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PREFACE

The closely-related issues of greenhouze emisslons, global warming and climate change have
recantly come to the top of the internatiohal environmental agenda,  In parficular, concems over the
prablemns 2xpacted to be associated with the polential impacts of climate change have garown over the past
decade and captured the attention of the scientific community, the polificians, decision makers, as well a5
tha private and public sectors. These prublams may prove 10 be among the major environmental problems
tacing the marine snvironment and adjacent coastal areas in the pear future. Therefore, and in line with
Dacigion 14/20 of the Governing Coupcil on "Giobal Climate Change”, the Oceans and Coastal Arcas
Programme Activity Centre (DCAPAC) of the Linited Nations Environment Frogramme (UNEPY launched
and supperted a number of activities designed to assess the potential impact of climate change and to
agzist the Governments concemead in identification and implementatfion of suitable response measures which
may mitigate the negative consequences of the impact.

Since 1887 to date, Task Teams on Implications of Climate Change were established for efeven
regions covered by the Ragional Seas programmie Mediterrangan, Wider Caribbean, South Pacific,
East Asian Seas, South Asian Seas, South-East Pacific, Eastern Afflca, West and Central Affica, the Kuwait
Action Plan region, the Red Sea and Gulf of Aden and the Black Sea. Soms of these Regional Task Teams
enjoy thé support of the Intergovernmental Oceanographic Commission (IOCY of UNESCO and other
relevant international, regional and nongovernmental arganizations.  In additlon, two Giobal Task Teams
oh Expected Impacts of Climate Change on Coral Reefs and on Mangroves were established In cooperation
with 10C and UNESCO respectively.

The initial objective of these Task Teams was ta prapara regional and giobal overdews and sile-
specific case studiss on the pessible impact of predicted climate change on the ecological systems, as well
8z on the socio-economic activities and structures, based ont the climate change models'scenarios
developed by the Intergovermmental Panel an Climate Change (IPCC) and widely accepted Ty the
intemational scientific community.

These overviews are axpected to examine at the regional and global levels the possible effects of
the sealevel rise and temperature alevations on the coastal, terrastrial and aguatic ecosystems including
deltas estuaries. wellands, coastal plaing, coral reefs, mangroves, lagoons, etc., and to examine the
possible effects of climatic, physiographic and ecological changes on the socic-economic structures and
activities, and determine the areas or systems which appear to be most vilnerable to the above effects.

The global overviews were intended to account for the ahove effects on both the coral reefs and
mangroves as important, critical and vuinerable ecosystems.

Fellowing the complefion of these regional averviews, and based on their indings, site-specific case
studies are develeped by the Task Teams for areas identified as most vuinsrable and needing urgent
attention. The results of these case studies should provide expert advice fo the national authorities
concerned in dsfining specific policy options and suitable response measures for the protection and
sustainable development of these ecosystems.

The work of the Task Team an Mangroves, arganized and supported by UNESCO, was completed
in 1993 and was led by Prof. Colin Fiald, who acted as Coordinator of the Task Team. The present report
is fargely based on the contributions by the individual members of the Task Team, whose cooperation with
the Task Team Coordinator is hereby acknowledged and appreciated {see Foreword).



FOREWORD

In Movember 1991, COMAR {of UNESCO) inwited a panel of 16 expers, on bahalf of
UNERUNESCO, to a preparatory task team meeting to conslder “the Impact of Expected Climate Changes
on Mangroves”, in Bangkok, Theiland. The report of the meeting was published by UNESCO (1952a).
Subsequent ia this meeting, COMAR created a 14-member UNEPAUNESCC Task Team an the "Impact of
Expected Climate Change on Mangroves'. UNEP, 10C, and WMO had separately recognized the need to
focus studies on mangrove ecosystems related to climate change (iCC, 1991).

The first meeting of the UNEP/UNESCO Task Team was held in Rio de Janeirg 1-3 June 19982, and
the resuits were published by UNER/UNESCO {1992b). The primary role of the Task Team is to advise
on the design, developmant, and crganization of the proposed global monitoring of iha effect of climate
change on mangroves, The Task Team agreed o urderlzke three initfatives to suppont its primary
abjective. These were,

aj) lo carty out a review of the Herature and te prepare an owverview of somea aspects of sxpectad
glabal change on mangrove ecosystems and the probable affects on the exploitation of the sysiem,
with the aim of identifying policy options and suitable response measures.

b} to prepare three specific case studies invelving low izland, arld coast and deitaic sites. 1t was
considerad that thess sites would provide a representative range of mangrove habitats and would
provide experience of experimental design, data collection and analysis, that would be invaluable
for the sucesssful establishment of a long-term mangreve monfiaring system,

o] io prepare a position paper on the theoretical and technica! basis for data acquisition, expetimental
design and the analysis of data, including passible modelling approaches, that coukd be used for
the development of the specific case studies and the long-term monitoring programme concemead
with mangrove etosystems.

It bacarme dlear after some initial consideration of the tasks that had tw be undertaken that the most
coharent approach would be to combing the outcome of mnitiative (1) and initative (3} and to present the
findings as a consolidated report. An initial draft of the report was prepared by a sub-group of the Task
Team, consisting of Bjgm Kjerfve {Canvenor), Donald Macintosh, Barry Clough and Sanga Sabhasri, st a
preliminary meeting in Phuket, Thailand.

A Meeting of the Task Team in Okinawa, Japan in July 1993, considered the initial draft report and
recommended tha! it be expandad by the addition of further contributions frorn members of the Tagk Team.
The final report contains a review of the relevant literaturs, some policy options and the recommenced
chitenia for selecting mangrove monitoring and study sites. The Task Team also recommsnded that the
report ba published by UNEP

Colin Field :
Chaiman -
UNEP-UNESCC Task Team cn the Impact of Expected
Climate Change on Mangroves
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1. EXECUTIVE SUNMMARY

As mangroves are ona of the most prominent cosstal ecosystems in tropical and many subtropical
areas around the world, 1t is likely that the impact by elimate change on mangroves will have greater
economic and social significance. when compared to the effect of climate change on most other coastal
ecosystems. Mangrove ecosystems consist largely of trees with life spans of the onder of several decades,
so that long-term climate change may be gauged by structural and functicnal responses of mangmye
communities. Other tropical and subtropical coastat ecosystems, such as salt marshes and seagrass beds,
exhibit more pronounced short-term variability because of seasonal and interannual fluctuations, and turn
over too quickly to be useful for gauging climatic change,

The uncertainty and wvariabitity of climata change is still much debated and far from universally
accepted. The purpose aof this raport is not {0 argue whether global climatic change is occurring, but rather
to assess the expected type and magnitude of impacts on mangrave ecosysterns, if and when global climate
change does ococlr, Coastal ecosysfems, including mangraves, are especially vulnerable because of
economic and socigh pressures in addiion to their location at land-sea margins.

Mangrove ecosystens cover approgimately 15 milion hectares globally, with 8.9 milion hectares
in the Indo-Pacific Region, 4.1 milion hectares in South and Central America and the Caribixean, and 3.5
million hectares in Africa. Tha important communities of plants, animals, and microbes found in mangrove
ecosystems are descrbed in the report

Throughout the wodd, mangroves have considerahie enwironmenial and ecelogical values as wel
as providing significant socic-economic bensfits fo national and local economifes and local communities.
Mangrove ecosystems, because of fheir location, are expected to ba amongst the first ecosystems o be
affected by any global climatic change, in particular from the effects of increasing sea level and changes
in wind, wave, cuirent, and storm patterns.

The Intergevernmental Panel on Climate Change {IFCC) scenarios far cimate change have been
used here as the basis for projecting future trends regarding climate change on mangrove ecosystemns and
they are presented in Table 4 of the report.

Major responses by mangrove pcosystems o predicted climate changes are estimated as follows:

a) Rise in global mean sea level

It iz estimated that the global mean sea level will rise by 5.0 cm per decade #s a result of global warming.
It is difficult to estimake the changes in lccal relative sea level. 1t i3 expected that,

K Mangrove communities will progregs landward if accretion of sediment is sufficient or umess
cansirained by topography.

= Ercsion along the seaward marging of mangrove systems will increase.
= Rate of sea-level rise will determine whethar mangroves can re-establish.
L] Secondary preductivity per unit area will probably increase due to greater availability of nutrients

tug 10 ercsion,
by} Increase in atmospheric CO, concentration.
it is estimated fhat the atrmospheric level of GO, will increase by C.9% per year. It is expected that:

n mangrove canopy photosynthesis will not be significantly increzsed.



= Not all species will respond similarly.
) increase in atmospheric temperature

It iz estimated that glebal mean temperature will rise by 0.3°C per decade. Howevar, changes in the fropics
may not be as great and there wil] be less difference between the seasons. it is expected that:

. A number of mangrove species will migrate towards higher latitudes.

] There will ba changes in the phenclogical pattems of repraduction and growth in many mangrove
species.

- Overall net and gross productivity of mangrove ecosystems will increase,

m Plant and animal bicdiversity in mangroves will increase and - plant and animal composition will
change,

= Mangrove microbial processes will accelerate.

d) Chanyes in precipitation patterns

|t is predicted that the patterns of precipitation will change but that they ars likely to vary regionaily and
locatly without a fixed global pattern. Itis alsn predicted that the incidence of heavy rainfall will incraase and
the incidence of fight rainfall will decrease. it 15 axpected that:

= Changes in soil water content and so0il salinity will have a significant impact an the growth of

mangroves.
" An increase in the precipitation to evapotranspiration rafic will result in an increased rate of primary

production by mangroves.
] An increase in soil salinity will reduce the pimary preductivity and growth of mangraves.
] Mangrove animals that are eutyhaline will be largely unaffected by increasez in salinity but the

distribution of stenohaline species will be altered significantly.

Impacts of climate change on landuse, utilization and expleitation of mangroves are expected as:

] Increased risk of flooding of low lying areas.

] Increased erosion of vulnerable sofi coast.

n Increased risk of saline intrusion,

] Increased frequency of damage from storm surges.

The following policy options neead to be considered:
a) Coastal protection -

Maintenance of existing protective barriers may need to be relocated landward. G_clnsid&raﬁun
should be given to the establishment or extension of a mangrove green belts to provide & natural
barvier for coastal protection. it would be useful to develop guidelines and procedures for the

affrractatinn af snikakle Aaroefal armoe aoibh rean e rme mme ke beeis baecf o ccnale be Bevis b
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by Agriculiura

Agricuitural activities are likely to be affected by salt water intrusion. This may necessitate the
construstion of protective bamiers or the relacation of the agricultural activities. In planning future
agricutturat activities landuse planners should take into account the ikely economic e span of the
development.

£) Aquacuiture

Aquacultural activities will require modification of management practices. Inttime, ponds may have
o be located in more Andward areas. A protective barrier of mangroves should be established and
maintained to the seaward of aquaculture ponds. Coastal aguacultural investments will be highty
suscaptible to alterations in the environmental conditions of the mangroves and the environment
should be clogely monitored for early indications of change.

d) Forestry

Forestry activities wil be affected by changes in the phenalogy of reproduction and growth, changes
in aridity, changes in salinity and direct disruption of specific sites by sea-level rise and stoms.
Forest managers should ctosely monitor the environment of the forest for early indications of
chiangs. ' '

it is almost impossibie to idonfify the respense of mangrove ecosystems io single factors such as
temperature or sea-level rise. Rather, mangrove ecosystems are likely o exhibit synergistic
responses to & combination of changing climate parameters, making the analysis of cause and
effect difficuli.  Also, the complaxity ang scalz of respenses will be highly site spacific.

If must aiso be stressea that the man-induced ciimate changes are far from certain. Equally, the
effects of climate changs on mangroves are uncedain. b must be appreciated that changes to
mangrove ecosvsiems are just as Fkely to be caused by matural events or the impact of the
activities of man. It is therefore important that governments establish base line data on their coast
lings and mangrove ecosystemns sa that any changas that may occur, for what ever reason, will ba
detected at an early stage.

A study and monitoring programme to assess the impact of c¢limate change on mangrove
ecosystems should be implemented,

As climate change effects might be maost pronounced in those places where mangrove ecosyslems
are cluse to the exremes of their atitudinal distribution it is also recommended that examples of such sites
be inctuded in the monitering programme. 1t wili be easier to detect change in systems that are currently
relatively slable. In order to narrow the scope of stedies (o reasonable proportions, at least three
representative iwpes of mangrove acosystern should be examined: (&) well developed deltaic sites, (b) sites
along ard coasts, and (c) low sland sites.

A long-term monitoring and study programme should be desighed that can be implemented at a
small number aof primary sites for long-term and intengive studies and well-designad experments. Addiional
sprondary sites should be selected for the gathering of complementary. information and intermitient ar
routine studies and experiments, covering & wicle geagraphical distribution of sites and types.

To achigve optimal use of resources, primnary sites should be mangrove sites, which aiready are well
documented and have relevant infarmation and time series data avaitable, such as meteorological and tidal
records, species composition, geomorphology, and sea-evel change. A full list of parameters to be
measurad is provided in the repoit. At each selected primary site, a paralie! training programme should he
enacted to provide protocols with respect to acquisition, analysis, and interpretation of data, This wil
encourana the sistainability of long term acquisition of accurate field data and their Iocsl use. The training

[T LT O T AR



Secondary sites shold ba selected for additional monttoring and study aclivities to complement the
primary sites, and to provide comparable |ocal information globally. The degree of implementation of any
programme activity at secondary sites would ulkimately depend on the svailability of funds and rescurces

Itis imporiant o organize a reliable netwerk for mangrove monitoring and study activitizs for a leng-
term duration, at least several decadaes. The resuling long-term data would nat anly serve 10 assess the
impact of climate change on mangroves, but also serve short-term local needs to aid in manapament of
caastal environments. An integral part of any monitoring and study must include the design of experiments,
modelling exercises, and systematic analysis and interpretation of all data on an on-going basis. 1t is
stressed that modifications o mangrove ecosystems due to climatic change may be very diffieult o discern
from modifications due to anthropogenic aciions and spiscdic natural events. Expenments should ba
designed carefully with consideration given to such complications.

A list of criteria for sefacting suitable mangrove study and monitoring sites is provided in the repart.
The criteria presented cover eight important categories: (&) physical charactefistics, (b) site area, {c)
availability of existing site data, (d) govemment approval and support. (e} institutional and personnel support,
(T} data base accessibility, (9] infrastructure. and {h} training and educalion requirsments.

2. INTRODUCTION

Owver the last ten years a great deal has been written about the possible results of man-induced
climate change and there i$ a general acceptance that if man continues to palivte the atmosphere at the
present rate there will be significant warming of the earth’s atmosphere by the end of the next century,
primarnily due to an enhanced level of carbon Jiuxide. There are other predictions that indicate sea-level
rise, changes in precipitation patterns, freduency of tropical starms and ehanges in ulira-violet light
intensities, There is a congerted intemation®! effort to monitor changes to the ahvironment that gy result
fram man-induced climate change, The Intergovermmental Oceanographic Commission (0C) has
developed 2 Global Qcean Observing System (GOQS) that will work closely with other international
chserving bodies and nationa! agencies.

Initially G3D0S has identified five modules that it will concentrate an:

a) monitoring of the coastal Zone environment and its changes.

by glimate monitoring, assessment and prediction,

) marine metecrological and cceanographic operational services.
d) assessment and prediction of the health of the ocean.

&} monitoring and assessment of marine living resources.

As part of module (a) a UNER/UNESCO task teamn has been formed to advise on the design,
development and operation of a proposed pilot monitoring activity of the effects of climats change on
mangrove ECOsYsieMms.

mMangrove ecosystems have attracted increased scientific attention over the past ten years, partially
stiowsiated by the activities of UNESCO{COMAR) and UNDP in the Pacific, Agia, Africa, South America and
the Caribbean. In recent timas the Intemational Society for Mangroves Ecosystems has been formed as
a non-goverament organisation based in Okinawa, Japan in an effort to continue to foster international
cogperation in the study and management of mangrove ecosystems.

A rasult of these activiies is that mangrove ecosystems have becorne recognised by many
scientists, governments and planners as important and productive ecosystems that must be managed’

carefully on & susiainable basis. It has also been recognised that in many parts of the world the activities
ﬂfmﬂn hawe dastrmvrd (ame saresas Af mannmmees Ae mannravas A in tho intarfidel vanec i feanieal - aned



This report surveys the scientific fiteraiure and estimates how the vanous components of the
mangrove gcosystem may respond to expectad climate change. It also considers the impact of climate
change on the use of mangroves by man and suggests vafmious polley options that could be used by
governments to prepare for the predicied climate change.

The report then goes on to outline several hypotheses that need 1o be tested to determing whather
climate change (s occumring and whether such changes are affecting fangrove ecosystems. Finally the
report outlines in delail an approach for studying and monitoring changes to mangrve ecosystems on a
long term basis.

Mangrove ecosystems arg inherently dynamic and they are currently experiencing substantial
changes as a result of natural events and man-induced pressures. The possibility of changes in climate
further affecting their structure and furction is an added complication. The problem is to resolve the effects
due to ciimate change from effects that are being induced by other factors. Such resolution can be
achieved only through a very carefully designed monitofing programme camied out over many years.

The predictions for climate change have been impressively documented but they remain predictions
and have wide margins for emor.  The predictions for the effects of cimate change on mangrove
ecosystems are presented in this report and-are also subject to wids margins of ermor. Combining the two
sets of predictions together produces a very uncertain picture that must be viewed with caufion. However,
it would be unwise to ignore the possibility that low lying coastal reglens of the ropics and subtropics may
be adversely affected By climate change in the future. 1 would be sensible for & countries that might be
affected to take steps to establish base-line data for their mangrove ecosystems and to moniter them for
change. This report gives some indication of the steps that should be taken.

