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Abstract

Mangroves provide vital ecosystem services at yinamhic interface between land and
oceans. Recent reports of mangrove mortality sugbgas mangroves may be adversely
affected by climate change. Here, we review hisébmortality events from natural causes
(all mortality other than deforestation, land usgage and pollution) and provide a global
assessment of mortality drivers. Since the 196gs@imately 36,000 ha of mangrove
mortality has been reported (0.2% of total mangroweer in 2011) in 47 peer reviewed
articles.Due to the uneven global distribution of researtfbrg, it is likely that mangrove
mortality events go unreported in many countriess therefore difficult to assess temporal
changes in mortality due to the small number obrepand increasing effort in observations
in recent years. From the published literature, apgpmately70% of reported mangrove loss
from natural causes has occurred as a result offil@guency, high intensity weather events,
such as tropical cyclones and climatic extremesb@lly, tropical cyclones have caused the
greatest area of mangrove mortality, equivalerd$®6 of the reported global mangrove
mortality area from events over six decades. Howeegeent large-scale mortality events
associated with climatic extremes in Australia agtdor 22% of all reported historical
forest loss. These recent mortality events sugbeshcreasing importance of extreme
climatic events, and highlight that mangroves maynportant sentinels of global climate
change. Increasing frequency, intensity and desireicess of cyclones as well as climatic
extremes, including low and high sea level eventsheeat waves, have the potential to
directly influence mangrove mortality and recovegrticularly in mid latitudes.
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1.1 Introduction

Mangrove forests provide a wide range of highlyuasle ecosystem services, including
support of biodiversity and fisheries, coastal @ctibn, carbon sequestration and nutrient
processing (Barbier et al., 2011). These foresjaester large amounts of carbon from the
atmosphere into their biomass and soils (Mcleaa.e2011), and contribute to marine food
webs via the detrital energy flow pathways (Lugalet1974, Dittmar et al., 2006, Abrantes
et al., 2014). The collective economic valuatiomaingrove ecosystem services has been
estimated to be worth USD 194,000 per hectare @ar, yvith a global value of USD 2.7
trillion per year (Barbier et al., 2011, Costantzale 2014).

Despite their importance, extensive deforestatiomangroves has occurred (Hamilton et al.,
2016, Richards et al., 2016). Further, anthropagadiivities such as changes in hydrology,
add synergistic stressors to mangrove forestscneg@cosystem function and ecosystem
service value (Lewis et al., 2016). Although desta¢ion has been the major cause of forest
loss in the past, mangrove loss from various nhturd anthropogenic disturbances have also
been reported in the literature (Jimenez et aB51l9Mlangroves are also susceptible to
climate change, which has been anticipated to hastespread negative consequences for
mangrove distribution (Lovelock et al., 2007, AlariZP08, Gilman et al., 2008). However,
few studies have unequivocally demonstrated theceffof climate change on mangroves.

Recent reports of mangrove mortality in AustraDauke et al., 2017, Lovelock et al., 2017)
and elsewhere (Albert et al., 2016, Servino e28l1,8) suggest that the incidences of
mangrove mortality may be increasing due to clinchi@nge. However, most research on the
effects of climate change on mangroves has focasedmperature driven effects such as
poleward expansion and sea level rise (Gilman.e2@08, Lovelock et al., 2015, Kelleway
et al., 2017, Osland et al., 2017a). A global asialgf mangrove mortality has not been
performed since Jimenez et al. (1985) collatedntepd mangrove mortality three decades
ago. Here we review global records of mangroved®$om natural events, and analyse the
environmental factors causing these losses. Weademhie impacts of climate change to
mangroves to be a natural phenomenon since we tdistioguish individual climatic events
as natural or anthropogenic. However, it is clbat anthropogenic activities which induce
change to the global climate will influence indiva climatic events and the future
mangrove distribution (Harris et al., 2018, Lovéd@nd Ellison 2007, Alongi 2008, Gilman
et al., 2008).

