2003;
(b): January 29, 2016 (Source: Google Earth Pro; image area: 55.5 ha; eye altitude 881 m; Latitude:
11°25'59.86" N, longitude: 79°47'28.89" E at the center of the images

feeder channels) was first tested around 1996 in a pilot study involving 10 ha of
dead mangrove wetland and resulted in the recovery of an extensive mangrove for-
est area (Fig. 10.3). After it was demonstrated to be successful, it was used in other
areas covering at least 1200 ha impacted mangrove sites in the states of Tamil Nadu
and Andhra Pradesh, India (Selvam et al. 2005). One of the main attributes of the
R/R project described above (Fig. 10.3) involved an initial diagnostic and a pilot
study to test the proposed solution. The implementation of this approach involved
the acquisition of permits before and after project implementation, as well as secur-
ing funding from government agencies. Additional critical steps included (1) plan-
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ning to excavate during the period of lowest water level, (2) organizing and working
closely in a community-based restoration effort, (3) maintaining nurseries to raise
seedlings of several mangrove species for planting in the modified areas, (4) chan-
nel maintenance (mainly silt dredging) when required, and (5) monitoring the suc-
cess or failure of restored areas by means of GIS and ground truthing (Selvam et al.
2003). A similar success history following essentially the same steps was imple-
mented in Celestin, Campeche, and Mexico (Miyagi 2013).

Prioritized objectives underpin the development and implementation of R/R
projects as they force the operational identification of the processes that must be
included to provide a clear framework that warrant project success. Among other
alternatives to ensure a logical selection of steps and clear objectives, we propose
the implementation of the Ecological Mangrove Rehabilitation (EMR) protocol as
outlined in Lewis and Brown (2014) that includes monitoring and reporting tasks
(Fig. 10.4). For example, if the objective is to restore harvestable fish and shellfish
habitat, the life history of the target species should be fully understood while moni-
toring species-specific requirements to document an actual increase in species pop-
ulation density in the restored area (Lewis et al. 1985; Brockmeyer et al. 1997;
Lewis and Gilmore 2007). A unique design criterion, such as the restoration of the
historical hydrological patterns (e.g., water flow, net volume), and attributes (e.g.,
cross section area, length) of tidal creeks may also be essential to provide accessibil-
ity for migration and reproduction cycles for those targeted species.

An interdisciplinary framework has also been proposed to evaluate coastal “bio-
shield” plantations (some with mangroves) and involves the consideration of several
preplantation, plantation, and postplantation procedures (Mukherjee et al. 2015). In
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this scheme, one of the major drivers defining the objectives and requirements to
ensure success, but usually neglected, is land tenure rights. This consideration is
especially critical in plantations established on land under the jurisdiction of the
Revenue Department or similar country/regional governance bodies or long-term
land grants where projects could become high economic risks if changes in policy
occur after project implementation (Primavera 2000; Primavera and Esteban 2008;
Mukherjee et al. 2015). In fact, land use change, either in private and public lands, is
perhaps the major threat to the implementation of R/R projects given the uncertainty
in the change of regional and national policies and economic interests associated to
urban and industrial development, particularly in developing countries (see Chap. 9).

10.3.3 Critical Questions: What Were the Ecological Services
Sought? What Were the Societal Priorities?

Mangroves have well-defined economic and social values referred to as “instrumen-
tal values”, “free services”, “ecological functions”, or “ecological services” (see
Chaps. 8 and 9). These values include the provision of habitat and biodiversity con-
servation, food and wood production, shoreline protection, chemical buffering,
water quality maintenance, provision of recreational, aesthetic and education oppor-
tunities, and reservoirs of genetic materials. Indeed, coastal protection and socio-
economic factors are the main drivers of coastal bio-shield projects in India
(Mukherjee et al. 2015). Therefore, in each R/R project it must be decided which of
these ecological functions, goods, and services is (are) the most appropriate to be
sustainable, including the need to make decisions that are congruent with the priori-
ties of both national governments and local communities.

10.3.4 Implementation Plans

In earlier steps in the implementation of R/R projects, a questionnaire survey is a
useful tool for the evaluation of site conditions to compare potential sites. This tool
is also necessary in the development of a detailed implementation plan based on the
natural conditions of each site (Saenger et al. 1996). Furthermore, this assessment
should include a synoptic account of the biotic and abiotic site conditions and, criti-
cally important, practical considerations as access, travel time, and land-use status.
Since the early 1980s, it has been advocated that the planting of mangroves specifi-
cally should occur for the environmental services these wetlands can provide (i.e.,
Lewis 1982). One of the requirements to implement such an approach is to avoid, as
much as possible, the monoculture of mangroves that frequently characterizes res-
toration projects devoted to timber production. Despite this limitation, few restora-
tion programs have achieved a degree of ecological functioning similar to natural
mangrove systems (Latif 1996; McKee and Faulkner 2000; Lewis and Gilmore
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2007; Bosire et al. 2008). Based on these experiences, the following conditions
should be met to increase the success of a specific mangrove R/R project: (1) it
should be viewed by the local people as an economic opportunity and/or offer other
tangible benefits; (2) it is compatible with local patterns of resource use and land
tenure; (3) local knowledge and skills relevant to restoration are successfully embed-
ded into the project; (4) local groups and organizations are effectively mobilized to
support and implement restoration activities; and (5) relevant policies and political
factors are supportive of restoration efforts at the local, regional, and national levels
(Walters 1997).

10.4 Major Limitations in the Implementation of R/R:
Funding Availability and Current Ecological Theory

Funding availability for the implementation of R/R project is generally based on the
realization by different countries that a high proportion of mangrove wetlands have
been damaged by a complex interaction of human impacts including aquaculture,
agriculture, livestock, urban/rural/industrial and touristic development, and mis-
guided practices concerning the construction of roads, extensive dredging and the
opening of sand bar inlets along vulnerable coasts. Some of these activities have
caused irreversible damage, requiring the implementation of mangrove R/R proj-
ects, which may be funded by government agencies/departments and/or
Nongovernment Organizations. However, financial support for most of these coastal
management projects is limited due, in most instances, to the high cost for imple-
mentation. Even when economic resources are available, they are often not appro-
priately allocated and spent (Kodikara et al. in press). Therefore, current ecological
theory and the experience gained through frequent failures, and less frequent suc-
cesses, must be incorporated in current and future R/R projects to help define the
short- and long-term goals and strategies to promote cost-effective small and large-
scale mangrove R/R projects (Lewis et al. 2005; Primavera and Esteban 2008;
Saenger 2011; Twilley et al. 1998; Twilley and Rivera-Monroy 2005).

10.4.1 Selection of Easily Manageable Species

Among the taxonomic selection of individual for R/R projects, the genus
Rhizophora has been the preferred taxon used in planting-oriented restoration proj-
ects (Ellison 2000). The species within this genus have a worldwide distribution
(Tomlinson 1986; Giri et al. 2011; see Chap. 2). Two of the major reasons this
genus is used in planting programs are its large hypocotyl nutrient storage that
increases survival rates at early developmental stages, even for long-term wood
production in natural environments, and its handling versatility (Shamsudin et al.
2008; Goessens et al. 2014).
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10.4.2 Planting Seedlings or Saplings from Local or Distal
Genetic Sources

Although much is yet to be understood about the effects of planting Rhizophora
propagules or saplings in a site that is far away from the germplasm source, even
when planting the same species, current studies show that genetic diversity decreases
toward higher latitudes and under isolation conditions (Sandoval-Castro et al. 2014;
De Ryck et al. 2016; Ngeve et al. 2016). This decrease is due to the genetic attenu-
ation (e.g., loss of unique alleles) and an increase in selfing. These findings suggest
that genetic recovery of large impacted wetlands areas in tropical latitudes may
require more than 30 years (Arnaud-Haond et al. 2009). Similarly, the effect of
habitat fragmentation might not influence the genetic makeup of adult populations,
although it can occur in cases of higher inbreeding in smaller populations
(Hermansen et al. 2015). Perhaps a rule of thumb would be to use, if available,
genetic resources from the nearest possible populations, such as transplanting wild-
ings from nearest mangrove wetlands under good or optimal environmental condi-
tions (Ellison and Fiu 2010).

10.4.3 Have Native Species Been Always Used in Restoration
Programs?

R/R projects using exotic species in species-rich biogeographic regions have been
recently reported in the scientific literature. For instance, the mangrove species
Sonneratia apetala (originally from India, Sri Lanka, and the Bengal coastal region)
has been used in the restoration of physically altered environments lacking natural
propagule sources in China (Ren et al. 2008). Over the first decade, the growth per-
formance of the mangrove species S. apetala was higher than those of the native
species, Rhizophora stylosa and Kandelia candel (now K. obovata); and in some
cases, S. apetala facilitated the recolonization of native mangrove species (Ren
et al. 2008; Peng et al. 2012). However, due to the ecological risk of invasion at
broader spatial scales, recent assessments are now recommending that restoration
efforts should include competitive control mechanisms and removal of alien plant
species once the populations of native species are established (Chen et al. 2013; Ren
et al. 2009, 2014). Moreover, the use of exotic species in restoration programs
started relatively recently (two decades ago) and was restricted to site-specific
experiments. Unfortunately, the lack of adequate monitoring of multilevel perfor-
mance measures makes it extremely difficult to infer whether these actions will
sustain themselves without further human intervention and at higher ecological and
economic cost.

The few experiments designed to assess the effects of exotic species on ecosys-
tem functionality include evaluations of macrobenthic faunal communities (Tang
et al. 2012; Leung and Tam 2013). These studies revealed that although the exotic
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mangrove species S. apetala seems to be innocuous to the macrobenthic fauna, its
presence and dispersion could have negative impacts on other functional groups.
For instance, afforestation of mudflats with alien species reduces the feeding ground
for water birds (Leung and Tam 2013). Due to the lack of data and information
together with an insufficient monitoring timeframe, including the lack of proper
spatial and temporal replication, management plans aiming to regulate the use of
exotic species and prevent adverse impacts to the estuarine ecosystem are yet to be
implemented. Thus, a consensus regarding the use of exotic mangrove species as a
good restoration practice remains to be evaluated.

10.5 Implementing R/R Projects in the Context of Climate
Change: Carbon Markets and Greenhouse Emissions

R/R projects could be considered a long-term strategy to mitigate carbon emissions
given the current estimates of potential carbon storage (‘“blue carbon”) in mangrove
wetlands (Donato et al. 2011; Caldeira 2012; Siikamaki et al. 2012). The assess-
ment of carbon stocks in the wide range of mangrove ecotypes (sensu Lugo and
Snedaker 1974) throughout tropical and subtropical latitudes confirm that mangrove
forests are among the ecosystems with the highest C storage capacity per unit area
(e.g., Mcleod et al. 2011; Donato et al. 2011; Alongi 2014; Lovelock et al. 2014;
Adame et al. 2015; see Chap. 5). This storage capacity is due to slow decomposition
and rapid organic matter accumulation through time in flooded soils. For example,
soil carbon sequestration rates in mangroves growing in arid tropical coastal regions
(Pacific coast of Mexico) range from 0.1 and 6.9 Mg C ha~' yr.7! in the last 100 years
(Ezcurra et al. 2016). However, actual emission rates of previously stored blue car-
bon into the atmosphere in deforested mangrove areas have not been directly and
comprehensively assessed. For example, Kauffman et al. (2015) indirectly esti-
mated a loss of 1464 Mg CO, equivalents per ha for the top 1 m soil depth when
mangrove forests were converted to pastures in Tabasco, Mexico, representing
seven and three times greater emissions than those reported for a tropical dry forest
and a tropical forest in the Amazons, respectively. In that study, the carbon stock
was lower in older (30-year) than younger (7-year) pasturelands previously occu-
pied by mangroves, suggesting continuous loss to the atmosphere through time
(Kauffman et al. 2015), especially when flooded soils are drained and exposed to
fast aerobic decomposition (Couwenberg et al. 2010).

