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Climatic controls on the global distribution, abundance, and species
richness of mangrove forests

Abstract

Mangrove forests are highly productive tidal saline wetland ecosystems found along sheltered tropical and
subtropical coasts. Ecologists have long assumed that climatic drivers (i.e., temperature and rainfall regimes)
govern the global distribution, structure, and function of mangrove forests. However, data constraints have
hindered the quantification of direct climate-mangrove linkages in many parts of the world. Recently, the
quality and availability of global-scale climate and mangrove data have been improving. Here, we used these
data to better understand the influence of air temperature and rainfall regimes upon the distribution,
abundance, and species richness of mangrove forests. Although our analyses identify global-scale relationships
and thresholds, we show that the influence of climatic drivers is best characterized via regional range-limit-
specific analyses. We quantified climatic controls across targeted gradients in temperature and/or rainfall
within 14 mangrove distributional range limits. Climatic thresholds for mangrove presence, abundance, and
species richness differed among the 14 studied range limits. We identified minimum temperature-based
thresholds for range limits in eastern North America, eastern Australia, New Zealand, eastern Asia, eastern
South America, and southeast Africa. We identified rainfall-based thresholds for range limits in western North
America, western Gulf of Mexico, western South America, western Australia, Middle East, northwest Africa,
east central Africa, and west-central Africa. Our results show that in certain range limits (e.g., eastern North
America, western Gulf of Mexico, eastern Asia), winter air temperature extremes play an especially important
role. We conclude that rainfall and temperature regimes are both important in western North America,
western Gulf of Mexico, and western Australia. With climate change, alterations in temperature and rainfall
regimes will affect the global distribution, abundance, and diversity of mangrove forests. In general, warmer
winter temperatures are expected to allow mangroves to expand poleward at the expense of salt marshes.
However, dispersal and habitat availability constraints may hinder expansion near certain range limits. Along
arid and semiarid coasts, decreases or increases in rainfall are expected to lead to mangrove contraction or
expansion, respectively. Collectively, our analyses quantify climate-mangrove linkages and improve our
understanding of the expected global- and regional-scale effects of climate change upon mangrove forests.
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Abstract. Mangrove forests are highly productive tidal saline wetland ecosystems found
along sheltered tropical and subtropical coasts. Ecologists have long assumed that climatic
drivers (i.e., temperature and rainfall regimes) govern the global distribution, structure, and
function of mangrove forests. However, data constraints have hindered the quantification of
direct climate-mangrove linkages in many parts of the world. Recently, the quality and avail-
ability of global-scale climate and mangrove data have been improving. Here, we used these
data to better understand the influence of air temperature and rainfall regimes upon the distri-
bution, abundance, and species richness of mangrove forests. Although our analyses identify
global-scale relationships and thresholds, we show that the influence of climatic drivers is best
characterized via regional range-limit-specific analyses. We quantified climatic controls across
targeted gradients in temperature and/or rainfall within 14 mangrove distributional range lim-
its. Climatic thresholds for mangrove presence, abundance, and species richness differed
among the 14 studied range limits. We identified minimum temperature-based thresholds for
range limits in eastern North America, eastern Australia, New Zealand, eastern Asia, eastern
South America, and southeast Africa. We identified rainfall-based thresholds for range limits
in western North America, western Gulf of Mexico, western South America, western Australia,
Middle East, northwest Africa, east central Africa, and west-central Africa. Our results show
that in certain range limits (e.g., eastern North America, western Gulf of Mexico, eastern Asia),
winter air temperature extremes play an especially important role. We conclude that rainfall
and temperature regimes are both important in western North America, western Gulf of
Mexico, and western Australia. With climate change, alterations in temperature and rainfall
regimes will affect the global distribution, abundance, and diversity of mangrove forests. In
general, warmer winter temperatures are expected to allow mangroves to expand poleward at
the expense of salt marshes. However, dispersal and habitat availability constraints may hinder
expansion near certain range limits. Along arid and semiarid coasts, decreases or increases in
rainfall are expected to lead to mangrove contraction or expansion, respectively. Collectively,
our analyses quantify climate-mangrove linkages and improve our understanding of the
expected global- and regional-scale effects of climate change upon mangrove forests.

Key words: abundance; climate change; climate gradients; climatic drivers; climatic thresholds;
distribution; ecological thresholds; mangrove forests; rainfall; range limit; species richness; temperature.

INTRODUCTION

Ecologists have long been interested in the influence of
climatic drivers (e.g., temperature and precipitation
regimes) upon the global distribution, abundance, and
diversity of ecosystems (Holdridge 1967, Whittaker 1970,
Woodward 1987). Climate-focused ecological research
and distribution modeling have been particularly useful
for elucidating climatic controls on ecosystem structure
and function (Whittaker 1960, Churkina and Running
1998, Jobbagy and Jackson 2000, Dunne et al. 2004,
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Guisan and Thuiller 2005, Elith and Leathwick 2009).
Within the context of climate change, studies of the
ecological effects of climatic drivers are especially
important because they can help scientists and environ-
mental managers better anticipate and prepare for the
ecological consequences of changing climatic conditions
(Glick et al. 2011, Stein et al. 2014). In addition to
improved understanding of the influence of changing
mean climatic conditions, there is a pressing need to
advance understanding of the ecological implications of
changes in the frequency and intensity of climatic
extremes (e.g., freezing, drought, flooding; Jentsch et al.
2007, Smith 2011, IPCC 2013, Hoover et al. 2014).

In this study, we examined the influence of climatic
drivers upon the distribution, abundance, and species
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richness of mangrove forests. Mangrove forests are
freeze-sensitive tidal saline wetland ecosystems located
along sheltered tropical and subtropical coasts across the
world (Tomlinson 1986, Woodroffe and Grindrod 1991,
Saenger 2002, Alongi 2009, Spalding et al. 2010, Twilley
and Day 2012). Mangrove forests support ecosystem
goods and services that have been valued at up to
US$194000-ha!-yr~! (Costanza et al. 2014). In addition
to providing fish and wildlife habitat, mangrove forests
protect coastlines, support coastal fisheries, store carbon,
provide timber, improve water quality, and provide rec-
reational opportunities (Ewel et al. 1998, Barbier et al.
2011, Lee et al. 2014).

Despite the tremendous ecological and societal value
of mangrove forests, the influence of climatic drivers on
mangrove forest distribution, structure, and function has
not been well quantified in many parts of the world. The
mangrove literature contains many valuable observa-
tions and well-articulated hypotheses regarding the
influence of temperature and rainfall regimes on the
distribution, abundance, and diversity of mangrove
forests (e.g., Davis 1940, Lugo and Patterson-Zucca
1977, West 1977, Woodroffe and Grindrod 1991, Duke
et al. 1998, Saenger 2002, Ross et al. 2009, Saintilan et al.
2009, 2014, Asbridge et al. 2015). Unfortunately, a lack
of relevant and easily accessible climate and/or ecological
data has meant that many of these relationships have not
been fully tested or quantified. Data constraints have
sometimes resulted in the use of the best-available
surrogate variables. For example, latitude and sea surface
temperatures have often been used as proxies for winter
air temperature extremes (e.g., Woodroffe and Grindrod
1991, Duke 1992, Twilley et al. 1992, Saenger and
Snedaker 1993, Ellison 2002, Alongi 2009, Twilley and
Day 2012), sea surface temperatures have been used
instead of rainfall (e.g., Duke 1992, Duke et al. 1998), and
mean monthly air temperatures have been used as proxies
for extreme minimum daily air temperatures (e.g.,
Quisthoudt et al. 2012, Record et al. 2013, Hutchison
etal. 2014, Jardine and Siikaméki 2014, Rovai et al. 2016,
Ximenes et al. 2016). Although these surrogate variables
are helpful for showing that general relationships are
present, the use of proxies can potentially be misleading
without adequate discussion and characterization of the
relevant physiological mechanisms responsible. Using
proxies also makes it difficult to identify ecologically rel-
evant climatic thresholds, which are needed to anticipate
and prepare for future change.

In recent years, the quality and availability of global-
scale climate and mangrove distribution data have been
improving (Polidoro et al. 2010, Spalding et al. 2010, Giri
et al. 2011, Osland et al. 2013, Cavanaugh et al. 2014,
Armitage et al. 2015). As a result, there is potential to
more directly quantify the influence of climatic controls
upon mangrove forests. In this study, we used recent
climate and mangrove ecological data to investigate the
following questions: (1) at the global and regional range
limit scale, how do air temperature and rainfall regimes
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influence the distribution, abundance, and species
richness of mangrove forests; (2) given the historic
emphasis on sea surface temperatures in portions of the
mangrove ecological literature, what are the linkages
between sea surface temperatures, air temperatures, and
rainfall regimes; and (3) how and where is climate change,
in the form of warmer air temperatures and altered
rainfall regimes, expected to affect the distribution, abun-
dance, and diversity of mangrove forests?

Although sea surface temperatures are often used to
describe the global distribution of mangroves, we postu-
lated that minimum air temperature and mean annual
precipitation regimes are more directly relevant vari-
ables, and that these two climatic variables would be
tightly correlated to sea surface temperatures. These
hypotheses stem from a literature review of mangrove
range limits across the world (Table 1). Mangrove forests
are highly sensitive to freezing and chilling temperatures,
which can lead to mortality and/or damage (Lugo and
Patterson-Zucca 1977, Woodroffe and Grindrod 1991,
Stuart et al. 2007, Lovelock et al. 2016). Our literature
review identifies range limits near transitions zones
between tropical and temperate climates where man-
grove ecologists have noted that winter air temperatures
play an important ecological role (in Table 1, see range
limits with temperature minima included as a driver). In
addition to air temperature extremes (i.c., freeze events),
mangrove mortality and/or damage can also be induced
by hypersaline conditions, which are most common and
intense along arid and semiarid coasts (Saenger 2002,
Saintilan et al. 2009, Semeniuk 2013, Asbridge et al. 2015,
Lovelock et al. 2016). Our review identifies range limits
near transition zones between arid and humid climatic
zones where ecologists have noted that precipitation
regimes and hypersaline conditions play an important
ecological role (in Table 1, see range limits with rainfall
included as a driver). Throughout the manuscript, we use
the terms rainfall and precipitation interchangeably, as
mangroves are not present in regions with large amounts
of colder forms of precipitation (e.g., snow or sleet).

