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ABSTRACT: Land-based sources of pollution are a major threat to the health of coral reefs. We report,
for the first time, a study that relates coral reef condition to human modifications of the landscape.
Stony coral community richness, cover, colony size, and density were assessed along with 3-dimensional coral cover in the near-shore waters of St. Croix, US Virgin Islands, in 2006 and 2007. Land
use/land cover data (LULC, 2.4 m resolution) and a landscape development intensity (LDI) index, an
indicator of human activity calculated from the LULC data, were used to explore relationships with
coral indicators. The LDI index was more robust than other indicators of human activity, exhibiting
negative correlations with stony coral colony density, taxa richness, colony size, and total coral cover.
High variability observed in coral density and taxa richness was better explained when percent natural land and average coral station depth were considered along with the LDI index. Percent impervious surface in the watershed was negatively correlated with 1 coral condition indicator, total coral
cover. The LDI index is an effective landscape indicator of human impact on St. Croix corals, highlighting the link between land-based human activity and marine ecosystems. Further development of
this tool will aid in land use planning and prioritization of conservation efforts.
KEY WORDS: Coral reef condition · Coastal watersheds · Land-cover/land-use · Landscape
development intensity (LDI) index
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Coral reefs are productive and diverse ecosystems
that provide valuable ecological services such as harvestable fish, a beautiful seascape that attracts tourists,
and protection of vulnerable shorelines from storms
and wave action (Moberg & Folke 1999). Protection
and restoration of coral reef ecosystems are fundamental management goals for regions of the world where
corals are found. However, sustainable coral reef management is hindered, at least in part, by uncertainty
surrounding the impacts to coral reefs of the many and
varied human-generated stressors (Richmond 1993,
Hughes & Connell 1999, Downs et al. 2005). Coral reef
ecosystems may be impacted by local pressures such
as landscape development (Dubinsky & Stambler
1996, Burke & Maidens 2004, Fabricius 2005), by regional pressures such as over-harvesting of fishery
stocks (Valentine & Heck 2005), and by global pres-

sures such as rising sea surface temperatures and
ocean acidification stemming from increased atmospheric CO2 (Wilkinson 1996, Hoegh-Guldberg et al.
2007). The variability and interaction of these stressors
can confound management strategies for conservation
and restoration of coral reef ecosystems. Moreover,
effects of local watershed stressors may be masked and
difficult to document.
Increases in terrigenous pollutants entering the
ocean result from land use changes in coastal and inland watershed landscapes. Clearing land, creating impervious surfaces, and applying fertilizers, herbicides,
and pesticides can act in concert to accelerate terrestrial runoff of sediments and associated chemical contaminants known to cause decline in coral ecosystems
(Wolanski et al. 2004, Warne et al. 2005, Richmond et al.
2007). Physical smothering and mortality of reef-building scleractinian (stony) corals occurs with prolonged
exposure to high levels of sediment. Sediment trans-
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ported to reefs may inhibit stony coral photosynthesis
directly by attenuating light (Rogers 1979), or indirectly
when energy is diverted to mucus production to slough
sediment off coral surfaces (Riegl & Branch 1995). Negative consequences for corals exposed to sediments include loss of cover (Cortés & Risk 1985), impaired fertilization (Gilmour 1999), decreased larval settlement and
survivorship (Babcock & Smith 2000), reduced growth
(Dodge et al. 1974, Miller & Cruise 1995), and altered
community structure (Loya 1976, for review see Rogers
1990, Fabricius 2005). Despite recognition of these
problems, protection of corals from watershed pollution
has been limited (Richmond et al. 2007).
An obstacle to effective management at local scales
is the lack of quantitative information that links coral
condition to human activities on land. This requires
both coral condition and human activity indicators.
Stony coral indicators are highly valued for coral reef
management because stony corals form the permanent
infrastructure of a coral reef and provide habitat and
nursery grounds for nearly all reef inhabitants (Dahl
1973, Fisher 2007). However, to be useful for relating
reef condition to human activity, coral condition indicators must also be sensitive to anthropogenic disturbance over global and regional factors that affect coral
condition. This requires testing candidate indicators at
sites located across a human activity gradient (Fore et
al. 2008). A recent study in St. Croix, US Virgin Islands,
found that measurements of stony coral size, taxa richness, and colony density (among others) were sensitive
to distance from an active industrial area (Fisher et al.
2008). Consequently, these measurements were candidates for investigating relationships between reef
condition and human activities in the watershed.
Although development of indicators for human activity has been challenging (Mack 2006), a landscape
development intensity (LDI) index, calculated from
land-use/land-cover (LULC) data, has shown great
promise for quantifying human disturbance (Brown &
Vivas 2005). The LDI index has been successfully
related to pollutant loads (Brown & Vivas 2005), to the
ecological condition of wetlands in both the midwest
(Mack 2006, 2007) and southeast USA (Brown & Vivas
2005, Reiss & Brown 2007), and has been adopted into
condition assessment protocols for aquatic ecosystems
by several US states. LDI represents the cumulative
anthropogenic impact in terms of nonrenewable
energy to a landscape unit; in this case, a watershed.
The basis for the LDI lies in spatially explicit, highresolution LULC data that offer valuable information
for landscape ecology studies (Wu 2006).
Here, the LDI was applied in a novel context that
explores potential extension of landscape ecology
methods to the seascape. In this exploratory comparison, stony coral condition was related to watershed