2.1 Historical mortality reports and emerging trends

Here we differentiate between mangrove forests lwhave undergone disturbance yet have
the ability to recover (dieback) and the death fufrast related to a disturbance (mortality)
which does not have the ability to recover in thisteng environmental conditions (Table 1).
We also differentiate between tree mortality (indisal level) and forest mortality
(ecosystem level). Forest and individual tree recgean include processes such as re-
sprouting (coppicing) or regeneration via propagatzuitment. The time frame of this
recovery may range from years to decades, depenging the nature of the mortality event
and the resilience of the forest. Inability to reeocan be caused by permanent changes in
environmental conditions that prevent recovery.(gupsidence, erosion or permanent
changes in hydrology). Mangrove mortality from matwauses is reported for every
continent where mangroves are found, however thiedsit frequency of mangrove mortality
is reported from the Caribbean and the Gulf of MexFigure 1; Table 2). To our
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knowledge, excluding deforestation, forest mongaditeas exceeding 5,000 ha have only been
reported from Australia Duke et al. (2017). Consigthe uneven global distribution of
research effort, it is likely that mangrove motiakvents may go unreported in many
countries.

Table 1. Definitions of terms

Dieback Canopy loss that may or may not lead to forest afityt
Mortality Forest death caused by disturbance and/or chargge/ironmental conditions.
Climatic extremes Climatic events such as drought, flood, extreme beaold, extreme sea level

variation, localized weather events and intenselwinwave energy. Defined
by Smith (2011) as the “occurrence in which a stiatlly rare or unusual
climatic period which has potential to alter ecdsysstructure and/or function
well outside the bounds of what is considered Bfpdc normal variability”.
The response of mangroves to these climatic exsaesngte and species
specific.

Extreme climatic event An extreme ecosystem response to climatic extreb@&nd the ecosystems
normal range of variability (Smith, 2011).

Short term (days to months) increase or decreasgional sea level caused
by atmospheric pressure, winds, air/sea temperdteshwater inputs and
ocean currents.

Sea level variability

Sea level rise Long-term global increase in sea level.
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Figure 1. Global mangrove area along with the loc&n and extent of mangrove mortality events driven
by natural causes. Image of global mangrove area modified from (Giri et al., 2011).

Over short time scales, mangrove forests experidaitg tide fluctuations, which can
significantly influence water availability, soillggty and anoxia, with a direct effect upon
plant growth and fitness (Ball, 1988). Over lontiere scales, mangroves have experienced
large displacements in their distribution due tstdvical sea level change over the Holocene
(Woodroffe et al., 1991) and over shorter time esdlears, decades) due to varying
sediment supply (Woodroffe et al., 2016). Mangrose@s undergo rapid contraction in cover
when conditions are suboptimal (Eslami-Andergohklet2015) or expansion under
favourable conditions (Asbridge et al., 2016). Qgiabal scale, mangrove mortality due to
natural causes has been reported over scales gdingm 1 — 7,400 hectares (Figure 1; Table
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2) with a total area of forest mortality reportéace the 1960s of approximately 36,000 ha

(0.2% of total mangrove cover in 2011).

Table 2 Summary of reported mangrove mortality from natural causes reported in peer reviewed
literature expanded from Jimenez et al. (1985). Foreview of mortality events in plantations and resbred

forests see Lopez-Portillo et al. (2017).