We hypothesized that climatic thresholds associated
with temperature and rainfall would be lower for man-
grove presence than for abundance and/or species richness
because mangrove individuals can be present in physically
stressful regions (i.e., colder and/or more arid regions)
without being abundant or species rich (Fig. 1). For
example, along the northern Gulf of Mexico coast, there
are three common mangrove species. Within the coldest
coastal reaches that contain mangroves, only isolated
individuals of the most freeze-tolerant species (Avicennia
germinans) are present (in these areas, mangroves are
present but not abundant or species rich). In contrast,
where the frequency and intensity of temperature extremes
decreases, all three species (A. germinans, Rhizophora
mangle, and Laguncularia racemosa) can be present (in
these areas, mangrove forests are present, abundant, and
species rich). We expected similar patterns in presence,
abundance, and richness to occur at all range limits.
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The 14 mangrove distributional range limits evaluated in this study.

Range limit name

Hypothesized climatic driver

Literature sources for hypothesized climatic driver

Eastern North America (1)
Western Gulf of Mexico (2)

temperature minima
rainfall and temperature minima

Western North America (3)
Western South America (4)

rainfall and temperature minima
rainfall (D&H)

Eastern South America (5)  temperature minima (D&H)
Northwest Africa (6) rainfall

West central Africa (7) rainfall

Southeast Africa (8) temperature minima (D&H)
East central Africa (9) rainfall

Middle East (10) rainfall and temperature minima
Eastern Asia (11) temperature minima

New Zealand (12) temperature minima

Eastern Australia (13) temperature minima (D&H)

Western Australia (14)

West (1977), Osland et al. (2013), Cavanaugh et al. (2014)
Lot-Helgueras et al. (1975), Montagna et al. (2011),
Osland et al. (2016)

Felger et al. (2001), Turner et al. (2005)

West (1977), Woodroffe and Grindrod (1991),
Saintilan et al. (2014)

Schaeffer-Novelli et al. (1990), Soares et al. (2012),
Ximenes et al. (2016)

Woodroffe and Grindrod (1991), Saenger (2002),
Spalding et al. (2010)

Woodroffe and Grindrod (1991), Saenger (2002),
Spalding et al. (2010)

Macnae (1963), Saenger (2002), Quisthoudt et al. (2012)
Saenger (2002), Spalding et al. (2010)

Saenger (2002), Spalding et al. (2010)

Chen et al. (2010), Wang et al. (2011)

Woodroffe and Grindrod (1991), Morrisey et al. (2010)
Saenger (2002), Duke (2006), Stuart et al. (2007),
Saintilan et al. (2014),

rainfall and temperature minima (D&H) Saenger (2002), Duke (2006), Semeniuk (2013)

Notes: These range limits are illustrated in Fig. 2, and the numbers in parentheses correspond to the numbers in that figure. In
the climatic driver column, (D&H) indicates that dispersal constraints and/or lack of potential habitat are also expected to influence

mangrove distributions near that range limit.
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relationships between climatic drivers and mangrove forest
presence, abundance, and species richness. The climatic drivers
examined in this study include minimum air temperature and
mean annual precipitation.

We also expected that global- and regional-scale
linkages between climatic conditions and mangroves
would be well characterized by nonlinear sigmoidal equa-
tions with abrupt ecological thresholds across climatic
gradients (Osland et al. 2016). We anticipated that dif-
ferent regional range limits would have different climatic
regimes, and that the role of extreme events (e.g., freeze
events) would be particularly important in certain
regional range limits. For example, mangrove range
limits in eastern North America and eastern Australia
have different winter air temperature regimes. In eastern
North America, winter air temperature extremes are
approximately 12°C colder than in eastern Australia;
however, annual mean winter air temperatures in eastern
North America are occasionally warmer than in eastern
Australia. Stuart et al. (2007) noted that, due to these
different temperature regimes, mangroves in eastern
North America have different growth rates, xylem vessel

diameters, and temperature sensitivities compared to
their counterparts in eastern Australian. Winter air tem-
perature and precipitation regimes greatly influence man-
grove physiology (Clough 1992, Lovelock et al. 2016),
and observations in the literature indicate that freeze and
drought sensitivity are range limit dependent (Table 1).
Hence, we expected that climatic thresholds for man-
grove presence, abundance, and species richness would
be range limit specific (i.e., lower in some range limits and
higher in others).

METHODS

Study area

We first created a seamless global grid of cells with a
resolution of 0.5° (i.e., ~50 km at the equator). Next, we
created polylines representing coastlines using the
perimeter of the Shuttle Radar Topographic Mission
(SRTM) v4.1 global digital elevation model data at a
resolution of 250 m (Reuter et al. 2007). We used these
coastline polylines to identify and retain cells that inter-
sected the coast. We excluded 192227 cells that did not
intersect the coast. To avoid cells with minimal potential
coastal wetland habitat, we used the SRTM raster data
to remove an additional 1056 coastal cells that contained
less than or equal to 5% coverage of land. We also
removed 176 cells that did not have suitable climate data;
most of these cells were removed because they either did
not have minimum air temperature data (i.e., no values
at all) or they had unrealistic low or high minimum air
temperature data relative to their neighboring cells.
Collectively, these steps produced a grid (hereafter,
study grid) that contained a total of 4908 cells at a reso-
lution of 0.5°.
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Biogeographic zone and range limit assignments

For biogeographic zone and range-limit-scale analyses,
we assigned various identification codes to each study
grid cell. Biogeographic zone assignments included either
Atlantic East Pacific (AEP) or Indo West Pacific (IWP).
These biogeographic zones are described in Duke (1992),
Ricklefs and Latham (1993), and Duke et al. (1998), and
are included in our analyses because, as for many tropical
intertidal and subtidal organisms (e.g., seagrasses,
corals), mangrove species richness is much higher in the
IWP than the AEP (see also McCoy and Heck 1976,
Tomlinson 1986, Woodroffe and Grindrod 1991, Ellison
etal. 1999, Ricklefs et al. 2006). In Duke (1992) and Duke
et al. (1998), the AEP and IWP are referred to as global
hemispheres; however, we have chosen to refer to them as
biogeographic zones here. Range limits, defined as areas
where mangroves abruptly become absent from coast-
lines (sensu Gaston 2009, Sexton et al. 2009), were
assigned individually using a combination of climate
data, mangrove presence data, and descriptions in the
literature. We created polygons for 14 focal range limits
(Fig. 2), and used these polygons to assign study grid cells
to a particular range limit. All range limits spanned a
mangrove presence—-absence transition. We conducted a
literature review to develop hypotheses regarding the cli-
matic and non-climatic factors that control each range
limit (Table 1). For range limits that were expected to be
controlled, at least in part, by winter temperatures, we
created polygons that spanned a temperature transition
zone. Where possible, this zone extended from a minimum
temperature of —20°C to a maximum minimum temper-
ature of 20°C. However, due to various constraints, most
of these transitions covered smaller temperature gra-
dients. For range limits that were expected to be con-
trolled, at least in part, by rainfall, we created polygons
that spanned a precipitation transition zone. Where pos-
sible, this zone extended from a minimum mean annual
precipitation of less than 250 mm up to a maximum mean
annual precipitation of greater than 2000 mm. However,
due to various constraints, some of these transitions
covered smaller precipitation gradients.

Climate data

Prior studies in North America have identified the
importance of using air temperature extremes in mangrove
distribution and abundance models (Osland et al. 2013,
Cavanaugh et al. 2014). For all cells within the study grid,
we sought to identify the absolute coldest daily air temper-
ature that occurred across a recent multi-decadal period.
Although monthly based mean minimum air temperature
data are readily available, daily minimum air temperature
data have historically been more difficult to obtain at the
global scale (Donat et al. 2013). Due to the absence of a
consistent and seamless global data set of daily air temper-
ature minima, we used a combination of three different
gridded daily minimum air temperature data sources. For
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cells in the United States, we used 2.5-arcminute resolution
data created by the PRISM Climate Group (Oregon State
University; Daly et al. 2008), for the period extending from
1981 to 2010 (data available online).® For all continental
cells outside of the United States (i.e., coastal cells con-
nected to large bodies of land on all continents, but not
cells in the United States), we used 1-degree resolution
data created by Sheffield et al. (2006), for the same time
period. For most islands, we used 0.5-degree resolution
data created by Maurer et al. (2009), for the period
extending from 1971 to 2000. From these three data
sources, we created a minimum temperature (MINT) data
set for the study grid cells to represent the absolute coldest
air temperature that occurred across a recent three to four
decade period, depending upon the source. For each study
grid cell, we also obtained 30-s resolution mean annual
precipitation (MAP) data from the WorldClim Global
Climate Data (Hijmans et al. 2005), for the period
extending from 1950 to 2000. In addition to the air temper-
ature and precipitation data, we also obtained sea surface
temperature data. Because sea surface temperatures are
often used to describe the global distribution of mangrove
forests, we wanted to elucidate the relationships between
sea surface temperatures, air temperatures, and precipi-
tation. We obtained 5-arcminute resolution global gridded
mean annual sea surface temperature data from a data
set produced by UNEP-WCMC (2015), for the period
extending from 2009 to 2013.

In addition to the gridded climate data, we obtained
station-based air temperature data to better characterize
winter air temperature regimes within each range limit. We
used these data to quantify range-limit-specific differences
in the importance of extreme events (e.g., freeze events)
relative to typical winter air temperatures. For 13 of the 14
focal range limits, we identified a station with a long-term
record of daily air temperatures that was proximate to the
mangrove range limit (Appendix S1). For each of these
stations, we obtained daily minimum air temperature data
for the 30-year period extending from 1981 to 2010. From
these data, we calculated (1) the absolute coldest temper-
ature during the 30-yr record (MINT); (2) the annual
minimum temperature (i.e., the coldest temperature of
each year); and (3) the annual mean winter minimum tem-
perature (i.e., the mean of the daily minima for the coldest
quarter of each year). For range limits in the northern
hemisphere, the coldest quarter included the months of
December, January, and February. For all but one range
limit in the southern hemisphere, the coldest quarter
included the months of June, July, and August. For the
western South America range limit, the coldest quarter
included the months of July, August, and September.