It is assumed that some of the carbon emitted could be sequestered again from
the atmosphere after these impacted sites are restored; this response has been
observed in mangrove forests where superficial soil horizons were similar to pre-
served forests after 35 years of mangrove tree planting or natural regeneration
(Lunstrum and Chen 2014; Nam et al. 2016). Although more information is
needed to evaluate the potential sequestration and storage in restored mangrove
wetlands, studies suggest that R/R projects could be an efficient strategy to cap-
ture carbon from the atmosphere at a relatively low cost (Siikamaki et al. 2013;
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Thomas 2014) considering the potentially high estimated economic values of car-
bon sequestration as an ecosystem service (e.g., Estrada et al. 2015; Jerath et al.
2016). However, adequate species selection and suitable (e.g., middle to upper
intertidal) environments must be selected for successful mangrove restoration in
contrast to the selection of unsuitable (e.g., lower intertidal) environments, as it
has been the case in some coastal regions (Lewis et al. 2005; Primavera and
Esteban 2008). Additionally, the economic and social dimension of carbon seques-
tration valuation and carbon market development require not only community-
based mangrove management schemes to achieve restoration goals, but also that
local governments are directly aligned to international economic incentives related
to carbon markets in the context of climate change (Beymer-Farris and Bassett
2012; Jerath et al. 2016).

10.6 Global, Regional, and Local Perspectives in Mangrove
R/R Programs: Beyond Planting Trees

10.6.1 Factors Controlling Long-Term Sustainability
of Restored Mangroves

Mangrove R/R strategies have historically been scrutinized to identify both infor-
mation gaps and operational pitfalls. Despite the broad geographic range of imple-
mented mangrove restoration projects, an analysis of project outcomes from the
1800s until 1999 (Ellison 2000) indicated that the methods used are mainly based
on planting of single mangrove species and that the primary focus remained on a
silviculture-oriented approach (e.g., fuelwood, charcoal, Lewis 1982). Recently, a
number of assessments of R/R practices and methods indicate a limited advance in
improving R/R strategies and confirm that planting, rather than eliminating the
stressors and assisting natural regeneration, remains the main strategy used world-
wide (Bosire et al. 2008; Dale et al. 2014).

Effective mangrove restoration can only be achieved by eliminating environmen-
tal stressors, a strategy proposed more than 30 years ago (e.g., Cintrén and Schaeffer-
Novelli 1983; Cintrén-Molero 1992). A stressor is any factor or situation that diverts
potential energy flows that could be used for the system’s own maintenance, stabil-
ity, and resilience (Odum 1967; Lugo and Snedaker 1974; Twilley and Rivera-
Monroy 2005). The ecosystem response to a stressor depends on its effect/impact on
the system (e.g., physiological mechanisms, structure, and composition) that influ-
ence the recovery rates depending on the type, persistence, and synergy among
natural and human-induced stressors (Lugo 1978; Lugo et al. 1981). If we consider
that environmental stressors can impair the system’s recovery capacity, it is impor-
tant to prioritize ecological-based restoration strategies over single species planting
(Lewis 2000).
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Mangroves, as is the case for other wetlands, are flow-through ecosystems. Thus,
an understanding of their ecology and hydrology is a critical step in designing suc-
cessful mangrove restoration plans (Lewis et al. 2005). There are successful wet-
land restoration projects based on hydrologic restoration (Turner and Lewis 1997;
Selvam et al. 2003; Miyagi 2013). In mangrove forests, the hydroperiod (flooding
frequency, duration, and depth) regulates biogeochemical processes such as gas
exchange (O, and CO,) between plants and the environment, metabolic turnover
rates, and the accumulation of sulfide in soil (Twilley and Rivera-Monroy 2005;
Lugo and Medina 2014; see Chaps. 5 and 6). Mangrove forests are very sensitive to
edaphic modifications, mainly due to shifts in substrate elevation relative to water
level; and their ability to return to a more complex level of organization is strongly
affected by the intensity and frequency of the stressor (Cintrén and Schaeffer-
Novelli 1983). In fact, regrading sites to previous relative elevation is recommended
for restoration projects and ignoring this step has led to numerous failures (Lewis
et al. 2005 and references therein).

On a mangrove forest scale, the environmental gradient created by the microto-
pography sets ecological patterns relevant to restoration strategies such as species
distribution in response to hydroperiod (Lugo and Snedaker 1974; Twilley et al.
1998; Twilley and Rivera-Monroy 2005; Flores Verdugo et al. 2007; Flores-de-
Santiago 2017; see Chaps. 6 and 9), as well as to other regulators (salinity, sulfide,
pH, redox potential) and resources (nutrients, light, space) (Twilley and Rivera-
Monroy 2005). Moving up one level to the landscape scale, mangrove stands are
nested within environmental settings (e.g., deltas, coastal lagoons, oceanic islands)
and are necessarily subjected to environmental variability as a result of major
changes in hydrology or sediment input and deposition rates (Twilley et al. 1998;
Schaeffer-Novelli et al. 2005). Therefore, restoration strategies should not be lim-
ited to the local site, but also consider the interconnectedness with regional and
global process (Twilley et al. 1998; Twilley and Rivera-Monroy 2005). This is par-
ticularly important when considering recurrent large-scale climate phenomena (e.g.,
El Nifio Southern Oscillation) and changes triggered by events that can affect site-
level management strategies as shown in large mangrove restoration projects in the
Americas (Blanco et al. 2006; Rivera-Monroy et al. 2006; Rivera-Monroy et al.
2011). These hierarchical levels should be considered in mangrove R/R projects to
capture the combined effects of geophysical, geomorphic, and ecological processes
that control the mosaic and development of mangrove wetlands (Twilley et al. 1998).

In the context of adaptive management of natural resources, there is no “one-
size-fits-all solution”. Thus, the studies discussed here underscore the constraints
and opportunities for successful mangrove restoration. A large body of evidence
shows that neglecting ecological baselines is the main factor hindering effective
restoration initiatives worldwide, and when appropriate hydrological conditions are
restored, mangroves can fully develop and function as natural stands with no further
human intervention required (Twilley et al. 1998; Ellison 2000; Lewis et al. 2005;
Rivera-Monroy et al. 2006; Lewis and Gilmore 2007; Bosire et al. 2008; Rovai et al.
2012; Rovai et al. 2013; Dale et al. 2014).
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10.6.2 Monitoring the Functionality of Restored Mangroves

A number of variables have been proposed to assess mangrove restoration outcomes
(Twilley and Rivera-Monroy 2005; Bosire et al. 2008; Dale et al. 2014). Issues
related to monitoring of restoration projects are coupled to the economic priorities,
timeframe, and diversity of methods. In addition to the lack of standardized meth-
ods to monitor mangrove restoration outcomes, assessments often limit their analy-
ses to one specific indicator species or group. This approach does not provide an
overview of the functionality, which should reflect the system’s capacity to maintain
an effective energy flow as well as structural and functional properties considering
the multiple pathways and mechanisms by which ecological services are delivered
(see Chaps. 8 and 9). Again, because environmental stressors can affect the target
ecosystem at different levels of organization, it is important to define and consider
multiple functional indicators as performance measures in mangrove restoration
strategies (Twilley and Rivera-Monroy 2005).

Most projects are short in duration (<3 years) and do not devote funding for
adequate maintenance and monitoring periods (Rivera-Monroy et al. 2006;
Lewis et al. 2005; Roderstein et al. 2014). Periods ranging from 2 to 16 years
(Bosire et al. 2008 and references therein) and 10 to 50 years (Crewz and Lewis
1991; Lugo 1992; Shafer and Roberts 2008; Luo et al. 2010; Rovai et al. 2012,
2013) may be required to fully ascertain mangrove restoration success based on
faunal diversity and vegetation structural (e.g., basal area, species diversity) as
well as functional (e.g., net primary productivity, carbon storage, resilience)
properties. Based on these studies, we recommend that the monitoring and main-
tenance of R/R projects cover at least 5 years after project implementation. For
example, one functional ecosystem property might be an assessment of the abun-
dance and diversity of fish populations to ensure that both keystone and of eco-
nomic important species to return to reference condition within 5 years (Lewis
and Gilmore 2007). However, depending on the intensity of the damage, ecosys-
tem functionality in wetlands can take over a century to be restored. Moreno-
Mateos et al. (2012) found that only 7 out of the 124 references used in their
analysis corresponded to mangrove ecosystems with restoration ages ranging
from 22 months to 14 years. Appropriate spatial and temporal replication incor-
porating key and multilevel functional indicators is needed to draw conclusions
at a range of population, community, or ecosystem dynamics.

The key set of functional indicators used as performance measures to evaluate
the success of a mangrove R/R projects should include physiological and structural
attributes as response variables to gradients of environmental factors. These include
resources (light and nutrients), regulators (salinity, pH, soil sulfide, redox potential),
and hydroperiod (water depth, frequency and duration of flooding; Twilley and
Rivera-Monroy 2005; Rivera-Monroy et al. 2011) that account for the main stress-
ors to mangrove development and long-term sustainability. The performance mea-
sures should provide information about the restoration trajectory of the ecosystem
at specific sites, thus describing the degree and timing of changes anticipated in both
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structural and functional characteristics and enabling adaptive management actions.
The integration of multilevel performance measures, including abiotic and biotic
compartments, allows for the identification of cause and effect relationships, docu-
menting the effectiveness of restoration strategies and testing assumptions concern-
ing the stressors that are associated with the system’s degradation (Twilley and
Rivera-Monroy 2005).

The difficulty and utility of monitoring performance measures in R/R mangrove
projects can be illustrated by some examples. The trajectories of vegetation and soil
properties of a mangrove rehabilitation project by reconnecting water bodies in the
Ciénaga Grande de Santa Marta lagoon complex (Colombia), one of the largest
restoration efforts ever implemented (mangrove area: 99 km?) in the AEP region,
indicated a reversal of the initial success (Rivera-Monroy et al. 2006). After a suc-
cessful response to the large spatial scale hydrological modifications by widespread
natural regeneration in 1996 and 1999, the mangrove forest in the region began to
show potentially irreversible deterioration due to a lack of a long-term economic
strategy that included maintenance of the originally dredged channel to maintain
freshwater exchange between the mangrove die-back areas and the natural creeks
and estuary (Roderstein et al. 2014). Similarly, extensive canal digging toward river
and tidal water sources was carried out in the Pichavaram mangrove area in South
India (Selvam et al. 2003) that resulted in the recovery of an extensive area (~300 ha),
visible form space (Fig. 10.3) and originally lost due to clear-cutting and soil sub-
sidence. In contrast to the case in Colombia, canal maintenance to avoid siltation is
currently performed in this location with the participation of local communities and
adequate technical and economic support. Another successful hydrological rehabili-
tation implemented at both Términos Lagoon and Jaina Island in Campeche,
Mexico, has promoted a maintenance-free mangrove restoration areas, enhancing
further recovery of vegetation cover and ecosystem services at low investment cost
(Agraz-Herndndez and Arriaga 2010; Agraz-Herndndez et al. 2015).

Another R/R project in the AEP region (Brazil) coupled structural and physio-
logical properties of mangrove vegetation with edaphic conditions to assess the suc-
cess of different mangrove restoration projects (Rovai et al. 2012, 2013). Those
studies demonstrated that although restoration sites did not differ from reference
stands in terms of forest structural characteristics, there was impaired photosyn-
thetic performance due to stress caused by soil elevation changes and heavy metal
inputs, thus making it difficult to infer possible restoration trajectories. This study
shows the advantage of using hierarchical performance measures in restoration
strategies, since ecological responses at lower levels of organization may anticipate
threats to the system’s structure, and reveal critical trends in ecosystem develop-
ment (Twilley et al. 1998). For example, nitrogen fixation, a functional ecosystem
service, has been used successfully as an indicator of success in reforested and natu-
rally regenerated mangroves in Mexico (Vovides et al. 2011)

The mangrove fauna plays indeed a significant role in the functioning of man-
grove ecosystems and can thus be a useful indicator of integrity of managed man-
groves (Lewis 1982; Lewis and Gilmore 2007; Bosire et al. 2008; Cannicci et al.
2008; Ellison 2008; see Chaps. 3 and 6). The assessment of trends in recolonization
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of epibiotic, macrobenthic, and sediment-infauna communities and the distribution
patterns of benthic macrofauna, fish, and shrimp in R/R stands across the world
show significant and short-term response (Bosire et al. 2008). Although selected
biota groups seem to be more responsive to mangrove restoration, there are still only
few studies on the spatial and temporal changes in biodiversity in restored man-
groves (see Chap. 3); the scant information on age range, species composition, and
hydroperiod in restored sites make generalizations highly uncertain.