Site Date Cause Area (ha) Source
Tropical cyclones
Florida, USA 1935 Labor Day Extensive (Wanless and Vlaswinkel, 2005,
Hurricane Smith et al., 2009)
Puerto Rico 1956 Hurricane Betsy < 5* (Wadsworthlet1959)
Florida, USA 1960 Hurricane Donna ~4,000** (CraigHeet al., 1962)
Florida, USA 1960 Hurricane Donna Patches (Craigh2864)
Belize 1961 Hurricane Hattie Patches (Vermeer, 1963
Australia 1971 Cyclone Althea / ~b5* (Heinsohn et al., 1974)
siltation
Nicaragua 1988 Hurricane Joan ~ b* (Roth, 1992)
Florida, USA 1992 Hurricane Andrew 150 (Ogden, 299
Dominican 1998 Hurricane Georges 2,240 (Sherman et al.,)2001
Republic
Honduras 1998 Hurricane Mitch 490* (Cahoon et2003)
Australia 1999 Cyclone Vance 5,700 (Paling et200Q8)
Micronesia 2004 Cyclone (Typhoon) < 10* (Kauffman et al., 2010)
Sudal
Florida, USA 2005 Hurricane Wilma 1,250 (Smittakt 2009)
Philippines 2009 Typhoon Chan- Extensive (Salmo et al., 2014)
hom
Australia 2011 Cyclone Yasi 2200 Asbridge et @h réview)
Climatic extremes
Puerto Rico 1937-  Hypersalinity Fringes (Cintrén et al., 1978)
1972
South Africa 1965 Flooding ~10 (Breen et 5969)
Florida, USA 1983 Freeze ~1 (Montague et al., 1997)
Gulf of 1930 -  Freeze Extensive (Sherrod and McMillan, 1981)
Mexico, USA 1980
Gulf of 1983 Freeze Extensive (Sherrod and McMillan, 1985)
Mexico, USA
Guadeloupe - Hypersalinity Extensive (Servardlet1978) as cited in
Jimenez et al. (1985)
Java - Flooding/siltation 42 (Soerianegara, 1288%ited in
Jimenez et al. (1985)
Florida, USA - Frost Extensive (Lugo et al., I9@s cited in
Jimenez et al. (1985)
Texas - Frost Patches (West, 1977) as citetiriankz
et al. (1985)
Gulf of 1983 Freeze Extensive (Lonard and Judd, 1991)
Mexico, USA and



1989

Florida, USA  1980's Freeze 15 (Stevens et al., 2006)
Senegal 1990’s Drought Extensive (Diop et al., 1997)
Australia 1994 Hail storm 0.1 (Houston, 1999)
Venezuela 1990 - ENSO related 880 (Barreto, 2008, Otero et al., 2017)
1998 drought
Tanzania 1997 Flooding 117 (Erftemeijer et al.,300
Kakadu, 2015- ENSO related Extensive (Lucas et al., 2018)
Australia 2016 climatic extremes
Mangrove 2002- ENSO related 40 (Lovelock et al., 2017)
Bay, Australia 2003, climatic extremes
2015 -
2016
Gulf of 2015- ENSO related ~7,400 (Duke et al., 2017)
Carpentaria, 2016 climatic extremes
Australia
Brazil 2016 Hail storm ~500 (Servino et al., 2018)
Tsunamis
Dominican 1946 Dominican ~ 4,500 (Sachtler, 1973) as cited in
Republic Republic Tsunami Jimenez et al. (1985)
Indonesia 2004 Banda Aceh, 300 - 750 (BAPPENAS, 2005)
Tsunami
Thailand 2004 Banda Aceh, 1,050 (Kamthonkiat et al., 2011)
Tsunami
Great Nicobar 2004 Banda Aceh, 530 (Sridhar, 2007)
Island, India Tsunami
Thailand 2004 Banda Aceh, patches (Fujioka et al., 2008)
Tsunami
Thailand 2004 Banda Aceh, ~1* (Yanagisawa et al., 2010)
Tsunami
Andaman 2004 Banda Aceh, Patches (Roy, 2016)
Islands Tsunami

Herbivores and pathogens

Australia 1980 Pathogen Patches (Weste et al.,)1982
Malaysia 1990's Herbivory Patches (Jin-Eong, 1995)
India 2000 Herbivory Patches (Kathiresan, 2003)
Kenya 2005 Herbivory Patches (Jenoh et al., 2016)
Mexico 2010 Herbivory 3,846 (Sanchez et al., 2018)
Other
Bahamas 2011 Cumulative 120 (Rossi, 2018)
stressors
The Gambia 1970's Uncertain 2,211 (Blasco, 1983)
Bermuda 1800’s - Sea level rise 1 (Ellison, 1993)
1993

110 * Mortality areas are estimated from descriptions d the mortality and the mangrove area at the sites.