LULC and LDI values. We also compared the capacity
of other potential human activity indicators to predict
coral reef condition using multivariate analysis. If
significant relationships between human activity and
coral condition were found, the expectation was that
watersheds with greater human impact would be associated with reduced coral reef condition. The methods
and relationships discovered have potential use for the
development of water quality standards based on coral
condition (i.e. biological criteria, Fore et al. 2008, 2009)
and for local land-use zoning, planning, and permitting as pertains to the conservation and restoration of
sustainable coral reef ecosystems.

MATERIALS AND METHODS
Coral condition data. Coral survey data were collected during 2 surveys in the coastal waters of St. Croix
(US Virgin Islands) using the US Environmental Protection Agency’s (USEPA) stony coral rapid bio-assessment protocol (Fisher 2007). Stations were selected for
the 2006 survey in 4 coastal zones, viz. 3 zones near
centers of human activity and 1 zone with minimal human activity, to test the responsiveness of coral indicators (Fig. 1, Fisher et al. 2008). Stations were selected
for targeted sampling following snorkel reconnaissance
for the best available habitat (i.e. highest coral cover) at
approximately constant intervals from predetermined
locations. In the second survey (2007), stations were
selected randomly from ‘coral and hardbottom’ areas
identified on benthic habitat maps (Rohmann et al.
2005, NOAA; http://ccma.nos.noaa.gov/ecosystems/
coralreef/usvi_pr_mapping.html). Sites were selected
using a probabilistic approach to avoid redundancy yet
allow spatial extrapolation of results to the entire region
(Hughes et al. 2000, USEPA 2008). Site selection was
confined to coral and hardbottom areas within 1.5 km of
shore and <12 m depth (Fig. 1).
One transect was surveyed at each station. Survey
transects were established by placing a tripod on the
substrate which held an upright pole in place, and a
2 m wide annulus (radial belt) was surveyed 3 to 5 m
from the pole. Data were recorded from either a full
annulus (360°; transect area = 50.2 m2) or a half annulus (180°; transect area = 25.1 m2) if colony density was
very high. Data for full-annulus transects were collected in half-annulus segments and averaged to obtain a single station value. All stony corals (order Scleractinia) described by Humann & Deloach (2002) and 1
reef-building hydrocoral (Millepora complanata) were
included in the survey. Because goals of the 2 surveys
did not include coral recruitment, only colonies >10 cm
in diameter were documented. Coral species, colony
dimensions, and approximate % live tissue were
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Fig. 1. (A) St. Croix watersheds and associated coral stations from 2006 (circles with dots) and 2007 (circles). Clusters of stations
that share a common color (colors are not related to those used to indicate land use) were associated with the adjacent watershed
for evaluating relationships between watershed metrics of human disturbance and coral condition. Land use/land cover used
in the analysis is shown at 2.4 m resolution. (B) Watershed landscape development intensity (LDI) values shown on a green–
yellow–red continuum, where green indicates the lowest human disturbance and red indicates the highest. Watershed abbreviations: BI: Buck Island; NC: North Central: NE: Northeast; SC: South Central; SE: Southeast; SW: Southwest; W: West