3. MANGROVE ECOSYSTEMS
3.1. EXTENT AND CHARACTERISTICS

Mangrove ecosystems are a conspicuous feature of the coastal Zone in tropical and subtropical
latitudes, The word-wide distribution of mangrovea in shown i Figure 1. Thess wetland ecosystems
inglude forests, waterways, mudflats, and salt pans. They support salt-tolerant {halophytic) mangrove trees,
asscciated hardwood trees. palms, shrubs, epiphytes (fanas, fichens, fems, and orchids), algas, fungi,
microflora, meiofauna, bacteria, marine and terestrial animals, birds, insects, finfish, and shelifish,
Restricted predominantly to the interlidal area between spring tide high and low waters, mangroves are
found in rver deltas, fronting river-dominated coasts, as borders of estuaries and lagoons, and as patches
or fringes in carponate sediments alony smal island shares.

tdangrove ecosystems are estimated to cover 13 million hectares worldwide (L acerda & Diop, 1%93).
The Inda-Facific region has 6.2 miflion hectares of mangrave wetlinds, Sowth and Ceniral America together
with the Carbbean has 4.1 millon hectares, and Africa has 3.5 milion hectares (Lacerda & Diop, 1993).
They form a coastal fringe vegetation zone between land and sea. Mangroves represent complex wetfand
ecosystens, which under optimal conditions attain the stature of forests, accommodating trees reaching
heights up to 45 m. They are sither regutarly or occasionally inundated by brackish or marine waters by
tidal fushing (iUCN, 1933, Snedaker & Snedaker, 1884; UNDPIUNESCO, 1986; Tomlinson, 128€; Kjerfve,
1590).

Mangroves are inhabited in many places by humans, usually belonging to traditional communities,
who harvest fsh and other natural resturces fram the mangrove ecosystern. Mangmve systems are
récognized a3 having important enviranmental and ecological values as well as providing significant socic-
economic benefits to nationa! and local economies (Hamilton & Snedakér, 1984; Dixon, 1989: Lal, 1990;
Lugo, 1990} Mangrwes are supjected to Intense human development in many subtropical and tropicad
coastal countries, and the area of mangroves is in general decreasing {Ong, 1984) as 2 mesult of pond
aquacliture operations, agrmulture construction of dikes and roads, and other forms ef human
ent:machment ' o ' '



3.2 GEOMORPHOLOGY, SEDIMENTS AND BIOGEQCHEMISTRY

Gegiongical morphology, sediment texture, chemistry, deposition and erosional processes, ag wali
as tides, waves and currents, ali play a significant role in determining the succession of mangrave specias.

3.2.1 Geomorphology

Many authors have drawn 3ttention to the complex biogeomorphological relationships in mangrove
communities {Davis, T840; Thom, 1967; Sermeniuk 1980, Wogdroffe ef af,, 1985). Thom (1982, 1984} and
Woodroffe (1987) Mentfied nine gecimoiphic settings in which mangroves ocour. For fhe present purposes,
it is sufficiant to group thase nine settings into three broad types aceording to the dominant physical
pracesses involved in sediment transport and erosion, These three types are riverdominated, fide-
dommated, and marins-dominated {mainly carbonate sediments associated with coral resfs),

: s
| | gy |
| | |
f I !
R B S
W Americs EAmearica WAfrica | EAfricea  Indo-Malesia Australasia
Atlanlic East Pacific {AEP) : Indo West Pacific (IWF)

Figure 1: World dlstribution of mangroves, showing range of 20°C isotherms in tlanuary and
July, major ocean cumrents Influencing [atitucknal range and six biogeegraphic regions grouped
in two global hemlspheres. {Duke, 1992)

Thom (1942} atternpted to place mangroves into a seaevel framework basad on the concepts of
constructiona! and destructional coastal evalution. He noted the groat difficult in matching geomorphelogical
and ecological histories. However, he concluged that sea-lsvel fall may lead to strong zoning of species,
peat formation and invasion by salt marsh. Conversely, sea-level rise may angender poor zonation and
shorsline accumulation of organic debris. He also concluded that mangrove cammunity response ta sea-
leve! change is far from predictable. Woodroffe {1990} concluded that for a given climatic tidal enviranment
and @ particular pool of mangrova species for a specific region,. the history of the land surface and
contemporary gepmorphic and associated pedogenic processes together determine the pattemn of mangrove
growth. Mangrove ecosystems may be considersd dynamic and there is geological and cuntemn-nrary
evidence (Woodroffe & Grindrod, 1991) that mangrove ecosystems can extend or contract rﬂpldh’ in
respnnse t::- regmnal tnpagraphmal and climatic changes. The acosystern that is being considered in this
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man. Such s-,rstems witl exhibit marked spatial and tempcral fluctuations as a result of the influences that
have been mentioned.

3. 2.2 Mangrove Sedinrentation Frocesses

There is clear evidence from the Holocene record of G dated mangrove siratigraphy of low rates
of ageretion in organic iow island mangrove peats. and high rates of accretion in more inorganic high island
and confinental margin mangrove sediments. Mora recant sadimentation can be siudied by use of Cs™,
Pb™° arificial sedimeni markers and inserted stakes. There has been little work of this nature in
mangroves. but far more in salt marghes. '

Lynch, ef al (15980 showed accretion rates of 14 to ifcmM00yrs In an infreguently flooded
mangrove basin at Rookery Bay, Florida. At Terminos Lagoon, Mexico, accretion rates at & river dominated
mangrove site were an avarage of 32em/100yrs and a maximum of 44cmf100yrs while at a tidal dominated
gile accretion rates were an average of 20cm/100yrs and a minimum of 10cm{10dyrs.  Like the Holocens
recory, this study shows how mangroves close to rivers have higher sedimentation rates than those that

are ldaly daminated.

Tahla 1

Rates of mangrove peat accredion

Location Source Rate of accration
{cm00 years)
Low |zlands
Tongatapu Ellisan, 1989 TI
Grand Cayman Woodroffe, 19814 5.2-9.0
Bermuda Ellison, 19892 25108
High Istands
all Latham, 1979 13.1
Matsushima, et al, 1984 7.6
Southem, 1986 1.7
Carnline khBnds Bloom, 1970 3.0-253
Matsumeoto, ef al, 1985 13.7
Ward, 1985 13.4-14.0
Miyagi & Fujimoto, 1369 8.5-11.0
Samoa Bloom, 1980 18.8
MMatsushima, ef &, 1584 2.9-10.2
Elison, (unpublished) 15.2-40.4
Austratia, Hinchinbrook 1sland _
Risk & Rhodoes, 1985 4.5—‘1?.6
Jamaica Digerfekdt & Enell, 1084 18.7-27.4




The Holocene recard of mangrove stratigraphy shows that mangroves can keep up with slow ses
level riss, and there is variance in this ability according to physiographic location, this dependent on th
sediment supply (Ellison & Stoddart, 1821). Table 1 summarnizes the available stratigraphic wark. Loy
islands have no rivers. 0 accretion is by accurnulation of an organic peat  Studies from three location:
show fairly uniform rates of accretion, of 7.7-10.6cmf100yrs.  High islands have small catchment rivers tha
deliver sediment o the coastal zone, and Mangrove accretion rates ara shown o be higher buf varighle b

location. Condinental margins have large catchment rivers. and studies from Awvstrafia show exdensive
progradation unger mangroves, even during sea-level rise.

3.2 3 Biogeochemising

The amaunt of grganic carbon, phesphorous and nitrogen expected rom mangrove forests is a ven
important paramoter for gssessing the productivity of these systems. In order to understand the systemn |
is necessary to consider the nutrient inpuls and Outputs and to attemmpt estimates of the guznttative
impertance of each. {Boto, 1982, Twillzy #f g, 1992}, it is beyond the scope of this review to consider the

largs literature on this subject but the possible impact of climaté change on blogeschemistry will be
considered brefly in a |later section.

Fintlire % Rhizanhars shdnen e Tick MAacio- - ar .



3.3 FLORA IN MANGROVE ECOSYSTEMS

A mangrove is a tree, shrub, palm or ground fern which nomally grows above mean sea Tsvel n
the intartidal zone of marne coastal environments orf eshiarine mamging [Duke, 1992). Mangroves have a
combination of morphological and physiological adapiations o cope with their unique habitat. Different taxa
have different mechanisms. These may nclude aerial rools, vivigarous propagules, salt glands, and salt
exclusion and salt storage strategies.  Approximately 59 species of trie mangroves are recognisad which
contribute significantly ta the structure of mangrove farests (Tabkle 2). The best developed mangroves grow
along humid tropical coasts, here they often form extensive tidai foresis with trees of more than 1m in
diameter and heijghts of 2045m. Mangroves also extend well into tenperate regons, but the number of
species decreases with increasing |atitude (Chapman, 1976, Blasco, 1984, Tamlinson, 1985; Duke, 1993),
The present latitudinal lirsits of mangroves ara glose t0 31°N in scuthemn Japan (Hosokawa et af, 1977),
31*M on Mexico's Pacific coast, 32°N in Bermuda, 3275 ip southern Brazil, and 33°3 in southemn Australia
(Wells, 1983). Mangrove commurities at these high lafltudinal extremes are fioristically simple, in each
cased comprising only a single species. Duke {1892) points mit that mangrove species are divided into two
global hemispheres (Figure 1) the Atlantlc East Pacific and the Inde West Pacific and that these
approximately equal portions of the sarth also have roughly equivalent areal exfents of mangrave forests,
However, the Atlantic East Pacific region has fewer species whike the most diverge flora is seen in the Inda
West Pacific region. Based on species presence these two primary regiong may be divided into six discrete
secondary regiohs as showhn in Figure 1. For detailed discussion of the giobal distibution of mangroves
Duke's paper should be consulted.

Table 2 -

Families, genera, and species of true mangrove trees and shrubs worldwide (adapled from Duke, 1982).

Family Gencls Species
number
Major Families
Avlcenniaceze Avicennia 2
Combretaceas {Conocarpus 1
Lagunciaria 1
Lisnnitzera 3
Palmae Mypa 1
Rhizophoraceas Brugitiara ]
Cafinps 3
Kandefia 4
Fhizophora g
Sonneratiaccae Sonneratia 51

Mingr Families

Acanthaceas Acanfis 2
Bignohiaceas Dofichandrone 1
Bombacaceae Camptosternon 2
Caesalpiniaoceas Cynometra 1
Ebenaceas DSOS 1
Eupharhiaceaes Excoecaria 2
Lythracea Pempfis 1
Meliaceas Aglaig 3

Xylocarpus 1
Myrsinaceas Aedficeras 2
Myrtaceae Cisboria 1
Pellicieracaan FPelficiara 1
Plumbaginaceas Aegialitis 2
Pteridaceas Acrosticumn 3
Rubiaceae Scyphiphors 1
Sterculiaceae Hentarfa 3




Mangroves also occur naturally alang arid coastlines, notably the cossis of Pakistan, northern Afrie:
the Arabian Pennsula, the west coast of Ausfralle, and the northeastern coast of Brazil Mangraw
commurities in ard chmates are also floristically simple, and usuzlly comprising relatively few specie:
(Zahran, 1277; Kenneally, 1882; Wells, 1983; Ansar, 19846).

Tha decraase in mangrove and associated species with increasing latitude is generally attribubec
ta the coresponding decrease in sea surface or air temperatures {Saanger et al.,, 1977, Blasco, 1984
Tomlinsan, 1986; Cldsener & Breckle, 1987), whereas the low floristic diversity of ard coasts can
expizined at least partly in terms of differences in tolerance o saff, water, and radiation stress betweer
species (Clough et al, 1982; Ball 1588; Ball et af, 1988, Laveiock & Clough, 1992; Lovelock #f a/., 1992)
Tha minimum water temperature duting the winter is the most impoertant factor regulating presence o
ghsence  of mangrove species, Temperature, salinity and aridity as reflected In the
precipitation/avapetranspiration  ratie (P/ET), appear to be key environmental factors influencing the growth
and survival of individual mangrove species along environmental gradients (Blasco, 1984). However, i
should be noted that the present distibution of mangrove species may also be relafted to the direction o
prevailing nearshore vcean cumrents for propagule dispersal.

34. FAUNA IN MANGROVE ECOSYSTEMS

Mangrove ecosystemns support largs populations of animals from many taxa of the animal kingdom,
fanging from protozeans to mammals. This diversity is ilustrated in the many publications on mangroves
describing the distribution and abundance of mangrove macro-fauna (8.g. Bemy, 1564; Sasekumar, 1974;
Frith of af  1975; Hufchings & Recher, 1981). In camparison io mangrove plants, however, the mangrove
fauna has been poorly studied, with the exception of the most prominent groups, especially the larger
crustaceans and moliuscs (Warner, 1967, Berry, 1975; Malley, 1977, Houlihan, 197%; Aveline, 1980; Hong
& Chin, 1933, Santhakumaran, 1883, Jones, 1884; Macintesh, 1988; Micheli ef af, 1991), and maore
recantly, mangrove insscts (Murphy, 1890z.b; Macinfosh et af, 1921). An example of Scylla serraia, a
mangrove crab 1s shown in Figure 3.

An indication of the pumbers of mangrove-associated animals aceording to taxa is given by ILCH
{1983} and summarized in Table 3. Mangroves are the pimary hahitat of most of these species, evan
though they @lso ocour in other habitats or migrate into and out of mangrove systems. Tha resident
mangrove fauna also consists of many animal iaxa and species, but certain grmups show a high leyel of
adaptation to mangrove condificns and tend to dominate numerically. These groups include particulary
intertidal erustaceans and molluscs (Malley, 1977, Santhakumaran, 1983 Sigurdsson & Sundari, 1990},
various insect families (Murphy, 19003) and 2 aumber of other highly adapied species of diverse angin
{Barry, 1972; Milward, 1882).

The distinction between animais which are wholly depandent, permanent residents of mangrove
ecosystams, and others which are only opportunist visitors i still debated by zodlogists who argue over
what constitutes fthe true fauna of mangrovss. However it is impontant to make this distinction in the conteast
of the fmpact of climatic change on mangroves because the temporary, or wisiling, species have the
. potentiat to respond to envircnmental changes differently to the rezident fauna. The logical assumption Is

that the degree of impact on each animal gpecies rezulting from dimatic change on mangroves will increaze
in relation to its degree of dependency on the mangrove acosystem. :

& third faunal group in mangrove ecosystems, about which very little is Known, is the soil meisfauna,
daefined 4= organisms in the slze range from 53 fo 1000 um. This poody studied community consists of
many taxa, but nematades, copepads, and protozoans tend to be most widsly distributed and abundant..
Mumerically, nematodes dominate the meiofauna of intertidal sadiments in mangrgve systems, mr‘usttuting
from 80% Lo more than 80% of the melofauna community {Sasekumar, 1981; Chandrasekhara Rao & Misrs,
1983; Hodda & Nicholas, 1985). Meiofaunal densities in mangrove sediments are highest in the surface
layer (0-5 cm}, but values vary considerably both between locations and at the micro-habitat level.

The few ecological studies reported on the mangrove meiofaunz indicate the great impartance of
this fatnal assemblage in the conversion of mangrove prinary production (o detritus {Subrahmanian 6t .,
1934} a"d das d fﬂﬂ{f S far the manr meapnaorern seicnela kit - o



mangrove saoil microbial populations. Some of the most abundant intertidal mangrove depasit feeders,
including crabs and mangrove mudskippers {Roleophthalmus and Scarelacs spp.), araraported to consume
largs quantities of meicfeuna, as do mangrove associated panasid shrimps and a number of ish specizs
{Chong, 1977, Sasekumar, 1981). Given the significance of the meiafauna in tha datrifus-based food web

of the mangrove ecosystermn, it is clearly important alse to try to predict the potential impact of climate
change on this productive benthic community.

Figure 3: The mangrove crab, Scyifa serrata, caught in a simple trap {Photo D.J. Macintosh).



Tahkls 3

MNumber of animal species recorded in mangrowve systeme in four geographical regions: A=Asia,
B=0ceania, C=east coast of Americas, and D=east coast of Africa and the Middle East
{modifizd from {UCN. 1983),

Animal Taxa A B C 0
Frotozoz 13 3

Eryoroa 5 7 36 1
Coelenterata-Ctanophora 3 & 42 12
Non-polychaete worms 13 74 13 3
FPalychasta 1 35 33 T2
Crystaces 229 128 a7 163
Insecta-Arachnida 500 T2

Mollusca 211 145 124 117
Echinodermata 1 0 23 23
Ascidia 0 a an - 13
Pisces 283 . 158 212 114
Reptilia 22 3 3

Amphibia 2 _ 2

Aves 77 244 138

Mammalia 36 i ]

4, EXPECTED CLIMATE CHANGE"

Many reports have been published which address the question of global climate change (GCC) that
might arise as a result of the activities of man and which examine the possible effects. In particular the
following three publications have addressed thess issues in great defail. IPCC {Intergovernmental Pansl
on Climate GChange) Climate Ghange: The IPPC Sclentific Assessment. {1880a); IPCC Climate Change: The
IPCC Impacts Assessment (1980b): IPCC Climate Changa: The |PCC Response Strategies (1881). This
review will nat attempt to reiterate the extensive discussion that axists on the relatively short term changes
to the global cfimate that are likely to result from the activities of man. [t will try to summarise the key
predictions and then examine what these may imply for the future of mangrove ecosystems.