111
112
113
114
115
116
117
118
119

120

121
122

123
124
125
126
127
128
129
130

131

Assessment of mangrove mortality over time (decaaaéments) indicates a general
increase in mortality area each decade since the’'d9Figure 2). Climatic extremes and
tropical cyclones account for ~80 % of the mangnonetality area reported since 1990. The
increasing mangrove mortality area observed eacad#emay be due to increasing research
effort and advances in remote sensing technoldgag the trend of increasing mortality area
observed here may not necessarily be related teasmg mangrove mortality, but may
represent a research effort bias. When the aremdhlity is adjusted for research effort
(standardized using the number of publicationsrnetdl using a search on “mangrove” in the
Web of Science for each decade), no significamictie observed (not shown).
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Figure 2. Summary of decadal trends of total globahrea of mangrove mortality from various natural
causes reported in peer reviewed literature summazed in Table 2.

The global distribution, abundance and specienest of mangrove forests is controlled by
climatic parameters, predominantly rainfall and penature (Osland et al., 2017b). However,
these climatic parameters are strongly influengetegional scale processes. Therefore,
forest distributions are often largely controlledregional and local scale environmental
controls such as temperature, precipitation, gaaplitude, wave energy and riverine inputs
(Bunt, 1996, Alongi, 2009). Natural events thatseamangrove mortality can result from
individual and/or synergistic changes in environtakoonditions that exceed mangrove
physiological limits (Table 3).

Table 3. Causes of mangrove mortality or dieback frm natural events.

Disturbance Cause of forest mortality or dieback Reerences

Tropical cyclones Strong winds, flooding rain, high-energy waves and (Paling et al.,
storm surges. Effects include physical damage to 2008, Smith et al.,
canopies and soils (erosion); and sedimentation and 2009, Kauffman
flooding which limit oxygen supply to roots. et al., 2010)

Heat waves/frost At temperatures exceeding 38-40°C, photorespiration (West 1977)
increases while photosynthesis is inhibited. Evafian  (Clough et al.,
increases with high temperatures which increasésrwa 1982, Rennenberg
loss and risk of desiccation. Frost /freezes rasulssue et al., 2006, Stuart
damage and hydraulic failueg high latitudes. et al., 2007,
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Lindner et al.,

2010)

Drought Drought stress is directly related to the developnoé¢  (Medina and
hypersaline soil conditions. Low rainfall and Francisco 1997,
groundwater inputs reduce water availability arghhi  Hoppe-Speer et
temperatures increase evaporation and al., 2013, Ward et
evapotranspiration resulting in hydraulic failureda al., 2016)
desiccation.

Tsunamis Extreme physical damage to canopies and soils (Kamthonkiat et
(erosion). Sedimentation and flooding which limit al., 2011;
oxygen supply to roots. Sachtler, 1973

Herbivores and Pathogens - leaf damage and wood decomposition in (Hyde et al.,

pathogens living plants, including symptoms such as butt,rhaad 1998).
root rot. (Osaorio et al.,
Herbivores — tree defoliation and loss of photolsgtic  2016)
function.

2.1.1 Tropical cyclones— Extreme storms have caused the greatest globab&reangrove
mortality, equivalent to 45% of the reported glotveingrove mortality area (Table 2; Figure
2). In the last five decades the percentage of moaregmortality caused by tropical cyclones
has remained relatively constant, accounting fe63% of the total mortality area (Figure 3).
Tropical cyclones generate strong winds, floodimig,rhigh-energy waves and storm surges
that can negatively affect coastal wetlands (T&kpléndividual events have caused damage
to areas up to 28,000 ha (Villamayor et al., 2Cr&) forest mortality in areas of up to 5,700
ha (Table 2).