recorded. Coral size was calculated from measured dimensions as 3-dimensional (3D) colony surface area
(SA) rather than traditional projected (planar) 2-dimensional SA, to capture habitat values (Fisher 2007).
Three-dimensional coral colony SA was calculated as
3D area = x π r2, where x = 1, 2, 3, or 4 depending on
species and typical topographic complexity of colonies;
flat colonies were assigned a ‘1’ (including Agaricia
agaricites, A. fragilis, Meandrina meandrites, Mycetophylia ferox, and M. lamarckiana); hemispherical
colonies were assigned a ‘2’ (brain and massive corals
including Diploria spp., Montastrea cavernosa, M.
faveolata, M. franksii, and Porites astreoides); dome-

shaped, lobed, plate, and finger corals were assigned a
‘3’ (Agaricia tenuifolia, Dichocoenia stokesii, Montastrea annularis, and Porites spp.); and highly branched
corals of the genus Acropora were assigned a ‘4.’ This
approach to SA estimation was adapted from Dahl
(1973) and Acala & Vogt (1997), who also used surface
index adjustments to estimate 3D SA. Dendrogyra
cylindricus was the exception, for which a geometric
formula for a cylinder was used to estimate SA ([2 π r h]
+ [π r2]). Live colony SA was calculated by multiplying
colony size × decimal % live tissue. Coral size and condition metrics were calculated and standardized per
m2 of sea floor (Table 1).

296

Mar Ecol Prog Ser 427: 293–302, 2011

Table 1. Coral condition indicators and calculations, based on
the USEPA’s Stony Coral Rapid Bio-Assessment Protocol
(Fisher 2007). Indicators of individual coral colony size and
coral cover (*) were calculated based on 3-dimensional (3D)
surface area (SA) measurements. LT: Live tissue
Coral indicator

Calculation

Coral density

No. of stony coral colonies/m2
sea floor
Σ %LT/colonies
No. of taxa/m2 sea floor
Σ 3D SA/no. of colonies–1
Σ live 3D SA/no. of colonies
Σ SA/m2 sea floor
Σ live SA/m2 sea floor

Average % live tissue
Taxa richness
Average colony SA*
Average live colony SA*
3D total coral cover*
3D live coral cover*

Landscape data. Geospatial data processing and
analyses were conducted in ArcGIS (Environmental
Systems Resource Institute, ArcMap 9.2). Eleven St.
Croix watersheds were delineated with the Arc Hydro
tool in ArcMap using digital geospatial data from the
National Elevation Dataset (NED; http://nhd.usgs.gov)
and National Hydrography Dataset (NHD; http://ned.
usgs.gov). Buck Island was included as a watershed
for a total of 12 spatial landscape units. St. Croix
watershed shapefiles were used to estimate simple
landscape watershed metrics such as watershed areal
extent, mean watershed elevation data from the NED,
total length of streams from the NHD, and human
population data (Burke & Maidens 2004). Watershed
shapefiles were also used to clip LULC data from 2007
produced by NOAA Coastal Change Analysis Program
(www.csc.noaa.gov/digitalcoast/data/ccaphighres/
download.html), and to generate percentage of each
land cover type including impervious surface and natural land (undeveloped wetlands, forests, and open
space). Watershed LDI values were calculated using
the method of Brown & Vivas (2005); each land use category was assigned an LDI coefficient based on cumulative, nonrenewable energy input received by each
land use type (Table 2). An area-weighted LDI index
was then calculated for each watershed as follows:
LDIwatershed = (Σ%LUi × LDIi ) / 100, where %LUi = percent watershed land area in land use i, and LDIi = LDI
coefficient for land use i (Fig. 1, Table 2).
Correlation and multivariate analyses. For purposes
of relating watershed metrics of human activity to coral
condition, sites from both the 2006 and 2007 coral condition surveys were assigned to watersheds based on their
proximity to the watershed coastlines. Due to a strong
westward ocean current, discharges entering to the
north or south coasts will tend to transport sediments and
anthropogenic contaminants offshore and to the west
(Hubbard 1986); therefore, in 7 cases where stations
fell close to a boundary, values were assigned to the
eastward watershed (Fig. 1). The average depth of the

Table 2. Land use/land cover (LULC) classifications from
2.4 m resolution land use raster dataset (NOAA 2009). Landscape development intensity (LDI) coefficients (Brown & Vivas 2005) were assigned to each class. Braces indicate the
LULC and LDI that were aggregated to calculate the percentage of St. Croix’s landscape (% of landscape) represented
by each unique LDI
NOAA LULC class

