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a b s t r a c t

Due to widespread and continuing seagrass loss, restoration attempts occur worldwide. This article
presents a geospatial modeling technique that ranks the suitability of sites for restoration based on light
availability and boating activity, two factors cited in global studies of seagrass loss and restoration fail-
ures. The model presented here was created for Estero Bay, Florida and is a predictive model of light
availability and boating pressure to aid seagrass restoration efforts. The model is adaptive and can be
parameterized for different locations and updated as additional data is collected and knowledge of how
factors impact seagrass improves. Light data used for model development were collected over one year
from 50 sites throughout the bay. Coupled with high resolution bathymetric data, bottom mean light
availability was predicted throughout the bay. Data collection throughout the year also allowed for
prediction of light variability at sites, a possible indicator of seagrass growth and survival. Additionally,
survey data on boating activities were used to identify areas, outside of marked navigation channels, that
receive substantial boating pressure and are likely poor candidate sites for seagrass restoration. The final
map product identifies areas where the light environment was suitable for seagrasses and boating
pressure was low. A composite map showing the persistence of seagrass coverage in the study area over
four years, between 1999 and 2006, was used to validate the model. Eighty-nine percent of the area
where seagrass persisted (had been mapped all four years) was ranked as suitable for restoration: 42%
with the highest rank (7), 28% with a rank of 6, and 19% with a rank of 5. The results show that the model
is a viable tool for selection of seagrass restoration sites in Florida and elsewhere. With knowledge of the
light environment and boating patterns, managers will be better equipped to set seagrass restoration and
water quality improvement targets and select sites for restoration. The modeling approach outlined here
is broadly applicable and will be of value to a large and diverse suite of scientists and marine resource
managers.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Seagrass ecosystems are extremely productive and provide
numerous ecological services valued globally at 28,916 2007US$/
ha/yr (Orth et al., 2006; Costanza et al., 2014). One of the ecological
services seagrasses provide is structural habitat for a variety of
fisheries species, as well as other ecologically important taxa (Beck
et al., 2001; Marb�a et al., 2006). Seagrass leaves also dampen wave
).
energy and reduce water flow, thus promoting particle deposition
and improving water clarity (Bos et al., 2007; Fonseca et al., 2000;
Marb�a et al., 2006; van Katwijk et al., 2010). The dense network of
rhizomes and roots associated with many seagrass species facili-
tates sediment stabilization and healthy seagrass beds that can
protect adjacent shorelines from extreme tidal and storm events
(Green and Short, 2003). Seagrass beds also play an integral role in
nutrient cycling, and carbon sequestration in particular (Hemminga
et al., 1991; Duarte and Chiscano, 1999; Fourqurean et al., 2012).

Much seagrass has been lost due to development associated
with human population pressures at the land ocean interface (Orth
et al., 2006; Walker et al., 2006; Waycott et al., 2009). Development
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often negatively impacts water clarity in estuarine and shallow,
coastal waters (Waycott et al., 2009). These areas are often subject
to high sediment input and increased nutrient loading, which, in
turn, increase turbidity and promote algal growth; both of which
lead to a decrease in light available for seagrasses growth (Tomasko
and Lapointe, 1991; Lapointe et al., 1994; Ralph et al., 2006; Bricker
et al., 2008). The link between eutrophication and loss of seagrasses
is well established (Ant�on et al., 2010).

However, seagrass light requirements are known to vary by
species, location, and light history (Choice et al., 2014). A thirteen
year study of eight Florida Gulf Coast systems determined the light
requirement for Thalassia testudinum to be between 18 and 25% of
surface irradiance; between 25 and 27% for Halodule wrightii; and
between 8 and 16% for Syringodium filiforme (Choice et al., 2014). On
Florida's east coast, Steward et al. (2005) found that the minimum
annual light requirement for all seagrass species in the Indian River
Lagoon was 20± 14% of surface irradiance and average annual light
requirement was 33± 17% of surface irradiance. In Charlotte Harbor,
about 55 km north of Estero Bay where our study took place,
Tomasko and Hall (1999) determined that, on average, 23% of sur-
face light reached Thalassia testudinum beds throughout the year
and Janicki Environmental (2010) determined that a minimum of
25% of surface light should reach the bottom for healthy seagrass to
occur. The variation in light requirements cited here indicates that a
great deal of uncertainty surrounds the minimum level of surface
light required for seagrass survival and growth. Additionally, these
findings suggest that understanding spatial variation in seagrass
light requirements is key to successful seagrass restoration efforts.

