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Abstract

The extraordinary growth of human populations and development in coastal areas over the last half century has

eliminated and degraded coastal habitats and threatened the persistence of associated wildlife. Moreover,

human-induced sea-level rise (SLR) is projected to further eliminate and alter the same coastal ecosystems, especially

low-lying regions. Whereas habitat loss and wildlife population declines from development are well documented,

contemporary SLR has not yet been implicated in declines of coastal faunal populations. In addition, the projection of

severe synergistic impacts from the combination of development and SLR is well described, yet the scientific litera-

ture offers little empirical evidence of the influence of these forces on coastal wildlife. Analysis of aerial photographs

from 1959 to 2006 provided evidence of a 64% net loss of the endangered Lower Keys marsh rabbit’s (Sylvilagus

palustris hefneri; LKMR) habitat, the majority due to SLR (>48%). Furthermore, there was a strong negative relation-

ship between the proportion of development per island and the amount of new habitat formed. Islands with modest

development (less than 8% of land area) saw formation of new areas of marsh vegetation suitable for rabbits, whereas

islands with 8% or more of their lands developed between 1959 and 2006 saw little to no addition of LKMR habitat.

Only 8% of habitat loss was directly due to conversion to impervious surfaces, indicating that the greatest threats

from development were indirect, including blocking of the inland migration of habitat triggered by SLR. Our results

were consistent with an ongoing squeeze of coastal ecosystems between rising seas and development as a threat to

LKMR habitat, which raises concern for a wide variety of coastal species. Our results provide evidence that SLR has

become a contemporary conservation concern, one that is exacerbated by development, and expected to increase in

magnitude as ocean waters continue to rise.
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Introduction

Worldwide, coastal ecosystems and species are

threatened by human activities (Brown et al., 2002).

Accelerated population growth and development of

coastal areas over the last five decades have caused

major conservation challenges for wildlife due to the loss

and deterioration of their habitats (Flather et al., 1998;

Pilkey & Cooper, 2004). In addition, human-induced

sea-level rise (SLR) is projected to be a major conserva-

tion problem for coastal regions that will worsen over

time (Ross et al., 1994; Williams et al., 1999; Nicholls &

Cazenave, 2010; Maschinski et al., 2011). In the second

half of the last century, worldwide sea levels rose at a

rate of 1.7 ± 0.3 mm/yr (Church & White, 2006) through

the early 1990s when the rate increased to 3.3 ± 0.4 mm/yr

(Ablain et al., 2009; Nicholls & Cazenave, 2010).

Sea-level rise has been associated with the loss of

wetland habitats, changes in coastal plant communities

(Penland & Ramsey, 1990; Warren & Niering, 1993;

Ross et al., 1994; Williams et al., 1999), marine inverte-

brates (Seavey et al., 2011), and bird habitat (Erwin

et al., 2010). Habitat loss is predicted to be particularly

high among low-lying coastal systems because of their

vulnerability to SLR (Farbotko, 2010; Maschinski et al.,

2011). The loss of coastal lands will escalate extinction

risks for associated wildlife species, especially those

species already experiencing population declines due

to other factors (Daniels et al., 1993; Markham, 1996;

Pimm, 2008).

Coastlines are dynamic, and habitats frequently shift

in response to sea level, erosion, and sedimentation

(Davidson-Arnott, 2010). It is conceivable that as sea

levels change, fauna will simply follow their preferred

habitats as they move across the landscape. However, in

many regions, coastal development may aggravate the

threat from SLR by inhibiting inland migration of
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habitats as ocean levels rise (Zhang et al., 2004; Feagin

et al., 2005; FitzGerald et al., 2008). As a result, develop-

ment squeezes ecosystems between the ocean and

hardened surfaces such as walls, jetties, roads, and

buildings (French, 2001). Therefore, when habitat is lost

to rising sea levels, it will not be replaced elsewhere,

resulting in a net loss of habitat for coastal species

(Feagin et al., 2005). This ‘coastal squeeze’ is predicted to

significantly exacerbate the effects of SLR (Feagin et al.,

2005).

Changes in sea levels have not yet been implicated

in the declines of coastal faunal populations during the

last century. In addition, we have found no empirical

evidence of the effects of development and SLR

interacting to threaten coastal fauna. Here, we present

evidence of the synergistic impacts from rising sea

level and coastal development on population decline

in an endangered mammal, the Lower Keys marsh

rabbit (Sylvilagus palustris hefneri; LKMR). The Lower

Florida Keys are composed of the islands at the end of

a low-lying archipelago extending 338 km off the SW

coast of Florida. This region experienced explosive

growth in human populations and development on

upland habitats from 1970 to 2000 with an almost

10-fold increase in human populations on some of the

larger islands (Lopez et al., 2004). Furthermore, sea

levels in the region have risen at a rate of 2.4 cm per

decade from 1913 to 1990 (Ross et al., 1992), and more

recently at a rate of over 3 cm per decade (Mitchum,

2011).