Impervious surface
Cultivated crops
Pasture/hay
Grassland/herbaceous
Scrub/shrub
Bare land
Developed, open space
Deciduous forest
Evergreen forest
Palustrine forested wetland
Palustrine scrub/shrub wetland
Palustrine emergent wetland
Estuarine forested wetland
Estuarine scrub/shrub wetland
Estuarine emergent wetland
Unconsolidated shore
Open water

LDI
coefficient

% of
landscape

8.28
4.42
3.03
2.06
2.06
1.85
1.85
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

11.7
0.6
6.4
37.5

}

}
}

12.3

31.5

coral condition stations assigned to each watershed was
calculated to assess how variations in sample depths
impacted coral condition variability. Similarly, coral condition variability by watershed was evaluated in relation
to the average distance of the stations to the midpoint of
the watershed shoreline. This was evaluated to assess
how distance from land impacted coral condition.
Station averages were generated using SAS software
(SAS Institute), for coral colony density, percent live
tissue, coral colony SA and live colony SA, and totals were
tallied for taxa richness, 3D total coral cover, and 3D live
coral cover. From these station-level coral indicators, median values were generated from sites assigned to each
watershed. Pearson correlation analysis was conducted
post hoc to explore relationships between watershedlevel median coral indicators and watershed LDI indices,
and between coral indicators and watershed percent impervious surface values. Given the exploratory nature of
these analyses, we adopted p < 0.10 as the significance
criterion for these correlations. Linear regression analyses
were conducted to examine which of the independent
variables (Table 3) explained most of the variability. Correlations among independent variables were assessed by
examining Pearson correlation coefficients. Stepwise
multiple regression models were developed (S-Plus, Insightful) after screening variables with high correlations
to one another to select the most meaningful variables.
Selected regression models were evaluated to determine
how much of the coral condition variability could be described by these simple landscape metrics.
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Table 3. St. Croix watershed characteristics: number of coral survey stations from each year and total number used in analysis, average depth of coral stations, average percent impervious surface and natural land, average elevation, total area, human
population density, total stream length, and landscape development intensity (LDI) index. nd: no data available. Watershed
abbreviations as in Fig. 1

6
0
2
0
5
8
11
6
4
1
2
7

10
8
2
2
10
19
12
11
14
2
6
17

%
natural
land

Elevation
(m)

Area
(km2)

8.0
9.0
5.0
6.2
6.3
5.9
7.9
7.5
7.6
11.4
8.7
8.7

3.6
8.1
10.3
12.3
27.5
3.6
5.1
9.1
18.6
10.4
4.8
0

53.2
41.0
30.4
20.5
24.9
10.4
8.2
13.8
33.7
38.6
57.6
11.7

111.2
84.4
52.5
60.9
44.9
46.7
53.5
51.7
51.2
68.1
89.9
nd

12.02
16.55
27.72
31.82
36.36
22.89
7.21
15.43
16.92
15.95
13.31
0.71

RESULTS
From 113 stations surveyed in 2006 and
2007, a total of 5791 coral colonies were examined and measured. The number of survey stations associated with each watershed ranged
from 0 to 11 in separate years and from 2 to 19
for combined years (Table 3). All except 3 of
the watersheds had at least 6 assigned coral
survey sites (Table 3, Fig. 1A). Average depth
of watershed stations ranged from 5.0 to
11.4 m, and average watershed area ranged
from 0.71 to 36.36 km2 (Table 3). Of 39 unique
coral taxa, 8 species comprised 88 and 87%,
respectively, of total and live 3D coral cover
across all stations: (in descending order) Montastrea annularis, M. faveolata, M. cavernosa,
Diploria strigosa, Siderastrea siderea, Porites
porites, Acropora palmata, and P. astreoides.
Median values for targeted coral indicators
were consistently high for both west coast
watersheds (W1 and W2), and in most cases for
NC2 and Buck Island (BI; Figs. 2 & 3). Of the
suite of coral indicators, median percent live
tissue varied the least, ranging from 53 to 71%
(Fig. 2B). Buck Island stations had the highest
medians for average colony surface area and
average live colony surface area, indicating
the large size of corals observed there as well
as relatively large amounts of live tissue per
colony (Fig. 3A,B). West coast watersheds and
SW1 also had large median coral colony size,
and when summed, W1, W2, BI, and NC2 had
highest 3D total coral cover and 3D live coral
cover (Fig. 3). Watersheds along the south