Another threat to seagrass is the continued growth in recrea-
tional boating which leads to increases in direct and indirect im-
pacts on seagrass (Sargent et al., 1995; Dawes et al., 1997;
Kenworthy et al., 2002). In a global analysis of seagrass restora-
tion projects, damage to seagrass from boats/vessels was listed
among the causes of restoration failure (van Katwijk et al., 2016).
Cullen-Unsworth and Unsworth (2016) listed the reduction of im-
pacts from boats among their eleven strategies for enhancing sea-
grass resilience worldwide. In Florida, Yarbro and Carlson (2013)
interviewed staff who were involved in seagrass management and
monitoring programs and, of the 24 Florida regions covered in their
comprehensive review, 16 included management recommenda-
tions to monitor, minimize, and/or restore seagrass damage caused
by propeller scarring.

Direct negative impacts to seagrass from boats occur when
vessel hulls, propellers, anchors, and anchor/mooring chains make
physical contact with seagrasses and result in scarring, prop
dredging, and blowouts (Walker et al., 1989; Kirsch et al., 2005;
Uhrin et al., 2011; La Manna et al., 2015). Once damaged, weak-
ened and/or fragmented, seagrass beds are further vulnerable to
storm events, which can delay their recovery indefinitely
(Whitfield et al., 2002; Hammerstrom et al., 2007). Boat wakes and
waves that disturb bottom sediments increase turbidity, reduce
water clarity, and can also decrease the abundance and richness of
epifauna on seagrass blades, particularly in shallow water (Koch,
2002; Bishop, 2008).

In addition to the combined impacts of coastal development and
boating, challenges to restoration are also associated with the
occurrence of seagrasses on sovereign submerged land (Hotaling
et al., 2011). In Florida, the state is obligated to protect the pub-
lic's interests in sovereign submerged lands: both in using them for
boating, fishing, and swimming, and in safeguarding the associated
natural resources that make such activities enjoyable. These in-
terests, however, often conflict as boating/fishing activities can
damage seagrasses if not done responsibly or properly. To help
maximize achievement of both interests, we developed a site se-
lection model to aid seagrass restoration efforts.
Identifying sites suitable for seagrass restoration is challenging
and inappropriate site selection is the most common recurring
failure in seagrass restoration (van Katwijk et al., 2016, 2009;
Fonseca, 2011). Decades of experiential knowledge has helped
refine site selection guidelines (van Katwijk et al., 2009; Fonseca
et al., 1998) and this effort continues (van Katwijk et al., 2016). At
a minimum, to be considered for seagrass restoration, an area must
meet the following three criteria: historic presence of seagrass, loss
due to human impact, and the removal of the impact (Fonseca et al.,
1998). The model presented here was developed for Estero Bay,
which has a historic presence of seagrass and documented seagrass
loss attributed to human activities. Managers have taken steps to
“remove the impact” by improving water quality and preventing
motorized vessel impacts, making Estero Bay a candidate for
restoration.

The Charlotte Harbor National Estuary Program (CHNEP) has
established a restoration target of 1481 ha for Estero Bay based on
the maximum historical extent of seagrass beds (Yarbro and
Carlson, 2013). The state and the local community have taken
several steps to improve water quality that will help to reach this
target. These steps include, acquiring land to form a buffer preserve
around the bay, a fertilizer ordinance that prohibits the application
of fertilizer during the rainy season and establishes a 10-foot buffer
around water bodies where fertilizer cannot be applied, and total
maximum daily loads for pollutants. A general permit granted to
the West Coast Inland Navigation District by the Florida Depart-
ment of Environmental Protection provides for the marking and
enforcement of two No Internal CombustionMotor Zones (NICMZs)
in Estero Bay, totaling 235 ha, for the protection and restoration of
propeller scarred seagrass beds (Florida Administrative Code,
2010). This is necessary as the Florida Fish and Wildlife Research
Institute's Seagrass Integrated Mapping and Monitoring Program
(SIMM) cites propeller scarring of seagrass in Estero Bay as a sig-
nificant and ongoing problem, causing “large negative changes in
seagrass” (Yarbro and Carlson, 2013). There is extensive scarring of
seagrass beds in the study area with 48.7% (451 ha) demonstrating
some level of scarring: light 2.5%, moderate 11.5%, and severe 34.7%
(Madley et al., 2004).