Storm trajectories have high inter-annual variahilyet broad cyclone paths exist due to
oceanic boundary conditions and sea surface temupesaUlbrich et al., 2009). For

example, the Gulf of Mexico is frequently affectagdhurricanes which have caused
considerable mangrove damage and mortality (TabGr&ghead, 1964, Smith et al., 2009).
Indeed, coastal ecosystems along the Gulf of Melx&a@ been subject to one major
hurricane every 3 years over the last century (Btead., 2012). Cumulative impacts from
reoccurring mortality events related to hurricaregtiency are not well understood, but can
clearly influence recovery and may be related tona@ent ecosystem changes in some cases
(Smith et al., 2009, Feller et al., 2015).

The northern hemisphere experiences ~70% of glojwdbnes/hurricanes (Knutson et al.,
2010) and 76% of reported cyclone mortality evéneble 2), yet these reports only account
for 51% of the global cyclone related mortalitya(@able 2). Nearly 100% of cyclone
associated mangrove mortality reported in the Sathemisphere has occurred in Australia,
perhaps due to larger research effort. The relatngortance of cyclone associated mortality
has declined in the last decade as mortality agtmtiwith climatic extremes has increased
(Figure 3).

2.1.2 Climatic extremes — In previous centuries, mangrove coverage at hitfudees has

been controlled by extreme cold events causind/freszes (Sherrod et al., 1981, Sherrod et
al., 1985, Osland et al., 2017a). This is still¢hse in many continents, however poleward
expansion of mangroves, and encroachment into aedtms already occurring as global
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temperatures increase (Saintilan et al., 20149r Roithe 1980’s, mangrove forest mortality
had not been attributed to climatic extremes otinen frost/freeze events (Table 2). In the
past decade, extreme climatic events have accotmt@@% of the reported global forest
loss (Figure 3) and 98% of this mortality have bdea to drought and regional sea level
variability. El Nifio Southern Oscillation (ENSO)edarge scale weather patterns influencing
seasonal rainfall and sea levels (Moon et al., 2Wifllansky et al., 2015). ENSO driven low
sea level and high temperatures have severe impactearshore ecosystems and the
reoccurrence intervals of these events may beakior slow recovering coastal ecosystems
such as mangroves (Glynn, 1988). Strong ENSO ewvdlitslearly play an important role in
mangrove mortality events into the future.

In Australia and the Eastern Pacific, mangrove alitytassociated with drought is
overwhelmingly associated with ENSO events. A reoeortality event in the Gulf of
Carpentaria (northern Australia) is unprecedenteateal extent and was attributed to the
combined climatic extremes associated with a selvbMifio event (Duke et al., 2017, Harris
et al., 2017). Other recent mangrove forest maialdue to extremes in temperature,
drought, localised weather events and regionaleses variability have occurred in Exmouth
in Western Australia, Kakadu in North Western Aalssr, the Sundarbans and Brazil (Paul et
al., 2017, Lovelock et al., 2017, Lucas et al.,&®ervino et al., 2018).

Prior to these recent events, few studies had ebdaxtensive drought related mortality
(Figure 2). El Nifio associated drought caused &0fimangrove forest mortality in
Venezuela during a period from 1990 — 1994 andnduain intense El Nifio period from 1997
— 1998 (Table 2, Barreto, 2008, Otero et al., 20h/dhese cases, mangrove forests showed
no recovery nine years later, due to peat oxidaiwhsediment subsidence that
fundamentally changed the suitability of the sgerhangrove growth (Otero et al., 2017). El
Nifio associated drought also caused substantésssto mangrove forests in Micronesia,
with reports of a two fold increase in porewatdinglg, although no tree mortality was
reported (Drexler et al., 2001). Severe drouglih@Eastern Pacific associated with La Nifia
has also caused a massive mortality of salt mar&000, affecting an area of 100,000 ha
equivalent to 41% of contiguous coastal wetlandfiéenUnited States (McKee et al., 2004).

2.1.3 Tsunamis - The frequency of tsunamis is approximately 10%4 bf extreme storm
events (Intergovernmental Oceanographic Commis¥id®; Webster 2005). However,
tsunamis have accounted for 18% of historical mavgymortality and have historically
accounted for some of the largest recorded mangrmréality events (Figure 2). The 2004
Indian Ocean earthquake triggered a series of thtuag tsunamis that resulted in the loss of
1880 — 2,330 ha of mangroves, as well as massivage to coral reefs, sand dunes, forests,
groundwater reserves, and to human settlementagmalltural lands (Kamthonkiat et al.,
2011). GIS analysis of forests damaged by the 280@4ami revealed that approximately half
of affected forest areas experienced total destmycivhile half experienced severe damage
that removed most trees (Kamthonkiat et al., 2011).