Giobal climate has large natural variability at all time and space scaies. |tis known from geclogical
records that the recurrent varation in the accentricity of the earth’s elliptical orbit around the sun causes
0.2% variation in the amount of solar radiation intercepted by the earth with a period of some 100,000 ysars.
The minimum of this cycie is known to resulft in the jowering of the global mean temperature and to produce
the phenamenon of a glacial period. These variations of climate on a geological time scale are not our main
concern but a knowledge of the effects may give guidance as to what to expect if significant climate
changes occur on 8 much shorter fime scale, .

ltis known that global warming can bo caused by green-house gases, These are gases which can
absorb infra-red radiation. The absorption of longwave thermal radiation in the atmosphere, thus preventing
the escape of thermal energy, causes the temperature of the atmosphare to rise markedly.  The natural
pressnce of these gases causes the earth to be warmer than itwould be otherwise. The main green-house
gases are carban dioxide, methane, nirous oxide, and chlorofiuorocarbons’ (CFCS). The commencement
of the industrial revolution lead to great amounts of fossil fuel being combusited and the subsequent
discharge of large amaunts of carbon dioxide to the atmosphere. Since then the activities of man have been
continuougly slevating the concentration of green-house gases in the atmosphere. Table 4 summarizes the



The atmospheric carbon dioxide conceniration in 1980 was 353ppmy, which 1s about 25% greaier
than the pre-industrial {1750-1800} value of zbout 280ppmy, and higher than st any time in the st 160,000
yvears. Carbon dioxide concentration is currently fising at about 1.8 ppmy [0.5%) per year due o
anthropogenic emissions. Ithas been astimated that atmesphetic carbon dioxide concentration will increase
to 840 ppmv by the year 2100

It has been estimated that average global warming has been between 0.3°C and 0.6°C since the
late nineteenth century. The temperature rocord shows significant differences between the Narthem and
Southern Hemispherss. [t has further been estimated that the rate of increase of global mean temperature
during the next century will be 0.2°C per decade with an uncetainty of 0.2°C 40 0.5°C per decade. This
witl result in 3 likely increase in global mean femperature of about 1°C above the present value by 2025 and
3*C before the end of the next century.  This estimale is based on the assumption that present rates of
ermission continue but makes allowances for population expansion and continued economic growth. [t may
be considerad to be a worst Case scenario. It is interesting fo note éstimates that in the tropics the warming
will b& both smaller and vary Hitle with season. The reason is that the saturation vapour préssure of water
varizs pondinearly with temperature, so that at higher temperatures proportiorally more of the Increase in
radiative heating of the surface is used to increase evaporation rathef than to ingresse surface temperatire.

The effect of climate change in coastal areas is still very speculatve {Holligan, 1890, Alusa &
Ogallo, 19892). However, the main coastal impacts are kel to be due to (a) sea-level rige a5 a resuli of
austatic sea-level rise and local or regional processes responsible for séa-leve) change between sites; (b)
changing hydrological regimes (rainfall, evapotranspiration, runoff, salinity), (¢) changes in coastal ocean-
atmosphere climate {waves, winds, currsnis), and (d) increase in tropical storm frequency, magnitude, and
occeurrence.  Each of thesse effects will display great local vanabilify, and therefore local measurement
pregramimes will be required to decument and understand current globa! change (10C, 1881, Kierfve st &l.,
1991). Only than will i be possible to predist with confidence coastal impacts assogiated with future climate
change. .

Tahle 4

Global man-inducsd conditions expectad at the end of the naxt century as a result of the IRCC
"businessag ysual” scenaric {(IPCC, 1980a). '

. Current- Rate

Atmospheric Greenhouse {Sasses 1990 of _Change 2108
Carbon Dicxide 353 ppmy +0.5. %yr”’ _ 840 ppw

_ Methane 172  ppov +0.9 Yoyr’ 4 ppv

CFC-11 280  pptv +4.0 %y £30 pptv
CEC-12 ast  pptv +4.0 %yr” 1400  pptv
Nitrous Ohide 310 ppby +0,25 Yyr! 420 ppby

Global Mean Temperaturs - +0,3°Cldecade : +3.0°C

(uncertainty: 0.2-0.5°Cidecads)
{land surfaces warm more .
rapidly than oceans)

Global Mean Sea Level +5.0 cmidecade +30.0 cm
{uncerainty. 3-10 cm/decade)

(mainly dise to thermal

expansion and melting
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There is no consistent global trend with respact to tropical and subtropical hydrology and ocean
ckmate changes, but local zea level is kkely to rise in many coastal locations, although not necessarily
evarywhere. Although rising sea level will result in the melting of small and large glaciers, only minor effects
on the ice caps are axpected to occur (Peltier & Tushingham, 1989; Stewart ef al, 1990} During the past
century, eustatic sea level rase 0.15 m (National Research Council, 1990; Stewart ef af., 1990). Predictians
of global sea-leve rise as high as 4.5 m during the naxt century have been suggested (Barth & Titus, 1984},
but the best estimate of global sea-level rise is from 0.6 to 1.0m during the next 100 vears (Stawart ef af.,
1990; Houghton sf af, 1960).

The absociute vertical rise in global water level is related to climatic warming, but it is the change
in sea lavel relative to land level locally that is measured by tide and water level gauges, and thevefore must
be analyzed and interpreted, (Pugh, 1987; Stewart of al,, 1090, National Research Council, 1990). Ralative
sea-level change is the combined effect of eustatic sea-level rise and localregional effects due to (a) large
scale tectonic processes (shift in centre of gravity of earth, slight deepsning of ocean basins, warping of
continanfal margins, isostatic rebound, and other effects); (b) anthropogenic activities (e.g. extraction of
ground water and hydrocarbon deposits, of changes in sedimentafion patterns as a resylt of dam
construction and other coasfal developments), and (¢) changes in the pafterns of ocean-atmosphere
dynamics dong diferent coasts (Stewart ef af, 1990, Kjerfve, 1991},

If glohal average temperatures riss the evaparation af water from land and water surfaces wiil rise.
Most recant reviews of experiments with general cireulation models (Glaick, 1992) suggest that global
average precipitation may increase by 2-15% for a build-up of greenhouse gases equivalent to a dowbiing
of tha pre-industral concentration of atmaspheric carben dioxide. The greater the warming the farger the
expected precipitation increases. Al madels predict a grealer precipitation in the tropics thraughout the
yaar. A warmer ¢fimate is also fikely to result in more fayourable conditions for the formation of fropical
storme. Tropical storms form where the sea suiface temperatire exceads 26°C {Anthes, 1982), which is
likely to be the case over larger ocean areas and far longer perices each year as compared to the present
situation. As a result, fropical storms might be expected fa) more frequentty, (b} in coastal areas whera
tropical storms curmently do not exist or are rare, and (¢} which on average have a greater magnitude than
at présent {Sylva, 1566; UNEP/UNESCO, 1992a). However, global (Qlimate} circulation models {GCMs)
faii to yield consistent indications of the frequency and intensity of tropical storms as the climate warms
{Houghton et af., 1890}). Neverheless, the synergistic effect befween sealavel rise and storms is likely to
be the predominant way in which rising ssa level locally will have the greatest impact on coastal areas.
Araas not previously affected may suddenly become inundated by sea water during sterms, causing salt
water to become trapped in depressions, iMeversibly prompting soil and vegetation changes (Stewart et 4.,
18940; Kjerfva et al, 1991). Principally, It is in this mannar that relative sea-tavel rise will impact coastal
oroas apisodically, sometimes with catastrophic results, as the marine systems invade adiacent terrestrial
ecosystems, .

As global climate change occurs, most coastal sites, ineluding mangrove coasts, are likely to
experience relative sea-level rise, changing regimes with respect to precipitation, hydrology and ocean-
. atmosphere effects, and frequent and more destructive impacts by storms. Since these processes and
impacts will vary greatly between coasts, any monitoring programme £ be implemented must necessarily
he eonducted at many and diverse sites, representing differant geographical areas.

2. EFFECT OF RELATIVE SEA-LEVEL RISE

In the face of rising sea level, mangroves wilf retreat landward.  If the width and the gradient of the
intertidal area remains more or less constant, there is unlikely to be a contraction in the area of mangrovies,
uniess the rise in sex lavel occurs at a rate that exceads the capacity of mangroves to migrate landward.
Howewver, where the lardward margins are airsady at the boundary of steeply elevated land or barrisrs
canstructed by man, there certaiily will be constraints on infand migration of mangroves (Kjerfve ef al,
f991).

51 EROSION WITH SEALEVEL RISE



increase of the global erosion patiern {Hanson & Linth, 1993). Accelerated coasts! erosion is known to be
assoristed with rising sea level (Stewart, et al, 1290). Increased efficiency of wave erosion with a higher
sea lavel cauges removal of sediment fram the upper part of the tidal spec-,trum and deposition in the lower
part (Bruun, 1962; Gommittea on Engineering Impilications of Changes in Relative Mean Sea Level, 1287).
This phennmer‘mn ie expected o cause significant beach erosion problems if p]"edlt.‘-tEd sea-level rise poours
{Leatherman, 1989 Gomitz, 1981} Coastal sedimentary systems of finer grain size than beach sediment,
such as salt marshes and mangrove swamps, could be expected to show a more sensitive response.

It has been shown from Bermuda that mangrove sediments are subject to erosion with rising sea
lavel, with removal of mangrove substrate {sbove MSL) and with some deposition subtidally effshore of the
mangroves {Elison, 1982 & 1943}, Sheet erosion occurs at the peat surface, indicated by a 20 to 25 cm
tiffarence hetween the peat level above a small ofiff, and the former peat surface as indicated by exposed
horizental roots of Avicennia. Then as trees recade and loosen the sediment, more rapid erosion accurs
ta farm a2 40-45 cm small eliff.

Erosion pattemns in mangroves m N W Australia have been described by Serneniuk (1880} showing
reverse succession as elevation declines. The effect of sheet erosion an mangrove zonation was migration
of seaward mangroves into more landward zones. The effect of clifing on mangrove zonation was loss of
the seaward rone, leading to truncated zonation and namow fringes.

Mangrove soils are mostly anasrobic and metabalism s driven- by sulfate reduction.  Eresion alang
the seaward marging of mangrove systems will expase mangrove soils, which previously were located
further away from the marging, and thus were more reduced (lower B} and less productive compared to
mare oxidized creekbanks or shore face environments.  This in furn may lead to greater vegetation
productivity.  Greater productivity eventually leads to greater rates of decomposition, and thus sulfate
reduction, andfor greater rates of carbon burial. Owerall, the most fikely outcome is o transform that part
of the mangrove soil system that was characterized by low productivity, reduced soils, and sluggish sulfur
sycle, 1o one which is more productive, better gxidized, and in which the sulfur cycle is mare rapid.

Thha: impact on sail acidity: (pH): by ercsior-induced exidation of tormerly reduced sediments depends
an: the interplay betwaen #e rate of pyate madation, the rate of removal of acidity by drainage, and the
buffenng copacity of porer water and sediments (Gariner et af, 1988; Gardner, 1900). The rate of pyrite
oxidation: is for fhe mest part [mited by the transport of oxygen into the sediment. in sea water, alkalinlty
excecds dissalved oxygen by about a factor of ten. Thus, if oxygen transport is due solaly to advection of
sea water info the sediments {by burial and infiltration to replace water loss by transpiration and seepage),
pyrite oxidation will naot significantly lower the pH. Thus, substaniial lowsring of pH by pyrite oxidation
requires substantial advection of air into the sediments by biolurbation, desiccation, andfar root transport.
These processes are difficult to quantify.  Also, crganic matter axidation competes with pyrité as a sink for
oxygen that enters the sediments. Thus, in the absence of alinorma!l advection of arr int? mangrove
sediments, substantial lowering of pH is unlikely. In the absence of sobstantial pH lowering, maobilizaticn
of trace metals is unlikely, especially i sulfate reduction is still able to produce measurable congentrations
of dissolved sulfide.

The situstion that may pertain aRer & significant rise in sea level is difficult to predict  There is
evidence from the Mahakam delta, Kalimantan, Indonesia {Caratini & Tissot, 1988) that during the Early
Holocens, the pace of the rise in the sea fevel had been higher than the rate of sedimentation. The sea-
level nisa could be easily followed through the palynological contents of the sediments since the fise rasulted
in a shifting of the shoreline towards land and in the subsequent landward progréssion of the mangrove
vegetaiion. The succession of palynalogical assemblages was entirely compatible with the present day
vegetation zonation of the delta.

In the Manhakam delta, during the highstand sea level of the Late Holocene, a seaward shift of tha
vegetation zone occurred dus to the high sediment supply and the resulting aggradation. Subsidence was
also ac-hve durmg thls period. The gecmorphalogical evoluticn resulis from s cambination of these factars,

e —mmie . sccammnbn wdkick s BkRie rremice by an artive ealas @i the franemeitatian of



5.2 BIOGEOQCHEMICAL IMPLICATIONS

Several biogeochemical procass eccurring it mangraves will be affected by sea-level changes.
Changes in the processes involving either the Carbon cycfe or nutrients, woufd probakly have the most
impact on the mangrave ecosystems and adjacent ecosysterns which are linked tamangroves through these
cycles (Kjerfve and Lacerda, 1992; Snedaker and Sykea, 1387 Vicante, 1989)

Mangroves extend over some 75% of fropical and sub-tropical shoras. Mean annual Carbon
production in mangroves is highly variable depending on diverse environmental variables, however gver
80% of global carbon production from the mangroves ocours ¢lose 1o the EQuator, between latitudes 10°N
and 10°5 {Twilley ef af., 1982}, Annual production typically ranges fram 1.0t B.0 S ha™. In general export
of mangrove carbon {0 ooasta] areas rangss from 10% fp 40% depending on forest structure and tidal
regime. A part of the praduction is locally consumed by mangrove dwelling animals {from 1% to 28%) while
most of the production is generally accumulated in mangrove sediments {up to B0% of the total praduction).

The fotal amount of Carbon globally accumulated in mangroves is relatively small, when compared
fo other tropical ecosystemns such as the fropical rain forest (Twilley ef af, 1992}, However, Carbon burtal
rates may rsach up to 35ML yr* globally (Lacerda ef al, 1991}, this amount is important when compared
to the total amount of terrestrial Carbon believed to be buried yeary in coastal and deltaic sediments (girca
180 Mt, Berner (1882}, Although the mangrove area is small refative to the total global forested area, it is
located in a key part of lhe ooeans, the tropical shallow seas, where the most complex steps of the Carbon,
nutrients and trace substances cycles ocour and where mast of the organic Carban in the sea is depesited
and ascumulated (Deuser, 1958).

Mangrove sediments are lypically compozed of fing clays rich in organic matter. Semi-parmaneant
fiooding reduces oxyuen diffusion through the sediment resulting n an anoxic sstimentary snvirenment.
Thersfore the metabolism of mangrove sediments is anaerobic, based on the reduction of sulphate by
bacteria. Under such conditions, organic matter is only partially degraded and an accumulation of organic
compounds ogcurs.  Relatively hlgh sedimentation rates help in the burial of thiz partially decomposed
organic matter which is then preserved (Lacerda and Rezende, 1930; Lynch et al, 1989).

Studies on the erosive capacily of tides have been conducted over 3 years at the lacurussa
Experimental Forest, 2 small, 4.0 ha Rhizaphora fringe forests located in SE Brazil {Lat. 22°8) {(Rezende
ef al., 1990; Lacerda &t af, 1991). Mass balances based on different tidal cycles showed that spring tides
wheh associated with cold fronts, are able to erods sediments deposited on the forest.

There is a significant, axponential ralationship between tidal ampiitude, flooded area and the quantity
of organic matter eroded and transported from the forest. Since the refatfonship iz exponential, minor
increases in tidal amphitude which is & most probably effect of relative sea-level rise {RSLR}, will have little
effect at lower tidal amplitudes . but will significantly increase erosion during high tidal amplifudes, in
particular during storm events, Therefore a net erasive pattern is axpected,

kMangroves are open systerns thal uss marine and terrestriafly derved CO. to support high rates
of primary production. A significant proportion {~ 40%) of i 15 ulimately transferred back fo the environment
viz litter fall. Balance studies camied on in many mangrove sites worldwide, have shown that most litter fall
istrapped and eventually buried in mangrove sediments. Stablz isotopes studies have confirned hat neary
100% of sediment carbon in mangroves originates in the mangrove biomass itself, This Carbon can be
accumuiated ang reaches very high concentrations {up to 20% d.w.) (Risk and Rhodes, 1985}, therefore,
when &rmsion of sediments occurs, large amounts of earbon can be als~ exporied (o the adjacent coastal
areas. Singe a proportion of this carbon still has great oxidizable capability, large consumption of oxygen
is expected when this eroded material reached the oxygen rich coastael waters {Emeis, 1587). Evidence
of such effects has bean found in the sedimantary record of coastal seas worldwide [Haake, 19487, Emeis,
1990; Neev and Emary, 1880 Wilwock, 1987). Theoretical modelling of past RSLR events predicted
eutrophication of coastal waters (Emeis, 19387). -



due to RSLR, will probably result Inincreasing nitrification, leading to nitrate envichment of outwelling waters
and therefore tausing eutrophicatlon of coastal walars.

Finally, another group of elements of envirenmental importance, the trace metals, may also change
their bingeochemical fate depending on RSLR. Most trace metals, in particular the more taxic Hg, Pb, Cq,
Zn and Cu, accumulate to high concentrations in mangrove sediments, wherg they are immoblized ns
insoluble sulfides which are non-avallable o biclogical uptake (Lacerda and Abrao 1984; Harhinsen, 1984;
1885). However, upon oxidation of waters and sediments, most of the recently foermed metal suifides
dissociate, liberating trace metals to solution where they attain their maximum bio-availabliity {{acerda et
afl., 1888). Therefore under the expected conditions created by RSLR, where pulses of oxidation-eresion
forces are expected, acute release of accumuiated trace metals may oocour threatening mangrove and other
eoastal food chains, :

The expected impact upon blogeochemical reactions of mangrove ecosystems due to RSLR is
difficult to predict  There is a need to montor such prcess along erosive coasts so that the full impact can
be estimated.