We underscore the premise that there is no “one-size-fits-all” solution in restora-
tion ecology. Mangrove restoration monitoring programs should include as many
indicators as the budget and timeframe allow and may be amended as required by
the specific goals of the initial restoration plan (i.e., adaptive management). An
empirical framework that models mangrove restoration trajectories by integrating
indicators that reflect ecological processes at different time and spatial scales is
strongly recommended (Twilley and Rivera-Monroy 2005). This framework should
highlight the opportunities and constraints of monitoring programs and operation-
ally define the basic performance measures that should assist in the advancement of
mangrove restoration in all biogeographic regions.

10.7 Future Directions: Lessons Learned and Research
Agenda

To advance mangrove R/R efforts worldwide, data sharing and exchange of experi-
ences should be promoted and orchestrated at a comparative level in different geo-
morphological settings and latitudes within and across the IWP and AEP regions.
Below we discuss four proposed R/R protocols that could be considered as a general
research agenda to be implemented given the inclusion of critical ecological pro-
cesses and operational tasks to improve the success of mangrove R/R projects. A
critical step is to develop a decision tree that could serve as a guide to optimize the
use of available funding in the development, implementation, and monitoring of
R/R projects (Fig. 10.4). Future protocols should list clear objectives, goals and
deadlines, a robust research agenda that include specific questions (and hypotheses)
based on sound ecological theory, and reliable monitoring practices that maximize
the usefulness of current and past R/R project experiences (Ellison 2000; Bosire
et al. 2008). We propose that these initial steps could be based on the current avail-
able protocols for mangrove R/R projects that could be further developed under the
specific conditions at each individual location.

The first, and most commonly used protocol, emphasizes that if natural recoloni-
zation after site selection or improvement (secondary succession) does not occur or
is too slow (Field 1996b; Primavera et al. 2012) a mangrove nursery should be set
up as sites for possible planting or out-planting (sensu Primavera et al. 2012) are
identified primarily based on the current lack of mangrove cover or on evidence of
their historical cover loss. A very large part of this protocol is devoted to successful
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nursery practices including seed or seedling collection and planting, and the use of
some natural seedlings transplants (i.e., wildlings) from healthy forests (Field
19964, b; Primavera et al. 2012). However, this approach does not emphasize steps
to clearly identify the drivers causing mangrove mortality in the first place or factors
hindering the lack of natural mangrove regeneration and growth in the proposed
planting site. Indeed, Samson and Rollon (2008) documented the failure of a similar
mangrove restoration protocol implemented over 40,000 ha during a 20-year period
in the Philippines.

The second protocol, called Ecological Mangrove Rehabilitation (or Restoration)
(EMR, Lewis and Marshall 1998; Stevenson et al. 1999), was initially described as
a five-step process (Brown and Lewis 2006), and later expanded to six steps (Lewis
2009, which have been implemented at a number of sites around the world (Lewis
and Brown 2014). For example, Rey et al. (2012) described the success of this
“hydrologic restoration” approach (Lewis et al. 1985; Brockmeyer et al. 1997;
Turner and Lewis 1997) when implemented in 12,605 ha out of the original
16,185 ha mangrove area that was diked and filled in the East Coast of Florida,
USA. The localities were hydrologically reconnected, breached, or restored for the
rehabilitation of formerly diked mosquito control impoundments. Nursery estab-
lishment and planting of mangroves is only used under this protocol if natural prop-
agule recruitment does not occur after site preparation and monitoring (i.e.,
“propagule limitation™; Lewis et al. 2005). Thus, planting of mangroves is not pre-
cluded under EMR, but is based upon a documented lack of natural establishment
of propagules (i.e., secondary succession).

The six steps of EMR (sensu Lewis and Brown 2014) are as follows.

1. Understand the autecology (individual species ecology) of the mangrove species
at the site, the patterns of reproduction, propagule distribution, and successful
seedling establishment.

2. Understand the normal hydrologic patterns that control the distribution and suc-
cessful establishment and growth of targeted mangrove species.

3. Assess the modifications of the previous mangrove environment that currently
prevent natural secondary succession.

4. Select appropriate mangrove restoration sites through application of Steps 1-3.
These steps increase the likelihood of success in restoring a sustainable man-
grove forest ecosystem, and are cost-effective given the available funds and man-
power to implement projects, including adequate monitoring to assess quantitative
goals established prior to restoration. This step includes resolving land owner-
ship/use issues necessary for ensuring long-term access to and conservation of
the site.

5. Design the restoration program at appropriate sites selected in Step 4 to initially
restore the appropriate hydrology and utilize natural mangrove propagule recruit-
ment for plant establishment.

6. Only utilize actual planting of propagules, collected seedlings, or cultivated
seedlings after determining through steps 1-5 that natural recruitment will not
provide the quantity of successfully established seedlings, rate of stabilization,
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or rate of growth of saplings established as quantitative goals for the restoration
project.

In a third protocol proposed for mangrove restoration, Bosire et al. (2008) pres-
ent a ten-step flow diagram that expands even further on the six steps from EMR and
that can be used as a decision tree for restoration programs (Fig. 10.4). These steps
integrate the essential procedure of consulting with the local communities (Step 4)
and post-plantation phases, similar to those discussed by Mukherjee et al. (2015).
The step 9 in this approach underscores the need to monitor ecological succession
in all main biological groups as well as resource use by local people, which is a
much-desired step toward functional integrity when the goods and services man-
grove forest provide directly benefit local communities (see Chap. 8).

The fourth protocol explicitly adds economic and social issues and emphasizes
the use of local ecological knowledge to substitute for baseline information gaps
(e.g., detailed reference site topography and hydrology) (Biswas et al. 2009). This
approach is akin to “community based rehabilitation” (Primavera et al. 2012) or
“community based ecological mangrove rehabilitation” (CBMER) (Brown and
Lewis 2006; Lewis and Brown 2014) and was tested in four R/R projects (Biswas
et al. 2009) with “minimum” success for two projects and “uncertain” success for
the other two. A major problem when relying on community support to implement
R/R project is that funding for the participation of volunteer planting and monitor-
ing is limited, thus “[...] it is not uncommon that the whole effort collapses as soon
as the external support is withdrawn” (Biswas et al. 2009; p. 379). This limitation
does not invalidate the general approach, but introduces a potential problem by not
emphasizing enough ecological engineering considerations such as the assessment
of hydrology and topography as important initial step in data gathering efforts
before project implementation. An integrated approach similar to that of CBEMR
have been implemented in Indonesia relying on community-based data gathering on
hydrology and topography, underlining adequate funding and training as key to the
overall success of that rehabilitation project (Brown et al. 2014).

Finally, it is paramount to include in any monitoring and reporting program both
spatial and temporal replication (Underwood 1997), including reference sites within
the restoration site or nearby (see Rovai et al. 2012, 2013 for a detailed spatial and
built-in time sampling strategy). In addition, the program should consider establish-
ment of long-term research plots and multiple sequential research programs when
and where possible. The results, whether successful or not, should be published, as
it is the only sound alternative to learn from past experiences, and further advance
mangrove restoration ecological science based on the actual successes and failures
of the four protocols previously described. We urge the continental level implemen-
tation of these guidelines to advance international initiatives aimed to protect and
conserve one of the most productive and threaten coastal ecosystems in the world.
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Chapter 11
Advancing Mangrove Macroecology

Victor H. Rivera-Monroy, Michael J. Osland, John W. Day, Santanu Ray,
Andre Rovai, Richard H. Day, and Joyita Mukherjee

11.1 Introduction

Macroecology is broadly defined as a discipline that uses statistical analyses to
investigate large-scale, universal patterns in the distribution, abundance, diversity,
and organization of species and ecosystems (Brown 1995; Enquist et al. 1995;
Smith et al. 2008), including the scaling of ecological processes and structural and
functional relationships (e.g., McGill and Collins 2003). Though related to biogeog-
raphy (covered in Chap. 2), macroecology differs in that it also addresses associa-
tions between organisms and their environment (i.e., traditional ecological
questions) at large spatial and temporal scales (Keith et al. 2012). Thus, macroecol-
ogy as a transdiscipline explores the boundaries where ecology, biogeography, pale-
ontology, landscape ecology, and macroevolution come together (Brown 1995).
Macroecology attempts to provide an explicit mechanistic ecological under-
standing about questions that deal with the distribution, abundance, energetics, and
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interaction networks of individuals and species across multiple spatial and temporal
scales (Keith et al. 2012; Peters et al. 2014). Macroecological approaches have been
used in ecological studies of coastal and oceanic environments (Witman and Roy
2009), although not as often as for terrestrial ecosystems (Blackburn and Gaston
2003). The approach explicitly recognizes the importance of using models of the
spatial and temporal variation in ecosystem function and structure to better under-
stand complex interactions among entities composing these systems, no matter
what the scale of the analysis (Marquet et al. 2004). For example, the urgency to
assess the effects of global change upon the interactions between ecological, social,
and economic drivers has underscored the potential utility of conceptual frame-
works such as macroecology (Fowler 2008; Brown et al. 2011, 2014; Burger et al.
2012; Nekola et al. 2013; McBride et al. 2014; Peters et al. 2014). In coastal regions,
macroecological approaches can advance the understanding of how non-linear
responses in natural systems can be triggered by human impacts at local, regional,
and global scales (Kerr et al. 2007; Day et al. 2008; Barbier et al. 2011).

There are many examples of studies that have applied a macroecological
approach without explicitly acknowledging its connection to the realm of macro-
ecology (e.g., Simberloff and Wilson 1969). In the first paper devoted explicitly to
the application of macroecology to mangrove ecosystems, Ellison (2002) pointed
out that “a focus on the larger-scale contexts that constrain local processes (a mac-
roecology of mangroves) will provide us with new insights into the structure and
function of mangrove ecosystems.” Using relationships between local species rich-
ness and latitude, longitude, regional diversity, and structural properties of leaf
traits, he proposed that ecological theory developed in upland forests could be
directly applied to mangrove forests. Since that first paper on mangrove macroecol-
ogy, no further work has been published that explicitly uses this conceptual frame-
work to advance our understanding of mangrove-dominated ecosystems. An ISI
Web of Science search identifying published work explicitly listing the words
“macroecology” and “mangrove” in the title, keywords, and abstract produced only
two papers (i.e., Whittaker et al. 2001; Ellison 2002). In contrast, macroecology is
a term and an approach that has been frequently incorporated in analyses of terres-
trial and marine ecosystems (Fig. 11.1). We acknowledge that there are many
mangrove-focused studies that have used macroecological approaches without ever
explicitly mentioning the term macroecology (see examples provided in this chap-
ter); however, in general, there is a need to more explicitly incorporate macroecol-
ogy into the study of mangroves.

We suggest that macroecology can be used to embrace ecological theory regard-
ing complex structural and functional spatiotemporal patterns. Macroecology can
even be used to assess and anticipate human impacts to mangrove ecosystems.
Although mangrove forests provide a wide range of ecosystem services to society,
they are among the most anthropogenically impacted coastal ecosystems in the
world (Ewel et al. 1998; Alongi 2009; Barbier et al. 2011; Twilley and Day 2012;
Mukherjee et al. 2012) (see Chaps. 8 and 9). In some cases, there is a lack of data,
information, and knowledge (Baker and Bowker 2007) needed to thoroughly
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Fig. 11.1 The number of macroecology-related publications (fop) and citations (bottom) for
marine, terrestrial, and mangrove ecosystems for the period 1980-2014. These data come from an
ISI Web of Science search for publications that used the following search topic terms: (1) macro-
ecology and marine; (2) macroecology and terrestrial; or (3) macroecology and mangrove. The
mangrove-focused search revealed only two papers (Ellison 2002; Whittaker et al. 2001)

evaluate how direct and indirect human impacts affect mangrove survival and
persistence. Unfortunately, the indirect impacts are typically subtler than the direct
impacts (e.g., deforestation) since major environmental changes are not usually
immediate, as is the case, for example, with incremental and irreversible hydrologi-
cal changes in coastal and estuarine environments. Indeed, the mangrove literature
abounds with examples of how changes in river discharge or coastal hydrology,
such as levee construction for flood protection or road construction, modify critical



350 V.H. Rivera-Monroy et al.

environmental processes, including sediment delivery, hydroperiod, and salinity,
which can cause major mangrove diebacks (Hicks and Burns 1975; Odum and
Tohannes 1975; Ellison 1998; Rivera-Monroy et al. 2011). The causes and rates of
mangrove mortality due to indirect impacts at the global scale are not well known.
However, it is understood that assessing the effects of management decisions
requires a comprehensive approach that explicitly identifies the interactions between
environmental variables regulating mangrove ecosystems and human impacts at dif-
ferent spatiotemporal scales. Since macroecology is a discipline of synthesis, it can
offer both an operational approach and foundation for designing and implementing
comparative ecological studies at the global scale to conserve mangrove resources
in the long term.