Mangrove data

To determine mangrove presence, we used two global
mangrove distribution data sources (Spalding et al. 2010,

6 http://prism.oregonstate.edu
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Giri et al. 2011), and assigned a binary code to each study
grid cell denoting presence or absence. For most of the
world, mangrove presence was assigned to a cell only when
both of these sources deemed that mangroves were present
(i.e., data conflation; Villarreal et al. 2014). For Myanmar,
however, the two mangrove distribution sources were not

in agreement (i.e., data were absent from one data set), and
the Giri et al. (2011) data were used to assign mangrove
presence for those cells. The two sources were also not in
agreement for the coasts of Gabon, Congo, and the
Cabinda Province of Angola, and the Spalding et al. (2010)
data were used to assign mangrove presence for those cells.
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For each cell where mangroves were deemed to be present,
we used the sum of the species-specific mangrove distribu-
tional range data from Polidoro et al. (2010) to determine
the total number of mangrove species potentially present
within a cell (i.e., mangrove species richness). The Polidoro
et al. (2010) data include individual native range distri-
bution polygons for all mangrove species. To determine
mangrove abundance (i.e., coverage or area) within each
cell, we used the 30-m resolution global mangrove distri-
bution data produced by Giri et al. (2011).

Data analyses

Data analyses were conducted at the global scale, the
biogeographic zone scale, and the range limit scale (see
Appendix S2 for a summary of the range-limit-specific
analyses that were conducted, Appendix S3 for a discussion
of those range-limit-specific analyses, and Appendix S4
for range-limit-specific temperature-precipitation correla-
tions). At the global and range limit scales, we conducted
logistic regression analyses using mangrove presence as the
dependent variable and MINT or MAP as the independent
variable. The inflection point of the logistic equation repre-
sents the point of maximum rate of change (i.e., the peak of
the first derivative of the equation), and was used to identify
climate-based thresholds for mangrove presence. From an
ecological perspective, this threshold represents the cli-
matic position with the highest rate of ecological change
from one state (e.g., mangrove) to another state (e.g., non-
mangrove; salt marsh or salt flat). Near this threshold,
small changes in climatic conditions can result in compara-
tively large ecological change.

We used the cell-based mangrove abundance data to cal-
culate abundance metrics within temperature and precipi-
tation bins (i.e., from the original cells, we calculated
abundance values to represent 1°C and 0.1-m intervals for
temperature and precipitation, respectively). We used the
mangrove area data to calculate mangrove relative abun-
dance for each bin as a percentage (i.e., the percentage of
mangrove area present within a bin relative to the total
mangrove area present within all bins at the scale of
interest). Relative abundance was calculated at global and
range limit scales. At the global scale, we conducted sig-
moidal regression analyses (Osland et al. 2013, 2014) that
included mangrove abundance as the dependent variable
and either MINT or MAP as the independent variables. At
the range-limit scale, we conducted sigmoidal regression
analyses using mangrove abundance as the dependent var-
iable and MINT as the independent variable. For the sig-
moidal analyses, we used the inflection points of the
sigmoidal equations to identify climate-based thresholds
for mangrove abundance. Insufficient data precluded
analyses of range-limit-specific relationships between MAP
and abundance. Some of the MAP gradients are compara-
tively abrupt (i.e., they occur over a small area), and we
suspect that additional data (e.g., potential habitat data)
and/or additional data processing steps (e.g., area-weighted
analyses) would be needed to adequately characterize
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range-limit-specific MAP-abundance linkages. The abun-
dance analyses would be greatly improved by the incorpo-
ration of a mangrove abundance metric that quantified the
amount of mangrove area relative to the total tidal saline
wetland coverage in a cell (sensu Osland et al. 2013, 2014).
Such a metric would better account for additional factors
that govern mangrove abundance (e.g., coastal geomor-
phology, topography, land use change). Unfortunately, a
global tidal saline wetland habitat distribution data set has
not yet been produced.

Since mangrove species richness is much higher in the
IWP biogeographic zone than the AEP zone (Tomlinson
1986, Duke 1992, Ricklefs and Latham 1993, Ellison
et al. 1999), our initial species richness analyses were con-
ducted at the biogeographic-zone scale rather than the
global scale. For each of the two biogeographic zones, we
conducted sigmoidal regression analyses using mangrove
species richness as the dependent variable and either
MINT or MAP as the independent variables. We also
conducted range-limit-specific sigmoidal regression
analyses. For the sigmoidal analyses, we used the
inflection points of the sigmoidal equations to identify
climate-based thresholds for mangrove species richness.

For all 14 range limits, Spearman rank correlations
were used to quantify the range-limit-specific linkages
between sea surface temperatures and either MINT or
MAP. Within eight example range limits, we used bivariate
regression analyses, with exponential limited growth
functions, to better characterize the relationships between
sea surface temperatures and either MINT or MAP. For
each of the 14 range limits, linear regression was used to
quantify the range-limit-specific correlation between
MINT and MAP (Appendix S4). For all analyses, statis-
tically significant relationships were defined as those with
a P value less than 0.05. Logistic regression analyses
were conducted in R (R Code Team 2016). Sigmoidal
regression, exponential limited growth regression, and
Spearman rank correlation analyses were conducted in
Sigma Plot Version 12.0 (Systat Software, San Jose,
California, USA). Maps and geospatial products were
created using Esri ArcGIS 10.3.1 (Environmental Systems
Research Institute, Redlands, California, USA).

REsuLTS

Global-scale relationships between climatic
drivers and mangroves

At the global scale, there was a significant relationship
between mangrove presence and both MINT and MAP
(Appendix S5). Mangrove abundance at the global scale
was also significantly related to MINT (Fig. 3, upper
panel) and MAP (Fig. 3, lower panel). The global-scale
thresholds for mangrove abundance were identified to be
7.3°C and 0.78 m for MINT and MAP, respectively. In
both the IWP and AEP biogeographic zones, mangrove
plant species richness was significantly related to MINT
(Fig. 4, upper panels) and MAP (Fig. 4, lower panels).
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Species richness was higher in the IWP than the AEP
(Fig. 4). In the IWP, the thresholds for species richness
were 8.0°C and 1.48 m for MINT and MAP, respectively
(Fig. 4, left panels). In the AEP, the thresholds for species
richness were 8.9°C and 1.36 m for MINT and MAP,
respectively (Fig. 4, right panels).

Correlations between sea surface temperatures and
climatic drivers

At the range limit scale, there were significant positive
relationships between (1) mean annual sea surface temper-
atures and MINT and (2) mean annual sea surface temper-
atures and MAP (Fig. 5; Appendix S6). To illustrate these
relationships, we present four example range limits for
each climatic variable. For eastern North America, eastern
Australia, eastern Asia, and eastern South America, we
present significant relationships between mean annual sea
surface temperatures and MINT (Fig. 5a). For northwest
Africa, western North America, western South America,
and west-central Africa, we present significant relation-
ships between mean annual sea surface temperatures and
MAP (Fig. 5b). Note that many of these relationships have
a sea surface temperature asymptote near 20°C (Fig. 5).

Range-limit-specific differences in winter
air temperature regimes

Analyses of the station-based air temperature data
illustrate differences between typical and extreme winter
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air temperatures across range limits (Fig. 6). Eastern
North America, western Gulf of Mexico, western North
America, and eastern Asia had the lowest absolute tem-
peratures (minimum [Min]: —12.2°, —=11.1°, =5.0°, and
—3.9°C, respectively) as well as large differences between
extreme annual events and typical winter daily minima
(difference [Dif]: 12.7°, 12.1°, 8.2°, and 7.7°C, respec-
tively; Fig. 6a—c, k). In New Zealand, southeast Africa,
eastern Australia, and the Middle East, the lowest
absolute temperatures were —0.7°, —0.5°,0.1°, and 1.0°C,
respectively, and the differences between extreme annual
events and a typical winter daily minima were 6.8°, 6.2°,
4.5°, and 7.6°, respectively (Fig. 61, h, m, j). In eastern
South America, the lowest absolute temperature was
0.0°C, and the difference between extreme annual events
and typical winter daily minima was relatively large (Dif:
9.3°C; Fig. 6e). In western Australia, the Min and Dif
were 2.9° and 6.3°C, respectively (Fig. 6n).

Range-limit-specific relationships between climatic
drivers and mangroves

Climatic thresholds were range limit specific, and
within range limits, there were tight linkages between
MINT or MAP and the mangrove response variables.
There were significant relationships between mangrove
presence and MINT in eastern North America, eastern
Australia, New Zealand, eastern Asia, eastern South
America, and southeast Africa (Fig. 7; MINT-based
thresholds for mangrove presence: —7.1°, =2.6°, —2.0°,
—0.2°,5.2°, and 6.9°C, respectively; Appendix S4). There
were significant relationships between mangrove presence
and MAP in northwest Africa, Middle East, western
North America, western Australia, east-central Africa,
west central Africa, western Gulf of Mexico, and western
South America (Fig. 8; MAP-based thresholds for man-
grove presence: 0.32,0.42,0.51, 0.54,0.54,0.73, 1.05, and
1.28 m, respectively; Appendix S4). There were signif-
icant relationships between mangrove abundance and
MINT in eastern North America, eastern Australia, New
Zealand, eastern Asia, eastern South America, and
southeast Africa (Fig. 9; MINT-based thresholds for
mangrove abundance: —4.5°, 1.6°, —1.5°, —1.7°, —0.5°,
and 9.5°C, respectively). Insufficient data precluded
analyses of range-limit-specific relationships between
MAP and abundance. There were significant relation-
ships between mangrove species richness and MINT in
eastern North America, eastern Australia, New Zealand,
eastern Asia, eastern South America, and southeast
Africa (Fig. 10; MINT-based thresholds for mangrove
species richness: —7.8°, 3.0°, —2.1°,-0.3°,9.7°, and 8.5°C,
respectively). There were significant relationships
between mangrove species richnessand MAP in northwest
Africa, Middle East, western North America, western
Australia, east central Africa, west-central Africa,
western Gulf of Mexico, and western South America
(Fig. 11; MAP-based thresholds for mangrove presence:
0.61, 1.09, 1.00, 0.61, 0.57, 0.49, 1.34, and 0.71 m,



Ecological Monographs

8 MICHAEL J. OSLAND ET AL. Vol bonbis
Indo West Pacfic Atlantic East Pacific
» 504{R%2=0.38, T=8.0°C R?=0.68,T=89°C
o)
© 40 -
L w
» 8 30
O c
§ 5 20
2" 104
©
= 0

|
-20 -10 0 10

20 -20 -10 0 10 20

Minimum temperature (°C)

Indo West Pacfic

Atlantic East Pacific

504{R*=041,T=1.48m

Mangrove species
richness

R?=0.19, T=136m

I ! [ ! I
0 1 2 3 4

Mean annual precipitation (m)

L I | [ ! [
5 0 1 2 3 4 5

FiG.4. The relationships between mangrove plant species richness and minimum air temperatures (upper panels) and mangrove
plant species richness and mean annual precipitation (lower panels) within two biogeographic zones (Indo West Pacific and Atlantic
East Pacific). These biogeographic zones are described in Duke et al. (1998). T represents the inflection point or threshold.

respectively). Climatic thresholds for mangrove presence
were more often lower than thresholds for mangrove
abundance and/or richness (14 out of 20 instances;
Figs. 7-11).