6.3 RELATIVE SEA-LEVEL CHAMGE AND GEOMORPHIC SETTING

Mangroves gecurfing in carbonate settings are lkely to be the most vulnerable to a rise in relative
sed level. Carbopate settings are usually associsted with cceanmic islands and coral atplls whers
physiographic conditions may limit the landward progression of mangroves as relative sea-level rises,
Furthermore, sedimentation in carbonate settings is predominantly autochthonous and less Yikely to keep
pace with sea-leve] rise than that in rver-dominated systems which receive large volumes of allochthonous
sediments from upland catchments {(Woodrgife, 1980),

Stratigraphic records from a number of islands in the Garibbean and Pacific (some of which have
carbenate settings) {see Tablz 1) suggest that the mangroves there had dificulty in keeping pace with the
changss in sea level that occurred during the Quaternary pericd (Ellison & Stoddart, 1981} On the basis
of tese records and data from other sites, Ellison & Stoddart {1991 concluded that ... in the absence of
signiicant allochthonous sediment input, mangrove ecosystems appear to be abls to keep pace with artising
sea level of 8-89 cm per 100 calendar years, are under stress &t rates betwesn 9 and 12 om per 100
calendar years, and cannct persist in their expansive mode at rates above this" Howaver, it should be
noted - that carbonate settings are not fully representative of the majonity of mangrove ecosystems.

Tide-dominated systems are usually characlerized by a large tidal range (Woodreffe, 1990). In
macrotidal estuaries, tidal influences often over-ride the rvering influances, and vertical accretion within the
mangrove ecosystemn s due chiefly to tidally-driven reworking and transport of marine sediments.
Woodroffe (1990} gives saveral examples of such tide-dominated systems in nonherm Australia, The rate
of accretion will be appraximately commensurate with focal sea-level rise, as long as adjacent waters have
sufficient sediment sources. The explanatian for this is natural trapping or filtering of sediments. Currents
loose the capacity faor sediment transport s water velocities are decreased by mangrove prop roots. other
vegetation, and shallow water depths (YWolanski ef &l 1980). The evolution of these estuarine plains in
northern Australia appears fo have taken place in three phases. Durning the period 8000-6000 years BP,
when sea level rose by 12 m, there was an average annual rate of veriical accretion of about § mm, and
mangrove vegetation kept pace with the rise in sea level {Woodroffe, 1890}. This was followsd by a big
swamp phase {6800-5200 years BP} during a period of relative. stability in sea level (Woodroffe ef al., 188%).
Since that tme, mangrove forests have become reduced in area as sediments built up to a level at which
tidal flooding ceased {Woodraffe, 1980). :

With the presently predictad ratz of rise insea level of 5 10 10 mm per year aver the next 100 years,
itis possible that this cycle will be repesated in northem Australia and in other tidally-dominated systems that
" followed a similar pattern from 8000 years BP to present. in such settings re-establishment and expansion
of mangroves on formerly tidal flocdplains might be expected. .

River-domiaied delaic environments are characterized by the influx of large volumes of
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significant change In vainfall paiferns in the catchments «f Cver-dominated seltings, it seems fkely that
vertical acorefion of sediment will kesp pace with the predicied rate of rise in sea level, or at least will
reduce the rate at which mangroves Contract in such setfings.

The stratigraphic record of the impaet of past sea-lavel changes on the axtent and zonation of
mangrove ecosystems suggests that sedimentation rates in some gecmorphic settings have kept pace with
changas in sea level for an appreciable time. Under such conditions, there has been minimal disruption to
mangrove ecosystems, while in ¢! setings the rate of past rises in sea level have oulstripped sediment
accretion, leading to major disruption or mangrove ecosystems. There is, however, much uncertainty about
the extent to which the impact of & fuiure rige in sea level en mangrove ecosystems can ba predicted from
past stratigraphic records.  Inferences bassd on past records assume that geomorphic settings, tidal
regimes, rainfall pattarns, catchment hydralogy and fluvial inputs have remained largely unchanged over
the past 6000 years { Coleman of al., 1970), and will not be muodified perceptibly in the future by human
activiting.

It is likely that mangrove ecosystems on smail islands would be seversly disrupted by a local rise
I eustatic sea level, but it is difficult to predict the impact oh rmangrove ecosystems along continental
shorelines. However, the synergistic effect betwaen local rising sea level and eplsodic storm impacts is
likely to be particularly dastructive fo low island mangrove systemns (Stoddart, 1965, 1969, 1874).

B. RESPONSE OF MANGROVE FLORA TO CLIMATE CHANGE
6.1. TEMPERATURE CHANGE AND FLORA DISTRIBUTION

The present fatitudinal extremes for the distriibution of mangroves comespond well with an average
minimum ssa-surface tamperature of 24°C, although minimum Se=a temperaturas may be somewhat lower
than these average values for part of the year (Tomlinson, 1986). Average minimum air ternperatures at
these extrernes are much lower. Only g fow studies have hesen published on the lowsr temperatyre
threshold for individual mangrove species. McoMillan (1371) and Markley ef al. {1982) reported marked
genotypic vanability andfor phenctypic plasticity in survival and growth of several mangrove species at low
temperatures.

In principle, it is reasonable to expect that a rise in mean regional sea-surface or air temperatures
for both) might lead to the progression of some species of mangroves to higher latitudes, provided that the
direction of prevailing ocean cuments favours dispersal of the propagules.  Extension of the latitudinal range
of mangrove species is likely only In regions where temperafires rise by more than several degrees, and
aven then will take some fime {pethaps three or four dacades) to becorme evident.

62, TEMPERATURE CHANGE AND MANGROVE PHEROQLOGY

The reprcductive and vegefative phenclogy of mangroves shows marked geographic and
infraspecific varation. Inenvironments with a distinctly seasonal climate, fowerng and growth often appear
o be corrslzted with the onsat of warmer summer lemperatures andfor monsoons, but such correlation s
sometimes confused by irregularities for which there is yet no consistent explanation {Gill & Tomlinson,
1969; Christensen & Wium-Anderson, 1877; Tomlinson ef &/, 1978; Williams ef &/, 19584, Duke etal., 1981,
1984; Saenger, 1982; Saenger & Movedey, 1885, Tominscn, 1986). In the humid tropics, however,
flowering of Rhizophora spp. generally occurs al! the year round {Chai, 1982, Macintosh et al, 1891). Many
of these studies have been confined to the genus Rhizophora and refatively little information is available
far other genara. Funtharmore, the environmantal and endogenous triggers that initiate fliowering and flushes
of vegetative growth in mangroves are nat well understood. :

In all but the most extreme environrnents, most mangrove species flower annuaily. Wind, insects,
birds and bats are the main pollinating agents [Saenger, 1982). Several studies- have reporfed a high
mortality of flower buds in the family Rhizophoraceze, in some cases with less than 10% of the buds



anura 4: Bhizophora viviparous propagules, East Kalimantan, 'Indmesla
{Photo D.J. Macintosh),

Since litlhe is known about the snvironmental and endogenous facters influencing  the phenelogy
of mangroves, it is difficult ko predict the effect of an increase in air temperature on their reproductive
capacity. In gensral, an increase 0 air temperature of less than 1°C seems unlikely to have an adverse
effect an the praduction of flower buds or flower set, but it may vhange existing seasonal patterns in the
repraductive seguence and alter the length of time between flowering and the fall of mature propagules.

Climatic ¢hanges that affeet mangrove pollinating agents wili clearly have some impact on the
proportion of flower buds that are pellinated.  Furthermore, where the climatic changss increase the ngk of
attack on the developing propagules, higher levels of pre-dispersal martality are likely, The additive or
synergistic effects of such changes could limit the repreduction of mangroves. An example of Hhazophom
pmpagu!ea is shown in Figura 4.



8.3. TEMPERATURE CHANGE, PRODUCTHATY ANLD GROWTH

Temperature affects the rate of metabolic processes in mangroves. The rates of many physiclogical
processes at first increase with temperature up to an optimum temperatyre leve!, and thereafter decrease
with further thermal increase above this optimum. For other processes, respiralion for examgle, the rate
increasgs with temperature unfil an upper threshold is reached, beyond which permanent damags or death
occurs, Temperature optirma, and the jower and upper temperature thresholds, are known for only a few
processes in a small number of mangrove species. Whalt is known refates almast entirely t@ the leaves;,
aimast nothing is known of temperatur= responses in mangrove rools. Apart from the effect of temperature
an photosynthesis, water ioss and the water balance of mangreves, it Is possible only to make broad
generslizations about the effect of changes In temperature on the productivity and grawth of mangroves,
hased largely on information gvailable from studies on other planl species.

Since saturated scils and large water masses, such as the geeans, have 2 large heat capacily,
divrnal and seasonal variations in scil temperature arg substantially smaller than those of air temperature,
except in cases whera the plant canopy is poorly developed and the sod surface is exposed diraclly to the
sun, |t is therefore unlikeiy that soif temperature jn mangrove areas wiil reach the upper threshiold beyond
which death occurs, even with a rate of global warming much greater than that predicted. However, rising-
temperature is fikely tv lead to incressed rates of root respiration and increased rates of mpof growth and
turnover (Burchatt ef /., 1984). In some cases, root respiration and roof turmnover together account for Up
to approximataly 60% of the total carbon fixed in photosynthesis {Clough, 1802). Consequently, even a
small increase In the ratas of these processss as a resuit of fsing temperature will [zad to a significant
reduction in growth. ' '

in the mangrove canopy it is plant temperature {of the Jeaf or stem), rather than air temperature,
that is the critical factor in terma of canopy processes and growth, During the daytime, interception of solar
radiation by leaves Sausesz their temperature to rise signiicantly [(16°C or more) abova ambient air
temperature {Clough ef af, 1982). A rise in global temperafure will therefore increase the baseling
temperature ahove which Ieef temperature fises on exposurs to sunlight Elevated leaf tsmperatures
increasa the rate of respiration. They alss increase phetesynthese at temperaturas below the apfimum for
pheteeyntheee (28-32°C in mangroves), but an increase in leaf temperature above about 32-35°C results
in a drarmatic reduction in photosynthesis which falls to near zero at a leaf tamperature of 38-40°C (Andrews
el al, 1884; Andrews & Mullar, 1985).

At night, mangrove |eaf temperature is highly dependent on air temperature.  Night-tims leaf
temperatures are usually well below the maximum temperature limit for leaf matabolism. Increases in night-
time temperature, will lead to increased rates af dark respiration, both in laaves and woody tissues.

Unfortunately, few data exist far rates of resplration of the woody above-ground parts of mangrove
trees, For leaves, respiratory losses overnight are an order of magnitude lower than those of the roots.
Thus the effect of changes in air lemperature an cahapy respiration can be expected to be small compared
to the effect of changes in scil femperature on root respiration and turndwer.

64. TEMPERATURE CHANGE, MICROBIAL ACTIVITY AND NUTRIENT
CYCLING

Mangrove ecosystems contain large microbial populations that are intimately involved in detrital
decompesition and nulsient recycling (Afongi, 1989). Numerically, bactaria represent the largest frection of
the microbial population in mangrove sediments. Meiofauna communities are alse abundant in mengreve
sails,

With an adequate supply of organic carbon as a suhetrate, bacteria metabdic and growth rates
should increase with temperatura,  The limited field data available, however, indicate considerable inter-
estuary variation in seasonal pafterns of bacterial numbers and of their metabolic and growth rates. Alongi
{19872, 1988a,b) reported significantly highar bacterial counts in winter than in sumrmer for estuaries in
monsoonal eljmetee in north-gasiem Austraiia, wheraas there was no pronaunced seasonality in hactaral
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densities in the wet fropics during the summer, bacterial productivity was generally higher, and bacterial
growth rates wera up to four timesg faster in the symmer than in winter {Alongi, 1988a),

Thase observations suggest that an increase in sediment temperature will lzad to increased rates
of nuiient recyclng and regeneration in mangrove ecosystems The magnifude and rate of increase in
sediment temperature is likely 12 be of the same urder as that of $ea surface temperature. The long-term
effact on microbial activity and nutrient cycling is difficult to predict,

B.5; SOLAR RADIATION CHANGE AND MANGROVE FLORA

On an avarage clear sunny day the sarth's surface receives a maximum of abaut 1000 W m? of
short-wave s0lar radiatian consisting of about 50% visiblz light (400-700 nm) and 50% infrared (IR} radiation
{Monteith, 1573). The flux density of ultraviclet mdiation {UY <400 nm) is a very small but biclogically active
component of the shoriwave spectrum. Cloud, dust, other particulates, and various gages all ahsorb diffarent
wavelengths in the shorhvave spectrem and therefore reducs the radiation flux dansity a2t the earh's
surface. All three of these radiation bands are absorbed by plant foliage.

£.&81 LV Radiation

The flux of L radiation on the garth is greatly reduced by absorpbon in the ozane layer of the
strafosphere and by scattering in the atmosphere. The chemical reaction of ozone with a number of gases
released in greaster quantities by industrial and other human activities has led to the depletion of ozone in
the stratosphers, notably in the antarctic and terperate regions of the southern hemisphere, with a
cohsequent increase in the flux density of UV radiation reaching the surface of the earth {Peixoto & Cort,
1982},

High levels of UV-B radiation (280-320 nm) have besn found to depress photosynthesis and to
reduce plant geowth (Caldwell, 19581, Tevini & Teramura, 1988}, the former respanse being atiributed to
stomatal closure (Teramura ef 8, 1983; Negash, 1857) and to effects on protein synthesis and denaturation
{Strid et al, 1990). A variety of criticai, biclogically active malecules, including nucleic acids, proteins
pigments and lipids, preferentially absorb UV-B radialion (Caldwsli, 1981) that converts them o unstable
ctates.

In many plant species, protection against the poientially damaging effects of UV-B radiation is
provided by natural UV absorhing compaunds, mainly tannins or phenolic compounds such as flavanes,
favanols, and asterified anthacyanins (Tevini af &, 1991). Mangrove leaves contain high levels of tannin
{Rabertzon, 1888, Lovelck, 1991). Recent work has shown that exposure to UY radiation stimulates the
synthesis of UV abgorbing compounds in the leaves of mangroves {Lovelack, 1991}, This is often
associated in mangroves with an increase in leaf succulence and the extent to which this oceurs scems to
be species dependent {Lovelock, 1891,

However, it is st not clear whether the capacity to synthesize phenclic compounds is sufficient
to avoid damage from elevated levels of UV-B radlation, Even if it is, growth I3 nevertheless likely o be
reduced at higher levels of UV-B radiation because of the grealer diversion of ehergy resources to the
synthesis of LV absorbing ¢empounds.

882 Vistblz Radigtion

Interception and absorplion of visible salar radiation (400-700 nm) by plant lzaves is essental for
photosynthetic carbon fixation. The maxdmum pht}tnn flux densltyr {PFD, 400-700 nm} at the earth's surface
on a clear sunny day is about 2500 mmaol phntons m? ground s, bul depending on Iatitude and time of the
year seldom exceeds about 2200 mmol m? 5" The rate of pthGS‘frlthESIs in mangrove leavas 1§ 4 linear
function of PFL} up to a PFL of about 20D mmol m* 5 and thereafter shows a more or less hjl"PE'rbDlIG
response o increasing PFD, commanly reaching a Ilght-saturated Maximum at abowt 600-600 mmol m* s~
or about 173 full sunlight, beyond which there is no increase in photosynthetic rale with further increase in
PFD (Moore et ai, 1972 Moore et al, 1873, Attiwil & Clough, ‘158{} Balt & Cntuhle'_-.n', 1932 .ﬂ-.ndrews ef af.,
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disgipation of this excess radiation leads (5 decoupling of the electron fransport chain of Photosystem B,
giving rige to & phenomenon krioewn a5 phota-inhibition {Bjo-kman ef &', 1988). In other species, this exress
visible radiation appears to be dissipated relatively harmlessly through the xarthophyll cycls Movelock &
Clough, 12225,

£33, Infrared Radiafion

Absorpiion of infrared (iR) radiation by mangrove leaves in excess of that which can be dissipated
by raciative, convective and evaporative cooling causes leal temperatlre to rise. |n bright sunshine, leavas
that are normad to the Sun's rays may be up o 19°C warmer than the air around them and in extreme cases
may reach temparatures of 40°C or more (Andrews ef &', 1984; Andrews & Maller, 1885). The sptimum
leaf tempearature for photosynthesis i mangroves appears to be in e regicn of 28-32°C [Moora of af,
1972 Moore ef of., 1973, Clough et al, 1982, Andrews et af, 1834 Andrews & Muller, 1985). At higher leaf
toraperatures, photosynthetic capacity is greatly reduced, falling to close to zero at leaf temparatures of 38-
44°C (Andrews of al, 1984}

in a number of species, mainly members of the family Rhizophoraceae, the mors axposed |zaves
at tha top of the canopy are steeply inclined, while those in more shaded positicns Inwer in the canopy are
rore horizontally disposad. This is clearly an important adaptation to oplimize absortion of sunhght by the
cancpy as 3 whole, while minimizing the absorption of potentially damaging kevals of salar radiation by
lzaves in mare exposed positions at the top of the canopy (Clough et af, 1987, Andrews & Muller, 159ES;
Baill =f 3., 19338).

b.G. HYDROLOGICAL CHAMGE AND MANGROVE FLORA

It is readily abserved that mangroves growing in persistently wet, humid clmates grow faster and
attain greater stature than thase in drigr climates or in climates whers thers 18 3 pronounced seasonality.
These diffserences in growth rate reflect  interactions  aetween  photosynthetic ©0,  exchangs,
avapotranspiration, nlant water siress, ard the availability of water ‘o the trees (Tomiinson, 1988, Ciough,
1992}

Soil water content and sod salinity as major fantors influencing the water status of mangroves, For
thase mangrova soils that are tidally imundatad reqularly and thas waterlogosd (perhaps the magprity of
mangrove soils), soil water content per se is saldom a limiting factar However, for mangrovas growing near
the landward margine, where tidal inundation is infrequent or irreguiar, the physical availabity o water may
be limiting, thereby inducing plant water stress.