In this chapter, we provide examples of how a macroecological conceptual
framework can be used in mangrove ecological studies. Our examples include eval-
uations of the variation in mangrove forest ecosystem structure and function in rela-
tion to macroclimatic drivers (e.g., temperature and rainfall regimes) and climate
change. Additional examples include work focused upon the continental distribu-
tion of aboveground net primary productivity (see also Chap. 5) and carbon storage,
which are research areas that have been rapidly advancing in recent years. These
research priorities are good examples of the value of a macroecological perspective
for the understanding of global- and regional-scale effects of both changing envi-
ronmental conditions and management actions on ecosystem structure, function,
and the supply of goods and services. Beginning with mechanistic hypotheses and a
local-scale understanding of important processes, macroecology has used modeling
as a critical component in the synthesis of information. We therefore present current
trends in mangrove modeling approaches and their potential utility to test hypothe-
ses about mangrove structural and functional properties. Given the importance of
experimental work at intermediate (i.e., regional) scales, we also discuss the poten-
tial integration of restoration and rehabilitation projects (see also Chap. 10) in mac-
roecology studies. These projects could help to advance the critical selection and
conservation of ecosystem services when managing mangrove resources. We by no
means provide an exhaustive review of potential mangrove ecological studies within
a macroecological framework. Our goal here is to show the prospective utility of
macroecology-based studies that could answer process-based ecological questions
and help expand long-term ecological studies at regional and continental scales. We
also aim to show how such studies could help improve conservation outcomes and
ensure that mangroves will continue to provide ecosystem goods and services for
current and future generations.

11.2 Macroecology of Mangrove-Dominated Ecosystems

As mentioned above, macroecology addresses associations between organisms and
their environment based on statistical patterns of abundance, distribution, and diver-
sity (Brown 1995). To discern the relative importance of these interactions, it is
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necessary to conceptually separate the entities and mechanisms involved to
elucidate these patterns at different spatiotemporal scales. Studies on the biogeog-
raphy of mangroves have provided valuable information on the global distribution
and taxonomic variability of mangrove species in relation to both sea and atmo-
spheric temperatures (see Chap. 2). However, with the advent of improved and more
relevant climate data, further work is needed to better understand the relative impor-
tance of different climatic drivers in controlling mangrove ecosystem structure and
function at the global scale, especially tropical-temperate and/or humid-arid cli-
matic transitions zones (e.g., Mandal et al. 2009; Osland et al. 2013, 2014b;
Cavanaugh et al. 2015). Also, we still lack general models, for example, ranking the
statistical and mechanistic significance of local environmental variables (e.g., salin-
ity, tidal regimes, phosphorus and nitrogen limitation, hydrogen sulfide) in deter-
mining mangrove zonation, net primary productivity, or interspecific competition at
local and regional scales within and across biographical regions (see modeling Sect.
11.3 of this chapter). Comparative studies assessing how species diversity and asso-
ciated species-specific adaptations respond to changing coastal environmental con-
ditions in the species-rich Indo-west-Pacific and the depauperate Atlantic-east-Pacific
regions are needed given the large differences in phylogeny, taxa hybridization, and
endemic origin (see Chap. 2).

Understanding the processes that define how patterns of biological diversity vary
in space and time is one of the key questions in the field of ecology. Although major
advances have been achieved in a number of terrestrial ecosystems during the last
200 years (Whittaker et al. 2001; Pfeifer et al. 2012), mangrove ecological studies
at the macro-scale have not kept pace. This knowledge gap is understandable
because of the historical trend in the number of mangrove studies around the world,
where most of the focus has centered on assessing mangrove species diversity and
spatial distribution while the focus on ecosystem functional studies (e.g., nutrient
and carbon cycling, species physiological thresholds) has begun relatively recently
(Rivera-Monroy et al. 2004; Feller et al. 2007, 2010; McKee 2011; Quisthoudt et al.
2012; Record et al. 2013) in comparison to tropical and temperate terrestrial forests
(Schaeffer-Novelli and Cintron 1990). Among the largest challenges to understand-
ing the variation in functional properties of mangrove ecosystems (e.g., biodiver-
sity, primary and secondary productivity) is our ability to scale up from local-scale
process-based knowledge to global- or region-scale ecological patterns (Kennedy
et al. 2014). The solution to this problem is not easy and remains one of the most
active topics of research in ecology overall. Because ecological patterns depend on
the selection of the spatial scale of local studies, mangrove ecology advancement is
still limited to extrapolation from location-specific small-scale studies to larger
landscape scales; a challenge already addressed in other type of ecosystems (e.g.,
arid ecosystems, tropical and temperate forests) and in species-specific studies at
the global scale (Pfeifer et al. 2012; Peters et al. 2014).
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Fig. 11.2 Hierarchical classification for mangrove-dominated ecosystems describing abiotic con-
trols on mangrove structural and functional properties at the global, regional and local scale.
Factors in each spatial level control processes defining soil properties, fertility gradients, and man-
grove productivity (Modified from Twilley and Rivera-Monroy 2005; Ewel et al. 1998)

11.2.1 Linking Local and Regional Scales to the Global
Dimension

The hydrogeomorphic classification of mangrove wetlands proposed by Lugo and
Snedaker (1974) in the mid-1970s brought the local and regional scales together to
improve our understanding of the relative importance of some environmental fac-
tors in determining functional attributes (Fig. 11.2), especially for the Atlantic-east-
Pacific region. Lugo and Snedaker’s classification represented an operational link
between local and regional spatial scales allowing an explicit linkage between forest
structure and function and regional environmental settings as represented by four
distinct ecotypes (riverine, basin, fringe, scrub). Further, because mangrove forests
occupy the intertidal and supratidal zones of diverse coastal settings (river deltas,
muddy coasts, coastal lagoons, rias, continental/oceanic island carbonate settings),
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these four basic ecotypes are useful in defining a macroecological approach that can
be used to identify mangrove structural and functional patterns (Thom 1982; Twilley
1997; Woodroffe 2002). Thus, recent studies on the interactions between coastal
settings and mangrove ecological function (e.g., net primary productivity) show a
correlation that reflects the importance of site-specific spatial patterns of nutrient
fertility, environmental stressors (Twilley and Rivera-Monroy 2005), and hydrope-
riod (Twilley 1997; Twilley and Rivera-Monroy 2009; Castafieda-Moya et al. 2011).
Figure 11.2 shows a hierarchical classification of spatial scales and processes con-
trolling an array of factors, from the global distribution of mangroves (i.e., tempera-
ture and precipitation) and the development of different geomorphic settings
(Woodroffe 2002), to colonization by different mangrove ecotypes as they respond
to diverse gradients in nutrients (resource), salinity (regulators/stressors), and
hydroperiod (frequency, duration, and depth of inundation). We use this hierarchical
model as a tool to further propose the development of a macroecological approach
and to show examples of knowledge gaps to be addressed among hierarchical scales
(Rivera-Monroy et al. 2004; Twilley and Rivera-Monroy 2005; Reef et al. 2010).

In terrestrial and marine systems, macroecology is relatively advanced in its use
of statistical methods (Nee 2002; Urban 2005). However, the theoretical basis of the
identified statistical relationships is sometimes poorly developed (Blackburn and
Gaston 2003; Smith et al. 2014). The lack of macroecological studies in mangrove
systems is partially due to the spatial scale employed by researchers and the quality
and quantity of the information used to develop and validate statistical models. For
example, in predictions of aboveground biomass, carbon sequestration, and species
dominance at the continental scale (Peters et al. 2014), explicit formulations of the-
oretical models and the robust derivation of statistical expectations from those mod-
els is one of macroecology’s major challenges (e.g., Gaston and Blackburn 1999).
In the case of the few published macro-level mangrove studies, the challenge is
underscored by the lack of global hypotheses, especially when related to the degree
of interaction among specific biotic and abiotic factors in the context, for example,
of niche theory and assembly rules development (i.e., local scale) (Clarke 2014).
Macroecological studies in other ecosystems already show how the incorporation of
local processes can influence large-scale patterns of species distribution and pro-
ductivity; hence, in the case of mangroves, it is paramount to assess the relative
importance of biotic versus abiotic responses in experimental work at different
scales (Feller et al. 2010; Reef et al. 2010). This comparison is not an easy task
given, for example, the confounding effects of the large interactions among salinity
gradients, species dominance, and in situ topography, to name just a few critical
factors. Testing hypotheses at the local and regional scale is necessary if robust
predictions at the global scale are to be expected. In fact, implementing hypothesis-
driven studies in the context of mangrove rehabilitation and restoration efforts pres-
ents a promising option for scaling up results from the local and regional to the
global scale (see chapter Sect 11.4 below).
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11.2.2 Two Examples: Carbon Storage and Response
to Climate Change

As illustrations of the issues discussed above, we describe here the advances and
limitations in developing a macroecological approach for mangrove ecosystems
using two current issues of economic and ecological relevance in the context of
global climate change. These examples help underscore the importance of linking
potential large-scale predictions with small-scale processes to generate a consistent
signal in macroecological patterns and test hypotheses at different spatial scales as
performed in other type of ecosystems (Smith et al. 2014). Whereas the first exam-
ple in this section focuses on soil carbon (Jardine and Siikaméki 2014), the second
example focuses on mangrove forest responses to climate change (Osland et al.
2013, 2016).

11.2.2.1 Global Controls of Carbon Storage in Mangroves

The discrepancy in operationally linking small to large spatial scales in mangrove
ecosystems is currently more evident as mangrove wetlands are recognized as large
reservoirs of organic carbon in subtropical and tropical coastal latitudes (e.g.,
Donato et al. 2011; Sudrez-Abelenda et al. 2014). This ecosystem attribute, widely
recognized as a desired ecosystem service, can play a potential role not only in regu-
lating climate change, but also in halting potential mangrove deforestation trends
given its potential economic importance in carbon markets (Alongi 2011). As a
result, recent studies now extrapolate site-specific soil carbon and aboveground bio-
mass values to the continental scale using statistical modeling, thus offering a
“snap-shot,” along with associated uncertainties, of global carbon storage in man-
grove ecosystems (see also Chaps. 5 and 6). Paradoxically, comprehensive carbon
cycling studies assessing the seasonal and inter-annual variation of the role of man-
grove forests as actual sinks or sources of carbon at different latitudes and within
climatic zones are still lacking (Alongi 2009; Rivera-Monroy et al. 2013). The need
to evaluate net fluxes of organic and inorganic carbon across mangrove forest
boundaries at large spatial scales is critical for determining the impact of increasing
ambient temperatures and atmospheric CO, concentrations on the complex interac-
tions among net ecosystem production, heterotrophic respiration, and net primary
production (NPP) (Alongi 2014). Discerning the relative importance of these net
fluxes is necessary since key ecological mechanisms, such as microbial decomposi-
tion, could limit soil carbon storage in the long term (e.g., van Groenigen et al.
2014). Currently there are no studies in a single location that could help “construct”
whole mangrove ecosystem carbon budgets in tropical and subtropical latitudes,
although research is ongoing in some regions (Bouillon et al. 2008; Rivera-Monroy
et al. 2013; Troxler et al. 2013) (see also Chaps. 5 and 6).

