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Mangrove	wetlands	
~75%	of	the	world’s	tropical	coastlines	
$1.6	trillion/year	in	ecosystem	services	

Costanza	et	al.	1997.	Nature	387:	253-260	







(another	shameless	picture	of	charismaJc	megafauna)	



~60,000	tree	species	
~70	mangrove	species		
~0.1%	of	trees	are	mangroves		

‘Mangrove’	is	a	saltwater	lifestyle,	not	a	(plant)	family	



NO COLD MANGROVES 

AT/SST: Mean Monthly Winter  
        Minimums (BIOCLIM/MODIS) 



2010 cold snap in Florida 





1980s sign, Merritt Island National Wildlife Refuge 

2016 
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Regional warming associated with climate change is linked with
altered range and abundance of species and ecosystems world-
wide. However, the ecological impacts of changes in the frequency
of extreme events have not been as well documented, especially
for coastal and marine environments. We used 28 y of satellite
imagery to demonstrate that the area of mangrove forests has
doubled at the northern end of their historic range on the east
coast of Florida. This expansion is associated with a reduction in
the frequency of “extreme” cold events (days colder than −4 °C),
but uncorrelated with changes in mean annual temperature, mean
annual precipitation, and land use. Our analyses provide evidence
for a threshold response, with declining frequency of severe cold
winter events allowing for poleward expansion of mangroves.
Future warming may result in increases in mangrove cover beyond
current latitudinal limits of mangrove forests, thereby altering the
structure and function of these important coastal ecosystems.

ecological threshold | frost tolerance | Landsat | coastal wetlands

The biological impacts of climate change—temperature increases
in particular—have been documented across a large number

of terrestrial ecosystems (1). For example, increasing annual
mean temperatures are associated with shifts in the abundance
and distributions of hundreds of plant species toward higher
latitudes and elevations (2). Although most investigations into
the response of ecosystems to climate change have focused on
the impacts of gradual increases in mean temperatures, there is
growing recognition that changes in the frequency of extreme
weather events can also have profound impacts (3, 4). Thresh-
olds in the mechanisms by which individuals respond to envi-
ronmental conditions can lead to ecosystem-level nonlinear
responses, particularly when foundation species are already
close to environmental tipping points (5, 6). Recent evidence sug-
gests that several important ecosystems may soon cross such
thresholds (7). For example, CO2 concentrations of 450 ppm and
a temperature increase of +2 °C have been identified as tipping
points for mass coral bleaching and mortality (8). In rocky intertidal
systems, temperature-related thresholds are linked to increased
mortality and reproductive failure in barnacles and mussels (9, 10).
Although an increasing number of such ecological regime shifts

are predicted in future years (11), there are still surprisingly few
empirical examples of climate-related thresholds in natural sys-
tems (12, 13). In practice, identifying threshold responses on re-
gional scales is challenging because of the difficulty involved with
observing ecosystems over long enough time periods and large
spatial scales (13). In addition, covarying environmental variables
and biotic and abiotic interactions can make it difficult to isolate
the environmental factors driving threshold responses.
The “velocity” of climate-driven change appears greatest in

the coastal zone (14), a region that includes more than 70% of
the world’s population and some of our most biologically pro-
ductive ecosystems (15). Mangrove forests are among the most

ecologically and economically important of these coastal eco-
systems, providing food and habitat to a diverse array of ter-
restrial and marine species. Ecosystem services provided by
mangroves include food, nesting, and nursery grounds for com-
mercially important fish and invertebrates, wood production,
waste processing, coastal protection, and recreation (16, 17). The
value of these services has been estimated at more than $1.6
trillion per year (18). The serious threats that mangrove forests
face as a result of coastal development, aquaculture, and timber
production have been well documented (19, 20). However, our
understanding of how climate-induced changes in environmental
conditions are impacting these systems is limited relative to that
of terrestrial systems (21). This is in part because long-term
observations of changes in coastal and marine systems are rare by
comparison with those on land (1).
The historical northern limit of mangroves in eastern North

America, believed to be set by cold temperatures, is located near
30°N, just north of St. Augustine, FL (22). Salt marshes domi-
nate the more temperate climates to the north, whereas man-
groves and salt marsh coexist in an ecotone to the south (28°N to
30°N in Florida). Distribution modeling suggests the hypothesis
that mangrove–salt marsh ecotones around the world persist
near climate-related thresholds (23, 24), whereby small increases
in temperature could lead to large increases in the relative abun-
dance of mangroves and therefore in the structure and function of