Mgt mangrove soilg, on the cther hand, have moderate to high sodl salinibes. All frue mangrove
species possess physiolegical and marpholegical adaptstions thaf confer a denree of salt tolerance which
varies from one species to another {Clough ef of,, 1982, Saenger, 1382; Fopp, 1984ab, Popp el af, 1584,
Clough. 1292} In saline, waterlogged soils, the ssmolic potential of the sail saldtion iz the main componant
of sofl water potential. In the case of a sail with a salinity of seawaler, the scit waker potential (= ocsmotic
potential) is of the order of -2.5 MPa; this is the highest plant water potential that can ba attained ovemight.
During the daytime, when water lase from the canopy generally exceeds watsr uptake, mangrove pilant
water potentials fall to even more nagative values, often as low as -5 MPa [Emith &f al, 1980, Gong et al,
1992). It is assumad that in mangroves, as in other plant species, growth is much reduced by low piant
water potentials. This assumption is consisient with the respanze of mangrove seedlings to salinity, i
which growth is reduced at sail salinities above akout 200pt (Cannar, J389; Downtan, 1982; Clough, 1934}
It is also consistent with the much depressed rates of growth of natural mangrove forest in areas with high
soil salinity.

Evapotranspiration from mangrove cancpies is driven by the vapour pressure differencs [(VPD)
between the leaves and the sumounding air which, in turn, is influenced by leaf temperature, arn_l':rient
temperature and relative humidity. The greafor the difference befween lsaf temperature and ambient
terperature, the greater the WYPD; and the lower the relative humidity, the greater the VPG, Many spacies
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direct bright sunshing), stomatal responses are usually not sufficient o offset the effect of high vPD
{Andrews & Muller, 1295, Ball 2t al., 19828}, and the leaves continue to lose water at a rate faster than it can
be supplied by the roots, lsading to low tissus water potentials that reduce metabolic activity and growth
rates.  As noted above, high soil salinities reduce the availability of water and exacerbate this problem
{Glough et af, 1852, Ball & Farguhar, 1984a k).

The effect of soil salinity and vapour pressure deficit on photosynthetic carbeon fixation and waler
loss by mangroves has been investigaied by a number of authors, both in the labaratory (Ball & Farquhar,
1934a.b; Tsitemnanis, 1980} and in the field (Andrews of af, 1984, Andrews & Muller, 19585; Clough & Sim,
1989: Smith ef af., 1949). Clough & Sim {1983), for example, found that rates of photosynthesis in 19
species of mangrove decreased maore or less lingary with increasing soil salinity and increasing leaf-to-air
WPD, This condition was accompanied by an increase in water use efficiency (Clough & Sim, 195393).

Mangroves have an unusually high watsr use efficiency for C3 plants (Clough ef af., 1982; Andrews
et al., 1884; Andrews & MWuller, 1835, Ball, 1288; Ball ef al, 1988, Clough & Sim, 1988). This high water
use efficiency, which atests to the nsed to maintain an acceptable plant water balance in a harsh
enyironment, is achieved in part by morphological adaptations such as pubescent legves and sunken ar
otherwise hidden stomata (Saenger, 1982; Clough el al, 1882}, in part by a canopy architecturs that
minimizes radiation loading on individual leaves (Andrews et af, 1384; Andrews & Mulisr, 1985; Ball et af.,
1988}, and in part by close coordination betwesn stoematal conductance and photosynthelic capacity (Claugh
ef af., 1982; Andrews ef af, 1884; Androws & Muller, 1985 Ball of af, 1988; Clough & Sim, 1589,
Chessaman ot al, 1221). These are characteristics that would be expected of plants that are adapted to
environments where water is in short supply andfar rates of water loss are high. Both the morphological
adaptations to reduce water foss and the physiclogical responses to salinity and leafto-air VPD suggest
that mangroves have adopted a general strategy of minimal water use for a given carbon gain.

Changes in lacal or regional climatic condifions that play a key role in influencing water loss and the
water balanca of mangrove trees can be expectsd to have a significant impact an their rate of growth.
Climatic changes that can be expected to reduce the rate of water loss from mangrove cancpies and hence
improve plant water balance include: (g) an increase in the persistence of cloudy conditions (ie cloud cover
for longer perious), which will reduce the leaf-to-air YPD and the precipitation/evapstranspiration  ratio, with
or without & concomitant increase in precipitation; (b) a decrease in the amplitude of the wet and dry
seasons, which should result in & mare even distdbution of bath cloud cover and precipitation throughout
the year, particulary in areas whers thers are now pronounced wet and dry seasans; and (¢] an increase
in precipitation along presently drier coastlines. Conversely, climatic changes that can be expected to
increase rates of water loss from mngrove canapies and hence degrade plant water balance include: (a)
a decrease in cloudiness; (B) more pronounced seasonality, and (¢) & decrease in precipitation,

In genaral, a more equitable distribution of rainfall throughout the year in seasonally dry catchments
that drain into mangrove areas can be expected to reduce soil salinity, with a consequent improvement in
plant water balance and growth rates. To sume extent, however, this effect might be moderated by infrusion
of sea water further into the mangrove area, should such climatic change also be accompanied by a rise
in relative sa3 level

67. ATMOSPHERIC CO, CHANGE AND MANGROVE FLORA

A change In the atmospheric CO, levei alters the net carbon balance of the plant by changing the
slufstrate resource but developrment of the plant will be delermined principally by the rate modifier
temperature and cther controfling factors such as enzyme achvity and photoperiod. I is therefore difficul
to generalise on the effect of changes of atmospheric €O, levels on plant development {Rawson 1992}
The question of whather photosynthefic carbon fixation will be enhanced by increasing concentrations of
atmospheric CO, depends largely on the extent ta which photosynthesis is limited by present atmaospheric
CQ, concentrations.  There is some evidence that elevated GO, stimulates plant growth at least in
agricultural plant species (Kimball 1983; Cure and Acock 1986) whare most of the expermenls have bzen
camied out with green house grown plants, Eamus & Jarvis (1989), in an exiensive review, reported some
enhancement of growth in juvenile trees and Drake (1992) reported a significant impact of enhanced
atmnanhade (0. an A wetland commonity of sedaes and arasses. Though there is evidence that CO,



in below ground processes of forest ecosysterns which tend to be nutrient and water limited. At the whole
plant level, carbon isctope composition data indicate species varalion in regulation of water ioss with
respect to carbon gain. The limited data suggest that not all species will respond similarly to efevated
atmospheric CO., levels.

In laboratory experiments under carefulty controlled ambient conditions and a range of safinities, Bail
& Farquhar (1984ah) analyzed the steady-state CO. regponse <urves of two species of mangrove
{Aegiceras corniculatum and Avicennia maring) and found that the rate of photosynthesis was co-limited
by both stormatal comustance to CQ, and the internal efficiency of carboxylation involving the enzyme RuBP
carboxylase. In the two species used in their study, the rate of photosynthesis increased linearly with
interceliular GO, parfial presstire.  The observed padial limitstion of photosynthefic rate by stomatal
eonductance implies that photosynthesis could be stimulated by elevated ambient CO, concentrations, which
would tend o offset the drop in concentration across the partially closed stomatal pores.

in other studies, carried out on mature frees of Bruguiera parviflora, B. gymnorhiza, and Rhizophora
apiculata in the field, it was found that the intercellular CO., concentration commonly decreased with
increasing rates of net photosynthesis (Cheeseman et al, 1991; Clough et al, unpublished). In the study
by Cheeseman et af. (1991), light and stomatal conductance accounted for an average reduction in nef
photosynthesiz of leas than 35% from the maximum wvalues predicted by the light and conductance
responses. These reguits suggest that, at least in the field, photusynthetic performance is regulated primarily
by internal, non-stomatal, processes (Cheeseman ef af, 1981}, in which case photosynthetic perfformance
is unlikely o be sfimuiated significantly by a further increase in ambient CO, concentration abgove the
present level,

In those cases where canopy photosynthesis may be partialiy imited by CO, supply because of low
stomatal conductance, ihe key question then is whether or not mangroves will respond to 2 rise in ambient
0O, concentration by further closure of their stomata. If the stomatal conductance remains unchanged, then
photesynthetic rates are likely to increase. On the ofher hand, if the stomatal conductance was to decrease
in order b minimize water loss, then rates of photosynthesis may not increase (o any significant extent
Either of these responses by mangroves will lzad to an increase in their water use afficiency.

In view of the "physiclogical dryness” of most mangrove envionments and the importance of
maintaining a satisfactory plant water balance at moderate to high soil salinities and vapour pressure
deficits, mangroves may respond to increased levels of atmospheric CO, by further reduction in stomataf
conductance in order to minimize water loss. probably without a cuncomitant increase in photosynthatic
rates. Depending on the magnitude of this reduction in stomatal conductance relative {o other factors
regulating water loss (mainly leaf-to-air VFD), there may be some increase in fhe rate of growth owing to
an improved plant water balance, Only in the most favourable environments, where water, nutrents and
tsrnperature are not major constraints, would there be any significant increase in the rafe of canopy
photosynthesis in respunse to increased levels of atmospheric CO, above present levels. Howaver, thare
remains considerable uncertainty about how mangroves wilf respond to very much higher levels {say twice
the present concentration) of atmospheric CO,,

T. RESPONSE OF MANGROVE FAUNA TO CLIMATE CHANGE
7.1, TEMPERATLURE CHANGE AND MANGROVE FAUNA DISTRIBUTION
7.1.1. Effact on Geographical Disfribuiion

In general, mangrove scasystemns are sensitive to thermal stress and tropical marine animals show
limitadl ranges of temperature tolerance {Mocre, 1972; Hong & Chin, 1983, Paphavasit ef al, 1950). Some
grolps of animals commonly found in mangroves already show apparent speciafion in relation to
temperature, such as fiddler crabs of the genus Lca (Crane, 1975, suggesting that gsographical changes
in species distribution will follew from climatic changes in average ambient temperature i mangrove
ecosystems. '



within a given latitudinal range. For axample, the various species of penaeid shiimps living in tropical to
waitn temperate coastal waters show distinet [atitudingl ranges delimited by their preferred temperatire
ranges [Main & Fulks, 1990). It 15 concluded that, on a geographical scale, the speciss distributions of
mangrove-associated faunal taxa, such as Lea and Penzaus, would adjust rapidly to any temperatire
increases caused by climatie change.

Mest gignificant to the distribution of mangrove animaks would be losses of exploitable habitats,
should climalic change lead io the shrinking of the mangroves away from their present latituding] limits.
Conversely, any extension in mangrove range due to giobal warming, would create apportunities fof range
exiensions by some Mangrove amma species.  Observalions in new mangrove plantations ang
experimental study sites in natural forests, have shown that mangrove animals, such as crabs, snails,
polychaete worms, inzects and birds will colonize new mangrove sites within weeks or even more rapidiy
{Macintosh ef &/, 1981},

A large variety of birds is dependent on mangrove areas for feeding, nesting or roosting {Tabla 3).
important among these are the waterfow!, such as herans, ducks and ibises, whose ecology iz intfmately
connacted to the hydrology of mangrove wetlands. Changes In mangrove areal coverage or distributian,
degree and periodicity of inundatian or invertebrate food organisms are likely to influence bird populations.
- Mangrove wetlands are very impartant alsoe as resting and feeding sites for migratory waterbirds,  fn the
Caribbean and Central America they are a critical component of the flyways betwean MNorth and South
America (Scalt & Carhonsll, 1986} If mangrove loss or reduction aceurs as a result of climate change there
eould be seripus conseguences for the migratory avifauna of these temperate regions.

7.1.2 EFfect on Local Fstrbition

The: thermal enviranment within a reangrove forest is strangly maderated by the shade provided by
the vegetation. This protection from ternperature floctuation Is further enhanced for many interidal
mangrove anirnals by thelr habif of iving in burrows, or Under fallan leaves, crevices in decaying wood, and
other special habitats (Berry, 1975; Macintosh et af, 1291). Mangrove fiddler crabs, for example, can
expenence ternperatures reaching 41°C on the exposed surface of 2 mangrove mudflat, but can retreat into
their bumows where fernperatures remain constant at 28-30°C below 10 cm depth {Macintosh, 1978}
Similardy, Smith and Miler {(1973) reported that bady temperatures of Florida mangrove fiddler crabs
dropped by aimost 100C when they entered their bumows. Thus, commen intertidal mangrove crabs (ke
Uca ard the gther poypodid and sesarmid genara could probahly adapt to expected ingreases in ambient
temparature by making mora frequent or extendad burrow visits to aveid thermal stress, The same wauld
apply o mangrove mudskippers which have a gimilar dependence on burrowing for therma-regulation
fMachae, 1968). At the species lavel, increasss in shore temperatures oould favour mangrove shimals
adapted to living within shaded forest areas, and those that are nocturnally active, such as many of the
mianglove sesatnid crabs (Malley, 1977)

For gther species which live in unshaded habitats, such as mud flats, creek banks and sand pifs,
their distribution on mangrove shores is genarally regulated by a combination of high termperatures and the
effects of exposure to desiccation at low tides. Climate changes which lead to higher shore temperatures,
or greater exposure to air will ast to further imit their intertidal ranges, and such effects should be ralatively
easy t0 measwe. For some regions at least, there is already & wealth of data on the species distribution
of animals in mangroves, particulary the intertidal macrofauna, including gquantilative estimates (Warner,
1969, Sasskumar, 1974; Paphavisit of af., 1890; Macintosh ef af., 1991). This information tan sarve as a
baseline fram which alterations in species compasition, distributian or abundance resulting from the impact
of climatic change on mangrovas may be estimated.

The potential impact of increased temperatures in the ceastal environment has been considerad for
many years in the context of thermal pollution from power stations (Mayler, 1965) and there are some
relevant data from a study of thermal telcrance of mangrove mollyses in Singapore (Hong: & Chin, 1883).
They concluded that several molluses are living close to thefr thermal stress limits and that a 2-3°C
temperature increase above the present ambient level would be detrimental to the mangrove ecosystem,



behavioral mechanism against femperature stress is to ciose their valves, but this can be achieved only at
the expense of feeding oppurtunity and hence growth. Since mangrove bivalves include aysters, musseis,
clams and cockles which provide important sources of food and income worldwide, {Ouayle, 1980, Broom,
1883 McCoy & Chongpeepien 1838, Vakily, 1889), their response t© temperature change has special
signilicance to buth the ecology and economic exploitation of mangrove ecosystems.

Mangrove gastropods, on the other hand, are mainly grazers or predators active at low tides when
the mangrove habitat is exposed to air {Berry & Chew. 1973).  Although uonshaded areas eap heat to
extremne temperatures under such conditions, evaporative cooling seems to keep snail bady temperaturas
much lower than ambient levels (Lewis, 1963} Mangrove crabs also uze evaporative caoling for
thermoregulation. as well as other mechanisms such as blanching (Edney, 1981, Smith & Miller, 1973

In conclusion, it seems that soft bodied animals and bivalve molluscs waould ba highly sersitive to
temperature rise, whersas the mary species of mangicve crabs and gastroped snails could accommodate
a hotter environment provided they had access to water to replenish water lost by evaparation, respiration,
and feeding. However, climatic change which resulted in both temparature rize and greater aridity could
adversely affect even snail and crab spacies, as could temperatur rise couplad with mare extreme salinity
regimes. There is virtually no information o indicate what affect, if any, temperature rise would have on
thoze animals more or less parmanently resident in mangrove sediments or the 20i meiofauna. :

7.2 HYDROLOGICAL CHANGE AND MAMGROVE FAUNA

Fluctuations in salinity are characteristic of mangrove environments and play a prominent role in
regulating the presence of many animal taxa. The salinity regime of 2 mangrove swamp is the product of
interactions batween climatic factors (rainfall and evaporation rates), freshwater run-off, ground water
influxes, coastal salinity regimes and current and tidal dynamics.  The influence of these processes is
moderated by local factors, such as share gradient and topegraphy. vegetation cover, soil properties and
burrow-building by mangrove crustaceans, creating 2 wide range of salinity conditiong, not only along and
across the shore, but alsn at the micro-habitet level (Semeniuk, 1983).

In the equatorial fropics, surface salinities can drop to virtually zero during trapical rainstorms and
rie2 to 50ppt if the habitat is sxposed continuously to evaporation during neap tides {Sasskumar, 1970,
1974). Not surprisingly, the most common intertidal mangrove animals are euryhaling and many also have
behavioural adaptations to reduce their exposure to salinity extremes and desiccation. :

Mangrove shores are also inhabited by a fav highly adapted species from animat groups normally
associated with exclusively maring ar frashwater environments. The Sipunculida, for example, a phybum
of stenchaline marine worms regarded as lacking osmoregulatory ability, is repregantad in Asian mangroves
by one species, Fllascolosama arcuatum, which can osmo-conform and mzintain narmal sotivity for may
hourg in zalinities at |east down to 40% that of standard seawster {Grean & Dunn, 1976).

Although salinity tolerances have hean warked cut for anly a few species of the intertidal mangrove
fauna, available data suggest that moderats changss in salinity would not seriously restrict the distribution
or activities of the principal groups. A hkely sconario is that salinity changes would cause shifis in the
reative distribition of speciss within those taxa containing mangrove animals occupying a halocling,

7.3. CLIMATE CHANGE AND MANGROVE-ASSOCIATED AQUATIC FAUNA
A1 Mangrove Fisheries

Fish stocks and expioitable populations of crabs, shrimps and molluscs together make up one of
the principal resources of mangrove ecosystems benefiting man. Relaticnships between mangroves and
fisheries take scveral forms, both directly through habitat utibzation by economic species and indiractly
through energy and nutrient exports from mangrove shores into coastal waters (Macintosh, 1952). Even
the mangrove trees themselves are widely expioiled for fisheries purposes fo provide materals for making
fishing traps and cages, crab poles, lures, and many other fishing gear.