Carbon sequestration and carbon storage values are constrained by the strong
interaction between NPP and environmental factors in coastal ecosystems, including
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Fig. 11.3 The global distribution of: (a) mangrove wetlands (modified from Giri et al. 2011) and
(b) mangrove soil carbon density (mg cm~?) extrapolated at the global scale using statistical mod-
els (modified from Jardine and Siikaméki 2014)

mangrove wetlands. Differences in NPP can be readily observed among riverine,
fringe, and scrub forests due to dissimilarities in freshwater sources, nutrient input
from both upland and estuarine sources and salinity controlled by tidal flushing,
precipitation, and evaporation (Fig. 11.2). Differences in NPP can also be readily
observed across climatic gradients (Lot-Helgueras et al. 1975). Some of the research
issues related to carbon cycling that can be better addressed via a macroecological
perspective include: (1) the partitioning of organic carbon aboveground versus
belowground; (2) the differences in carbon storage among forests with different
structural and functional properties; and (3) biotic and abiotic factors (e.g., climatic,
hydrologic, geomorphic, species composition) controlling the observed patterns.
Current soil carbon storage estimates in mangrove forests illustrate the limita-
tions in trying to address those issues at local, regional, and global scales. Recently,
Jardine and Siikamiki (2014) produced a global map of mangrove soil carbon
(Fig. 11.3). In that study, carbon concentration values previously compiled by other
literature reviews (Chmura et al. 2003; Kristensen et al. 2008; Donato et al. 2011)
were used to fit statistical models to extrapolate values at a scale of 5 arc minute
(i.e., a cell size of approximately 10 km by 10 km). The statistical models (paramet-
ric predictive and machine learning algorithms) fitted 932 data points obtained in
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field studies in 28 countries. The independent variables included in the regression
models were latitude of each location, an array of variables describing climate con-
ditions at the sampling locations, and other regional indicators. The models showed
an uneven regional and latitudinal soil carbon spatial distribution in four carbon
storage categories (~27-32, 32-34, 34-38, 38-41, 41-70 mg cm~3) (Fig. 11.3). In
addition to differences in local and regional climate factors, some of the variability
was explained as the uncertainty of oversampling “pristine mangrove forests” in the
original studies, although this was not quantified.

The information provided by Jardine and Siikaméki (2014) is useful when
attempting to obtain a global estimate of the potential range of mangrove carbon
storage values and when aiming to spatially identify associated environmental vari-
ables potentially explaining those patterns at the selected scale (5 arc minute).
However, there is much room for improvement in these models. Macroecological
analyses are often most successful and useful when they test hypotheses that stem
from a combination of local-scale mechanistic ecological knowledge and rigorous
data synthesis to evaluate ecological processes at different spatial scales. Indeed,
macroecology aims to achieve synthesis to uncover broad-scale patterns and pro-
cesses that often span local to global spatial scales. For instance, metabolic theory
proposes specific predictions for the non-linear relationships between biological
rates, including productivity, and body size and temperature (e.g., Brown et al.
2004). These relationships are considered “scale free” since observed constants
(exponents) encompass all system sizes (e.g., Anderson-Teixeira and Vitousek
2012; Schramski et al. 2015).

In the case of the Jardine and Siikamiki (2014) analysis, the ecological processes
responsible for the global-scale patterns observed were not examined in depth and
there was very little discussion of the processes underlying the variables included in
the models. Some of the variables are correlated (e.g., latitude and temperature),
and some of the results could even be interpreted as contradictory when they are
viewed in the context of temperature- and rainfall-dependent global-scale patterns
for other ecosystem attributes and processes (e.g., aboveground biomass and carbon
storage, litterfall, NPP, and tree height) (Twilley et al. 1992; Simard et al. 2000).
The carbon storage pattern reported for cells at resolution of ~10 km would then
suggest that, at latitudes close to the equator, there is an inverse relationship between
carbon storage aboveground (e.g., trunks and canopy) and belowground (e.g., soil
and roots). However, this relationship is counterintuitive when considering that (1)
previous estimates of litterfall production show higher rates close to the equator in
the Neotropics and (2) tree height, aboveground biomass, and litterfall are corre-
lated (Twilley et al. 1992; Saenger and Snedaker 1993).

Just as there are limitations for approaches that use results from global-level data
to explain local ecological patterns, there are also constraints to extrapolating find-
ings from local studies to the global scale. Certainly, since the seminal work by
Thom (1967) linking geomorphology to mangrove forest zonation in the 1960s and
further advanced by Woodroffe (1992), there has been a lack of studies explicitly
linking the local to the regional scale in mangrove function and structure (e.g.,
Lovelock et al. 2007). The inclusion of this hierarchical level is necessary to
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correctly interpreting the wide spatiotemporal variability due to the effects of
macroclimatic drivers (e.g., temperature, precipitation), resources (e.g., nitrogen,
phosphorus), regulators (e.g., salinity, sulfide), and hydroperiod (e.g., flooding fre-
quency and duration) (Fig. 11.2) upon ecosystem structure and function. This vari-
ability at local scales is well represented by species zonation along fertility gradients,
productivity levels, and carbon sequestration rates in response to pulsing flooding
regimes. We believe that the lack of inclusion of this geomorphological scale has
greatly limited the interpretation of mangrove structural and functional patterns
when upscaling (e.g., to the region and/or global scale) and downscaling (e.g., to the
local-scale) currently available data sets. Further, studies attempting to extrapolate
results to the global scale should recognize the presence of distinct geomorphologi-
cal settings within similar climatic zones (Castaiieda-Moya et al. 2013). This per-
spective is necessary for correctly characterizing regional properties due to the
potential presence of an array of mangrove ecotypes that reflect complex mosaics of
forest ecological properties emerging from geomorphological development as dis-
cussed above (Fig. 11.2).

One example illustrating the relative importance of intermediate scales (geomor-
phic) to interpret local processes and explain global patterns is the recent publica-
tion by Crase et al. (2013). They evaluated the relative role of hydroperiod and
salinity for explaining the dominance and spatial distribution of three mangrove
species (Sonneratia alba, Rhizophora stylosa, Ceriops tagal) in Northern Australia
and concluded that hydroperiod was the major variable explaining species domi-
nance. Given the level of generality and extrapolation reflected in the conclusions,
Clarke (2014) wrote a response critiquing the bold generalization and pointed out
the partial selection of species along hydrological gradients and the lack of other
potential explanations related to interactions of other variables such as competition,
propagule dispersal, soil texture, or nutrient availability. Although their arguments
differ, both perspectives offer very valid points once the targeted spatial and tempo-
ral scales are explicitly considered. For example, another argument against the
broad generalization regarding the role of hydroperiod as a single cause determin-
ing mangrove species zonation in Australian mangroves is contained in the work of
Castaneda-Moya et al. (2013) in neotropical carbonate settings. Rhizophora mangle
is the dominant species in locations experiencing very different hydroperiods due to
this species’ ecophysiological adaptations to withstand a long duration of inunda-
tion. Since phosphorus is a limiting nutrient in this coastal carbonate-rich setting,
very distinct ecotypes (e.g., scrub vs. fringe) of R. mangle develop. However, in the
case of the fringe mangrove forest, even under an optimal interannual and seasonal
soil pore water salinity (i.e., <35), R. mangle is replaced by the mangrove species
Laguncularia racemosa as a result of large-scale disturbances (hurricanes) that trig-
ger forest mortality, cause defoliation, and provide ecologically relevant phosphorus
inputs (Castafieda-Moya et al. 2010). These studies, from a particular setting within
the neotropical coastal region, emphasize the dynamic role of different processes
(e.g., phosphorus availability, hydroperiod, tropical cyclone disturbance) interact-
ing at different spatial and temporal scales; similar relationships have been discerned
by several studies over several decades (e.g., Duke 2001; Fromard et al. 2004;
Lopez-Hoffman et al. 2007; Smith et al. 2009).
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Regardless of the relative importance of other environmental variables that
influence mangrove zonation (i.e., tropical storms, geomorphology), hydroperiod is
still a critical variable needed to understand and explain not only mangrove zonation
and productivity patterns, but also biogeochemical cycling, including carbon cycling
(see Chap. 6). In contrast to hydrological studies in other type of wetlands (e.g.,
marshes, freshwater forested wetlands), published hydroperiod measurements in
mangrove forest are limited (Twilley and Chen 1998; Krauss et al. 2006). Although
there are hydrodynamic studies assessing diverse hydrological processes (e.g., sea-
sonal riverine inputs, tidal prism, water circulation, water residence) in coastal
lagoons and estuaries adjacent to mangrove wetlands, there is comparatively little
information on the variation in frequency and duration of inundation and depth inside
mangrove forests. These variables define the hydroperiod and greatly influence soil
properties (e.g., salinity, redox, sulfide, oxygen, organic matter content). These hydro-
logic variables also affect a wide range of ecological processes, including propagule
dispersal, plant community development, CO, fluxes, and organic matter and nutrient
export (Lovelock et al. 2004; Feller et al. 2007; Lovelock 2008; Twilley and Rivera-
Monroy 2009). However, most studies do not directly measure hydroperiod, which
limits the explanation and scope of observed patterns at regional and global scales.

The limited number of direct measurements of hydroperiod inside mangrove for-
ests is the result of a combination of financial, logistical, and technical constraints.
If the research goal is to correctly characterize functional and structural processes in
mangrove wetlands at the scale demanded by societal problems, a strategic effort
has to be launched to expand current hydroperiod and hydrological measurements
across climatic gradients. This could be associated with large-scale comparative
efforts underway to understand, for example, the impact of sea-level rise in different
tropical ecogeomorphic settings (Webb et al. 2013). Clarke’s (2014) criticism argu-
ing for the need for a macroecology perspective when assessing mangrove zonation
is a good reminder to avoid excessive generalizations when data are lacking.
Macroecological research in mangroves can be challenging due to the lack of
regional data (ecogeomorphic scale), but also due the lack of long-term studies. The
work by Crase et al. (2013), underscoring the role of hydroperiod in species zona-
tion, is a good example of the type of local information needed to establish robust
patterns at higher spatial scales and offer mechanistic hypotheses to explain emerg-
ing patterns. Care should be exercised to correctly define the relative role of each
variable when partitioning their relative contribution in a multivariable world repre-
sented by mangrove-dominated coastlines (Adame et al. 2010).

11.2.2.2 Mangrove Forest Responses to Climate Change:
The Contributions of Macroecology

In terrestrial and marine ecosystems, macroecological studies have provided an
important foundation for better understanding the ecological importance of macro-
climatic drivers (i.e., temperature and rainfall regimes) (Holdridge 1967; Whittaker
1970; Davis and Shaw 2001; Staver et al. 2011). This is an important first step for
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predicting and preparing for the ecological effects of climate change (Shafer et al.
2001; Lawler et al. 2009; Aratjo et al. 2011). Macroecological analyses, especially
those conducted across large climatic gradients, are valuable tools for placing local
field observations and experimental studies within regional and global contexts. Our
aim in this subsection is to illustrate, via several examples, how climate-focused
macroecological studies can improve our understanding of mangrove forest
responses to climate change.

As in all wetland and terrestrial ecosystems, the structure and functioning of
mangrove forests is greatly influenced by temperature and rainfall regimes (Alongi
2009; Twilley and Day 2012; Alongi 2015; Lovelock et al. 2016). Field observa-
tions and experimental studies conducted in diverse climatic settings have helped to
characterize the important role of temperature and rainfall, and the mangrove litera-
ture is replete with information on the effects of temperature and rainfall upon the
distribution and performance of mangrove forests. However, much of this informa-
tion is qualitative because, until recently, climate data has not been readily available
at the relevant scales. In some cases, climate proxies have been employed. For
example, latitude has frequently been used as a proxy in analyses of the importance
of temperature regimes, and correlative relationships have been developed between
latitude and mangrove forest aboveground biomass (Twilley et al. 1992; Saenger
and Snedaker 1993; Alongi 2009; Twilley and Day 2012), litterfall (Saenger and
Snedaker 1993), net primary productivity (Alongi 2009), and species richness
(Ellison et al. 1999; Ellison 2002). With the increasing availability and accessibility
of climate data combined with field observations, experimental studies and/or
remotely sensed data, large advances will be made in the next decade to improve our
understanding and ability to model the effects of climate change on mangrove eco-
system structure and function. For example, temperature and precipitation data
were recently used to develop models predicting aboveground biomass (Hutchison
et al. 2014; Rovai et al. 2016) and soil carbon stocks (Jardine and Siikamaki 2014;
Ouyang et al. 2017). Though simplistic, these models provide a foundation for bet-
ter quantifying the role of macroclimatic drivers in determining changes in man-
grove forest ecosystem structure and function due to climate change.