Coral colony density
(no. colonies m–2)

4
8
0
2
5
11
1
5
10
1
4
10

%
imperv.
surface

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

100

Human popu- Total stream
lation density length (km)
(no. km–2)
24.5
334.3
136.9
227.1
709.8
162.4
11.4
40.3
201.6
201.4
17.9
0

16.85
18.50
32.75
32.36
40.51
29.16
3.90
9.84
11.05
20.63
9.53
0

LDI
index

1.73
2.15
2.59
2.55
3.48
2.41
2.29
2.54
2.82
2.35
1.76
1.94

A

BI

Percent live coral

W1
W2
SW2
SW1
SC1
SE1
SE2
NE2
NE1
NC1
NC2
BI

Station
depth
(m)

NC1 NC2 NE1 NE2 SC1 SE1 SE2 SW2 SW1 W1 W2

B

80
60
40
20
0
BI

0.7

No. taxa (m–2)

Water- No. of coral stations
shed
2006 2007 Total

0.6

NC1 NC2 NE1 NE2 SC1 SE1 SE2 SW2 SW1 W1 W2

C

0.5
0.4
0.3
0.2
0.1
0.0
BI NC1 NC2 NE1 NE2 SC1 SE1 SE2 SW2 SW1 W1 W2

Watershed
Fig. 2. Median values for (A) coral colony density, (B) percent live coral,
and (C) taxa richness, for grouped 2006 and 2007 St. Croix stony coral
survey stations assigned to each of 12 watersheds. Error bars are the
median absolute deviations. Watershed abbreviations as in Fig. 1
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Highest LDI values were calculated for
south
shore watersheds (in descending
10000
order) SC1, SW1, SW2, and north shore
8000
watersheds NE1 and NE2 (Table 3, Fig. 1B).
While NE1 and NE2 had similar LDIs, they
6000
differed in land use, with NE1 having
4000
18.6% impervious surface (including the
city of Christiansted) and NE2 only 9.1%.
2000
Western watersheds also had relatively low
LDIs that were closer in agreement than
0
BI NC1 NC2 NE1 NE2 SC1 SE1 SE2 SW2 SW1 W1 W2
their respective proportion of impervious
surface values (Table 3); W2 contains the
3000
city of Frederiksted, which is reflected in
B
the higher proportion of impervious surface
2500
compared to W1 (Table 3, Fig. 1). Area2000
weighted LDI for St. Croix = 2.5, and
watershed values ranged from 1.73 to 3.48
1500
(Table 3). The highest LDI coefficient is that
1000
for impervious surface, which amounted to
500
11.3% of island-wide land area and contributed most to high LDI values for south
0
shore watersheds, and for W2 and NE1. Of
BI NC1 NC2 NE1 NE2 SC1 SE1 SE2 SW2 SW1 W1 W2
2 agriculture land use classes applicable
to St. Croix, high-intensity crop cultivation
18000
C
accounted for 0.6% of total land, while pas16000
ture use and hay production comprised
14000
12000
6.4% (Table 2). On a watershed level, pas10000
ture and hay contributed 25.8% of land use
8000
in SE1, 13.7% in SW1, 8.1% in NE2, and
6000
5.2% in NC1 (Fig. 1). Natural lands with
4000
lowest LDI coefficients, including forests
2000
and wetlands, were in greatest proportion
0
in NC2, W1, W2, NC1, and NE1, where they
BI NC1 NC2 NE1 NE2 SC1 SE1 SE2 SW2 SW1 W1 W2
comprised 34% to 58% of land (Table 3).
4500
Significant negative correlations were
D
4000
found between watershed LDI scores and
3500
coral condition data (2006 and 2007 com3000
bined) for stony coral density, taxa richness,
2500
average colony surface area, average live
2000
colony surface area, 3D total coral cover,
1500
and 3D live coral cover (Fig. 4). Removal of
1000
a single outlying watershed (Fig. 4C) im500
proved
the strength of the relationship for
0
average
colony surface area. Some of these
BI NC1 NC2 NE1 NE2 SC1 SE1 SE2 SW2 SW1 W1 W2
relationships
were found to be significant
Watershed
for 2006 and 2007 data analyzed separately
Fig. 3. Median values for (A) average colony surface area (AvCSA), (B) aver(results not shown). The only coral indicaage live colony surface area (AvLiveCSA), (C) 3D total coral cover (3DTC),
tor that showed a positive correlation with
and (D) 3D live coral cover (3DLC), for grouped 2006 and 2007 St. Croix
watershed LDI was average percent live
stony coral survey stations assigned to each of 12 watersheds. Error bars
are the median absolute deviations. Watershed abbreviations as in Fig. 1
tissue. Watershed percent impervious surface correlated negatively only with 3D
coral cover for combined-year data (r = –0.57, p = 0.055)
shore (SW1, SW2, SC1, SE1, and SE2) had the lowest
and with both 3D total coral cover and 3D live total
median colony densities and taxa richness (Fig. 2), and
coral cover for 2006 data (r = –0.59, p = 0.058; r = –0.55,
except for a high median colony size for SW1, also had
p = 0.078, respectively). Within the suite of coral indismaller colonies and reduced reef area (Fig. 3).
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3DTC (cm2 m –2 sea floor)