The LKMR is endemic to and was once common

throughout the Lower Florida Keys (de Pourtales, 1877;

Forys & Humphrey, 1999), but has been declining since

at least the 1960s (Forys & Humphrey, 1999; Schmidt

et al., 2011). The decline and subsequent designation of

the LKMR as a federally endangered species have been

attributed to the loss and degradation of suitable habi-

tat by human development (Brown, 1997). Develop-

ment of the LKMR’s habitat was halted in the early

1980s, but since then the population has declined by

approximately 50% (Gallagher, 1991; Lopez et al., 2004;

Schmidt et al., 2011). As of 2005, LKMRs were likely

limited to 13 Islands, where they inhabited transitional

vegetative communities between mangroves and

upland forests (hammocks and pinelands), as well as

low-lying patches of freshwater wetlands found within

upland habitats (Faulhaber et al., 2007). Due to LKMR’s

use of low-lying areas, SLR has been projected to be a

serious threat to population persistence (LaFever et al.,

2007). This threat has been heightened due to the lack

of inland migration of coastal ecosystems in this region

resulting from slow rates of sediment deposition, and

human development (Morris et al., 2002; LaFever et al.,

2007).

To understand the role of SLR and human develop-

ment on the contemporary decline in the LKMR, we

compared LKMR habitat, evident in aerial photogra-

phy, over a 47-year period from 1959 to 2006. We

hypothesized that (1) SLR had a substantial impact on

LKMR habitat independent of development, and (2)

human development limited the ability of vegetative

communities associated with the LKMR to migrate ups-

lope in response to SLR.

Materials and methods

Study area

The LKMR historically occurred throughout the Lower Florida

Keys, beginning at No Name Key and terminating with the

Island of Key West (Fig. 1). Our study included islands within

the bounds of LKMR’s current range (considerably reduced

from the historic range) that had complete aerial photography

cover from 1959 and 2006. Islands under study included: Big

Coppitt, Big Pine, Boca Chica, Cudjoe, Geiger, Little Torch,

Lower Sugarloaf, Middle Torch, No Name, Ramrod, Saddle-

bunch, Shark, Sugarloaf, and Summerland Keys. Annete, Big

Torch, and Howe Keys were excluded from the study because

of incomplete aerial photography.

In the low-lying Florida Keys (mostly below 2 m), minute

elevation changes radically influence the vegetative communi-

ties (Ross et al., 1992) leading to considerable heterogeneity of

vegetative communities across the islands (Ross et al., 1994).

The LKMR uses several of these discrete vegetative communi-

ties, including: freshwater wetlands, brackish marshes, beach

berms, and saltmarsh–buttonwood (Conocarpus erectus) transi-

tional zones (Faulhaber et al., 2007). Saltmarsh–buttonwood

transitional zone occurs between approximately 20 and 80 cm

above mean sea level, and can be roughly classified into three

subzones from lowest to highest: intertidal marsh, grassy
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Fig. 1 Lower Florida Keys study area showing distribution of

Islands, Lower Florida Keys, USA. The acronyms for each island

correspond to those in Table 1.
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saltmarsh, and buttonwood transitional (McNeese & Taylor,

1998). These transition zones are bordered by mangroves at

elevations below 20 cm, and forested habitat, such as ham-

mocks and pine uplands at elevations above 80 cm (Fig. 2;

Ross et al., 1994). In addition, freshwater wetlands occur in

low-lying areas where the water table is close to the surface,

or in depressions that collect precipitation (Ross et al., 1992).

Coastal beach berm vegetation is composed of trees, shrubs,

and xerophytic plants growing on accumulations of wind-

driven material situated parallel to coastlines (Florida Natural

Areas Inventory [FNAI], 2010).

Habitat delineation

To delineate patches of LKMR habitat (occupied and

potential) from 1959, we first obtained approximately 300

individual panchromatic black-and-white aerial photographs

of the Lower Florida Keys from 24 February 1959 from the

Florida Department of Transportation (0.3 m resolution).