(Matthes & Kapetsky, 1888). Actua! yislds are probably Righer as much of the fishing within mangroves is
of a subsistence nature and difficull to record statisticailly,

The ecclogical relationships between & mangrove and its associated aguatic fauna are the most
difficult to research as the latter are generally free to move between different coastal zones (Hill ef al, 1982,
hong, 1884; Robertson & Dukes, 1980 Turner, 1882, Tzeng & Wang, 1992). Many species of fish and
shelifish have distinct life stages with parficular habitat preferences and move from habilat to habitat on time
scales ranging from a single fidal cyele (Tzeng & Wang, 1392) to several months {Macintgsh, 1982).

A useful inventory of scanamically important mangrove-associated aquatic species is provided by
Matthes & Kapetsky {1988}, Their distributions are divided into six zangs within the mangrove ecosystem,
extending from seaward sub-tidal arsas to the inner zones of estuaries and river channels. The relationship
of sach aquatic species with mangrove ecosystems s also classified into one or maore out of six categories:
{a) hully dependent {i.e. whole life cycle); (b} eggs/flarvas only; {¢] fryfjuveniles only; {d) adults only; (2)
incidertal; and () facultative (e.g. using mangroves =s a migratory route),

732 Finfishes

Lame narbers of fish species are assaciated with mangrove ecosystems far at least part of their
ife gycles fAustn, 1971; Austin & Austin, $971; Cdum & Heald, 1972). Individual studies in many mangrave
iocations have reconded rwore (an 100 species from a given study site (e.g. Sasekumar ef af, 1984,
Robertsan. & Buke, 7890} In lotal, IUCH {1233) list gimost 300 fish species from the mangroves of Asia and
100-200 species for the other main regions where mangroves ocour (Table 3.

Habitat use of mangroves by fish is associated particulady with (1) nursery sites for juvenile stages
of coastal fish spacies. {2) feeding areas for sub-adults of predatary fishes like srappers, sea-hass,
estuzrina grodupers and maring cakfish; and {3} the permanent habitat of small pelagic fishes, belonging
chiefly fo the familics Leiognathidas, Clupeidae, Engraulidze, Centropormidae, Mugilidae, Gobidae, and
Ambassidae {e.g. Robertson & Duke, 1930; Macintosh ef al., 1881). Many species in these families feed
within mangrove foresis at high tide and have been shown Lo indlude mangrove detritus andfor mangrove
fauna in their diets (Ong, 1978, Sasekumar ef 8., 1284 The larger predatory species mentioned above
zlso browse heavily on mangrove inveriebrates, as well as consuming smaller pelagic fishes {Sasekurnar
at al_, 1984: Robertzon & Duke, 1990}

Many studies have shown that mangrove ecosystemns atiract and support high densiies of fish,
especially the larval and juvenile stages of commercially important coastal species (Befl sf af.. 1084,
Janekarm & Boonruang, 1985, Roberison & Duke, 1987, 19900, i follows that any components of ciimate
change which adversely affect mangroves are likely to have harmful conseguences on the recruiment of
yaung fish into the commercial stocks, A net loss of mangrove area is therefore considered potentially
devastating to cettain existing fisheries (Kapetsky, 1885; Robertson & Duke, 1990).

733 Shrimps

Since the pioneering reparts by Hall (1962) and Macnae {1%74) suggesting a relationship between
shiimps and mangroves, a large volume of Informafion nas been published showing the close assaciation
of many penzeid shrimp species with mangrove ecosystems. Several reports make guantlative
assessments batwean the size and productivity of shrimp stocks and the areas of adjacent mangrove forests
Martosubroto & Maamin, 1978, Tuner, 1977, Sasekumar & Chong, 1987, Primavera, 1291) or other
watlands (Moras el all, 1980; Tumer, 1852,

Although tropics! shrimps are not mangrove dependent in the strict sense, mangroves appear (0
provide a vital nursery environment for penasid shrimp, giving them greater protection from predators and
access to a rich food source, the latter principally dernived from mangrove detritus and an associated biota
of diatorns, meiofauna, bacteria and fungi {Macintosh, 1982). Studies along & mangrove-fringed coast in
Malaysia have shown that an estimated 65% of the carbon assimilated by penaeld shrimps comes fram the
manarnvas (Rasekumar & Cnonn 1987)  Shriren oeeur in other coastal habltats, but the richness of the



Figure §: The black tiger prawn, FPenzeus monodon, a main shrimp cultured in mangrove
aguaculture ponds (Photo D2, Macintosh),

it oan he further cancluded that the decline i shrimp stocks will correspond appiodimately o the
rpiEtive ranrgasa n mandrove resousses. Howaver, the machansms by whoh doss of mangroves coay
reduce shrimp stocks may be more complex than the assuamption of direct lass of shrimp habitat. One
example that can be quoted is the pradiction of the consequencas of erosion of mangrove arsas in the
Puran River delta (resulting from construchian of a dam).  Frusher (1983) conctuded thal the resuifing
decrease i1 sediment and organic matter into the inshore region of the Goff of Papaia would have anegative
impact on shiimp stocks through decreasing the productivity of tha substratum, which provides the food
saurce for penasid shrimps.

724, Summany of Climate Change Impacts on Fishories

Ciimatic change can be expected to produce chamges to many phy:cal parameters in cozstal
waters, notably temperature, salinity, current and tidal patterns, wind speois - drection, and possibly the
strength of upwelling systams. Glaniz (1882) has pointed out that the sburgance and distibution of fish

agquatic specias, such as predator populations,

Predicting and measuring the interactions bebtwesn climalic change and mangrove fish stocks will
be extrernely difficult for two main reasons: (i) even in tropical aidudss there can by largs scale natural
fluctuations in fish populations; (i) human fishing pressures in coastal ecosystems exert an arifictal impact
onh mangrove fish populations, with changes i fishing effort obscuring and continuously modifying their
response to natural events. In short, it i virtually impossible to predict accurately the future status of fish
stocks because of the many variabics that potentially are involved.



spocialized or less folerant species may disappear.  In mangrove ecosystems, where extreme and
fluctuating salimtics and high water temparatures are characteristic of the inshare environment, auryhaline
and eurythcrmal animals like shrimps, crabs and certain finfishes such as muliets, tilapias and sea bass
{Lates calganfer) will prolferate.  Singe many fish groups sre highly adapted to mangroves, there is no
reason 10 prosumc a sinilicant <hange in faunal taxa will result, atthough clearly the disthibution andg
abundance of paticular species will change as environmental gradiznis alter under climatic response.

%15 goncluged that small-scale fisherias typical of many tropical mangrove coasbines will be sble
to respond fo tve consegquences of global warming much better than offshore indusirial fisharigs. The
former arc mugsn mare adapfabie and diversified. require low investment 10 equipment and invalve 3 wide
degree of ceonumic and cuitural participation by lecal communities (Glantz, 1692). Thass features provide
the potential for a high degree of flexibility and opportunism 1o respond o changing fishery scenarins
resulling from any impact of ciimatic change on mangrove ecosystems,

Linkages botween mangroves and inshore fisheres have besn described. OF importance also are
mutwally supportive interactions betwesen mangroves, seagrass beds and coral reets;, ~h that many
authars cansider these te be comaonents of a coastal esosystem compiex, rather than sepacate systems
{Cgden & Cladfelter, 1986}, Fhysical, rutrient and biotic interastions at several levels fave baen (dentified
within this complax; although these arg poorly understacd. Perurbation of the mangraves, resalting from
ctimate charge. is Fkely to disiwrh the siability, productivity and economic valuz of these neighbour
CoOMporan:s aisa,

a. WPACT OF CLIMATE CHANGE ON LAND USE, UTEIZATION AND
EXPLOITATION OF MAKNGROVES

Thrapghout mouch of the tropics the mangrove seosysiems sustzin krge humen oopoiations at
subsistence lavels. The mangrove 2cosystem is valuan for the extractable resaurces it SUpbods, for the
nopsonsumplive  services it Srovides and is mitinsic asningica; valus  Mangroves suppurt diverse
cammunities of fauna and flora of diregt a2nd indirect ecanomic and social value to human socislies. Msin
stocks ang exploitable populations of crabz, shrimps and molluscs make up the principal food resource.
Timber exraction is also of great impoance. Mangrove ecosystems provide a varely of nonConsumprive
szrvices including recreationat and aesthetic benefits, protaction from soil erosion, flosd mifigation, filtenin.g
of nutriznts and protection against saline intrusion.

i ig well documented {Saenger et al,, 1983, Hamiltor & Snedaker 1984, Fakd & Dartnell 1987 nat
mangraves are under constant development pressure because they are found in coastal ard sstuarine
sreas which are also cenbres of human settlerment. Mangrove ecosystems are undar exitemsa pressurg from
~xpanding papulations and non-sustainable use, such as land reclamation for construction, agriculfure and
gquackdture, In the Insular Canbbean, coastal tourism developmant has besn the maih cause of mangrovs
dastriction {Bacon, 1987). The basic question that arises in the management »f 2 dyramic and compiex
senaysiem, such as mangroves, is under what conditions should it be mantained and managac or infringic
value and when should it be rectaimed for alternative purposes. There have been only a faw attempts to
answer this question (Amarasinghe 1938; Miliman et al., 198%; Lal 1950).

The cansequences of possible glebal climate change have now to be added to an already unstable
siugtion as far as mangrove ecosysicms ara concerned. 1t has already been shown that an enriched COr,
atmosphere and a wanmer -and wetter climate would on balance favour the growth and expansion of
mangroves. The major socio-economic problems are likely to be caused by the eftect of nising sea lavel,
The severity of these impacts wilt often be site specific and will depend, not only on the nature snd extent
of climate changes along different coastlines, but also on existing usage of mangraves and soClo-ECaNOMIC
sonditions locally.

24 COASTAL PROTECTION

Existing natural and engineering structures {e.g. coastal embankments, sea dykss) that protect
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thair relocation landward. Consideration should be given to the establishment of a mangrove green bed,
whets 1o such provision has slready been made, o provide a natural bartier for coastal protection. There
are now several examples of successful afforeslation of coastal lands with mangroves (Qurashi, 1990;
Saenger & Siddiqi, 1993). 1t would be useful if detailled guidelines and procedures for planting mangroves
could be compiled so that in future there would ke ready access 1R this knowledge when it is required, it
would also be advantageous to train local people to have the necessary skills to afforast and reafforest
coastal lands with mangroves.

8.2 AGRICULTURE

Te the landward of mangrove systems, low-lying coastal areas presentiy utilized for agriculture (e.g.
ree, oil palm, toconut palm, cashew nut, sugar cane) are likely 0 experience an increasing incidence of
flooding by saline walter, wilth 2 consequent increase in watsrlogging and salinizatian. Such areas will
kecomne increasingly unsuitable for agriculiure unless remedial measures, such as the construction of
protective barriers, are taken. YWhere protective measures are not taken, it is likely that thesa areas will in
time revert naturally to mangrove vegetation, which could serve as nursery grounds for coastal capture
fisharies and as natural barriers for coastal prateciion, which might be ufiized for the production of timber
and cther forest products,

In addition to the impact on existing Agriciltveal activities 7 coastal areas, expected changes in
climate and s2a level will also affect the potential for future agrictifural activities along the |amdward: Finges
cf mangrove systems. In planning. future agrcultural activities i e0astel areas, land use planmers. should
take into account the possible effects of clffmate change an the likely econemiz fespan of the development,

a3 AQUACULTURE

Coastal aguacylivre ponds are likely to s¥Xparience a higher incidence of floading, both tidally driven
and slorm induced. The impact of such fleading will vary locally, in most cases requiring modification of
management praclices, in others causing sufficient marality of fishery stocks to jeqpardize the economic
vigbility of the ponds. This may necesgitate refocation of ponds to more landward areas or the construction
of additional barriers for pratection, These bamiers might take the form of enginsering structures, the
planting of a protective band of mangrowves, or a8 combination of both.

Coastal aguacullure may also be adversely affecizd indivectly by reduction of mangrove scosystem
functions, leading o, for example, deterioration in water quality, or increase in coastal ercsion rates.

The possibility of 2 rise in sea level and an increase in both the frequency and severity of tropical
Si0TME, Means that new agquaculture projects should be sited in mera [andward areas where there is a kower
srobabllity of tidally driven or storm induced flooding over the projected lifespan of the project it fs further
racomimended that & proiective basier of mangroves be astablished and maintained to the seaward of
ziuaculiure ponds.

Croastal aquaculture investments will be highly susceptible to alterations in the envirenmenial
conditions ir mangrove ecosystems, Changes in ternperature and salinity (both average and extrems}. msy
after the suitability of existing culturs sites for produciion of particufar fish or shellffish species. This will ooour
in one cor more possible ways, whan fa) conditions exceed the thermal or haline ranges for the species
goncerned; {b) the lengih of tha growing season changes, or the growth rate is reduced, thereby probabfy
rriaking agquaculture operations fess viabie ecanamically; (¢} reproductive or necruitment dynamics of species
change, thereby reducing the availability of juveniles to sustain aquacuiture production, 1t is therefore
recommended that grawth rates of species-in ponds and the recruitment of juveniles be monitored to detect
eatly wamings of changes to which a response should be made. Whereas a reduction in the availability of
Juverilas o stock ponds oould be offset by their increased production in haicheries, other impacts due to
cimate change rmay nacessitate modification of management strategies or relocation of ponds.

Raft and cage cuiture of shiimp, oysters, fish and cther organisms may experence problems with
Wwirbidity or changes in haling conditions, while ihe cuiture of cockles and other benthm faura may be
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8.4 COASTAL CAPTURE FISHERIES

Fisheries catches within and adgeent Lo mangrove areas will underge change. The productivity of
mangrove fisherias will probably increase within the first few decades because of greater eresion and
mokilization ©f organic materials and nutrients from terrestrial sources, particularly where relative sea leval
also incremses the ared’ extent of shallow water habitats within and adjacent to mangrove ecosystems.
However, any benefits to fisheries produclivily could be rapidly negated by comesponding increases in
fishing pressure, orhuman destruction or pallution of inangrove habitats, including conversion to aguaculkurs
ponds,

Crerall, the impact of sea-lzval nise on mangiove ecosystems s likely to have a nautral or positive
effect on fisheries, at least in areas where the size of the mangrove systent is not redurad by increase in
refative sea level Conversely, processes which lead to loss af mangrove area or a reduniion in freshwater
flow, or which increase concentrabions of suspended sediments and reduce dissoived n¥ygen in mangrave
ecosystems. will have a negative effect ¢n fisheries production.

Any reduction in coastal fisheies production as a consequence of climate changa may have g
significant adverse impact on the livelihood and well-being of dependent local communities. E would be
advisable to monitor fisheries catches by loval communities to detect early signs of changes in fisharies
production in order to evaluate possible responses. _

8.5 FORESTRY

The predicted changes it clirnate and sea level are expactad 10 have signifizant site-specific impacls
¢n existing mangrove forastry sctivities. The rate of forest growth and the yield of harvestable timbar are
both expected to decrease in lhose areas which experience an increase in aridity and f or an increase in
salinity. Conversely, yields are expected to increase in these areas that experience a reduction in aridity
and salinity.
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An increased frequency and intensily of tropical storms, togsther with changes in wave activity is
gxpected to alter present patterns of @resion and sedimentation, lzading to the loss of some arcas of
mangroveé now used for silviculture, and the creation of new habitats that might be suitable for plantation
forests. Changes in coastal morphology should be monitered by countries in order ta maximise the
praductive use of mangroves for silviculture and ather forestry activitios.

Changes in sea leve! or fidal range will affect the suitability of mangrove areas for silvicuriure
through changes in soil water content, salinity and other soil properfies. While these effects wifl probably
be site specific, in general a rise in sea level is sxpected o reduce the suitability and yield of greas
presently used for silviculture. On the positive side, sorme mangrove areas that are presently unsuited for
Silviculture are likely to become more suitable for the production of timber, charcoal ang other forest
products. 1n mast cases, however, a rise in sea level is axpected {0 reduce the number of ratations and the
economic: lifespan of silvicultural activities af paricular sites. Forest managers and concsssionaires should
consider the merits of varying management practices {e.q. different planting densities and thinning regimes,
andfor shorter ratations) to maximise yislds over shorter pericds of time, The extraction of manarove wood
for charcoal = shown in Figure 6.

Climate change is expected to affect the phenology of reproduction and growth, There is pragentiy
insufficient information to predict what these effects might be, or the extent ta which they might be site- or
species-specific. However, it should be noted that any loss in reproductive capacity could have a significant
impact an the availability of propagules for plantation silviculture and reforestation, particularty in reglons
where they are alfeady in short supply. Forcst managers would therefore be advized to monitor the
phenolagy of reproduction locally, focusing particularly on the production of viable, inature propagules. A
foss of reproductive capacity loeally may necessiate the use of propagules from areas which have not been
affected, or the development of techniques for tissue culture of mangroves.