The first report of a major mangrove mortality caadiby a tsunami was in 1946 in the
Dominican Republic, which caused a mortality arganeated at 4,500 ha (Sachtler, 1973,
Jiminez et al., 1985). Since this event, only oteiosignificant forest loss associated with
tsunami has been reported (Indian Ocean 2004 tsurd@cause tsunami related dieback is
uncommon and sporadic, the apparent decreasealmtangrove mortality area over time
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caused by tsunamis should be interpreted with camee other natural causes have caused
increasingly extensive areas of forest mortalitgiFe 3).

2.1.4 Herbivores and pathogens — Historically, while several works document insect
infestations in mangroves (e.g. Feller and MatBi@71 Feller and McKee, 1999), few cases
have reported significant forest loss from herb@goand pathogens. Cases of tree mortalities
caused by wood borer insects (Feller, 2002), datfolh (Anderson et al., 1995, Jin-Eong,
1995, Mehlig et al., 2005) and pathogens (Pegd,e1380) have been reported, but only in
small, isolated patches. Jenoh et al. (2016) desserious damage to extensive areas of
mangrove forests in Kenya from two species of wioodng insects, which caused patches of
forest dieback. These smaller scale losses oftfarea or canopy may cause a reduction in
ecosystem services by changing forest structurduamadion (Jennerjahn et al. 2017), which
can also decrease forest resilience.

Recently, Sanchez et al. (2018) report the firseaz extensive forest mortality from
herbivory in Mexico 2010 (Table 2: Figure 3). Instibase a mangrove forest area of 3846 ha
was severely damaged from defoliation caused byarmpopulation of the caterpillar
Anacamptodes spesulting in an area of 2,196 ha of forest madstgfsanchez et al., 2015,
Sanchez et al., 2018). Herbivores and pathogensstress forests and cause forest mortality
in combination with other stressors (Rossi, 2018).
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Figure 3. Total cumulative mortality area (grey), amulative areas (red) of a) cyclones, b) climate
extremes, c) tsunamis and d) herbivores and pathoge. The percentage of mortality from each individuh
cause of the total mortality area per decade (blackne). Mortality area from 49 peer reviewed repors.

3.1 Future outlook

3.1.1 Tropical cyclones— Cyclone intensity, destructiveness and frequérasyincreased

since the 1970’s (Hartmann et al., 2013). Whils thend may have large regional
differences (Knutson et al., 2010, Wong et al.,Z0tyclone intensity is predicted to
continue to increase in areas where mangrove ntgrigblready occurring (Figure 4). These
climatic projections compared with historic mortykevents suggest an increasing threat to
non-equatorial mangroves, which may be increasagdas affected by human activities, for
example nutrient enrichment (Feller et al. 2018)ensified temporal clustering of cyclones
is considered a major contributor to coral reefideqWolff et al., 2016) and could have
similar impacts on mangrove ecosystems throughctexuin recovery time, although they
may also enhance dispersal of mangrove propagbsgfemond et al., 2016) and delivery
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of nutrients and freshwater (Adame et al., 20119dMling suggests that cyclones will have
enhanced precipitation and increased latitudinajeanto the future due to climate change,
but there are high levels of uncertainty in theselets (Wong et al., 2014, Scoccimarro et
al., 2017).
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Figure 4. Projected or measured influence of globallimate change on climatic variables. a) Mangrove
area (Giri et al., 2011), b) mean predicted precipation minus evaporation (mm d*) over land and ocean
(Byrne et al., 2015), c) predicted temperature chage (°C) for 2080-2099 (Meehl et al., 2007), d) mdbs
poleward shift in cyclone activity measured betweett980-1994 to 1995-2010 (Kossin et al., 2014) ahd e
The area and latitude of individual mangrove mortaity events associated with climatic disturbance as
reported in peer reviewed literature (See Table 2).