Factors that affect seagrass restoration at the site level include
but are not limited to emersion and desiccation effects; bio-
turbation; sediment thickness; pore-water chemistry; stability;
natural recolonization; nutrient limitation or overload; light re-
quirements and light attenuation characteristics of the site; salinity
and temperature tolerances; and waves and current speed. In
Estero Bay, managers determined light attenuation and boating to
be the variables most limiting to seagrass (Yarbro and Carlson,
2013). Recently quantitative models have been used to model
these types of variables. For example, a spatial predictive model
was created for Zostera marina based on historical information,
scientific literature, field measurements and test plantings (Short
et al., 2002). The model findings were consistent with previously
reported guidelines; greater restoration success was achieved in
shallow, gently sloping, sheltered areas (Bekkby et al., 2008). A
habitat suitability map was created for Zostera marina and Zostera
noltii in the Dutch Wadden Sea based on duration of exposure,
current velocity, wave exposure, salinity, and ammonium load (Bos
et al., 2005). A 2 km � 2 km GIS based model of the presence and
spatial distribution of seagrass within the Great Barrier Reef World
Heritage Area, identified tidal range and relative wave exposure as
the primary drivers of seagrass distribution from among eight
environmental variables (Grech and Coles, 2010). Valle et al. (2011)
used topographic variables, sediment characteristics, and hydro-
dynamic variables to predict habitat suitability for Zostera noltii.

Here, we present a GIS-based site selection model that in-
tegrates light, bathymetry, and boating activity to rank sites
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according to the likelihood of seagrass restoration success. The
model will allow managers to screen candidate restoration sites
and set informed restoration targets. The methodology is adaptable
to other areas, when analogous data are available, and the approach
could be applied to a wide variety of seagrass taxa.

2. Methods

2.1. Study area

The study area comprised 3575 ha within Estero Bay located in
southwest Florida, USA (Fig. 1). Estero Bay is a shallow estuary
(average depth of ~1 m) that is managed for multiple uses (Florida
Department of Environmental Protection, 2013). Themajority (99%)
of the bay is less than 3 m deep, but includes 36 km of relatively
narrow (~10 m wide), extensively marked, navigation channels
ranging in depth from 3 to 7 m. Boat speed zones, ranging from a
maximum of 25 mph (40 kph) to idle speed, cover the entire bay.
Barrier islands, cut by four passes leading to the Gulf of Mexico,
border the bay to its west. Bay circulation is dominated by tidal
mixing and the tidal range is ca. 0.5 m. Estero Bay receives water
from five small freshwater rivers and creeks and from the Calo-
osahatchee River to its north.

Though the Estero Bay watershed is relatively small (75,887 ha),
it is highly developed with a resident population in excess of
180,000 (Esri, 2013a). From 2000 to 2010 the population of Lee
County, which surrounds Estero Bay, increased by roughly 40% and
continues to increase by an estimated 9.8% a year (US Census
Bureau, 2015). The climate is subtropical with annual rainfall of
about 143 cm, much of which occurs from June through September.
Upland drainage has been modified by agriculture and urban
development, including extensive canal digging and dredge and fill
activities. The three primary species of seagrass in Estero Bay are
Thalassia testudinum, Syringodium filiforme, and Halodule wrightii.