Using ArcMap 9.3 (Environmental Systems Research Institute

[ESRI], 2009) we geometrically corrected the images using

image-to-image registration (Jensen, 2005). Then we georefer-

enced the resulting images and created a single 1959 image

using a distance-weighted mosaicing that assigned cell values

based on the distance from the pixel to the edge (Jensen,

2005). To delineate LKMR habitat from 2006, we obtained

processed aerial photographs from the Monroe County GIS

Department collected between the dates of 5 February 2006

and 8 March 2006. These images were 3-band true color

images with a spatial resolution of 0.15 m. Using the images

from 1959 to 2006, we hand-digitized binary land cover maps

at a 1 : 2000 m resolution creating vector files delineating

patches of LKMR habitat and nonhabitat. We found the

black-and-white imagery from 1959 had sufficient spectral

range to delineate target habitat types (Fig. 2). Delineated

habitat included transition zones, brackish marsh, freshwater

wetlands, and coastal beach berms preferred by LKMR

(Faulhaber et al., 2007) that could be digitized to a 0.1 ha

minimum mapping unit.

Habitat accuracy assessment

We assessed the accuracy of the 2006 habitat classification

with ground-truthed GPS points during January–April 2008.

We sampled systematically every 30 m throughout the study

area in and around areas of known LKMR use, we classified

locations where we observed LKMR fecal pellets as ‘habitat’

and locations with impervious surfaces, water, or dominated

by vegetative communities not known to support LKMRs

(i.e., mangrove, hardwood hammock) as ‘non-habitat’. To

assess the accuracy of our classification, we calculated omis-

sion and commission errors (Jensen, 2005). In addition, we

calculated the kappa coefficient (jhat) to determine if our

habitat classification was statistically better than random

(Rosenfield & Fitzpatrick-Lins, 1986; Congalton, 1991). Our

measures of accuracy for omission errors of habitat and

nonhabitat were 98.9% and 90.8%, respectively, and our

measures of accuracy for commission errors for habitat and

nonhabitat were 98.6% and 92.2%, respectively. The overall

accuracy of the 2006 classification was 97.8% and the jhat coef-
ficient was 0.90, representing very strong agreement between

our habitat classification and ground truthing (Landis & Koch,

1977). Although we were unable to ground truth the 1959

classification; we believe the error of the 1959 classification is

comparable with the 2006 error rate because of the high

accuracy of identifying habitat and nonhabitat (Fig. 2).

Delineation of development

We used impervious surfaces and canals added from 1959 to

2006 as a measure of human development (Arnold & Gibbons,

1996; McKinney, 2002). To calculate impervious areas in

2006 photography we employed Feature Analyst for ArcGIS

ver. 4.2 (Visual Learning Systems, 2009). We converted the

resulting impermeable surface raster files into vector poly-

gons for further analysis. In addition, we hand digitized all

canals (vector polygons) that were absent in 1959 but present

in 2006.

Delineation of SLR

Accurate, high-resolution elevation data from the beginning of

the study period is not available. Thus, to determine the extent

to which SLR had reduced LKMR habitats, we focused on the

spatial location of mangrove communities because they form

the seaward boundary of potential LKMR habitat. In the

Florida Keys, mangrove communities are not considered pri-

mary habitat for LKMRs (Ross et al., 1994; Forys & Humphrey,

1999; Faulhaber et al., 2007). As ocean levels rise, mangrove

communities are projected to migrate upslope into areas occu-

pied by other vegetative communities that cannot tolerate the

increasingly saline environment (Kathiresan & Bingham,

2001). We visually inspected the elevation of mangrove

communities by overlaying LiDAR (light detection and

ranging) data collected from January to February 2008 (Gesch

et al., 2002) onto the 2006 aerial photography. Although the

Fig. 2 Classification of major vegetative communities (man-

grove, transitional zone, and uplands) in the lower Florida Keys,

Florida, USA, from 1959 to 2006 aerial photography.

© 2012 Blackwell Publishing Ltd, Global Change Biology, 18, 3536–3542

3538 J . A. SCHMIDT et al.



2-year difference between available aerial photography and

high-resolution elevation data is not ideal, we assumed that

the elevational changes during this period were negligible

relative to the overall study length. We found mangroves

occurred up to at least 20 cm above mean sea level, and

therefore, set 20 cm as a conservative cut off for LKMR habitat

lost to SLR. We intersected the 20 cm contour with 1959

LKMR habitat, to generate a vector file with all LKMR habitat

below 20 cm, representing the area of LKMR habitat lost to

SLR.