3.1.2 Climatic extremes — The increasing trend in mangrove mortality duelitoate

extremes (Figure 3) may be associated with climassmge and could increase as climate
change progresses. However this may be countedsldan some extent by increasing
poleward expansion (Osland et al., 2017a). For @k@nextensive losses of mangrove
coverage have occurred historically due to perafdaibfreezing temperature (Sherrod et al.,
1981, Sherrod et al., 1985). Reduction in frequesfdyeezing events is already allowing for
range expansion of mangroves to higher latitudetaf@@ et al., 2017a). In addition,
increasing precipitation in low latitudes may beheduatorial mangrove forests (Sanders et
al., 2016). However, increased precipitation map &ad to increased
siltation/sedimentation, which could have advefseces (Ellison, 1999). Projected changes
to precipitation, evaporation and temperature &b result in reduced water availability to
non-equatorial mangroves (Figure 4).

Increased mortality due to aridity driven by climahange was predicted for Central
America, the Caribbean and North Western Aust(&cord et al., 2013, Alongi, 2015).
The intensity of El Nifio events in the Pacific Océd®s increased by approximately 50% in
the last 30 years (Lee et al., 2010, Cai et all420This is increasing the frequency and
intensity of climatic extremes and is leading teensified sea level variability (Cai et al.,
2012, Moon et al., 2015). In particular, extrema& kea level events are predicted to double
in occurrence (Widlansky et al., 2015). Low seals\are associated with high atmospheric
pressure, and thus are concurrently associatedaovitihumidity and rainfall, which may
increase the likelihood of mangrove mortality irdatitude ENSO influenced regions.
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Low sea levels which result in hypersaline soilevam combination with low humidity and
drought is a severe threat to mangroves due togkeergistic adverse effects on
physiological functioning (Lovelock et al., 201 These environmental conditions are
implicated in the recent mortality events in Northand Western Australia, which account
for ~20% of globally reported mortality (Duke et,&017, Harris et al., 2017, Lovelock et
al., 2017, Lucas et al., 2018). These observedatityrevents are consistent with the
prediction that mangroves in the Caribbean, CeAtnagrica, West and South Africa, the
Persian Gulf, the Red Sea and Australia are pé#atigutsusceptible to mortality from
increasing aridity under future climate change ades (Alongi, 2015, Jennerjahn et al.,
2017).

3.1.3 Sea level rise, wave energy and sediment availability - Sea level rise is predicted to
result in mangrove mortality in areas with low sednt accretion (Gilman et al., 2008), or
where there are barriers to mangrove transgre$anoiward (i.e. the coastal squeeze effect,
Torio and Chmura, 2013). Yet there are few repofrtsea level rise-driven mortality which
are not associated with land-use change or othectcaiuman influence. Sediment supply is
critical to enable vertically accretion, thereblpaling mangroves to keep pace with sea-level
rise. (Kirwan et al., 2013, Krauss et al., 2014yélock et al., 2015, Woodroffe et al., 2016)
and thus reductions in sediment supply may leadangrove mortality. Sediment delivery to
the coast is strongly influenced by river flows eféfore, damming of rivers and other
anthropogenic activities decreasing sediment sujgptypastal ecosystems (Milliman et al.,
2013, Wong et al., 2014), as well as climate chasgeciated reductions in river flows,
could contribute to future mortality as resilierfanangroves is reduced.

Mangroves are also highly sensitive to wave en@Bgynard et al., 2015, Walcker et al.,
2015, Albert et al., 2016). Waves can drive magalue to erosion (Thampanya et al.,
2006). Increasing wave heights associated withatknchange have already been attributed
to severe shoreline recession in the Solomon Isléalthert et al., 2016) and large scale loss
of mangrove forest area due to erosion have beseredd with periods of increased wave
energy during positive cycles of the North Atlar@iscillation winter indexWalcker et al.,
2015).Waves also reduce recruitment through digodmt of seedlings (Balke et al., 2013),
which can limit recovery after mortality events.gaaic wind speeds have increased due to
climate change (Wong et al., 2014), which affecasevheights, current regimes and
upwelling systems (Narayan et al., 2010, Alberlet2016), all factors that could contribute
to future mangrove mortality.