At the poleward mangrove-marsh ecotone, there are several recent examples of
how a macroecological perspective can advance understanding of climate change
effects on mangrove forests. On multiple continents, climate change will probably
cause poleward migration of mangrove forests, often at the expense of salt marshes
(Saintilan et al. 2014; Alongi 2015; Lovelock et al. 2016). As a result, there is a
pressing need to better understand the effects of changing winter climate extremes
(i.e., freeze events) on mangrove-salt marsh interactions, as well as the implications
for range expansion and salt marsh displacement. In subtropical and warm-temperate
climate zones, low air temperatures can damage and/or kill mangrove trees (Lugo
and Patterson-Zucca 1977; West 1977; Stuart et al. 2007; Osland et al. 2014a;
Lovelock et al. 2016). However, a reduction in the intensity, duration, and frequency
of extreme winter air temperature events may lead to mangrove expansion. Until
recently, the poleward distribution of mangrove forests was often attributed in the
literature to mean monthly air, mean annual air, or sea surface temperatures
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(Chapman 1976; Tomlinson 1986; Duke et al. 1998; Quisthoudt et al. 2012; Record
et al. 2013). However, in some locations (e.g., the southeastern United States and
China), minimum air temperature extremes are much more important than mean
winter air temperatures (Osland et al. 2013; Cavanaugh et al. 2014).

Recent advances and improved access to historical daily air temperature data and
models have enabled researchers to better quantify minimum temperature-based
thresholds that control the northern range limit of mangrove forests in North
America (Osland et al. 2013; Cavanaugh et al. 2014, 2015). Gabler et al. (2017)
recently used field data collected across the northern Gulf of Mexico to: (1) quantify
the relationship between climatic drivers and plant functional groups (i.e., man-
groves, graminoids, succulents, and algal mats) and (2) investigate the effects of
climate change on coastal wetland foundation species. These models can be incor-
porated into climate change vulnerability assessments (sensu Glick et al. 2011) and
be used to better predict future expansion of mangrove forests at the expense of salt
marshes. In an evaluation of vulnerability in the southeastern United States, Osland
et al. (2013) used historical climate data, mangrove abundance data, and future cli-
mate projections to develop models and show that salt marshes in Texas, Louisiana,
and parts of Florida are particularly vulnerable to mangrove forest range expansion
under climate change. Osland et al. modeled future mangrove forest expansion
throughout the region under alternative future climate change scenarios. Along the
Atlantic coast of Florida, Cavanaugh et al. (2015) developed species-specific mod-
els that were used to predict poleward migration of mangrove forests in response to
future climate change. These efforts have helped identify sensitive coastal reaches
(e.g., specific areas in Texas, Louisiana, and Florida) where small changes in winter
air temperature extremes are expected to lead to landscape-scale changes in coastal
wetland ecosystem structure and function (Osland et al. 2013). These approaches
could be refined, expanded, and applied to identify other climate-sensitive zones
across the globe. For example, Osland et al. (2017) recently quantified temperature
and rainfall controls on the global distribution, abundance, and species richness of
mangrove forests. Those analyses show that temperature and rainfall thresholds for
mangrove distribution, abundance, and richness are range limit specific.

In addition to improving our understanding of the role of temperature regimes,
we expect that, in the coming decade, macroecological analyses will also greatly
improve our understanding of the effects of precipitation, aridity, and freshwater
availability upon mangrove forests. The ecological influence of freshwater avail-
ability on coastal wetlands is particularly large in arid and semiarid climates
(Cintrén et al. 1978; Zedler 1982; Semeniuk 2013; Osland et al. 2014b, Lovelock
etal. 2016). In Australia, region-scale analyses have shown that precipitation greatly
influences the abundance and diversity of mangrove forest and salt marsh plants
(Smith and Duke 1987; Bucher and Saenger 1994; Castaieda-Moya et al. 2006;
Saintilan 2009; Semeniuk 2013). Across a freshwater availability gradient in the
northwestern Gulf of Mexico (range of mean annual precipitation: ~700-1800 mm),
the coverage of wetland plants (including mangroves) is positively correlated with
precipitation and inversely correlated with salinity (Longley 1994; Montagna et al.
2011; Osland et al. 2014b, Gabler et al. 2017). Interactions between precipitation



11 Advancing Mangrove Macroecology 361

and winter temperatures within this region greatly determine the structural attri-
butes and physiology of mangrove forests (Lot-Helgueras et al. 1975; Lugo and
Patterson-Zucca 1977; Méndez-Alonzo et al. 2008; Madrid et al. 2014). These
regional and global climate-coastal wetland linkages can only be revealed via large-
scale analyses that incorporate diverse data sources and employ a macroecological
approach. Though simple, such analyses have helped quantify important climate-
coastal wetland linkages and provide an important foundation for improving our
ability to predict and prepare for the effects of climate change upon mangrove for-
ests and other coastal wetland ecosystems.

11.3 Mangrove Modeling of Ecological Processes
and Function Within a Macroecological Approach

Clarke (2014) provides a powerful argument for the role and contribution of eco-
logical modeling in mangrove ecological research. One of Clarke’s main points is
that critical care is needed when developing statistical models assessing the inter-
correlated and multi-factorial nature of abiotic and biotic variables that limit man-
grove spatial distribution. Care is especially important when models are developed
from a small amount of observational data and extrapolated to the global scale. This
observation is important since one of the major steps when modeling ecosystems is
to focus special attention upon model calibration that closely considers the original
model’s objectives and architecture, as well as the availability of enough data for
both model validation and uncertainty analyses (Jgrgensen and Nielsen 2013;
Ulanowicz et al. 2014). Failure to strictly follow these steps seriously limits the reli-
ability of the model to simulate site-specific process, as has been the case for defin-
ing global and latitudinal patterns of mangrove ecosystem processes such as
aboveground biomass, carbon storage, or species extinction (Record et al. 2013;
Hutchison et al. 2014; Jardine and Siikamiki 2014).

We consider the utility of modeling (either statistical or dynamic/process-based)
as a paramount step in advancing the macroecology of mangroves. There is no ques-
tion that a model’s predictive capacity based solely on correlative or regressive sta-
tistical approaches is greatly limited when seeking an explanatory interpretation,
especially when it goes beyond the spatial or temporal scale used to build the model
(see Sect. 11.2.2.2) (Berger et al. 2008). In some cases, this limitation is ignored or
overlooked, paradoxically, when management decisions are urgently needed or not
enough data is available to evaluate model uncertainty. This is usually the case in
ecosystem restoration and rehabilitation programs (see Chap. 10 and section below),
environmental pollution impact assessments, and even climate change impact pre-
dictions (Kerr et al. 2007; Peyronnin et al. 2013). Despite the limitation of models
for explaining a wide range of emerging ecosystem properties regulated by non-
linear complex and multifactorial interactions, they are powerful tools for synthe-
sizing knowledge and advancing hypotheses about the functional and structural
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attributes of a wide range of ecosystems (Yue et al. 2011), which is precisely one of
the main goals of macroecology (Brown 1995).

The number of available static and dynamic mangrove models, including spa-
tially explicit models, is relatively small when compared to existing models devel-
oped for other ecosystems (e.g., tropical and temperate forests) (Yue et al. 2011).
Yet, these modeling efforts have been very useful for identifying processes and data
gaps where more experimental and observational information is needed (Chen and
Twilley 1998a, b; Twilley and Chen 1998; Twilley et al. 1998; Berger et al. 2008;
Piou et al. 2008; Fontalvo-Herazo et al. 2011; Grueters et al. 2014). Since the first
conceptual model proposed by Lugo (1980) (Fig. 11.4), depicting critical mangrove
ecosystem components, successional trajectories, interactions and connections to
adjacent ecosystems, a number of mangrove models have been developed as indi-
cated by the increasing number of publications on the subject. The models have
taken different statistical and computational approaches to simulate biotic and abi-
otic interactions. These range from trophodynamic and biogeochemical models
showing energy and material flows among different ecosystem levels (e.g., Ray
et al. 2000; Ray and Straskraba 2001; Vega-Cendejas and Arreguin-Sanchez 2001;
Ray 2008; Roy et al. 2008; Mandal et al. 2009; Das and Ray 2010; Mukherjee et al.
2014) to individual-based models depicting the effect of regulators (e.g., salinity)
and resources (e.g., phosphorus, light) on tree growth (Chen and Twilley 1998a, b).
Some of the models include the spatially explicit degree of competition for space
among trees and the influence of tree architecture in biomass allocation (Grueters
et al. 2014; Vovides et al. 2014). In the latter examples, new and improved compu-
tational methods (e.g., Kautz et al. 2011) and computer architecture (e.g., parallel
processing) have opened a wide range of possibilities, for example, in tracking indi-
vidual trees and species-specific canopy architecture (Fontalvo-Herazo et al. 2011;
Vogt et al. 2013; Vovides et al. 2014) to capturing emerging forest and potentially
whole ecosystem properties (e.g., Clarke 1995; Berger et al. 2008; Mukherjee et al.
2013). In particular, mangrove individual-based models hold promise for exploring
non-linear interactions between environmental factors and species-specific physio-
logical adaptations that could help define complex niche partitions along environ-
mental gradients (e.g., fertility, elevation, hydrological) (e.g., Chen et al. 2013).
Similarly, individual-based models can contribute to the identification and refine-
ment of assembly rules (Keddy 1992; Belyea and Lancaster 1999; Keogh et al.
1999; Hammond and Niklas 2009, 2011) that explain potential trajectories in pri-
mary and secondary succession. This is a key ecological mechanism that can inform
the definition and assessment of performance measurements in mangrove rehabili-
tation and restoration projects (see Chap. 10; Twilley et al. 1998). Another approach
with promising utility for advancing mangrove macroecology is ecological network
analysis, particularly given its solid foundation in input-output analysis, informa-
tion theory, and thermodynamics (Ray et al. 2000; Ray 2008; Mukherjee et al. 2015)
as demonstrated by its historical applications in the analysis of food chains/webs
and species richness and diversity (Xiao et al. 2015). In contrast to some of the
mechanistic models listed above, ecological network analysis includes more than
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Fig. 11.4 Early conceptual model showing mangrove successional pathways and ecosystem and
climatic drivers (circles) (modified from Lugo 1980). The actual species composition and forest
ecotype in these systems depend on the interaction among climate, substrate, and hydroperiod/
hydrology

one biological process into subsets of categories with the aim of expanding explanatory
power and characterizing the influences of individual species upon one another
(Ulanowicz et al. 2014). In this system network approach, trophic groupings and
clusters of cycling can potentially be identified and quantified (Ulanowicz et al.
2014). Unfortunately, data limitations have constrained the development and appli-
cation of ecological network analyses and individual-based models in mangrove
ecosystems (Berger et al. 2008; Brolly et al. 2012; Niklas and Hammond 2013).
Our general description here of some of the most relevant modeling approaches
underscores the need for further work to identify major gaps and limitations in the
development, validation, and application of mangrove ecosystem models. As men-
tioned earlier, ecosystem modeling is a data-intensive endeavor that requires clear
definition of spatiotemporal scales. Thus, mangrove modeling efforts in the context
of macroecological research will require, as a first step, identification of suitable
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data sets and metadata from diverse geographic regions and geomorphic settings to
advance the development and validation of existing models at the global scale (Yue
et al. 2011). Keeping in mind that there is not a single best modeling approach for
all situations, a strategic use of diverse modeling tools based on well-defined objec-
tives and hypotheses should guide future research in mangrove macroecology.

11.4 Using Mangrove Restoration Projects to Advance
a Macroecological Approach

In previous sections, we have emphasized how, despite the lack of information at
the local and regional scale (e.g., geomorphic, Fig. 11.2), there have been limited
and uncertain extrapolations of local data to biogeographical and latitudinal patterns
of mangrove functional and structural attributes. Although some of these studies
consider a ~10-km cell (i.e., 5-arc minute) as a fine spatial resolution, the patchy
spatial distribution of mangrove ecotypes, partially determined by the presence or
absence of watershed and groundwater sources, underlines the need for a better
characterization (Fig. 11.2, see Figure 4.9 in Chap. 4 Remote Sensing). We propose
that the spatial scale of interest could be selected based upon the spatial extent gen-
erally used in mangrove restoration and rehabilitation projects. These are imple-
mented with the purpose of recuperating extensive mangrove dieback areas ranging
from few hectares to one or a few km? (see Chap. 10). Since the causes of mangrove
mortality justifying the implementation of these projects are numerous (e.g., hyper-
salinity, alterations in hydroperiod) and generally overlap with both local and
regional scales, ecological information about both project success and failure could
contribute to fill data gaps.