Habitat change metrics

We calculated a number of metrics to determine changes in

LKMR habitat over the study period, per island and for the

entire study area. First, we calculated the total area of habitat

lost between 1959 and 2006 by calculating the area of LKMR

habitat at both times and subtracting the area of the 2006

habitat from the area of habitat in 1959. To calculate how

much habitat from 1959 was lost to development, we overlaid

the 2006 human development layer on the 1959 habitat

patches and calculated the area of intersection. To estimate the

amount of LKMR habitat lost to SLR, we calculated the area of

1959 habitat that was below 20 cm mean sea level based using

the 2008 LiDAR data. After subtracting the habitat lost from

development and SLR from the total amount of habitat lost,

we considered the remaining area to be lost from other factors

not directly attributable to either SLR or development. We

calculated the area of new LKMR habitat added since 1959 by

overlaying 2006 habitat patches onto 1959 patches and identi-

fying areas of habitat present in 2006 but not present in 1959.

Finally, we calculated the percentage of net habitat lost in 2006

by dividing the amount of habitat lost plus any habitat that

was added, by the total area of habitat in 1959. All of our

spatial calculations were completed using ArcMap ver. 9.3

and the geoprocessing extension (ESRI, 2009).

Statistical analysis

Without a time series of historical aerial photographs to

directly observe the movement of habitats in relation to devel-

opment, we chose to test our hypothesis that development

limits inland habitat migration under SLR by correlating the

area of development and the creation of new LKMR habitat

over the study period 1959–2006. We fitted both linear and

logistic regressions to the relationship between the percent of

the island developed (new areas developed between 1959 and

2006 and total development in 2006) and the proportion of

new LKMR habitat added relative to habitat lost between 1959

and 2006. To determine if there was a relationship between

habitat lost to other factors and development on each Island,

we correlated the proportion of development on each island

from 1959 to 2006 to the proportion of habitat lost to other

factors over the same period.

Results

Over the 47-year period from 1959 to 2006, 1266 ha of

LKMR habitat were lost, whereas 416 ha of LKMR

habitat were created (Table 1). This amounted to a net

loss of 64% of LKMR habitat. Considering all LKMR

habitat in 1959 (1603 ha), the loss of habitat had three

sources: 765 ha (48%) by SLR, 123 ha (8%) by develop-

ment, and 378 ha (24%) by other factors (Fig. 3a, b, c).

The area of habitat present per Island in 1959 ranged

from 9.6 to 393.3 ha, and in 2006 the area of habitat

ranged from 0.0 to 288.0 ha. Big Pine Key held most of

the LKMR habitat, containing 24.5% of all habitat in

1959 and 22.7% in 2006.

The area of impervious surfaces in the study area

almost doubled from 1959 (552 ha) to 2006 (1039.2 ha).

Nevertheless, on all but one island (Shark Island), SLR

Table 1 Loss [development, sea-level rise (SLR), other cause] and addition of LKMR habitat (ha) from 1959 to 2006

Source of habitat lost

Island name 1959 Habitat Development SLR Other Total Habitat added % Net loss

Big Coppitt (BC) 10.6 2.3 3.7 2.9 8.9 1.3 72

Big Pine (BP) 393.3 19.7 168.2 100.1 288 135.6 39

Boca Chica (BA) 189.7 6.7 76.3 38.2 121.2 96.2 13

Cudjoe (CU) 137.7 32.4 36.3 47.8 116.5 12 76

Geiger (GE) 39.0 10.8 15.1 8.6 34.5 6.6 72

Little Torch (LT) 58.5 8.5 27.9 15.2 51.6 8.7 73

Lower Sugarloaf (LS) 151.7 9.8 68.5 34.3 112.6 48.4 42

Middle Torch (MT) 56.9 1.9 33.6 16.3 51.8 11.8 70

No Name (NM) 73.4 4.0 41.5 10.8 56.3 24.5 43

Ramrod (RA) 47.0 9.1 19.3 17.7 46.1 5.6 86

Saddlebunch (SB) 201.7 3.4 138.4 24.9 166.7 39.3 63

Shark (SH) 9.6 4.3 1.8 3.5 9.6 0 100

Sugarloaf (SL) 107.2 5.0 61.6 29.6 96.2 22.5 69

Summerland (SU) 126.2 4.8 73.1 28.1 106 3.8 81

Total 1602.6 122.7 765.3 378 1266.0 416.3 64
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accounted for more direct loss of habitat than develop-

ment. There was a highly significant, negative curvilin-

ear relationship between the proportion of the island

developed between 1959 and 2006 and proportion of

new habitat added (F = 32.4, P < 0.01, R2 = 0.73;

Fig. 4). There was also a highly significant, negative

curvilinear relationship between the total proportion of

development and proportion of new habitat added

(F = 14.4, P < 0.01, R2 = 0.54). The linear relationship

between development between 1959 and 2006 and the

proportion of new habitat added were also negative

but not as strong (F = 4.64, P = 0.05, R2 = 0.28). There

was not a significant linear relationship between total

proportion of an Island developed and the proportion

of new habitat added (F = 1.49, P < 0.20, R2 = 0.14).