3.1.4 Multiple stressors - Several recent examples highlight mangrove lossceeted with
cumulative impacts from multiple stressors thatncdrbe separated. The largest reported
area of mangrove tree mortality from herbivory aced in the Mexico in 2010 (Sanchez et
al., 2018). The mortality occurred in an area hgjited as at risk from cumulative impacts of
stressors such as erosion and salt water intrSi@nchez et al., 2018). The gradual decline
of mangroves to cumulative impacts of herbivoreghpgens and climatic extremes
highlighted in a recent study in the Bahamas (R@€xi8), provides an example of how
multiple minor stressors can cumulatively resulinartality to mangrove forests. Similar
large scale dieback associated with combined dinsatessors and herbivory have also been
reported in salt marsh (Silliman et al., 2005, Helg 2017). In another recent example,
Servino et al. (2018) report a large scale mangnoedality from a hailstorm occurring in
forests stressed by El Nifio associated drought imnvgtiple years. As such, it is important to
consider the synergistic effect of multiple stressshen assessing the vulnerability of
mangrove forests to climate change.
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Climate change has the potential to influence margmortality through the complex
synergistic changes in environmental parametergrigstrial forests, herbivory and disease
may cause forest mortality in conjunction with thany cumulative stressors associated with
climate change (Williams et al., 1995, Lindnerlet2010, Young et al., 2017). Future
mangrove mortality will be influenced by both dirend indirect interactions among global
sea level rise, regional sea level variability bglochange in temperature, evaporation and
precipitation, increased cyclone latitudinal rangénsity and frequency and changes to
wind energy, wave energy and sediment budgetsiditian there will be further complexity
associated with interactions between natural atisr@pogenic processes (Figure 4, Alongi,
2015, Feller et al., 2015, Duke et al., 2017, Logklet al., 2017).

4.1 Conclusions

Half of the historic 36,148 ha reported loss of grane forest from natural causes resulted
from tropical cyclones. Increases in the frequesmy intensity of storms may therefore be
the greatest natural threat to mangroves in theduparticularly where this interacts in
synergy with high rates of relative sea level fisevelock et al., 2015, Albert et al., 2016,
Ward et al., 2016), which can be exacerbated byaed sediment supply and subsidence
(Lovelock et al., 2015). Landward migration andguedrd expansion, where possible, may
reduce impacts on the extent of mangrove coveiil(&teal., 2011, Rogers et al., 2012,
Osland et al., 2017b).

Since 2015, widespread areas of forest mortalitae Heeen linked to climatic extremes such
as drought and sea level variability, which are @@eounting for a rapidly increasing
proportion of global forest loss. This review highits the emerging importance of increasing
extreme climatic events and variation in frequeacg intensity of El Nino events in driving
mangrove mortality (Duke et al., 2017, Loveloclakt 2017, Otero et al., 2017). Therefore,
increasing synergistic impacts of intense stornts@imate extremes may reduce resilience
of mangroves and the ecosystem services they mopatticularly in subtropical latitudes.

It is important to note that the complex and irgkted changes to climatic variables may not
lead to predictable environmental responses. Famele, increased precipitation in low
latitudes may be beneficial to mangroves, yet abdngreases in sediment supply associated
with rainfall and catchment land use change magdigmental to mangrove forests.

Extreme rainfall events in combination with chamggiand use practises may lead to
increases in mangrove mortality due to smothegegmay also increase mangrove
resilience to sea level rise. We therefore highltpat synergistic impacts of anthropogenic
activity and climate change may lead to unpredletabntcomes. Enhanced understanding of
spatial variation in impacts and recovery using igyimg remote sensing techniques (Lucas et
al., 2017) will assist in managing coastlines expo® increasing frequency of storms and
climatic extremes.
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