2.2. Data collection

2.2.1. Light
To ensure that data collection sites were uniformly distributed

throughout the bay, a stratified random designwith 50 grid squares
was implemented (Fig. 1). Data collection was initiated in
September 2011 and 17 sampling events occurred at three week
intervals over one year. A sampling event required two days to visit
all 50 sites. Light readings were only taken between 10 a.m. and 2
p.m. to assure that the sun angle was always nearly overhead
during the period of most intense solar radiation. South Florida
estuaries exist in a subtropical environment with little seasonality
in light availability. Therefore, light measurements were recorded
over the course of an entire year to capture subtle differences that
may occur (cloudy/rainy days). Not all sites could be accessed
during every 2 day sampling event due to environmental and/or
vessel limitations; however, a majority of sites (33) were sampled
ca. 70% of the time, 15 sites were sampled more than 60% of the
time but less than 70% of the time, and only two sites were sampled
<60% of the time.

During each site visit, three paired underwater and surface light
readings were taken at 30 s intervals using two LI193 Spherical PAR
sensors for Quantum Scalar Irradiance coupled to a LI1400 data-
logger. Paired readings were taken becausemany sites in Estero Bay
were too shallow to use light sensors at multiple depths. One of the
paired light sensorswas placed 25 cm above the bay floor (to reduce
sensor shading by existing seagrass and the influence of turbidity
caused by sediment disturbance) and the other sensor was held just
above the water surface. The time (min) of each reading was recor-
ded. The sensorswere lowered into thewater from the boat on a PVC
structure that allowed us to hold the sensors away from the boat's
shadow. In total, 1926 paired readings were taken during the year.
Simultaneous with light measurements, water depth (cm) was
recorded using ametric tape attached to the LICOR sensormounting
pole. AYSI Pro2030DualDissolvedOxygen/Conductivity Instrument
was used to record water temperature (�C), salinity, and dissolved
oxygen (mg/L) directly below the surface at each site during each
sampling event. During the summer months the presence or
absenceof seagrass ateach sitewasdeterminedbyobserving thebay
bottom and free diving if necessary.

2.2.2. Bathymetry
Bathymetric data were obtained from the South Florida Water

Management District (SFWMD). The data were delivered as an
ArcGIS compatible raster file with a 75 ft (22.86 m) cell size.
SFWMD created the raster file from point measurements of bottom
depths that were collected in 2003 using two methods: (1) the
Experimental Advanced Airborne Research LIDAR (EAARL) system
and (2) the acoustic based System for Accurate Nearshore Depth
Surveys (SANDS) (Hansen and Patino, 2006). EAARL was used to
map shallow, nearshore and nonturbid bay areas, and SANDS was
used for the remaining areas (Hansen and Patino, 2006). The stated
horizontal accuracy of the LIDAR observations is ±4 cm and the
vertical accuracy is ±8 cm. We used elevations of tidal data pub-
lished by NOAA for three historical tide stations in Estero Bay to
convert depths from NAVD88 to Mean Sea Level (MSL). The average
relative height difference between NAVD88 and MSL for the three
historical tide stations (0.196 m) was subtracted from all depths.
The extent and cell size of the bathymetric raster served as the
spatial framework for subsequent modeling. It was desirable to
have a raster cell size that was a whole integer, so the bathymetric
raster was resampled to 23 m cell size.

2.2.3. Boating
Spatial boating patterns were modeled using digitized routes of

474 boating trips taken in the bay. Routes were from a map based
questionnaire mailed in threewaves betweenMay 2005 andMarch
2006 to a random sample of boaters who were observed at local
ramps, kept their boat at a local marina or dry storage facility, or
owned a boat docked at a local waterfront parcel (Sidman et al.,
2005, 2006). Survey respondents marked/drew on a 1:160,000
scale map the start and end points, destinations, and routes of their
last two boating trips.

2.3. Data analyses

2.3.1. Light attenuation
Using paired light readings and simultaneously measured

depths, light attenuation coefficients (Kd) were calculated as
follows:

IZ ¼ IOe
�KdZ

where IZ is light measured at depth Z, IO is light measured just
above the water surface, and Kd is the light attenuation coefficient
(m1). Kd was calculated for each of the three paired light readings
taken at each site visited during a sampling event and the three Kd
values were averaged to generate a single Kd for each site for each
sampling event. In 3% of the paired readings, one reading differed
by more than 20% from the other two and it was removed, i.e., two
sets of paired readings were averaged to establish the Kd value.
Next, the median annual Kd was calculated for each of the 50 sites
based on the averaged values for each sampling event. Median
values were used instead of mean values to reduce the influence of
extreme values.