The scope and scale of these impacts will be directly proportional to the effects of climate change
an specific cammarcial mangrove timber species, especially Rhizophora and Bruguiera species. Ifimpasts
@re negative, s&rious economic ossos can be anticipated, with associated implications for the livelihood and
quality of life of affected coasial communites.

g5 OTHER PCLICY OPTIONS AND RESPONSES

Some specific policy options and responses to the possible effects of climate change have aiready
been considared in sections 8.1 to B.5. These are, however, a number of more general issues that will need
to be addressed. Broadly, these additional policy options involve whether or not to relocate -existing
activities or human communities associated with mangroves, whether or not to implement an_enginesring
solltion, and the extent to which pre-planning of future activities can miligate or avaid possible impacts of
climate change on mangrove ecosystems and their dependent human communities.

in considering these matters and the possible econocmic results of any action, it must be stressed
that the climate changes that may occur due to man-induced changes to the atmosphere are far from
cerain, The effacis that predicted climate changs may have on mangrove ecosystems arg equally
uncertain. -The loss of economic rogources which might occur as a resuit of climate changs is extramely
difficuit to model ar predict and will rely Beavily on iocal factors. it is thersfore wise o prmceed with any
response o passible cfimate change in a very cautious manner.

. Itmust also be appreciated that changes taking placs in the mangroves sither dus to patural causas
- or human activiies may =lready be greater than might be expected from any predicted change of global
climate: Examples of damage from nafural causes are well documented such as devastation from cyclones,
tocal seadeval fse, coastal erosion and f|GC}dII'lg Examples of human activities that disfigure and damage
mangroye ecosystems include large conversions to fish ponds that in a few years exhausi the avaiiahle
nrutrients and proguce dereilct kand, land reclamation for port and urban development that converts ‘beath
front and produces Soil erosion, mining activiizs that poison -the surrounding environment and produca
siltalion of rvers and subsequent flooding, and deforestafion and wood chipping that leave large areas of
mangrove forest genuded and ernded.  As these natural thsasters and hnmah misnss sf mEnnfovs
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management practices for the ufilization of mangrave ecosystems and to include in these considerations
an awareness of the problems that may result from the effects of mandnduced climate change.

As the most kety effect on climate change on the mangrove ecosystem will be due to sea-level rise,
an initial response 13 likely 0 be the construction of some fonm of barier to the sea. On the whole, past
engineering maodifications {0 cosstal environmenis have had mixed success, often creafing secondary
problems. Trey should, therefore, be used onfy when no alternative response is available or can be justifizd
eccnomically.  Simitarly, relocation of aquaculiure ponds, agriculture and certain other forms of development
may be feasible whare there are suitable areas to the landward but in couniries that have traditional land
ownership rights in coastal areas, relecation of coastal communilies and traditional activities associzted with
mangrove area may be difficull.

It cannot be stressed too much that governments should immediately establish a baseline data for
their coastlines and mangrove ecosystemns s0 that any change that may ocour, for whatever reason, will be
detected at an early stage. All future aclivities in mangove arcas and the himerland to the landward of
mangrove areas should be pre-planned with the probable impscts of natural climatic events, human
activities and man-induced climate changa firmly in mind, theraby minimizsing or avoiding any conflicts that
may arse.

9, HYPOTHESES TO BE TESTED

Changing ciimatiz conditions are most likely to be manifested by average global increases in
atmospheric CO,, air and Wwater ternperatures, austalic sea level, ultra violet radiation, stomnm frequency and
magnitude, and possibly also by alterations in the prasent reqimes with respect to cloud covar, rainfall,
runoff, evapotranspiration, and salinity. It is assumed that the IPCC "business as usual” estimates of rates
of change represent the most likely future scenarios {Tabiz 4)

Based on the |IPCC projections, an operatisnal hypothasis has been adopted that ciimate changa
on time scales of decades wil have an impact on mangrave acosysterns and that it will be passihle to
MBASUrS mangrove responses quantifatively.

Mangroves like most other ecosystems are complax systems with convoluted interaciions and
feedback loops. Mangrove ecosystems are therefore likely to exhibit synergistic responses 10 a combination
of changing cfimatic paramaters, making the anslysis of specific causes and eflects due to single factors
such as femparature or sealevel tige extremely difficult. Also, the complesaty and scale of responses wil
vary from one area to the naxt and be highly site specific.

All the hypotheses listed below are testable, but soma can be more readily vahdated by
interpretation of monitoring activities, whersas others may require more complex experimental study.

81. INCREASING TEMPERATURE EFFECTS

Based on the IPCC scoenario of a rise in air and water temparatures of 0.3°C per decade {Table 4),
it is hypothesized that:

{a} A number of mangrove species will migrate towards higher latifudes in response te
temperature increase in areas where ocean currents are favourable for propagule distersal,
thus increasing the prevalence and importance of mangroves as a coastal ecosystem. The
extent of geographical pragression is likely to vary in different parts of the world, but be
paticularly pronounced along eastern continental margins.  This migration by mangroves
will require more than four decades to become gignificant.

[|#3] Changes in seasonality will result from these predicted temperature increases, with the
growing season for mangroves becoming longer. This will altsr the phenological patierns
of reproduction and growth in many mangrove specigs.
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(d)

{h)

{i}

i

2.2

On a global basis, overall net and gross produchivity of mangrove ecosystems will increase
as a result of the temperature increase. The increase will be proportional 2 the change in
areal extent mangroves.

Primary productivity per unit area will increase [n the aquatic zong through higher rates of
photosynthesis by phytoplankion and faster rates of microbial breakdown of detritus, but
primary  productivity per unit area will probably decrease in mangrove forests due to
increased rates of root respiration, reol death, and roct replacement, which are expected
to result frem a risa in mean s91l lemperature.

Plant and animal biodiversity will increass and mangrove ptant and animal composition and
distribution will change. Changes in distnbubion and abundance of the resident mangrove
fauna will reflect primarily responses to climatically induced changss in the mangrove
vegetation community, especially the degree of around cover and structural changes.

Extensions in the range of mangrove vegetation will be followed rapidly by colonization of
new mangrove areas by faunabassociates, a conclusion supported by the high dispersal
capabilites of the many mangrove animal species which have planklonic larval stages or
aerial abilifies.

Reproductive ssasons, respiration, and growith rates of some mangrove animals wilk
respond to temperature increase, with consequent alterations in their population dynamics
{2.gq. fecundity and recruitment rate, and population production and turnover rates)

Eurythermal andfor behaviourally adaptable animals, such as mangrave brachyuran crabs,
gastropod snails, and mudskippers will cope better with temperature rse than other taxa,

Mangrove imicrabial processes will accelsrate because of higher rates of drganic
decomposition and notrient recycling. However, the latter may bs moderated by any declios
in maEngrove primary productivity. Changes in mierobial processes will have @ measurabls
impact on the produclivity of secondary consumers. including heterotrophic bactera,
meiofauna and macrofauna, including aquatic species of economic value.

A rise in mean soil lemperature will increase root respiration and root turnover, which will
cause an increasing drain on the carbon resources of mangrove trees and associated
veqgetation, that may result sventuaily in substantially reduced growth rates.

& rise in mean air temperature will have only @ marginal impact on the photosynthetic-
respiratory halance of mangrove leaves, but it is likely to increase stem respiration. These
pffacts will be small however, compared o the irmpact of rising St tamperature.

WATER BALANGCE RELATED EFFECTS

The effert of temperature change on mangrove ecogsystems is also intimately tied to the availability
ot fragh water. The water halance will respond 1o climate change bat will vary regionally and locally without
a fixed global pattern. Loecal changes in rainfall, evapotranspiration, runoff, water and sail salinity, and
degree of cloud cover control the water balance and will Impact promptly on the structure and function of
the mangrove ecosystemn. |t is known that photosynthesis and growth by plants are primarily contingent on
temperature, climstic aridify, and salinity. .

Thus, it is hypothesized that:

{a)

An increase in the precipitation to evapoiranspiration (P/ET) ratio will result in an increased
rate of primary productivity by mangrove plants.



{c)

Anircrease m soil salinity, braught about by the Balance bebtween salt water inlrosics and
rancff will reducs mangrove piang primary productivity and growth rate; conversely a
decrease in safiniy Wil anhanck maagrove pEant primany proedustivity and grawth rate.

A permanent docrease in the AIFT ratic, or mere pronounced seasonally in the P/ET ratio,
i Bia'y o increase the abundance of evaporle minerals, hypersalns groundwais: and
abundance and exvansze of sat: flata along the landward margin of the mangrove systems.
which i1 tuon wit resiict lanogwad progression of mangroves inoresponse o salat ve sea-
lzvel rise.

Mangrove animals, whick are enryhaline, orwhich can adjuest behaviarally 1o emyronsineniat
changa, wil: be unaftected By b hut extrems salinity changes. incontrast, the disésibution
of stanchaline species may be alftered significantly by salinity change. Greater freshwaler
imflux Wit favour groups witn 2 terrestrial or freshwater origing whise increased saltwater
mtrusian and svaporation will favour mating specias.

. itee aE Akireeboen eeanaeoca Farset in Pard Klano, Malavsia due o coastal
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The upstream penelration of mangrove-associated aquatic animals will change significantly
in relation to shifts in the seawster-freshwater balanes in estuaries, deltas, and lagoons,
A greater freshwater intrusion will extend the inshora distributions of important euryhaling
stocks, especially postlarval and juvenile stages of penaeid shrimp, whereas more marine
dependent groups, such as rany crab larval stages and the young of coastal pelagic fish
species will be more inhibited in their upstream penetration. The reverse will cocur in
deltsic-estuarine locations where salbwater penetration into mangrove ecosystems is
incremsed,

RISING SEA-LEVEL EFFECTS

Whersas the sustaltic sea level will rise during the foresesable future, the relative sea level may
sither riga or fall locally or regionally, depending on prevailing natural and anthropagenic factors (Stewart
ot af, 1990). PRelative sea-level iise is more common than relative sea-level fall, especially for mangrove
systems located in delta areas and along trailing-edge coasts. The rate of relative change may be up o
ning times greater than the |PCC "business as usual" eustatic increase in delta areas because of sediment
compaction {Milliman of al, 1989). Thus, in any study location, it is necessary to base hypotheses on the
ralativa rate of sealevel change rather than on eustatic change.

in locations experiencing relative sea-level rise, it is hypothesized that:

(a}

{B]

(c}

{d)

(&)

{f

(q)

Mangrove communities will progress landward in response to rising sea level, uniil
constrained by natural rellaf and existing dikes, bulkhsads, roads, other man-made bamriers,
or agriculture fislds and urbanization. The landward migraticn of mangroves will also he
blacked by increzsing ditnensions of salt flaf areas.

Erosion along seaward margins of mangrove systems will occur in response to rising sea
level and storm events, causing a net loss of mangrove area along coastlines where
topaegraphic relief or man-made barriers constrain landward prograssion of mangroves. An
example of erosion of Rizophora mangrove forest is shown in Figure 7.

If relative se=a level rises at a faster rate than the mangroves can move landward, or at a
faster rate than they can grow, tress of sach successive generation will become
progressively smalier.

Frovided that mangrove areas are not reduced, the available shallow-water nursery and
feading habitats for fish and shelfish will probably increase in size as additional areas of
the adjacent coastline become submerged as a result of relative sea-level rise. This may
be significant in areas bordered by shallow epicedinental seas or broad, gently sloping
continental shelves,

Secondary productivity per unit srea within and: adiacent to mangrove systems will probably
increase with rising relative sea level due o increased erosion, greater availability of
nutrients, and Ihcreased primary productivity; fhis in tum will have a positive effect on
secandary aquatic production, including fisheiles,

Mutrients, arganic matter, and contaminants stored in the mangrave sediments are likely G
be released during episadic storm, runof, or tidal events, and depending on the rate of
sedimentation, this may either enhance nearshora productivity or cause rapid burial of fresh
and recycled nutrients and grganic matter, which could lead to inhibition of benthic mixing
and removal from the biglogical cycles of nutrenis and organic mater, resuting in
oligotrophication.

Soil acidification is [.I'F{EI:.F to nccur due to oxidation of FeS to sulphuric acid from increased
erosion of mangrove muds as refative sea level rises.



94. [INCREASING CARBON DIOXIGE CONCENTRATION EFFECTS

Most evidence suggests that phofosynihesis and growth are imited primarnily by extremes of salinity,
temperature, and climatic aridity. Ammospheric CO, levels do not agpear to be significant in directly fimiting
photosynthesis or growth. Gonsequently, the predicted rise in atmospheric CO, level is not axpected o lead
to a significant increass in mangrove forest canopy photosynthesis. Howeaver, it is hypothesized that:

{2) Increasing atmospheric carbon dioxide levels will assist mangrove trees to control more
effsctively their water balance and reduce water stress, thereby affecting growth.

{b} There will be significant species variation in the response to elevated Co,.

8.5. INCREASING TROPICAL STORM EFFECTS

Tropical storms {including hurricanes in the Atlantic, fyphoons in the Pacific, and cyciones in the
Indian Ocean provinces) oocur over oceans and seas finged by mangrove wetlands, and these mangrove
fringss serve as a prolective barrer against storm damage for human habitats and structures. Where
tropical storms make fandfall, it is inevitable that mangrove ecosystems will be affected by these evente.
ft is therefore hypothesized that:

fa) Mangrove coasts will be impacted more fraguently and with greater impact by tropical
storms as 2 resull of climatic change, thereby putting human activities and resources st
greater risk. :

by The impact of tropical storms on trepical and subtropical coastal resources will be less
catastrophic in areas with well developed mangroves than along coasts Lacing i
mangrovas or with significantly degraded mangroves.

{c) Mangrove ecosystem productivity will be enhanced as a result of exposure to greater
tropical storm frequency because of influx of nuirienfs and material resuspension, provided
that the structural and vegetative integrity of the mangrove community is not destroyed by
the intensity of the associated wind and wave action.

10.  MONITORING AND STUDIES [N MANGROVES
10.1. RATIONALE FOR MONITORING AND STUDY

The rationale for monitoring and studying mangrove ecosystems to determine the effects of
predicted climate change is that mangrove ecosystems are likely to be one of the first ecosystems to show
changes due to climate change and the effects may have great significance for the economic well being of
the large coastal population in the fropics. A discussion of the types of monitoring and spesific studies and
experiments that need to be undentaken to test the above hypotheses, including an evaluation of the
frequency and duration of measurements, was outlined by UNEP/UNESCO {1892a). The preparatory
mesting concluded that the effect of changes in climate might be most pronounced in those places where
the mangrove ecusystern was close to the extrames of its distribution and that it might be easier to detect
change in systems that are currently relatively stable.

Mangrove ecosystems are inherently dynamic and if the rate of natural change is foo rapid it might
be difficult to detect trends that are occuming as a result of global changes in climate. In order to namow
the scope of studies to reasonable proportions, it was recommended that at l=ast three representstive types
of mangrove ecosystem be examined: (a) well developed deltaic sites, (b) sites along arid coasts, and (c)
low island sites, .

The ohjsclive is to design a long-temn menitering and study programme that can be implemented



10.2. STUDY SITES AND PREREGUISITE SITE INFORMATION

The following is a summary from UNEP/UNESCO (19923) of site reguirements for mangrove
monitoring and studies related te expectsd climate change impacts.

Primary sites should be already well docurnented and have relevant information and time series data
available, such as meteoroiogical records, sporios composition, geomaerphology, and sea-level change, to
achieve optimal use of resources. They should bo zlso representative of the three principal types of
mangrove site defined above, As far as possible they should be free of anthropogenic interference.

At each selected primary site, a parallel training pregramme should be enacted {o provide protocals
with respect 10 acquisition, analysis, and interpretation ofdata. This will encourage the sustainability of fong
term acquisition of accurate field data and their local use. The training programme will not cnly provide the
site-based technical personnel with the necessary knowladge to carry an rmonitoring activitiss and studies,
but will also-help the staff lo make appropriate decisions when unpredictable events affect monitoting and
study activities at the site.

Detailed methodeolagy at sach primary sits will be site specific and will be fuily definéﬁ ansse the sites
have been designated. The findings from the primary sitss will be used to modify the approachss used at
the secondary sites in time.

Secondary sffes are addiiona! mangrove monitoring and study sites ta complement the existng
diversity and gecgraphical distribution of mangrove habitats. These sites are selected o complement
manitaring and study activities and results obtained at primary mangrove sites, and to provide comparable
lacal information with a wids geagraphical distribution, K is nol necassary that the full UNEP/UNESCO-
recomimendsd manitoring and study programime be established at each secondary site.  Activities could
rather consist of selected manitoring and study activities as a means of complementing or camparing data
or results abtained at primary sites. The degree of implementation of any programme: activity at secondary
sites would uitimately depsnc an the avaliability of funds and resources. Secondary sites could be selected
from amang mangrove sites around the world, whers studies are 0 prograss,

l is important o organize a relisble system far monitoring and study of data for at least several
decades. The data should not only be used for assessing the mpact of cimate change on mangrove
ecosystems, but should Zlso serve more immediate local needs in examining and managing local
envircnments. It is equally important to design associated experiments and modelling exercises at the
primary sites, and to analyze optimally the data collected from the monitaring programime,  {Eshould always
be remembered that modifications to mangrove ecosysioms dueg 1o climalic change mey be vely difficulf o
discern from modifications due to anthropogenic actions and episodic patural events. Experimental design
should be evaluated carefully with consideration given to such complcations.

The praparatory UNEP/UNESCO Task Team meeting (UNEP/UNESCO, 1992a) suggested that as
a prerequisite to selecting a mangrove site and measuring parameters at the sife, it is necessary o

fa} . Select an apprapriate geomarphological unit with 2 well developed mangrove system to
: serve as a study site.

{b} Select 7 study site, where the evalution of the site has already been well studier:l'w:it_‘r] thm_é
existence and availsbility of extensive data sets, zerial photographs, satellite images and
meteorolagical infermation.. . .

{¢] . Gﬁnstruﬂt 2 bage map of the mang_mve sita in A gecgraphical information system.tG_I'S}_'_'_

{d} Eﬁtaﬁlish the location of the most adjacent GLOSS tide gauge nstwork site and the
availability of high-quality water level data from this location.