DiscussioN

Mangrove forests are visually striking ecosystems that
have captured the curiosity of many tropical ecologists
(Davis 1940, Lugo and Snedaker 1974, Tomlinson 1986,
Woodroffe and Grindrod 1991). As a result, the man-
grove literature is rich with astute observations and
hypotheses regarding the influence of climatic drivers
upon mangrove forests (Table 1). In this study, we used
recently available climate and ecological data to test
some of these hypotheses and improve our understanding
of the influence of temperature and rainfall regimes upon
the global distribution, abundance, and species richness
of mangrove forests. A summary of the range-limit-
specific data analyses that were conducted is provided in
Appendix S2. Some analyses were deemed inappropriate
due to the presence of correlated climatic gradients and/
or inappropriate hypotheses. Within 13 of the 14 range-
limit regions, there was a correlation between minimum
air temperature and mean annual precipitation. In
Appendix S3, we provide a detailed discussion of our

designation of appropriate or inappropriate range-limit-
specific analyses. The temperature—precipitation correla-
tions within each range limit region are discussed in
Appendix S3 and illustrated in Appendix S4.

Beyond just sea temperatures: air temperature and rain-
fall regimes are more directly relevant

In the mangrove literature, sea temperature isotherms
are often used to describe the global distribution of man-
grove forests without mention of the role of air temper-
ature and/or precipitation regimes. Duke (1992) noted
that the winter position of the 20°C sea surface temper-
ature isotherm corresponds closely with the global distri-
bution of mangrove forests (see also, Tomlinson 1986,
Duke et al. 1998). This correlation is indeed important
and noteworthy; however, the role of sea surface temper-
atures is often discussed in isolation without including
the importance of concomitant variation in air temper-
ature and rainfall regimes. Mangrove ecologists from
different regions of the world have described the direct
role of temperature and precipitation regimes in con-
trolling mangrove range limits (see references in Table 1).
Our analyses provide regional-scale quantitative support
for those perceptive statements. We contend that
although sea surface temperatures are important and
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The range-limit-specific relationships between (a) minimum air temperature and mean annual sea surface temperature

and (b) mean annual precipitation and mean sea surface temperature.

may affect certain physiological processes, using sea
surface temperatures alone to describe the global distri-
bution of mangroves conceals the important, ubiquitous,
and more direct physiological roles of air temperature
and rainfall regimes. Here we show that sea surface tem-
peratures are correlated to (1) winter air temperature
minima within range limits that are governed by air tem-
peratures and (2) rainfall within range limits that are gov-
erned by precipitation (Fig. 5). Note that many of these

relationships have an asymptote near the 20°C sea surface
temperature isotherm and that the start of those asymp-
totes are relatively close to the range-specific climatic
thresholds identified here. There is no doubt that sea tem-
peratures play an important role and affect mangroves by
modulating air temperatures, soil temperatures, and
rainfall regimes. The range-limit-specific correlations
between sea surface temperatures and minimum temper-
ature or mean annual precipitation are striking (Fig. 5).
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However, from a physiological perspective, winter air 2009, Lovelock et al. 2016). Although sea surface temper-
temperature and rainfall regimes are more directly ature may be a valuable global-scale surrogate variable
relevant climatic variables in many range limits (Lot- under some situations, direct consideration and investi-
Helgueras et al. 1975, Lugo and Patterson-Zucca 1977, gation of the role of air temperatures and rainfall regimes
Saenger 2002, Méndez-Alonzo et al. 2008, Ross et al.  will improve our mechanistic understanding of mangrove
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responses to climate change. Rather than focusing solely
on sea temperatures, we recommend that discussions of
the drivers of the global distribution, structure, and
diversity of mangrove forests should also highlight and
better elucidate the important and direct role of winter air
temperature and rainfall regimes.

The role of winter air temperature extremes

Mangrove ecologists have long recognized the impor-
tance of winter air temperature regimes (Davis 1940,
Chapman 1975, West 1977, Smith and Duke 1987,
Woodroffe and Grindrod 1991, Saenger 2002). All man-
grove species are sensitive to some level of chilling and/or
freezing stress, which can result in reduced metabolic

The range-limit-specific relationships between mangrove plant species richness and minimum air temperatures. 7

rates, reduced reproductive success, reduced growth, loss
of aboveground biomass, and, in extreme cases, mor-
tality (Stuart et al. 2007, Ross et al. 2009, Lovelock et al.
2016). Because relevant air temperature data have histor-
ically been difficult to obtain across large spatial scales,
many of the initial global- and regional-scale analyses of
the influence of air temperature used latitude as a sur-
rogate variable (reviewed by Alongi 2009, Twilley and
Day 2012). For example, Duke (19905) characterized the
relationships between latitude, air temperatures, and
reproductive success. Twilley et al. (1992) showed that
there was a negative relationship between latitude and
mangrove abundance, biomass, productivity, and carbon
storage. Saenger and Snedaker (1993) quantified the neg-
ative relationship between latitude and mangrove
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biomass and productivity. Ellison (2002) identified a neg-
ative relationship between latitude and mangrove plant
species richness, and Bouillon et al. (2008) used addi-
tional data to update the relationship between latitude
and productivity. Collectively, these examples reflect a
long history in the literature of using latitude as a sur-
rogate for air temperature.

In the last several years, the quality and accessibility of
global-scale air temperature and ecological data have
been improving, which has provided opportunities to
better quantify climate-mangrove linkages. At the global
scale, there have been several recent studies that have
directly included air temperature regimes in models of
mangrove distribution (Quisthoudt et al. 2012, Record
et al. 2013), biomass (Hutchison et al. 2014, Rovai et al.
2016), and soil carbon stocks (Jardine and Siikamaki
2014). All of these studies show that air temperatures are
important; however, global-scale data of air temperature
extremes are currently more difficult to obtain than data
of monthly mean temperatures (Donat et al. 2013), and
all of these studies utilize temperature variables based
upon means (e.g., monthly means) rather than extremes
(e.g., temperature associated with extreme freeze events;
absolute minimum air temperatures).

Our analyses of station-based data near range limits
across the world (Fig. 6) illustrate the importance of
considering extremes rather than just means for under-
standing mangrove range limitation. These station-based
analyses provide us with an estimate of relevant minimum
temperature thresholds within each range limit (i.e., the
Min in each panel of Fig. 6) and they also highlight dif-
ferences between extreme and mean temperatures. In
some range limits (e.g., eastern North America, western
Gulf of Mexico, and ecastern Asia), the differences
between typical and extreme winter temperatures are
especially large (i.e., the Dif in Fig. 6a, b, k). In other
range limits (e.g., eastern Australia, New Zealand), the
differences between means and extremes are lower. Such

The range-limit-specific relationships between mangrove plant species richness and mean annual precipitation.

differences in the role of extremes vs. means can affect
mangrove plant traits and physiological processes (e.g.,
xylem diameter, vascular embolism, water transport,
growth rates, vulnerability to freezing; Markley et al.
1982, Madrid et al. 2014, Cook-Patton et al. 2015). For
example, in a comparison of Avicennia species from
North America and Australia (4. germinans and
A. marina, respectively), Stuart et al. (2007) hypothesized
that, despite colder extremes in North America, the typi-
cally mild winters in the region result in larger xylem
vessel diameters, more rapid growth, and earlier repro-
duction; in contrast, the consistently cooler, but less
extreme, typical winters in Australia result in smaller
xylem vessel diameters, slower growth, and low repro-
duction success (see also Duke 19905).

Using data for eastern North America, several recent
studies have quantified the importance of winter air
temperature extremes in governing regional-scale
mangrove distribution and structure (Osland et al. 2013,
2015, 2016, 2017, Cavanaugh et al. 2014, 2015; Gabler
et al.,, 2017). These studies have demonstrated the
potential to identify ecological thresholds via analyses
that incorporate variables based upon absolute
minimum air temperatures. From a physiological
perspective, winter air temperature extremes can be very
important for mangroves, and we recommend that,
where appropriate and feasible, global-scale models of
mangrove structure and function should incorporate air
temperature variables that are reflective of minimum
temperatures associated with extreme freezing and/or
chilling events that may occur only once every few years
or decades. Our station-based analyses show that the
amount of time needed to characterize these extremes
(i.e., years or decades) is range limit specific.

To characterize the role of temperature extremes in this
study, we used the absolute minimum daily air temper-
ature (i.e., the coldest daily air temperature that occurred
across a recent multi-decadal period), which has been
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identified as a valuable metric for identifying regional-
scale thresholds (Osland et al. 2013, 2016, 2017). At the
global scale, we identified a sigmoidal relationship
between minimum temperature and mangrove abun-
dance. Within the two biogeographic zones (i.e., IWP
and AEP), we identified similar relationships between
minimum temperature and mangrove plant species
richness. Despite these highly significant global relation-
ships, the global-scale thresholds were not as meaningful
at the range limit scale due to range-limit-dependent dif-
ferences in winter temperature regimes and the role of
extremes (e.g., the differences noted in Fig. 6). Hence, our
most meaningful results are from the range-limit-specific
analyses. Based on the literature, we identified 10 range
limits where we expected that winter temperatures affect
mangroves (Table 1). In four of these ten range limits
(i.e., eastern North America, eastern Australia, New
Zealand, and eastern Asia), we identified minimum
temperature-based ecological thresholds. Eastern North
America stands out as having the coldest thresholds, in
the world, for mangrove presence, abundance, and
richness. At the eastern North America range limit,
typical winter air temperatures are relatively mild;
however, the extreme freeze events that occur in eastern
North America are much colder than any other man-
grove range limit (Fig. 6). The threshold in eastern North
America for mangrove presence was at least 4.5°C colder
than those identified for eastern Australia, New Zealand,
and eastern Asia.