Significance

Coastal mangrove forests support a diverse array of associated
species and provide ecosystem services to human communities.
Mangroves cannot tolerate extreme freezing temperatures and
so are generally limited to tropical environments. However,
climate change in the form of increasing temperatures has the
potential to facilitate increases in mangrove abundance near
tropical–temperate transition zones. Here, we use 28 y of sat-
ellite imagery to demonstrate that increases in mangrove area
have already occurred along the northeast coast of Florida.
These increases correspond to decreases in the frequency of
extreme cold events in this region. We also identify a temper-
ature-related ecological threshold of −4°C. These results sug-
gest that landscape-scale increases in mangrove area may
occur in other regions where this threshold is crossed.

Author contributions: K.C.C., J.R.K., D.S.G., J.D.P., and I.C.F. designed research; K.C.C. and
W.R. performed research; A.J.F. contributed new reagents/analytic tools; K.C.C. analyzed
data; and K.C.C., J.R.K., D.S.G., and J.D.P. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.
1To whom correspondence should be addressed. E-mail: cavanaughk@si.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1315800111/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1315800111 PNAS Early Edition | 1 of 5

EC
O
LO

G
Y

EN
VI
RO

N
M
EN

TA
L

SC
IE
N
CE

S



Mangrove	area	expanded	within	the	ecotone,	1984-2011	
Cavanaugh	et	al.	2014	PNAS	
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temperature threshold for “extreme” 
cold event 

Temperature	threshold	
<	-4oC	in	winter	=	reduced	mangrove	cover	in	summer		

2014	PNAS	



Simulated	‘freeze’	events	
-11oC,	-10,	-8,	-6,	-4	-2,	0	
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projected mangrove 
habitat 

current mangrove 
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estuarine and marine 
wetlands 

Projected	mangrove	distribuRons	in	2060	
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Georgia:	1/3	of	all	eastern	US	saltmarsh	



Expansion/contraction of mangroves and saltmarsh habitats 

Matanzas Inlet 

29°43´ 



1942 1952 1971 1980 

1995 2004 2008 2013 

Rodriguez et al. 2016 



Mangrove/marsh	oscillaRon	at	the	edge	





 
MANGROVE RANGE LIMITS ~ 



RANGE LIMITS ~ COLD WATER? 

SST: Avg Winter  
Minimums (MODIS) 
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RANGE-LIMITS ~ ARIDITY*COLD WATER? 

ARIDITY Index  
(precip/PET) 



GROWTH-CHAMBER EXPERIMENTS: 
HUMIDITY*CHILLING 
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What envt factors define mangrove ranges? 



Angola

Brazil

China
East New Zealand

East−Australia

East−Florida

Egypt (Red Sea, Africa)

IranJapan
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Mexico (East Baja)

Mexico (Gulf Coast)

Mexico (West Baja)

Peru

Saudi (Persian Gulf)

Saudi (Red Sea, Africa)

Somalia

South Africa

West New Zealand

Western Austrailia
West−Florida
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Take	Home	
1.   Range	limits	=	physiological	

limits	
2.   MulRple,	interacRng	drivers	
3.   Remote	sensing	&	ecological	

expts	both	needed	to	predict	
mangrove	response	to	climate	
change	



1947	



Fort Matanzas: ca. 1740, guards southern flank of St. 
Augustine, FL, the oldest city in the US (est. 1565) 

1970s	



2012	



Doughty et al. 2015 

•  70% increase in mangrove area 
•  12% decrease in salt marsh area 
•  6% increase in wetland area 

  2003  2010 
VEGETATION CLASS Area (ha)  Area (ha) 

Mangrove 1,516  2,555 

Salt Marsh 5,182  4,531 
        TOTAL 6,698  7,086 

2003 

2010 

Kennedy Space Center	

Land cover change analysis  
2003 vs. 2010:  

Carbon sequestration 





“Nobody loves mangroves.  
They’re stinky, they’re muddy,  

they’re not particularly nice to look at  
and really, if a few thousand hectares of mangroves died 

on a remote part of the NT coastline,  
why should we care?” 



“Nobody loves 
mangroves.  

They’re stinky, 
they’re muddy,  

they’re not 
particularly nice to 

look at...” 