Mangrove zonation and succession represent key ecological processes that occur
at a local scale and have a major impact (bottom-up) on shaping ecosystem func-
tional and structural properties at regional and global scales (Fig. 11.2). The dynamic
role of these processes is one of the reasons why secondary succession in mangrove
ecosystems is one of the major ecological processes targeted for manipulation in
restoration ecology. Historically, understanding and forecasting mangrove zonation
has been one of the primary research priorities in mangrove ecology (Lugo 1980)
(Fig. 11.4), yet there are major challenges in defining successional trajectories to
advance a macroecology-based conceptual framework. One of the challenges is the
lack of regional long-term data to help characterize these trajectories using a latitu-
dinal comparative approach (Twilley et al. 1999). For example, although neotropi-
cal mangroves encompass ~10 species in contrast to >30 species in the Old World
tropics (see Chap. 2), this low diversity has not been translated into mechanisms to
explain species dominance or replacement patterns along fertility and stressor gra-
dients at a global scale.
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One way to use data obtained from restoration projects is to define species-
specific environmental constraints that are indirectly manifested in plants’ competi-
tive ability to reproduce, grow, and expand when environmental conditions are
modified as result of restoration measures (e.g., see Chap. 10). Defining optimal
growth and reproductive rates under field conditions is generally difficult, not only
in mangrove forests, but also wetlands in general (Mitsch and Gosselink 2015), due
to a complex mosaic of interactions among abiotic and biotic factors. For example,
our current understanding about the ecophysiological tolerance of mangrove plants
to salinity regimes is based primarily on greenhouse studies where seedlings are
raised under controlled experimental conditions over short periods of time (days to
weeks). However, extrapolating findings from the responses of propagules and
seedlings in experimental “pots” to responses by adult trees in field conditions pres-
ent several limitations. Observational studies are often needed to complement
smaller scale experimental findings (Ball 1988). Defining abiotic limits is para-
mount for evaluating if plants are under quasi-optimal or stressful conditions (Wang
et al. 2011; Krauss and Ball 2013). Further, soil salinity stress in mangrove forests
is not only confounded by hydroperiod (frequency and duration of inundation) in
the long term, but also by nutrient availability (particularly phosphorus and nitro-
gen) (Twilley and Rivera-Monroy 2009; Feller et al. 2010).

Therefore, information such as mortality, biomass, net primary productivity,
growth, or plant height distribution acquired in restoration projects could contribute
to the definition of complex niche partition by explaining species net primary pro-
ductivity or maximal basal area and tree height values. Gathering these types of data
sets is often possible via long-term post-restoration monitoring projects, especially
where plantings are implemented across a wide range of ecogeomorphic settings
within biogeographical regions (see Chap. 10). Although mangrove plantations are
not a common management strategy in all continents due to a diverse legal frame-
work for mangrove conservation and protection, these locations offer valuable data
to learn, for example, about plant population dynamics (e.g., reproduction rates,
demography patterns) or obtain data on biogeochemical transformations (e.g., nutri-
ent demands, carbon storage) (Fontalvo-Herazo et al. 2011; Vogt et al. 2013;
Lunstrum and Chen 2014; Manna et al. 2014). Studies that take advantage of
restoration-based and natural mangrove forest chronosequences (i.e., space-for-
time substitutions) in multiple settings have the potential to improve our under-
standing of mangrove forest ecosystem development in novel settings (Lovelock
et al. 2010; Osland et al. 2012; Salmo et al. 2013; Lunstrum and Chen 2014). Given
the logistical and economic constraints to launch large-scale ecological studies at
the regional scale, both restoration sites and mangrove plantations represent an
opportunity to acquire valuable information to advance our understanding of man-
grove ecological processes at the local and regional scales to explain observed com-
plex global patterns.



366 V.H. Rivera-Monroy et al.

11.5 Macroecology and the Complexity of Mangrove
Ecosystem Services at the Global Scale

Defining, classifying, and valuing ecosystem services is currently a highly dynamic
research field due to the urgent need to identify tradeoffs in natural resource man-
agement and policy decisions (Fisher et al. 2009). Although ecosystem services are
typically not accounted for in economic and land use-relevant decision-making pro-
cesses, ecologists and environmental economists are increasingly challenged to
quantify, compare, and communicate their value (Costanza et al. 1997; Millenium
Ecosystem Assessment 2005; Daily et al. 2009; Polasky and Segerson 2009; Jenkins
et al. 2010). In fact, the economic value of ecosystems, including mangroves, has
been emphasized in several contexts since the early 1990s (Costanza et al. 1997),
but there are still discussions about the best approach for quantifying ecosystem
services due to the complex suite of benefits that are closely linked to human wel-
fare (see Chap. 8; Barbier et al. 2011). However, there is a general agreement that
any attempt at classifying ecosystem services should be based on both the charac-
teristics of the ecosystems of interest and a decision context for which the concept
of ecosystem services is being implemented (Fisher et al. 2008). This criterion is
particularly important in the case of mangrove wetlands, given the high spatial vari-
ability in ecosystem services and the role of subtle hydrological gradients within
multiple arrays of geomorphological settings (see Fig. 11.2).

Macroecological approaches can be used to link spatial and temporal scales of
ecosystem function and structure in order to explain complex interactions among
entities within the systems (Peters et al. 2014). Mangrove forests support many eco-
logical functions that are valuable to society; in addition to supporting habitats for
fish and wildlife species, mangrove forests improve water quality, protect coastlines
from erosion and storms, maintain coastal food webs, sequester carbon, provide
food and timber, and support recreation opportunities (Ewel et al. 1998; Alongi
2009; Barbier et al. 2011; Twilley and Day 2012). Because ecosystem services are
dependent upon ecosystem functions, understanding the provision of ecosystem
services is closely linked to one of macroecology’s major goals. Overall, ecosystem
services are defined as the benefits of nature to households, communities, and econ-
omies (Boyd and Banzhaf 2007). Since different mangrove ecotypes provide differ-
ent goods and services (Ewel et al. 1998), mangrove macroecology can help
operationally elucidate the drivers of spatial variation in ecosystems services cur-
rently observed between continents, regions, and individual mangrove stands,
including ecotypes (see Sect. 11.2).

Ewel et al. (1998) proposed a functional classification of mangrove forests that
evaluates the ecosystem goods and services provided by distinct types of mangrove
forest. The approach of Ewel et al. (1998) largely draws from the conceptual frame-
work described in Sect. 11.2.1 by blending the ecotype categories readily recog-
nized in the low diversity Atlantic-east-Pacific region (overwash, fringe, riverine,
basin, and scrub; Lugo et al. 1976) (Fig. 11.2) with a system developed to explain
mangrove development for the highly diverse Indo-west-Pacific region (Woodroffe
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1992). The scheme highlights three of the hydrogeomorphic categories (sensu
Brinson 1993): fringe, riverine, and basin mangroves (Fig. 11.2) (for further descrip-
tion of these categories, see Ewel et al. 1998). In general, fringe forests are strongly
influenced by marine tidal waters that are attenuated by modified tree structures
(pneumatophores, buttresses, and prop roots). Riverine forests receive mixed flood-
ing from tides and river discharge that control and moderate porewater salinities. In
contrast, salinity in basin forests is higher, caused by low frequency of inundation
and higher elevations, occasionally developing hypersaline conditions due to high
evapotranspiration rates and seasonally low rainfall. Basin forests are generally
located behind fringe and riverine forest and can potentially have moderate salini-
ties if flooding frequency or precipitation is high and/or groundwater inputs are
large (Fig. 11.2) (Ewel et al. 1998). One of the main functional ecosystem attributes
that defines these categories is high NPP that diminishes with decreasing water
turnover in the sequence riverine>fringe>basin (Twilley 1995). High water turnover
in wetland ecosystems is directly correlated with higher sediment (e.g., silts and
clays) and nutrient (e.g., nitrogen, phosphorus) inputs and higher oxygen availabil-
ity to anoxic sediments that restrict the accumulation of toxic compounds in pore
waters (e.g., sulfide) (Alongi 2010; Mitsch and Gosselink 2015). The distinction
among hydrogeomorphic types, although not readily apparent in some cases
depending on the aerial extension, could be recognized and enhanced by combining
extensive and rapidly acquired field data (e.g., water and soil pore water salinity;
duration, frequency, and depth of inundation) and remotely sensed data (see
Chap. 4).

Ecogeomorphic-based classifications provide a direct link between the spatially
explicit ecological attributes of mangrove hydrogeomorphic types and ecosystem
service availability and quantity. Such linkage may potentially allow the mapping of
ecosystem services (e.g., carbon storage, fish habitat, shoreline protection exten-
sion) at different spatial scales. This connection between types of ecosystem ser-
vices and location along hydrological gradients starts with the identification of the
relative importance of each forest ecotype and the provision of goods and services
as shown in Table 11.1 (Ewel et al. 1998). For example, mangroves in muddy coasts
influenced by major rivers can, given the water discharge, trap more sediment (rank
=1) than fringe forests (rank = 3), where tides and marine sources prevail (Ray
2008; Rivera-Monroy et al. 2011; Mandal et al. 2012, 2013). Similarly, the role of
forests as carbon and nitrogen sinks is relatively more important in basin forests
(rank=1) than in riverine and fringe forests, due to the differences in water residence
time, organic matter accumulation, and aerial extension (Rivera-Monroy et al. 1999)
(Table 11.1). Arguably the relative importance of each category should be based on
field-based quantitative information to develop robust integrative indices with the
aim of reducing uncertainty in the assignment of scales.

The deliverable of this approach resides in converting spatially explicit ecologi-
cal attributes to a map tool, not only ecosystem services quantity and quality, but
also their value. Mapping ecosystem services and associated economic value is a
major research priority for ecosystems conservation and management, including
mangrove wetlands (See Chaps. 5, 8, 9; Ruggiero and Hawkins 2006). Although
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Table 11.1 A comparison of mangrove ecosystem services (rows) based on the functional role of
three major mangrove ecotypes (columns). Value are shown in decreasing rank (i.e., 1 is most
important) (modified from Ewel et al. 1998) (see Fig. 11.2)

Role Riverine |Basin | Fringe
Trap sediments 1 2 3
Process nutrients and organic matter

Provide a source of detritus to nearshore waters 1 3 2

Serve as sink for nutrients and carbon:

Carbon, Nitrogen 2 1 3

Phosphorus 1 3 2

Improve water quality 2 1 3
Provide food and habitat for animals 1 3 2
Provide aesthetically pleasing environments 1 3 2
Protect shorelines 2 3 1
Provide plant products 2 1 3

there are currently no global maps of the economic value of mangrove ecosystem
services, there are maps showing the quantity of selected goods and services (e.g.,
carbon storage, aboveground biomass, species diversity-extinction, litterfall, pro-
ductivity) (Hutchison et al. 2014; Record et al. 2013; Jardine and Siikamiki 2014).
However, as mentioned before, the resolution of current mangrove resource maps is
often too coarse for dynamic evaluation of local and regional vulnerabilities to
anthropogenic pressures that may lead to selective replacement and/or deforestation
of some mangrove ecotypes over others (Record et al. 2013).

A critical priority in ecosystem service research is to advance understanding and
communication between scientists and stakeholders at the boundary between what
represents final services and benefits (Fisher et al. 2009; Hiayhi and Franzese 2014).
Accordingly, it is important to manage, monitor, and make policy to protect services
that help maintain specific benefits and interlink ecosystem and socioeconomic
variables (Nielsen and Miiller 2009). Although historically acknowledged, this
explicit linkage between the “socioeconomic” and ‘“ecosystem” realms is just
recently being operationally defined (Collins et al. 2011; Hiayhi and Franzese 2014)
(Fig. 11.5). In the case of mangrove wetlands, there are major knowledge gaps in
our understanding of the social, economic, and cultural causes for habitat loss and
fragmentation. Although mangrove vulnerability assessments are currently avail-
able for some areas, they are often very limited in scope and resolution. For instance,
poverty is a major factor contributing to mangrove loss in developing countries,
precisely where most of the mangrove area is found (Giri et al. 2011). Thus, a better
understanding of poverty-inducing mechanisms (Barrett et al. 2011; McNally et al.
2011) and poverty alleviation in connection to functional mangrove attributes
should be a research and conservation priority (see also Chaps. 8 and 9). Such
knowledge is especially important in areas where ecosystem service preferences by
local communities are determined by single socioeconomic and cultural priorities,
leading to the direct and indirect overexploitation of mangrove resources (see
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arine geomorphology (modified from Day et al. 2008)

Chaps. 8 and 9). There is much work to be done to improve our understanding of
these complex issues. We propose that macroecology can help advance our under-
standing of the spatial extent of these multifactorial social and environmental inter-
actions. This may contribute to the development of an integrative “socio-ecology”
of mangroves that is badly needed to globally conserve and manage mangrove eco-
systems (Adger et al. 2005).