Based on known physiological tolerances of mangrove
species, the identified temperature thresholds in 2 of the
10 temperature-affected range limits (i.e., eastern South
America and southeast Africa) were higher than expected,
and we suspect that mangroves in these regions are not at
their physiological temperature limit, perhaps due to dis-
persal limitations and/or habitat availability constraints
(i.e., lack of available habitat for mangrove establishment
beyond and near their current southern range limit;
Schaeffer-Novelli et al. 1990, Adams et al. 2004, Soares
et al. 2012, Quisthoudt et al. 2013, Ximenes et al. 2016;
Naidoo, 2016). We presume that the physiological
thresholds for mangrove presence, abundance, and
richness in these two range limits are likely lower than
identified here. In eastern Australia, the southern limit of
mangroves is also constrained by dispersal limitations as
easterly currents through Bass Strait prevent propagules
from reaching Tasmania (Saintilan et al. 2014). Hence, it
is possible that the physiological temperature thresholds
for A. marina individuals near the eastern Australian
range limit are also lower than identified in our analyses.
Quisthoudtet al. (2012) and Saintilan et al. (2014) provide
valuable discussions of partial range filing that is caused
by dispersal constraints and lack of available habitat.

Of the nine range limits where we hypothesized that
temperature is an important climatic driver (Table 1),
there are interesting differences between limits in the
northern and southern hemispheres. As mentioned, dis-
persal constraints and lack of potential habitat are
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particularly common in the southern range limits. Several
southern hemisphere range limits occur on wave-
dominated coasts where intermittently closed estuary
entrances (Roy et al. 2001, Haines et al. 2006) greatly
influence mangrove dispersal and performance. For
example, in eastern Australia and southeast Africa, the
closure of estuary entrances can prevent mangrove prop-
agule entrance or result in mangrove mortality after
closure due to inappropriate hydrologic regimes
(Rajkaran et al. 2009, Quisthoudt et al. 2013). In general,
temperature extremes in the northern hemisphere range
limits (i.e., eastern North America, western Gulf of
Mexico, western North America, and East Asia) are
colder than in the southern hemisphere (i.e., New
Zealand, eastern Australia, western Australia, and
eastern South America) (Fig. 6). Near northern hemi-
sphere range limits, mangroves can be affected by cold
polar air, which travels across land in North America or
Asia. In contrast, range limits in the southern hemisphere
are buffered by large expanses of ocean that lessen the
intensity of extremes.

In four range limits (i.e., western Gulf of Mexico,
western North America, Middle East, and western
Australia), we expect that precipitation and minimum air
temperatures both affect mangrove distribution, abun-
dance, and species richness. This expectation is based on
(1) our literature review (i.e., the references in Table 1 for
these range limits), (2) our analyses of the gridded and
station-based climate data, and (3) the identified man-
grove physiological thresholds from other range limits.
The literature from these four range limits contains
reports of mangrove stress due to hypersaline conditions
and/or freezing temperatures (Table 1). The station-
based data for these four range limits (Fig. 6) indicate
that air temperature extremes are low enough to cause
freezing and/or chilling stress. In all four of these range
limits, we were able to identify ecologically meaningful
precipitation thresholds because low rainfall precedes
low temperatures. Moving in a poleward direction in all
four of these range limits, low precipitation begins to
affect mangroves before low temperatures. These con-
comitant gradients prevented us from quantifying tem-
perature-mangrove relationships and thresholds. We
suspect that, for these four range limits, low rainfall and
hypersaline conditions are more regionally important cli-
matic drivers than winter temperature regimes. However,
low temperatures play an important role in certain por-
tions of each of these four range limits. In areas where
local hydrologic factors lead to local reductions in
salinity, minimum temperatures would be expected to
influence mangrove presence and abundance. For
example, this scenario occurs near tidal inlets of the
Laguna Madre system of the western Gulf of Mexico
(Sherrod and McMillan 1981) and areas with local
groundwater inputs in northwestern Australia (Semeniuk
1983). The station-based minimum temperatures from
these range limits (i.e., the Min values in Fig. 6) in com-
bination with observations from the literature (Table 1)
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can be used to estimate temperature thresholds within
these four range limits.

Since mangroves can establish and persist in physically
stressful environments before they become abundant or
species rich, we expected that temperature-based
thresholds would be lower for mangrove presence than
for abundance and/or species richness (Fig. 1). However,
this pattern was not always reflected in our results. While
the identified temperature-based thresholds for presence,
abundance, and richness were relatively close within
range limits, there were five cases out of 12 where the
range-limit-specific threshold for abundance or species
richness was higher than for presence. We expect that this
variation is likely due to poor data resolution in certain
regions, and we anticipate that future analyses will be
improved by better climate and ecological data. The Giri
et al. (2011) and Spalding et al. (2010) mangrove distri-
bution data sets only capture relatively dense stands of
mangroves; presence of individual mangrove plants
beyond the range of abundant populations is simply
unknown or not mapped in many areas. In addition to
improvements from higher-resolution mangrove data,
we expect that future analyses will benefit from the incor-
poration of a potential tidal saline wetland habitat metric
(sensu Osland et al. 2013, 2014). The ability to quantify
the total tidal saline wetland coverage (i.e., salt marshes,
mangrove forests, and salt flats, collectively) as well as the
coverage of these individual habitats would greatly
improve our ability to characterize the ecological role of
climatic drivers. For example, in the southeastern United
States, Osland et al. (2013) was able to identify mangrove
dominance thresholds by quantifying the relative contri-
bution of salt marsh and mangrove forests to the total
tidal saline wetland area within a cell. Similarly, in the
northwestern Gulf of Mexico, Osland et al. (2014) used
salt flat and vegetated wetland data together to quantify
precipitation-based thresholds for wetland plant cov-
erage. In the future, we expect that the analyses presented
here will be greatly improved via the incorporation of
global-scale mangrove, salt marsh, salt flat, and total
tidal saline wetland area data. Higher resolution and
more spatially consistent minimum air temperature data
will also augment these analyses.

Our presence and abundance analyses group all man-
grove species into a single mangrove forest category.
However, we know that there is tremendous species-
specific variation in sensitivity to freezing and/or chilling
(Clough 1992, Lovelock et al. 2016). For example, in
eastern North America and the rest of the AEP biogeo-
graphic zone, A. germinans is more freeze-tolerant than
R. mangle and L. racemosa (Ross et al. 2009, Day et al.
2013, Cavanaugh et al. 2015). In the IWP biogeographic
zone, A. marina and Kandelia obovata are among the
most freeze-tolerant species. The temperature thresholds
for these freeze-tolerant species would be much lower
than for tropical mangrove species that are sensitive to
chilling stress (e.g., Lumnitzera littorea, Nypa fruticans,
R. apiculata; Lovelock et al. 2016). Species-specific
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thresholds could likely be quantified and compared using
the Polidoro et al. (2010) mangrove species distribution
data. In addition to inter-species specific variation, intra-
species specific variation is also known to be important
(Tomlinson 1986, Duke 1990a); individuals from dif-
ferent climatic regimes possess different plant traits and
physiological adaptations for freeze tolerance (McMillan
and Sherrod 1986, Stuart et al. 2007, Madrid et al. 2014,
Cook-Patton et al. 2015).

The role of precipitation

In terrestrial ecosystems, rainfall governs many eco-
logical transitions between biomes and ecosystems (e.g.,
transitions between terrestrial forested, grasslands, and
desert ecosystems) (Holdridge 1967, Whittaker 1970,
Staver et al. 2011). Rainfall plays a similarly important
role in mangrove forests and other coastal wetlands.
Lack of rainfall and freshwater inputs can lead to the
accumulation of oceanic salts and the development of
hypersaline conditions, which are physiologically
stressful to mangroves and other tidal saline wetland
plants (Ball 1988, Diop et al. 1997, Eslami-Andargoli
et al. 2009, Reef and Lovelock 2014, Lovelock et al.
2016). Hypersaline conditions that exceed mangrove
plant physiological thresholds are especially common
along arid and semiarid coasts, and mangrove ecologists
have long noted the influence of low rainfall and high
salinity upon mangrove forest distribution, abundance,
and species richness (Davis 1940, Cintrén et al. 1978,
Semeniuk 1983, 2013, Saintilan et al. 2009, Asbridge
et al. 2015). Saenger (2002) and Spalding et al. (2010)
provide detailed global-scale observations regarding the
influence of rainfall on mangrove biogeography. Bucher
and Saenger (1994) quantified the relationship between
mean annual rainfall and mangrove abundance in
Australia. In the northwestern Gulf of Mexico, there is
also a strong relationship between rainfall and the abun-
dance of tidal saline wetland plants (i.e., salt marsh and
mangrove plants; Longley 1994, Montagna et al. 2007,
Osland et al. 2014, 2016; Gabler et al., 2017). In general,
as rainfall and freshwater inputs decrease, salinities
increase and salt flats (i.e., hypersaline areas without
plant coverage) become more abundant. In the last
several years, precipitation has been included in global-
scale models of mangrove biomass (Hutchison et al.
2014, Rovai et al. 2016), distribution (Record et al. 2013),
and soil carbon (Jardine and Siikamiki 2014). All of
these studies show that precipitation plays an important
role at the global scale for these ecological attributes.