Islands with modest development (less than 8% of land

area between 1959 and 2006) had new areas of habitat

added (Fig. 3d), whereas islands with 8% or more of

lands development between 1959 and 2006 saw little to

no addition of LKMR habitat (Table 1). In addition,

there was a strong, positive linear relationship between

the proportion of an island that was developed

from 1959 to 2006 and the proportion of LKMR habitat

lost to other unknown factors (F = 26.9, P < 0.01,

R2 = 0.69).

Discussion

The LKMR is in a precarious position given the planet’s

changing climate; their use of lowing-lying marshes on

Islands with human development make them highly

susceptible to negative impacts from rising seas.

Examining the loss of LKMR habitat over the last half

century, it is clear that SLR was the largest driver of

habitat loss. The direct loss of habitat from develop-

ment appears marginal compared to 48% loss of LKMR

habitat directly due to SLR.

It is possible that an 8% loss of LKMR habitat was

an underestimation of the impacts of development. We

found a strong correlation between development and

the loss of habitat from unexplained factors. This indi-

cates that there may be some indirect effects of human

development impacting LKMR habitat. Our analysis

considered impervious surfaces only and we did not

account for areas where vegetative cover has been

altered in association with development. It is also

likely that some of the unexplained habitat loss was

due to brush encroachment of marshes caused by sup-

pression of fire, an indirect result of development and

human populations (Schmidt et al., 2010). In addition,

this study did not account for degradation of habitat

from the effects of fragmentation, fire suppression, and

alien and invasive species that have accompanied

Fig. 3 A portion of the study area showing Lower Keys marsh rabbit habitat on Cudjoe Key that was, present in 1959 and 2006, created

since 1959, present in 1959 and lost to development, and present in 1959 and lost to sea level rise.
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development (Forys & Humphrey, 1999; Schmidt et al.,

2010).

There is little doubt that population growth and

development in Florida Keys has taken a toll on ende-

mic mammals such as the LKMR (Humphrey, 1992;

Forys & Humphrey, 1999), but possibly the greatest

threats from development were from the indirect loss

of habitat. Our study clearly illustrates how coastal

development can magnify the negative effects of SLR

on wildlife habitat. Our results were consistent with the

predictions of coastal squeeze: we found a strong

negative correlation between the amount of develop-

ment on an islands and the amount of new LKMR

habitat created. The only islands with significant addi-

tions of new habitat were those with less than 8%

development. Islands with a greater proportion of

development saw little to no addition of LKMR habitat

during the 47 years of this study.

Our study makes clear that contemporary SLR is not

a new problem for the conservation of coastal wildlife,

rather one that has been acting for the last several

decades and is projected to get worse. As our climate

continues to change, it will create further challenges

for the conservation of species in the Florida Keys

(Maschinski et al., 2011) and in low-lying coastal areas

worldwide. Although development may not be the

greatest threat to the persistence of coastal wildlife,

mitigation or limitation of its impacts may be the most

plausible option, given the small spatial and temporal

scales where the management of endangered species

occurs. In our study, we found the creation of new

LKMR habitats on islands with minimal development,

and it was clear from fecal pellet surveys that the newly

created expanses of habitat were in fact used by LKMRs

(Fig. 3d). Thus, our results suggest that the impacts of

SLR could likely be reduced by limiting development

and creating conditions that allow for the creation of

new habitat.

Two broad strategies should be considered for the

LKMR and other coastal wildlife facing SLR. First, man-

agement actions should focus on decreasing coastal

squeeze by facilitating inland habitat migration. In areas

with significant human development, this will likely

involve potentially costly, but highly effective choices,

such as purchasing private property and restoring

degraded areas to promote ecosystem connectivity. Sec-

ond, management actions should aim to improve the

general health of coastal ecosystems by reducing other

negative anthropogenic impacts. For the LKMR and

other endemic species in the Florida Keys these actions

may include invasive species control and increased pre-

scribed fires. Some actions may be politically challeng-

ing, but strong human intervention is needed to

ameliorate the ongoing and future impacts of rising seas.
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