AvCSA (cm2)

Taxa richness
(no. taxa m –2)

Coral colony density
(no. colonies m –2)

Correlations among landscape variables were examined to identify which
3.0
variables were most related to the LDI
2.5
values. LDI values were highly correlated
2.0
with human population, percent impervi1.5
ous area (used in the calculation of LDI),
1.0
and watershed area. High correlations
0.5
were also observed between the water0.0
shed percent natural area and average
1.0
1.5
2.0
2.5
3.0
3.5
4.0
elevation such that higher elevation
watersheds had more natural area than
0.6
B
r = –0.63, p = 0.028
low elevation watersheds.
0.5
Examination of the correlation struc0.4
ture of the independent variables led to
the selection of 3 independent variables
0.3
to be used in stepwise regression model
0.2
selection procedures. The 3 variables
0.1
were watershed LDI, the watershed per0.0
cent natural area, and average depths
1.0
1.5
2.0
2.5
3.0
3.5
4.0
of stations associated with an adjacent
watershed. The LDI was selected be6000
r
=
–0.33,
p
=
0.296
C
cause it was significantly correlated with
SW1
r = –0.55, p = 0.077
5000
many coral indicators and because the
4000
value represents an index measure of
the intensity of human land use. Though
3000
the same LULC data were used to calcu2000
late both LDI and percent natural area,
1000
they were not significantly correlated
0
because of the low LDI coefficient
1.0
1.5
2.0
2.5
3.0
3.5
4.0
assigned to natural land cover classes.
Consequently, the percent natural area
12000
D
r = –0.76, p = 0.004
variable was retained for the stepwise
10000
procedure. The average station depth
8000
was chosen as a variable to enter into
6000
the stepwise procedure because it was
correlated with the average distance to
4000
shoreline, and to a large extent repre2000
sents the degree of marine influence on
0
the samples.
1.0
1.5
2.0
2.5
3.0
3.5
4.0
Multiple regression results (Table 4)
Landscape development intensity index
indicated that LDI, percent natural area,
Fig. 4. Relationships between watershed landscape development intensity
and station depth were good predictors
(LDI) values and (A) coral colony density, (B) taxa richness, (C) average
of some coral condition metrics. The LDI
colony surface area (AvCSA), and (D) 3D total coral cover (3DTC). Pearson
correlation coefficients are indicated for each with accompanying p values. In
alone was selected as the best predictor
(C), the coefficient in bold is the result if the outlier (SW1 marked with arrow)
of 3D total coral cover (Fig. 4D, r2 = 0.58,
is excluded from the correlation analysis
p = 0.004) and 3D live coral cover (data
not shown, r2 = 0.46, p = 0.016). The LDI,
cators, 2 pairs (average colony surface area and averpercent natural area, and average station depth were
age live colony surface area; and 3D total coral cover
all selected in a multiple regression model that exand 3D live coral cover) were very closely correlated
plained 90% of the variability in the coral colony
(r = 0.70, p = 0.001; and r = 0.869, p = 0.0002, respecdensity data (Table 4). Percent natural area and avertively) because they are based on the same colony
age station depth were selected in a multiple regresmeasurements adjusted for % live tissue. Because of
sion model for taxa richness (Table 4). This model
this, analysis focused on the total size metrics: average
explained 74% of the variability in the taxa richness
colony surface area and 3D total coral cover.
data.
3.5