With regard to the role of precipitation, our aim in this
study was to quantify the influence of rainfall on the dis-
tribution, abundance, and species richness of mangrove
forests at global and range-limit-specific scales. At the
global scale, we show that rainfall controls the abun-
dance of mangrove forests. We identify a sigmoidal rela-
tionship between annual precipitation and the abundance
of mangrove forests. The global-scale precipitation-based
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threshold for mangrove abundance was 0.78 m rainfall
per year. Within the two biogeographic zones (i.e., IWP
and AEP), we identified a sigmoidal relationship between
precipitation and mangrove plant species richness. The
precipitation-based species richness thresholds within
these two biogeographic zones were 1.48 and 1.36 m
rainfall per year, respectively. We identified eight range
limits where, based on information in the literature, we
expected that precipitation gradients play an important
role. We characterized the relationships between precipi-
tation and mangrove presence or species richness within
each of these eight range limits. The range-limit-specific
precipitation-based thresholds for mangrove presence
and species richness ranged from 0.32 to 1.34 m of rainfall
per year. The variation in these range-limit-dependent
thresholds is likely influenced by many factors and pro-
cesses including topography, seasonality of rainfall
inputs, tidal connectivity, tidal range, temperature, evap-
otranspiration, and, importantly, the spatial and tem-
poral distribution of ground and surface freshwater
inputs. The range-limit-specific thresholds correspond
fairly well with the global-scale thresholds identified here
as well as results and observations from previous studies
(e.g., Semeniuk 1983, Bucher and Saenger 1994, Longley
1994, Montagna et al. 2007, Osland et al. 2014; Gabler
et al., 2017). We hypothesized that precipitation-based
thresholds would be lower for mangrove presence than
for abundance and/or species richness (Fig. 1), and this
pattern was present in six of the eight range limits. The
absence of this pattern in certain areas is likely due to
poor climate and/or mangrove data resolution. Global-
scale climate and ecological data are improving rapidly,
and we expect that our analyses will be improved in the
near future.
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Conclusions and climate change implications

Due to their position at the land-sea interface, man-
grove forests are sensitive to many different aspects of
climate change (Woodroffe and Grindrod 1991, McKee
et al. 2012, Saintilan et al. 2014, Alongi 2015, Asbridge
et al. 2015, Ward et al. 2016). Although ecologists have
long recognized that temperature and rainfall regimes
control the global distribution, abundance, and species
richness of mangrove forests, these relationships have not
been well quantified at the global scale due primarily to
data constraints. In this study, we used the best available
data to quantify climate-mangrove linkages at the global
scale as well as within 14 regions that contained a man-
grove range limit. Our findings provide quantitative
support for the insightful observations provided by
earlier mangrove ecologists working in different regions
of the world (i.e., our analyses support the hypotheses
presented in Table 1). Our global analyses reveal strong
linkages between climatic drivers and mangrove distri-
bution, abundance, and species richness. However, our
most interesting and meaningful results are from the
range-limit-specific analyses. Climatic thresholds for
mangrove presence, abundance, and species richness
were range-limit specific. These thresholds and relation-
ships provide a foundation for better understanding the
effects of climate change on mangrove forests. Our results
identify regions of the world where the distribution,
abundance, and species richness of mangrove forests are
likely to be affected by climate change (Fig. 12). In
general, warmer winter temperatures are expected to
allow mangroves to expand poleward in wetter regions of
the world. However, dispersal and habitat availability
constraints may hinder expansion near certain range
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T: Warmer winter temperatures lead to mangrove expansion
PZ Changes in precipitation lead to mangrove expansion and/or contraction
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F1G. 12. Regions where the distribution, abundance, and species richness of mangrove forests are likely to be affected by climate
change (specifically, changing air temperature and rainfall regimes).
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limits (e.g., eastern South America, southeast Africa,
eastern Australia). Along arid and semiarid coastlines,
decreases and/or increases in freshwater availability
are expected to lead to mangrove contraction or exp-
ansion, respectively. Collectively, our analyses improve
our understanding of the influence of climatic drivers and
climate change upon the distribution, abundance, and
species richness of mangrove forests.

ACKNOWLEDGMENTS

This research was partially supported by the USGS
Ecosystems Mission Area, the USGS Climate and Land Use
Change R&D Program, the Department of Interior South
Central Climate Science Center, the Department of Interior
Southeast Climate Science Center, the EPA Gulf of Mexico
Program, the USGS Greater Everglades Priority Ecosystems
Science Program, and the USGS Wetland and Aquatic Research
Center. We thank Samantha Chapman, Don Cahoon, and two
anonymous reviewers for their thoughtful comments on a previ-
ous version of this manuscript. M. J. Osland and J. B. Grace
were supported by the USGS Ecosystems and Climate and
Land Use Change Programs. Any use of trade, firm, or product
names is for descriptive purposes only and does not imply en-
dorsement by the U.S. Government. This manuscript is submit-
ted for publication with the understanding that the U.S.
Government is authorized to reproduce and distribute reprints
for Governmental purposes.

LITERATURE CITED

Adams, J. B., B. M. Colloty, and G. C. Bate. 2004. The distri-
bution and state of mangroves along the coast of Transkei,
Eastern Cape Province, South Africa. Wetlands Ecology and
Management 12:531-541.

Alongi, D. M. 2009. The energetics of mangrove forests.
Springer, New York, New York, USA.

Alongi, D. M. 2015. The impact of climate change on mangrove
forests. Current Climate Change Reports 1:30-39.

Armitage, A. R., W. E. Highfield, S. D. Brody, and P. Louch-
ouarn. 2015. The contribution of mangrove expansion to salt
marsh loss on the Texas Gulf Coast. PLoS ONE 10:¢0125404.

Asbridge, E., R. Lucas, A. Accad, and R. Dowling. 2015.
Mangrove response to environmental changes predicted
under varying climates: case studies from Australia. Current
Forestry Reports 1:178-194.

Ball, M. C. 1988. Ecophysiology of mangroves. Trees 2:
129-142.

Barbier, E. B., S. D. Hacker, C. Kennedy, E. W. Koch, A. C.
Stier, and B. R. Silliman. 2011. The value of estuarine and
coastal ecosystem services. Ecological Monographs 81:
169-193.

Bouillon, S., et al. 2008. Mangrove production and carbon
sinks: a revision of global budget estimates. Global Bio-
geochemical Cycles 22:GB2013.

Bucher, D., and P. Saenger. 1994. A classification of tropical
and subtropical Australian estuaries. Aquatic Conservation:
Marine and Freshwater Ecosystems 4:1-19.

Cavanaugh, K. C., J. R. Kellner, A. J. Forde, D. S. Gruner,
J. D. Parker, W. Rodriguez, and I. C. Feller. 2014. Poleward
expansion of mangroves is a threshold response to decreased
frequency of extreme cold events. Proceedings of the National
Academy of Sciences USA 111:723-727.

Cavanaugh, K. C., J. D. Parker, S. C. Cook-Patton, I. C. Feller,
A. P. Williams, and J. R. Kellner. 2015. Integrating physio-
logical threshold experiments with climate modeling to

Ecological Monographs
Vol. 0, No. 0

project mangrove species’ range expansion. Global Change
Biology 21:1928-1938.

Chapman, V. J. 1975. Mangrove biogeography. Proceedings of
the International Symposium on Biology and Management
of Mangroves 1:3-22.

Chen, L. Z., et al. 2010. Damage to mangroves from extreme
cold in early 2008 in southern China. Journal of Plant Ecology
(Chinese Version) 34:186-194.

Churkina, G., and S. W. Running. 1998. Contrasting climatic
controls on the estimated productivity of global terrestrial bi-
omes. Ecosystems 1:206-215.

Cintrén, G., A. E. Lugo, D. J. Pool, and G. Morris. 1978.
Mangroves of arid environments in Puerto Rico and adjacent
islands. Biotropica 10:110-121.

Clough, B. F. 1992. Primary productivity and growth of
mangrove forests. Pages 225-249 in A. 1. Robertson and
D. M. Alongi, editors. Tropical mangrove ecosystems.
American Geophysical Union, Washington, D.C., USA.

Cook-Patton, S. C., M. Lehmann, and J. D. Parker. 2015.
Convergence of three mangrove species towards freeze-
tolerant phenotypes at an expanding range edge. Functional
Ecology 29:1332-1340.

Costanza, R., R. de Groot, P. Sutton, S. van der Ploeg, S. J.
Anderson, I. Kubiszewski, S. Farber, and R. K. Turner. 2014.
Changes in the global value of ecosystem services. Global
Environmental Change 26:152-158.

Daly, C., M. Halbleib, J. I. Smith, W. P. Gibson, M. K. Doggett,
G. H. Taylor, J. Curtis, and P. P. Pasteris. 2008.
Physiographically sensitive mapping of climatological tem-
perature and precipitation across the conterminous United
States. International Journal of Climatology 28:2031-2064.

Davis, J. H. 1940. The ecology and geologic role of mangroves
in Florida. Carnegie Institute of Washington Publications.
Papers from Tortugas Laboratory 32:303-412.

Day, J. W., A. Yanez-Arancibia, J. H. Cowan, R. H. Day, R. R.
Twilley, and J. R. Rybczyk. 2013. Global climate change
impacts on coastal ecosystems in the Gulf of Mexico: consid-
erations for integrated coastal management. Pages 253-271 in
J. W. Day and A. Yaifiez-Arancibia, editors. Gulf of Mexico
Origin, Waters, and Biota Volume 4: Ecosystem-based
Management. Texas A&M University Press, College Station.

Diop, E. S., A. Soumare, N. Diallo, and A. Guisse. 1997. Recent
changes of the mangroves of the Saloum River Estuary,
Senegal. Mangroves and Salt Marshes 1:163-172.

Donat, M. G., et al. 2013. Updated analyses of temperature and
precipitation extreme indices since the beginning of the twen-
tieth century: the HadEX2 dataset. Journal of Geophysical
Research: Atmospheres 118:2098-2118.

Duke, N. C. 1990a. Morphological variation in the mangrove
genus Avicennia in Australasia: systematic and ecological
considerations. Australian Systematic Botany 3:221-239.

Duke, N. C. 1990b. Phenological trends with latitude in the
mangrove tree Avicennia marina. Journal of Ecology 78:
113-133.

Duke, N. C. 1992. Mangrove floristics and biogeography. Pages
63-100 in A. I. Robertson and D. M. Along, editors. Tropical
mangrove ecosystems. American Geophysical Union,
Washington, D.C., USA.