10.3. PARAMETERS T BE MONMITOREL AND STUCIED

Considerable attention has already been given to the measurement of parameters of importance
to mangrove ecosystem fynctioning (UNDP/UNESCO, 1286, UNEP/UNESCO, 1982a, 1992h). Itis not the
objective of this report ta design the optimum monitoning acliviies, in-depth studies, requirsd expedments,
and modelling exercises, as this will require considerable additiunal planning, and has funding and resource
implications.

However, in developing the studies and monitaring activities, it is vital that careful consideration be
given to {a) historical data for the site; (b) how the parameters and processes should be meaasursd, {¢)
which of themn are mast appropriate for monitering, for in-depth studies, experimentation, and modeliing; and
{c) the assessment of the technical feasibility (reliability of measurements; accuracy of data; manpower
needs; equipment raquirements; analytical capabilities, degree of difficulty in conducting field work,
experments, and modelling: and costs in elation to avaitable funding). Itis also important that all the sites
be joined into a scientific network with comparisans between site data conducted on a regular basis.

Parameters and processes that should be included:

fa) Digital Geographical Information Systern {G1S} Global Mangrove Map: it would be useful to construct
a GIS and the following digital data layers would be required:

coastline and extert of mangroves at mean sea lovel
river and waterway boundaries at mean sea level
tepography and bathimetry

land cover, and, where possible, vegetation bypas
soil type and, possibly, soil salinity

roads, power lines, transmitters and sewage ducts
human setlements

flowy boundaries, barrages and barricades

When convenient Landsat, MSS or Spot satellife images or scanned serial photographs ¢an be
overkaid on ko the digital data planes. Documentation of the ground truthing is always required.

{b} Rate of relative seadevel change: determinations ars required to assess trends and variability of
local relative sea-level change on & variety of ime scales. The analysis of the data should be used
to distinguish global and local variations. This requires continuous, long-term water fevel
measurements on at least an hourly basis from a local tido gauge for which a stabls vertical
reference datum exists (I0C, 1985; Pugh, 1287). The data needs o he analyzed in comparison
with the water level data from the mast adjacent GLOSS tide gauge.

(e} Rate of sedimentation or erosion: previous studies should indicate the long-term sedimentation rates
from G* dating of stratigraphic cores. Recent sedimentation rates can be monitored by a number

of techniques:

! use of P or Cs™ isotopes in shallow stratigraphy {Lynch ef g, 1989). This is the best
technique but expensive.

| use of exotic markers such as feldspar clay is possible in mangroves where sedimentation
is largely organic.

] inserian of a calibrated stake into the sediment requires basal fixation, ctherwise it is lifted
by below ground production and does not record sedimentation. Results can be unreliable
in the short term (Spenceley. 1982), so measurements should be made every five ysars.
Inserted stakes are the best technique to delerming erosion.

(d) Topography and bathymetry: determinations should be made of the mangrove aite 1o assess
elevation and depth d!stl'lhl.lhﬂﬂs on a SLIfﬁEIEr‘IHlf ﬂne s-f:.ale ta idenfify micro-topographic features
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(e}

(f)

(h)

distance measuremeant (EMD) techniquas and, where appropriate, liaison with govermnment survey
departments is suggestad. In some cases water level can be used during the survey as described
by Elison (1993) and is useful in areas inaccessible to EDM.

The site topographic and bathymetric detemination can be geo-referenced using GP'S sateilites and
altimetry. Benchmarks should be esfablished arcund the mangrove areas 1o allbw reference
balwash surveys aver time.

Quality of deposited sedimants: if sedimentation or srosion eguilibrium is altered as 3 result of
cimate change, there will be changes in the physical and chemical charecteristics of sediments,
including grain size, mineralogy, composition, fexture, salinity, tatal carban content, sulphur content,
nutrient dynamics, and datrites production. It may be difficult to measure the changes in nitrogen,

phosphorus and trace metals as they are a function of many varisbles and would be diffcult to
manitor.

Apart from soil parameters it may be useful to measure CO, and H,S flux from the sediment as a
measure of the matabolism of the sediment. Basic soit components can be analyzed using standard
techniques. Tha frequency of such determinations should be annual or biannual and the sampling
sites should be selected to include the majer community types or tepegraphical features typical of
each zite. CO,, H,O and salinity determinations should be performed mare frequently to determine
seasonal pattarns.

Climatology: it is important to perform continuous measurements and regular analysis of rainfai,
termperature, humidity, solar imadiance, evapofranspiration, and wind speed and direction at a fixed
sampling rate, ideally hourly but possibly less frequently. A minimum of che location within the
mangrove site should be established, preferebly clese o the seaward margin from a site
unchstructed by trees and buildings in accordance with standard meteorological measurements.
Also records should be made of the path, time and central pressure of tropisal storms, where the
centre of the sform passes within 300km of the mangrove site.

Hydrology and Ccsanography: it is necessary to make continsous measurements and reguiar
analysis of runoff from main rivers that impact or flow inta the mangrove site on a daily basis. The
river site should be sufficiently upstream such that it lacks tidal water level variability. Other
determingtions should include ceontinuaus measurements of water temperature, salinity, and water
turbidity on an hourly basis at 2 fixed sile in a major water way, near the seaward margin of the
mangrove site; confinuous measurements of significant wave height and wave period every thres
hours at a fixed site in the open ocean seaward of the mangrove site, whers the water depth is at
least 10m; continucus measuremants of water level varations on an hourly basis from a fide gaugs
at the mangrove site, for which a siable wertical reference -datum exists { NOS/NOAA, 197E;
I0C,15685; Pugh 1987).

Mangrove forest structure and function: changes in sea leval or other climatic conditions ars
expected to influence growth rate, mortalty, reproductive capacity and seedling recruifment in
mangrove ecosystems. Any effect of climate change on forest structurg, recruitment and mortality
of mangrove trees is expected to take at Ilsast several decades to detect Furthermore,
measurements of stem diameter are seldom precise encugh to provide reliable estimates of growth
rate in more mature, natural mangrove forests over intervals of less than 5 years. although the
reliability of such -eslimates from changes 1n stem diameter in rapidly growing plantations is
sumewhat better. Because of this imprecision, the expected rate of climate change, and changss
i the age and population distributions of mangrove furests with time, it will be extremely difficult or
impossible to distinguish between the effects of climate chznge on the growth rate of individual trees
and the effects of other impacts unrelated o climate change. Nevertheless, it is recommended that
permanent: plots he established at selected sites to monitor leng-term changes in forest structure,
recruitment and mortafity. :

The esrliest signs of an impact of climate change on mangroves themselves are likely to be seen
in thé canopy, In part because leavaes have a relatively short lifespan {usualy 1-2 years) by
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senescence are sensitive indicators of climatic conditions such as temperature, iradiance, cioud
cover and rainfall, and of soil conditions such as soil salinity, soil water content and other sail
characteristics, which are likely to be altered by changes in sea level and climate, A monitoring
programme ta detect an early impact of climate change on mangroves should therafors focus on
measurements of key canopy characteristics or processes that are expected to respond fo climate
changa. Itis recommended that these measurements be made within the same permanent plols
that are used o manilor changes in forest structurg,  Concurrsnt monitaring of meteorological
paramelers, sea level, sedimentation rate, and other physical parardeters s essential © order (o
correlate biological indicators with climate changes.

A programme o menitor the impast of climate change on mangrove vegetation should include the
following aspects: '

Forest structure: changes in forest structure should be monitored using replicatad (at least
3) permanent plots in different types of mangrove forest located. in most crees, along a
fransect fine from the ssaward and landward margins. Descriptions of where and how to
establish plots, and of techriques for monitoring the impact of climate chang2 on comrunity
sliucluie may be found in Anonymous (1986, 1983).

Leaf production, morphalegy, growth and senescence: the ratios of the area of a mangrove
leaf to both ils dry weinht and its thickness are inversely comelated with thermal stress and
water stress. In genecal. leaves which experience thermal stress or waler stress (which ars
clogely mteroelated) are thickser and have a greater dry mass per urit [saf arez than those
which do not expenence these siresses. Furthermmors, in many species of mangrove,
particularly members of the family Rhizophoraceae, themal and water stress induces
eurling of the leaf margins, often with a marked reductian in ihe size of the leaves.

Rates of leaf production, growth and senescence, as wefl as changes in isaf marphalegicai
eharacteristics can be measured very simply, using litle more than & ruler, caflipers and an
oven. Measursments should be mads annually ‘at the same time each year to minimises
seasonal variation. They should be made on tagyed rosettes or smalt branches [depending
on the specias) near the top of the canopy or in expused posilions on the irees.

Mon-dastructive measurements of keaf growth can be made by bacing the outling of leaves
onto paper, or making an image of the outling of the |eaf on light-sensitive paper, and then,
in either case, measuring the area with a manual o electronic planimeter. Altermatively,
reliable estmates of leaf area in many species can be obtained by linear measurement of
length and breadih. In this case it is first necassary to estabiish a relationship belween the
linear dirmensinons and leaf area by measuring the iength, breadth and arsa of a large
numbar of [eaves of different sizes for each specigs.

While measurement of the ratio of laaf area to leaf thicknass can be made non-gestructively
in the field, the measuremeant of the ratio of leaf area to leaf dry weight requires destructive
sampling. These measurements should therefore be made on a different set of roseties or
branches to those used to monitor teaf growth and senescence.  Unfortunately, there are
no well-established and publiched procedures for these kinds of measurements.

Reproguctive capacity and phanology: the fiming of floweding and fruit set of some
mangrove species is strongly seasonal. Furthermare, high levels of predispersal mortafity
have been cbserved in several species of Rhizophora that are used widely for sitvicufture.
Reproductive phenglogy and success are expected to be sensitive indicators of climate
change and should thersfore be monitored.

There are ha well-established methods for menitoring phenclogy. Experiences suggests that.

it is best to tag shoots where possble and mainfain detaled records . of the time of
s el matrabirs of raerec s ebd b res st the fmllawdnn stanes of develooment;



Konsangcha et 2l (1982), Konsangchai & Havanond (1985, Gil & Tombnsan {1969),
Tomlinson &f &f. {1879}, Chai {1982) and Aksorkoae et af {1991}

(i Mangrove miciobial and meiofauna communities: studies are required of digtribution, abundance,
and communlty structure of soil microhes (especisily bacteria) and meiofaunz {especially nematades
and protozoans) in relation to soll geochemistry, topography, tidaf paramaters and climatic
parameters. The role of microbes and meicfauna in mangrove decomposition and as g food scurce
far secondary consumers should also be examined.

I} Manhgrove intertidal and aquatic fauna: studies are required  of growth rates and treading patterns
~ of key animal and fish species on an annual basis, where growth rates can easify be estimated for
sessile animals with shells (&.g. vysters, mussels) but are more difficult for fish, shrimp and crabs.
The methods for study of reproductive cycles and productivity are well established (Macintosh,
1986; Broom, 1985). The effect on fisheries might be datermined by measuring the areal changes
in the exient of mangroves and delingation of those areas which repressnt nursery sites for
fish/shelifish; rmaoritoning of fishfshell fish landings in neighbouring communities; and collecting and
analysis of data on changes in catch rates, quantities landed: fishing methods, species caught,

cateh per unit effort, and fishing pressure,

1. CRITERIA FOR SELECTING MANGROVE STUDY AND MONITORING
SITES

The selection of sutable sites for long-term study and monitoring to assess climate change impacts
on mangrove ecosystems should be done with exireme care to ensure the selection of the most appropriate
lecaticns.  Thess should enable detection and efficlent recording of environmental impacts resulting from
climate change in as short a time as possible, and where changes due to anthropogenic actions readily can
be detected and separated from climate ehange Impacts. This selection. process will not be an easy task
Also, because of funding and Feseree cemstraints, emy a small rumbar of primary mangrove sites can be
expected to be included it the progremme.

In selecting primary or secondary mandgrove sites for inelusion it the UNER/UNESCD monitering
and study programme to assess slimate charge impacts on mangrove ecosystems, would be wise ta Ewikd
on the extensive experignce gained during execution of the now completed LUINDF/UNESCO Regional
Mangrove Profect for Asia and the Pacific, especially the Second Phase PFilot Programme of Survey and
Researsh on Mangraves in Hanong, Thailand, 1988-1990 (UNDP/UNESCO, 1988), As a conseguence of
this project, thers now exists a keen awareness of the value fo society of mangrove ecosystems in the Asia-
Pacific region. Moreover, the community of mangrove spectalists developed through this programme has
acquired the experience of working together effectively, and is formally linked to relevant gevernmental
services through national mangrove committees (NATMAMNCOM).

The Internafional Society of Mangrove Ecosystems ({ISME) is a lasting owlcome of the
UNDPIUNESCO Regional Mangrove Project for Asia and the Pacific, and is currently sponsoring mangrove
inventerd=s in Asia, Affica, and Latin America in cooperafion with the International Tropical Timber
Organization {iITTO). The country reports resulting from these inventorizs should be consulted in lhe
pracess of selscting suitable mangrove study and monitening sites for the currsnt UMEF/UNESCO
programme.

The experience gained in selecting the Ranang mangrove study site for the UNDPAINESCO
Regional Mangrove Project for Asia and the Pacific, provided the basis for developing guidelines and crifesia
for selection of primary and secondary mangrove manitaring and study sites under the auspices of the
current UNEP/UINESCO programme.  The criteria for zite seleciion are:

{al Site Characteristics: A mangrove study and monitoring site needs fo be a logical, intact, stable,
geomorphic unit, preferably an entre watershed or a portion of the watershed which can be
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{e))

(c}

()

(e)

©

(9)

(h)

population density is low to ensure minimum future human impact on the mangrove systers. Bath
the history of past environmental management and the long-tenm development plan of 2 mangrove
study and moniforing site should be well known, The bulk area of a sile shoukl support mature
mangrove tregs, preferably 30 years and older.

Site Area: The ideal size of an experimental mangrove area depends on whsther the ynit s 3
humid deita site, an arid site, or a jow island site. For @ delta site, the selected mangrove unit
should represent a fogical unit with respect to the local watershed and ideally covar at least 5,000
ha, For an arid site, the area should ideally measure 1,000 ha or more. For a low-island site, if is
not possible o specify a minimum area, recognizing that many islands are very small.

Data Availability. It is highly desirable that selected mangrove monitoring and study sites have
already had aninventary, that accurate maps and charts exist, and that air photographs and satellite
images covering the site are alse in existence. The pre-exdstence of annual records of climatic,
metecrological, tidal, and hydrologic site data is also highly desirable. The existence of vepetalion
cover, sqil type, and other geographical information systemn (GIS) type maps of the mangrove site
would be beneficial too. The site history with respect {0 anthropogenic nfluence must be welf
kniown.

Government Approvais: A prerequisite for selection of a mangrove site for study and monitoring
Is an official invitation and endorsement, as well as information on arangements, by naticnal,
district, andfor local government institutions and administrators for managing the site. A keen
Interest and a positive lbng-ferm commitment by institufions, administrators, including tocal site
administrators and personnel, should be & positlve considaration in site selection.

institutional and Personnel Support: it is highly desirabfe that a mangrove site for study and
rmonitoring has dedicated institutiona! sclentific and management staff on site, or convenieatly, to
ensure routine supervision of the sfudy ares; cantinulty in execution of routing manitaring, data
collection, and data analysis activities: avaiability of laboratory and scientific institutional support
for pretiminary analysis of sampies and data; and local security arrangements adeguate ta ensure
the personal safety of individuals carrying out monitoring and study acfivitias.

Data Base: Amangements must exist, or be instituted, to ensure that all data fram & mangrove
study and monitoring site can be processed and entered into a computenzed scientific databasa in
a routing fashion for sharing of Information.  Amangements must alsa axist, or be instinded, to
ensure that all site data can and will be made publicly availabla upon request. The wilingness to
gilow all sita information and data to be analyzed and published in a timely fashion, either jointly or
with the cooperation of the on-gite instittional staff is a necessary prerequisite. {tis highly desirable
that a govemment coardinating body, possibly a national mangrove committee (NATMANCOM],
formatize and control data sharing 2nd data distribution amangements.

infrastructure:  Mangrove sites for monitering and study need to have in place local site
infrastnicture, or the wilingness and means to install the required infrastructure, including basic
facilities for accommadation; field work, and laboratory analysis; accessibify to site locations,
including hoat fransport, arrangements to ensure personnet safety; and monilcting equipment and
5 programme for its maintenance. '

Training and Education: An essential ingredient {0 the long-term success of a mangrove ciimate
change programme and a prerequisite for selection of a mangrove site for study and monitoring is
tha axistencs of an incounty commitment to educafion and training of local young scientists. Thers
must also be in existence an implementad plan and the means to support the long-term involvement
of locat young scientists in the mangrove site strdy and monttoring programmea.
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13.  ACRONYMS

COMAR Coastal Marne Project, UNESCO Major Interregional Preject on Research and Training
Leading to the integrated Management of Coastal Systems

FAC Food and Agricuiture Organization of the United Nations

GLOSS Global Ses-Leval Observing System

GROS Global Qezan Observing System {({OC/UNERANMO)

IDRC International Development Research Centre {Canada)

ICLARM Intemational Centre for Living Aquatic Resources Management

ICsU infernational Council for Scigntific Unions

IGBP International Biosphere-Geosphare Prograrmme

10C Intergovernmental Desanographic Commission of UNESCO

IPCC intergovernmental Panel on Climate Change (WMOIUNEP).

ISME International Society for Mangrove Ecosystams

ITTO International Tropical Timber Organization

IUCH World Conservation Unian

SCOR Sclentific Committee on Ogean Research

LNDP United Nafions Development Programms

UMEF Uinited Nations Environment Programme

UNESCO United Mations Educational, Scisntific and Cultural Organization

USDA Umited States Department of Agriculturs

WA World Metegrological Organization
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