A

r = –0.67, p = 0.018
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izes the extent of urbanization and
industrial development (Grimm et al.
2008), and is highest on the south shore
of St. Croix where an oil refinery, a rum
Condition
Coefficient Coefficient Coefficent
df R2 Regression
distillery, and the island’s international
indicator
value
p-value
p-value
airport are located. Since heavy, intermittent precipitation in the Caribbean
Coral density
BLDI
–14.2
0.055
8 0.90
0.0002
Bstation depth
4.5
0.036
is common, coral reefs offshore from
Bpercent natural
0.9
0.001
high impervious surface watersheds
B0
17.2
0.500
receive higher inputs of sediments and
Taxa richness Bstation depth
0.94
0.012
9 0.74
0.0020
chemical contaminants, including polyBpercent natural
0.08
0.031
B0
–1.12
0.622
cyclic aromatic hydrocarbons, heavy
metals, fertilizers, and pesticides
(Rothenberger et al. 2008). Because
percent impervious receives the highest LDI coeffiDISCUSSION
cient, it correlated strongly with the LDI. Nonetheless,
the LDI was more sensitive, correlating negatively
Empirical evidence from this study supports a relawith multiple coral parameters.
tionship between human activity in St. Croix waterTwo other landscape indicators, percent natural land
sheds and the condition of stony corals in adjacent
and station depth, showed positive relationships with
coastal waters. Human activity, measured by the LDI
coral colony density and taxa richness. This supports
index, was negatively correlated with various indicathe finding that watersheds with a greater proportion
tors of coral condition, including taxa richness, colony
of undeveloped lands are associated with healthier
size, and colony density. In a similar study at the northcoral reefs, perhaps by slowing runoff rate over vegeern US Virgin Islands (St. Thomas and St. John), proxtated land. For example, northwestern St. Croix waterimity to human activity was also linked to adverse
sheds (e.g. NC2) are undeveloped, heavily vegetated,
change in stony coral condition using an onshore to
and exhibit relatively high coral condition. Significant
offshore gradient (Smith et al. 2008). Together, these
influence of station depth is consistent with Smith et
studies sustain the widely held belief that terrestrial
al. (2008), showing that coral reefs located away from
anthropogenic activities adversely impact coral reefs
human disturbance are more diverse and provide more
in the near coastal zone (Loya 1976, Hubbard 1986,
reef habitat.
Richmond 1993, Miller & Cruise 1995, Burke & MaidThe finding of a negative correlation between the
ens 2004, Wolanski et al. 2004, Fabricius 2005, Warne
watershed LDI index and coral condition indicators
et al. 2005). It is notable that local anthropogenic effects
is consistent with expectations that higher human
were detected in both studies despite the many reland-use activity adversely affects coral condition. The
gional and global stresses, such as hurricanes (Rogers
strength and significance of the relationships from this
1992, Rogers & Beets 2001) and high-temperature
exploratory examination reveal a strong potential for
events (Hoegh-Guldberg 1999, Miller et al. 2006,
this approach to demonstrate the cumulative effect of
Rothenberger et al. 2008, Woody et al. 2008, Miller et
human watershed stressors on coral reef ecosystems.
al. 2009), which are less discriminate and could mask
Future applications would be improved by a survey
evidence of local stressors.
design that balances the number of sites representing
The LDI index (Brown & Vivas 2005) integrates
each watershed, incorporates landscape weighting
impacts from multiple non-renewable energy inputs to
factors for runoff potential, and better estimates coastal
the landscape. The index increases where human
transport of runoff, particularly near watershed boundactivities have increased the land area of impervious
aries. Once refined, this tool can inform coastal mansurfaces, crops, pastures, houses, roads, and industrial
agement decisions that may otherwise be made solely
infrastructure. The LDI has been previously shown to
on an economic basis. Its use should support economic
capture the cumulative impact of human activities in
development without compromising the ecological
wetlands (Mack 2006, Reiss & Brown 2007). In our
integrity of coral reefs and the services they provide.
study, the majority of watersheds with low LDI values
and a high proportion of undeveloped lands were associated with relatively good coral condition in adjacent
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