Duke, N. C. 2006. Australia’s mangroves. The authoritative guide
to Australia’s mangrove plants. University of Queensland,
Brisbane, Queensland, Australia.

Duke, N. C., M. C. Ball, and J. C. Ellison. 1998. Factors influ-
encing biodiversity and distributional gradients in mangroves.
Global Ecology and Biogeography Letters 7:27-47.

Dunne, J. A., S. R. Saleska, M. L. Fischer, and J. Harte. 2004.
Integrating experimental and gradient methods in ecological
climate change research. Ecology 85:904-916.



XXX 2016

Elith,J., and J. R. Leathwick. 2009. Species distribution models:
ecological explanation and prediction across space and time.
Annual Review of Ecology, Evolution, and Systematics
40:677-697.

Ellison, A. M. 2002. Macroecology of mangroves: large-scale
patterns and processes in tropical coastal forests. Trees 16:
181-194.

Ellison, A. M., E. J. Farnsworth, and R. E. Merkt. 1999.
Origins of mangrove ecosystems and the mangrove biodi-
versity anomaly. Global Ecology and Biogeography 8:
95-115.

Eslami-Andargoli, L., P. Dale, N. Sipe, and J. Chaseling. 2009.
Mangrove expansion and rainfall patterns in Moreton Bay,
southeast Queensland, Australia. Estuarine, Coastal and
Shelf Science 85:292-298.

Ewel, K. C., R. R. Twilley, and J. E. Ong. 1998. Different kinds
of mangrove forests provide different goods and services.
Global Ecology and Biogeography Letters 7:83-94.

Felger, R. S., M. B. Johnson, and M. F. Wilson. 2001. The trees
of Sonora, Mexico. Oxford University Press, New York, New
York, USA.

Gabler, C. A., M. J. Osland, J. B. Grace, C. L. Stagg, R. H.
Day, S. B. Hartley, N. M. Enwright, A. S. From, M. L.
McCoy, and J. L. McLeod. 2017. Macroclimatic change ex-
pected to transform coastal wetland ecosystems this century.
Nature Climate Change 7:142-147.

Gaston, K. J. 2009. Geographic range limits: achieving synthe-
sis. Proceedings of the Royal Society of London B: Biological
Sciences 276:1395-1406.

Giri, C., E. Ochieng, L. L. Tieszen, Z. Zhu, A. Singh,
T. Loveland, J. Masek, and N. Duke. 2011. Status and distri-
bution of mangrove forests of the world using earth observa-
tion satellite data. Global Ecology and Biogeography 20:
154-159.

Glick, P., B. A. Stein, and N. A. Edelson. 2011. Scanning the
conservation horizon: a guide to climate change vulnerability
assessment. National Wildlife Federation, Washington, D.C.,
USA.

Guisan, A., and W. Thuiller. 2005. Predicting species distribu-
tion: offering more than simple habitat models. Ecology
Letters 8:993-1009.

Haines, P. E., R. B. Tomlinson, and B. G. Thom. 2006.
Morphometric assessment of intermittently open/closed
coastal lagoons in New South Wales, Australia. Estuarine,
Coastal and Shelf Science 67:321-332.

Hijmans, R. J., S. E. Cameron, J. L. Parra, P. G. Jones, and
A. Jarvis. 2005. Very high resolution interpolated climate
surfaces for global land areas. International Journal of
Climatology 25:1965-1978.

Holdridge, L. R. 1967. Life zone ecology. Tropical Science
Center, San Jose, Costa Rica.

Hoover, D. L., A. K. Knapp, and M. D. Smith. 2014. Resistance
and resilience of a grassland ecosystem to climate extremes.
Ecology 95:2646-2656.

Hutchison, J., A. Manica, R. Swetnam, A. Balmford, and
M. Spalding. 2014. Predicting global patterns in mangrove
forest biomass. Conservation Letters 7:233-240.

IPCC. 2013. Climate change 2013: the physical science basis.
Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK.

Jardine, S. L., and J. V. Siikaméki. 2014. A global predictive
model of carbon in mangrove soils. Environmental Research
Letters 9:104013.

Jentsch, A., J. Kreyling, and C. Beierkuhnlein. 2007. A new gen-
eration of climate-change experiments: events, not trends.
Frontiers in Ecology and the Environment 5:365-374.

CLIMATIC CONTROLS ON MANGROVE FORESTS 17

Jobbagy, E. G., and R. B. Jackson. 2000. The vertical distri-
bution of soil organic carbon and its relation to climate and
vegetation. Ecological Applications 10:423-436.

Lee, S. Y., et al. 2014. Ecological role and services of tropical
mangrove ecosystems: a reassessment. Global Ecology and
Biogeography 23:726-743.

Longley, W. L. 1994. Freshwater inflows to Texas bays and
estuaries: ecological relationships and methods for deter-
mination of needs. Texas Water Development Board and
Texas Parks and Wildlife Department, Austin, Texas, USA.

Lot-Helgueras, A., C. Vazquez-Yanes, and F. Menéndez. 1975.
Physiognomic and floristic changes near the northern limit of
mangroves in the Gulf Coast of Mexico. Pages 52-61 in G. E.
Walsh, S. C. Snedaker, and H. J. Teas, editors. Proceedings of
the International Symposium on Biology and Management
of Mangroves. Institute of Food and Agricultural Sciences,
University of Florida, Gainesville, Florida, USA.

Lovelock, C. E., K. W. Krauss, M. J. Osland, R. Reef, and
M. C. Ball. 2016. The physiology of mangrove trees with
changing climate. Pages 149-179 in G. Goldstein and L. S.
Santiago, editors. Tropical tree physiology: adaptations and
responses in a changing environment. Springer, New York,
New York, USA.

Lugo, A. E., and C. Patterson-Zucca. 1977. The impact of low
temperature stress on mangrove structure and growth.
Tropical Ecology 18:149-161.

Lugo, A. E., and S. C. Snedaker. 1974. The ecology of
mangroves. Annual Review of Ecology and Systematics 5:
39-64.

Macnae, W. 1963. Mangrove swamps in South Africa. Journal
of Ecology 51:1-25.

Madrid, E. N., A. R. Armitage, and J. Lopez-Portillo. 2014.
Avicennia germinans (black mangrove) vessel architecture is
linked to chilling and salinity tolerance in the Gulf of Mexico.
Frontiers in Plant Science 5:503.

Markley, J. L., C. McMillan, and G. A. Thompson Jr. 1982.
Latitudinal differentiation in response to chilling tempera-
tures among populations of three mangroves, Avicennia
germinans, Laguncularia racemosa, and Rhizophora mangle,
from the western tropical Atlantic and Pacific Panama.
Canadian Journal of Botany 60:2704-2715.

Maurer, E. P., J. C. Adam, and A. W. Wood. 2009. Climate
model based consensus on the hydrologic impacts of climate
change to the Rio Lempa basin of Central America.
Hydrology and Earth System Sciences 13:183-194.

McCoy, E. D., and K. L. Heck. 1976. Biogeography of corals,
seagrasses, and mangroves: an alternative to the center of or-
igin concept. Systematic Zoology 25:201-210.

McKee, K., K. Rogers, and N. Saintilan. 2012. Response of salt
marsh and mangrove wetlands to changes in atmospheric
CO,, climate, and sea level. Pages 63-96 in B. A. Middleton,
editor. Global change and the function and distribution of
wetlands: global change ecology and wetlands. Springer,
Dordrecht, The Netherlands.

McMillan, C., and C. L. Sherrod. 1986. The chilling tolerance of
black mangrove, Avicennia germinans, from the Gulf of
Mexico coast of Texas, Louisiana and Florida. Contributions
in Marine Science 29:9-16.

Méndez-Alonzo, R., J. Lopez-Portillo, and V. H. Rivera-
Monroy. 2008. Latitudinal variation in leaf and tree traits of
the mangrove Avicennia germinans (Avicenniaceae) in the
central region of the Gulf of Mexico. Biotropica 40:449-456.

Montagna, P. A., J. Brenner, J. Gibeaut, and S. Morehead.
2011. Coastal impacts. Pages 96-123 in J. Schmandt, G. R.
North, and J. Clarkson, editors. The impact of global warm-
ing on Texas. Second edition. University of Texas Press,
Austin, Texas, USA.



18 MICHAEL J. OSLAND ET AL.

Montagna, P. A., J. C. Gibeaut, and J. W. Tunnell Jr. 2007.
South Texas climate 2100: coastal impacts. Pages 57-77 in
J. Norwine and K. John, editors. The changing climate of
South Texas 1900-2100: problems and prospects, impacts and
implications. CREST-RESSACA. Texas A&M University,
Kingsville, Texas, USA.

Morrisey, D. J., A. Swales, S. Dittmann, M. A. Morrison, C. E.
Lovelock, and C. M. Beard. 2010. The ecology and manage-
ment of temperate mangroves. Oceanography and Marine
Biology: An Annual Review 48:43-160.

Naidoo, G. 2016. The mangroves of South Africa: an
ecophysiological review. South African Journal of Botany
107:101-113.

Osland, M. J., R. H. Day, A. S. From, M. L. McCoy, J. L.
McLeod, and J. J. Kelleway. 2015. Life stage influences the
resistance and resilience of black mangrove forests to winter
climate extremes. Ecosphere 6:art160.

Osland, M. J., R. H. Day, C. T. Hall, M. D. Brumfield, J. L.
Dugas, and W. R. Jones. 2017. Mangrove expansion and
contraction at a poleward range limit: climate extremes and
land-ocean temperature gradients. Ecology 98:125-137.

Osland, M. J., N. Enwright, R. H. Day, and T. W. Doyle. 2013.
Winter climate change and coastal wetland foundation
species: salt marshes vs. mangrove forests in the southeastern
United States. Global Change Biology 19:1482-1494.

Osland, M. J., N. M. Enwright, R. H. Day, C. A. Gabler, C. L.
Stagg, and J. B. Grace. 2016. Beyond just sea-level rise:
considering macroclimatic drivers within coastal wetland
vulnerability assessments to climate change. Global Change
Biology 22:1-11.

Osland, M. J., N. Enwright, and C. L. Stagg. 2014. Freshwater
availability and coastal wetland foundation species: ecological
transitions along a rainfall gradient. Ecology 95:2789-2802.