11.6 Conclusions

Macroecology is broadly defined as a transdiscipline of ecology that investigates
large-scale, universal patterns in the distribution, abundance, diversity, and organi-
zation of species and ecosystems (Brown 1995; Enquist et al. 1995; Smith et al.
2008). This includes the scaling of ecological processes and structural and func-
tional relationships (e.g., McGill and Collins 2003; Niklas and Hammond 2013).
Macroecology offers a useful conceptual framework to advance mangrove research
and to operationally assess processes occurring at different spatiotemporal scales.
However, the explicit application of macroecology to mangroves has been limited,
which is surprising given the global distribution of mangroves. The major advantage
of a macroecology perspective is the explicit integration of spatiotemporal scales to
evaluate ecological and socioeconomic processes (e.g., Brown et al. 2014) that drive
the quality and quantity of human impacts on mangrove-dominated ecosystems.
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Recent mangrove research has focused on providing estimates of contribution to
global carbon storage (i.e., “blue carbon”) and potential impacts of mangrove pole-
ward range expansion. These findings help to highlight the ecological importance of
mangroves at the global scale, but also expand our limited knowledge about pro-
cesses occurring at local and regional scales. These include the role of nitrogen and
phosphorus availability on net carbon fluxes (Rivera-Monroy et al. 2004; Alongi
2010; see Chap. 5), the relative contribution of biotic process versus ambient tem-
perature in regulating mangrove establishment and zonation (e.g., Guo et al. 2013;
Clarke 2014), or the common socioeconomic mechanisms driving the degree of
vulnerability and overexploitation of mangrove resources.

Researchers must consider and address the increasing trend in mangrove area
loss during last 20 years due to land use change (Valiela et al. 2001; Giri et al. 2011).
At the global scale, the area loss across diverse coastal regions is tremendously
important since the temporal scale at which mangrove deforestation or destruction
operates is much smaller (i.e., months, years) than some other aspects of global
change (e.g., climate change and sea-level rise) (Figs. 11.2 and 11.5). Thus, realistic
global projections of mangrove response to climate change and sea-level rise should
include local and regional land-use change. This scenario is illustrated by the con-
cept of the “coastal squeeze” where coastal wetlands are “trapped” between increas-
ing sea-level rise (years/decades; global) and the lack of space to migrate inland,
which is occupied by expanding human infrastructure (months/year; local) (Torio
and Chmura 2013; Enwright et al. 2016). Of the total global mangrove area regis-
tered in 2000 (137,760 km?), only 6.9% is within the boundary of protected areas
(national parks, biosphere reserves). The remainder area is exposed to an exponen-
tial increase in local anthropogenic impacts and emerging climate change forcing
within the next two decades (Duke et al. 2007; Polidoro et al. 2010; Giri et al. 2011).
From a macroecological perspective, the potential area loss has to be included when
selecting research priorities and questions at different temporal and spatial scales.
This criterion is particularly important when selecting processes that impact coastal
geomorphological processes such as sediment transport, freshwater flux, sea-level
rise, or changes in atmospheric CO, concentrations (Fig. 11.5; Day et al. 2008).

In the Caribbean region (Rivera-Monroy et al. 2004) and West Africa (Tanzania)
(Uchida et al. 2014; Gaiser et al. 2015), relevant research questions to compare
mangrove functional and structural attributes at the regional scale represent an
example to advance the development of a research agenda for mangrove macroecol-
ogy (Fig. 11.6). These questions emerge from specific links connecting a socioeco-
nomic realm and the environmental signature of a coastal regional setting that
results from a combination of geomorphological type, geophysical energies, and
levels of disturbance (Figs. 11.2 and 11.6). The interaction of regional climate and
topographic features influences the amount of freshwater input into coastal regions
that, in the case of mangrove-dominated coastlines, regulate hydrological, sediment
transport, and mangrove ecotype development (see Sect. 11.2, Fig. 11.5).

The frequency and magnitude of disturbance, both natural and human, are also
important considerations in the environmental signature of coastal settings. Indeed,
there is extensive research on the relative impact of tropical cyclones or hurricanes
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Fig. 11.6 Example of research questions to advance a mangrove socio-ecological research agenda
using a macroecological approach with an emphasis on East Africa (modified from Rivera-Monroy
et al. 2004; Gaiser et al. 2015)

on the structural and functional ecological conditions of mangrove regions where
this climatic event is recurrent (Smith et al. 2009; Farfan et al. 2014; Vogt et al.
2014). Yet, due to the absence of long-term studies in sites where most mangrove
area is present, it is not clear how the interactions between human and natural
impacts affect mangrove wetland resilience and vulnerability (Badola and Hussain
2005; Vogt et al. 2014; Gaiser et al. 2015). Specific themes that can be advanced
within this perspective include (1) linkages between mangrove area and shrimp or
fish abundance (reviewed by: Alongi 2009); (2) linkages between climatic drivers
and above- and belowground carbon pools (Hutchison et al. 2014; Jardine and
Siikamiki 2014; Rovai et al. 2016); and (3) analyses of the effects of mangroves on
wave attenuation (reviewed by: Marois and Mitsch 2015) (Fig. 11.6). Future work
to advance a mangrove macroecological perspective would benefit from a concerted
effort by research groups and institutions to launch research initiatives across bio-
geographic regions. In an era of unprecedented mangrove degradation and loss (i.e.,
the Anthropocene; Lugo et al. 2014), macroecology can advance our understanding
of mangrove ecosystems and provide information that can be used to maintain
goods and services from these unique wetlands for future generations.
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Epilogue

Shing Yip Lee, Victor H. Rivera-Monroy, Erik Kristensen,
and Robert R. Twilley

An idea that developed among the editors of this book during the 2011 Coastal and
Estuarine Research Federation meeting at Daytona Beach, Florida, has finally come
to fruition. Ever since the conception of this book, we never felt it would be an easy
task — but we have now completed it! It turned out to be a challenge because man-
grove research has grown from its humble beginnings with a restricted geographic
and scientific coverage five decades ago, to a diverse global discipline with >1100
publications by researchers from 96 countries in 2016 (Web of Science 2017).
Research on mangrove ecology has come a long way since the days when almost
all key theories and paradigms were “borrowed” from the much better-studied
Atlantic saltmarshes. As with the development of most scientific disciplines, early
paradigms in mangrove ecosystem ecology were guided by bold and insightful
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hypotheses, again, mostly inspired by studies from the West Atlantic saltmarshes,
but adapted for the tropical Caribbean mangrove environments. This view prompted
the portrait of all mangrove forests as net exporters of organic matter that is effi-
ciently assimilated by a wide range of estuarine consumers and, therefore, forming
the trophic base of nearshore fisheries. This trophic sustenance adds to the complex
habitat structure offered by the trees to underpin the nursery value of mangrove
wetlands. Mangrove ecologists today owe a great deal to these pioneers in their suc-
cess of drawing much-needed attention to the Caribbean systems and beyond, and
mangrove ecological research started to flourish during the five decades since the
emergence of these ground-breaking hypotheses.

Data from the Web of Science database suggest that the volume of mangrove
research output also trailed that on saltmarsh systems since bibliometric records
began, but this pattern was reversed for the first time in 2006. The number of man-
grove publications per year has since consistently exceeded that on saltmarshes, and
the difference is widening. This dramatic reversal may be attributed to the recent
interests on the key role of mangrove wetlands as “Blue Carbon” reservoirs and
their amelioration of natural disasters such as tsunamis. As Alongi (2009a) has con-
cluded, mangrove forests may function more akin to tropical humid evergreen for-
ests than their temperate coastal saltmarsh counterparts. While this notion again
invites more in-depth analysis of mangrove ecosystem functioning, an indisputable
fact is that mangrove ecology is now truly standing on its own feet.

The 11 chapters in this book bear clear evidence of the vast strides that mangrove
ecology has taken in the last 50 years — we now have enough information to develop
truly global perspectives of mangrove ecosystems with significantly larger spatial
scales, as well as greater level of sophistication and diversity in approaches. Sadly,
however, parallel to this development of mangrove ecosystem science, the last few
decades have experienced unprecedented loss, destruction, and degradation of man-
grove forests throughout the world, especially in the Indo-West Pacific region, where
the most diverse and expansive mangrove ecosystems occur. Despite facing similar
pressures, other debatably more charismatic, but certainly more inviting tropical
marine ecosystems such as coral reefs have enjoyed grander research attention and
arguably less direct threat compared to mangrove wetlands (just do a quick search
on YouTube to see the difference). Despite the late start in mangrove ecosystem sci-
ence, it is now, more than ever, required that tropical mangrove forests must be sci-
entifically understood before all near-natural habitats of this ecosystem vanish.

The breakthrough of this book for mangrove ecology is not just the updated
reviews of topics and issues that dominated early mangrove research 50 years ago,
but certainly also the many issues confronting modern mangrove ecosystems and
their management for sustainability that have emerged during this period: the
impacts of global climate change, rehabilitation, and restoration; the socioeconom-
ics of mangrove loss; and the implications for ecosystem services. Advances in
many of these research fronts benefitted immensely from developments of novel
tools, such as remote sensing and chemical tracers. For issues that have been long-
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standing topics of mangrove research, such as the productivity and carbon dynam-
ics, biodiversity, and biogeochemical cycles, popularization of mangrove research
to regions beyond the Caribbean in the last 50 years first developed in Australia,
followed by Southeast Asia, East Africa, and South America. This development has
generated sufficient data to enable a construction of global perspectives of mangrove
ecosystem structure and function. Significant paradigm shifts have already been
identified in key areas of mangrove biology (Alongi 2009b), but similar revisions if
not “revolutions” have occurred in the less-studied aspects of mangrove ecosystems
during this period. As a matter of fact, a similar revision process has earlier occurred
in saltmarsh research (Weinstein and Kreeger 2000), although still being an over-
whelmingly North American perspective. How mangrove ecosystems function and
perform their many ecological and environmental roles, as well as their threats and
perils, is no longer necessarily treated as a uniform whole — not only can variations
due to drivers specific to local, regional, and biogeographic scales be recognized,
but also be applied to improve our understanding of their implications for ecosys-
tem responses to threats as well as sustainable management. With contributions
from experts covering a comprehensive range of traditional to contemporary
research questions from all major continents, as well as socioeconomic and biogeo-
graphic settings, we hope this volume has fulfilled the purpose of establishing a
milestone in mangrove ecosystem research and will help set the research agenda for
the coming decades.

Notwithstanding the effort to include the geographic coverage of both the author-
ship as well as the science in this book, much is yet to be done to further enrich the
global perspective on mangrove ecology and ecosystem science. Despite that publi-
cations on mangrove wetlands in 2016 include contributions from 96 countries and
territories, >72% of the contributions were from only five countries (USA, China,
India, Brazil, and Australia). Among the top 15 countries in global mangrove forest
area (Giri et al. 2010), researchers from the 12 countries other than India, Brazil,
and Australia only contributed ~17% of the total number of publications in 2016,
while their countries support close to 60% of the world’s mangrove forests.
Notwithstanding, mangrove ecologists today must not forget that some of the pio-
neering classical work on mangrove ecosystems were conducted in the Indo-West
Pacific, for example, Macnae’s account of the biotic communities (Macnae 1968)
and Watson’s hydrological analysis of different mangrove forest types (Watson
1928). While researchers may not necessarily conduct work in their own countries,
it is notable also that it is in these under-represented countries where the greatest
threats to mangrove forests and their services occur. Therefore, after decades of
growth in research effort and increased public attention, a significant mismatch still
exists between the geographic distribution of the mangrove forests and the research
effort. While this book demonstrates that significant insight has been gained on the
diversity in the ecology and services of mangrove ecosystems, there is still much
work to do in further developing a truly global perspective of mangrove ecosystems
as well as their management and conservation.
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