Polidoro, B. A., et al. 2010. The loss of species: mangrove ex-
tinction risk and geographic areas of global concern. PLoS
ONE 5:¢10095.

Quisthoudt, K., J. Adams, A. Rajkaran, F. Dahdouh-Guebas,
N. Koedam, and C. F. Randin. 2013. Disentangling the ef-
fects of global climate and regional land-use change on the
current and future distribution of mangroves in South Africa.
Biodiversity and Conservation 22:1369-1390.

Quisthoudt, K., N. Schmitz, C. F. Randin, F. Dahdouh-
Guebas, E. M. R. Robert, and N. Koedam. 2012. Temperature
variation among mangrove latitudinal range limits world-
wide. Trees 26:1919-1931.

Rajkaran, A., J. Adams, and R. Taylor. 2009. Historic and re-
cent (2006) state of mangroves in small estuaries from Mlalazi
to Mtamvuna in KwaZulu-Natal, South Africa. Southern
Forests 71:287-296.

Record, S., N. D. Charney, R. M. Zakaria, and A. M. Ellison.
2013. Projecting global mangrove species and community dis-
tributions under climate change. Ecosphere 4:art34.

Reef, R., and C. E. Lovelock. 2014. Regulation of water balance
in mangroves. Annals of Botany 115:385-395. https://doi.
org/10.1093/aob/mcul74

Reuter, H. I., A. Nelson, and A. Jarvis. 2007. An evaluation of
void-filling interpolation methods for SRTM data. Inter-
national Journal of Geographic Information Science 21:
983-1008.

R Core Team. 2016. R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna, Austria.

Ricklefs, R. E., and R. E. Latham. 1993. Global patterns of
diversity in mangrove floras. Pages 215-229 in R. E. Ricklefs
and D. Schluter, editors. Species diversity in ecological
communities: historical and geographical perspectives.
University of Chicago Press, Chicago, Illinois, USA.

Ecological Monographs
Vol. 0, No. 0

Ricklefs, R. E., A. E. Schwarzbach, and S. S. Renner. 2006. Rate
of lineage origin explains the diversity anomaly in the world’s
mangrove vegetation. American Naturalist 168:805-810.

Ross, M. S., P. L. Ruiz, J. P. Sah, and E. J. Hanan. 2009.
Chilling damage in a changing climate in coastal landscapes
of the subtropical zone: a case study from south Florida.
Global Change Biology 15:1817-1832.

Rovai, A. S., et al. 2016. Scaling mangrove aboveground
biomass from site-level to continental-scale. Global Ecology
and Biogeography 25:286-298.

Roy, P. S., R. J. Williams, A. R. Jones, I. Yassini, P. J. Gibbs,
B. Coates, R. J. West, P. R. Scanes, J. P. Hudson, and
S. Nichol. 2001. Structure and function of south-east
Australian estuaries. Estuarine, Coastal and Shelf Science
53:351-384.

Saenger, P. 2002. Mangrove ecology, silviculture and conserva-
tion. Kluwer Academic Publishers, Dordrecht, The Netherlands.

Saenger, P., and S. C. Snedaker. 1993. Pantropical trends in
mangrove above-ground biomass and annual litterfall.
Occologia 96:293-299.

Saintilan, N., K. Rogers, and K. McKee. 2009. Salt marsh-
mangrove interactions in Australia and the Americas. Pages
855-883 in G. M. E. Perillo, E. Wolanski, D. R. Cahoon, and
M. M. Brinson, editors. Coastal wetlands: an integrated
ecosystem approach. Elsevier, Amsterdam, The Netherlands.

Saintilan, N., N. C. Wilson, K. Rogers, A. Rajkaran, and K. W.
Krauss. 2014. Mangrove expansion and salt marsh decline at
mangrove poleward limits. Global Change Biology
20:147-157.

Schaeffer-Novelli, Y., G. Cintron-Molero, R. R. Adaime, and
T. M. de Camargo. 1990. Variability of mangrove ecosystems
along the Brazilian Coast. Estuaries 13:204-218.

Semeniuk, V. 1983. Mangrove distribution in northwestern
Australia in relationship to regional and local freshwater
seepage. Vegetatio 53:11-31.

Semeniuk, V. 2013. Predicted response of coastal wetlands to
climate changes: a western Australian model. Hydrobiologia
708:23-43.

Sexton, J. P., P. J. Mclntyre, A. L. Angert, and K. J. Rice. 2009.
Evolution and ecology of species range limits. Annual Review
of Ecology, Evolution, and Systematics 40:415-436.

Sheffield, J., G. Goteti, and E. F. Wood. 2006. Development of
a 50-year high-resolution global dataset of meteorological
forcings for land surface modeling. Journal of Climate 19:
3088-3111.

Sherrod, C. L., and C. McMillan. 1981. Black mangrove,
Avicennia germinans, in Texas: past and present distribution.
Contributions in Marine Science 24:115-131.

Smith, M. D. 2011. An ecological perspective on extreme cli-
matic events: a synthetic definition and framework to guide
future research. Journal of Ecology 99:656-663.

Smith, T. J., and N. C. Duke. 1987. Physical determinants of
inter-estuary variation in mangrove species richness around
the tropical coastline of Australia. Journal of Biogeography
14:9-19.

Soares, M. L. G., G. C. D. Estrada, V. Fernandez, and M. M. P.
Tognella. 2012. Southern limit of the Western South Atlantic
mangroves: assessment of the potential effects of global
warming from a biogeographical perspective. Estuarine,
Coastal and Shelf Science 101:44-53.

Spalding, M., M. Kainuma, and L. Collins. 2010. World atlas of
mangroves. Earthscan, London, UK.

Staver, A. C., S. Archibald, and S. Levin. 2011. Tree cover in
sub-Saharan Africa: rainfall and fire constrain forest and
savanna as alternative stable states. Ecology 92:1063-1072.

Stein, B. A., P. Glick, N. Edelson, and A. Staudt. 2014.
Climate-smart conservation: putting adaptation principles


https://doi.org/10.1093/aob/mcu174
https://doi.org/10.1093/aob/mcu174

XXX 2016

into practice. National Wildlife Federation, Washington,
D.C., USA.

Stuart, S. A., B. Choat, K. C. Martin, N. M. Holbrook, and
M. C. Ball. 2007. The role of freezing in setting the latitudinal
limits of mangrove forests. New Phytologist 173:576-583.

Tomlinson, P. B. 1986. The botany of mangroves. Cambridge
University Press, New York, New York, USA.

Turner, R. M., J. E. Bowers, and T. L. Burgess. 2005. Sonoran
desert plants: an ecological atlas. University of Arizona Press,
Tucson, Arizona, USA.

Twilley, R. R., R. H. Chen, and T. Hargis. 1992. Carbon sinks
in mangroves and their implications to carbon budget of
tropical coastal ecosystems. Water, Air, and Soil Pollution
64:265-288.

Twilley, R. R., and J. W. Day. 2012. Mangrove wetlands. Pages
165-202 in J. W. Day, B. C. Crump, M. W. Kemp, and
A. Yanez-Arancibia, editors. Estuarine ecology. Second
edition. John Wiley & Sons, Hoboken, New Jersey, USA.

UNEP-WCMC. 2015. Mean annual sea surface temperature for
the period 2009-2013 created from Aqua MODIS data.
UNEP World Conservation Monitoring Centre, Cambridge,
UK. http://data.unep-wemc.org/datasets/36.

Villarreal, M. L., C. van Riper, and R. E. Petrakis. 2014.
Conflation and aggregation of spatial data improve predic-
tive models for species with limited habitats: a case of the
threatened yellow-billed cuckoo in Arizona, USA. Applied
Geography 47:57-69.

CLIMATIC CONTROLS ON MANGROVE FORESTS 19

Wang, W., S. You, Y. Wang, L. Huang, and M. Wang. 2011.
Influence of frost on nutrient resorption during leaf senes-
cence in a mangrove at its latitudinal limit of distribution.
Plant and Soil 342:105-115.

Ward, R. D., D. A. Friess, R. H. Day, and R. A. MacKenzie.
2016. Impacts of climate change on mangrove ecosystems:
a region by region overview. Ecosystem Health and Sustain-
ability 2:e012111.

West, R. C. 1977. Tidal salt-marsh and mangal formations of
Middle and South America. Pages 193-213 in V. J. Chapman,
editor. Ecosystems of the World. 1. Wet coastal ecosystems.
Elsevier, Amsterdam, The Netherlands.

Whittaker, R. H. 1960. Vegetation of the Siskiyou mountains,
Oregon and California. Ecological Monographs 30:
279-338.

Whittaker, R. H. 1970. Communities and ecosystems. The
Macmillan Company, New York, New York, USA.

Woodroffe, C. D., and J. Grindrod. 1991. Mangrove biogeogra-
phy: the role of quaternary environmental and sea-level
change. Journal of Biogeography 18:479-492.

Woodward, F. 1. 1987. Climate and plant distribution.
Cambridge University Press, Cambridge, UK.

Ximenes, A. C., E. E. Maeda, G. F. B. Arcoverde, and
F. Dahdouh-Guebas. 2016. Spatial assessment of the biocli-
matic and environmental factors driving mangrove tree
species’ distribution along the Brazilian coastline. Remote
Sensing 8:451.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version of this article at http:/onlinelibrary.wiley.com/

doi/10.1002/ecm.1248/full

DATA AVAILABILITY

Data associated with this manuscript are available on ScienceBase: https://doi.org/10.5066/F78COTDM


http://data.unep-wcmc.org/datasets/36
http://onlinelibrary.wiley.com/doi/10.1002/ecm.1248/full
http://onlinelibrary.wiley.com/doi/10.1002/ecm.1248/full

	University of Wollongong
	Research Online
	2016

	Climatic controls on the global distribution, abundance, and species richness of mangrove forests
	Michael Osland
	Laura Feher
	Kereen Griffith
	Kyle Cavanaugh
	Nicholas Enwright
	See next page for additional authors
	Publication Details

	Climatic controls on the global distribution, abundance, and species richness of mangrove forests
	Abstract
	Disciplines
	Publication Details
	Authors


	Climatic controls on the global distribution, abundance, and species richness of mangrove forests