Fig. 1. Locations (black dots) of the 50 data collection sites in Estero Bay, Florida. Dark green areas had seagrass present in all four years (1999, 2003, 2004, and 2006) for which
coverage was available. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The median annual Kd values were kriged in ArcGIS 10.1 Geo-
statistical Analyst (Esri, 2013b). Ordinary, simple, and universal
kriging models were tested, using transformations and trend
removal as necessary to improve fit. Each model was checked for
anisotropy, and iterative cross validation was used to optimize
model parameters. The model with the smallest root mean square
error was selected and the resulting Kd predictions were converted
to a raster with a cell size equivalent to that of the bathymetry data
(23 m). The predicted Kd, average surface light for the sampling
year, and the bathymetry raster were input to ArcGIS 10.1 Raster
Calculator and an output raster of predicted IO/IZ, the percent light
at known depth Z (MSL), was created based on the Lambert Beer
Law. To assess model uncertainty, a spatial map of prediction
standard error was created.
2.3.2. Spatial and temporal variability in light measures
Each 23 m cell was placed into one of three categories based on

the predicted IZ values from the kriging model. Each cell of the
predicted IZ raster was categorized according to the median annual
percentage of surface light reaching the bay bottom. A value of 3
was assigned to cells predicted to have �25% of surface irradiance
available at the bottom as per published guidelines (Janicki
Environmental, 2010). To reflect literature that indicates that pre-
dominate seagrasses in Estero Bay can survive at lower light levels,
a value of 2 was assigned to cells that averaged �15% (but < 25%) of
surface irradiance at the bottom. Finally, a value of 1 was assigned
to cells with <15% of surface light available at the bay bottom, as
those areas are unlikely to support seagrass growth.

To model temporal availability of light, Kd at each site, for each
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event, was interpolated using the same methods as were used for
median annual percentage of surface light reaching the bay bottom.
During four of the 17 events, large areas of the baywere unsampled,
therefore these trips were excluded from this analysis. For each of
the 13 remaining events, the interpolated Kd was combined with
the bathymetry layer (Z) using the following raster math: IZ/
IO ¼ exp(Kd � Z) where Kd is the interpolated raster and Z is the
bathymetry raster. Each cell for each event was classified as having
�25% or <25% of surface light at the bottom. All 13 events were
added together and each cell of the output raster was placed into
one of three categories. Cells that received �25% of surface light for
�62% of the year received a 3. This category was based on the
minimum amount of the year (62%) that � 25% of surface light was
available at field sites where seagrasses were observed during the
study. Cells with �25% of surface light for 50% to <62% of the year
received a 2 based on an assumption that seagrass might tempo-
rarily persist under these conditions. Cells with �25% of surface
light for <50% of the year received a 1 and were assumed to be
unfavorable for seagrasses.

Each output raster cell was added to its corresponding cell in the
raster of categorized IZ values. This allowed for site categorization
according to median annual light availability and the relative
amount of time that bay bottom light was �25% of surface irradi-
ance. Integration of the light data was used to identify areas where
use of average light alone might mask prolonged time periods of
low light offset by brief periods of high light. Based on light data
alone, areas categorized as 5 were considered best for seagrass
restoration and areas categorized as 1 least favorable.

2.3.3. Boating density
The ArcGIS 10.1 Point Density tool was used to quantify the

spatial distribution and density of boating routes in those portions
of Estero Bay outside of marked navigation channels (Esri, 2013c).
Navigation channels are “official” boating corridors and not
considered as candidate sites for restoration; a mask was used to
eliminate navigation channels from the analysis of out of channel
boating. Using digitized routes (n ¼ 474) as input, the number of
routes crossing each 23 m raster cell was tabulated. The cell cen-
troids and their corresponding values containing the number of
crossing routes were used as input to the point density tool. Given
the scale (1:160,000) of the map on which respondents had drawn
their routes, and assuming an average pen width of 0.4 mm, a cir-
cular neighborhood with search radius of 32 m was used to
calculate density. The output raster cells were assigned to one of
three categories according to route density and based on natural
breaks in the data (de Smith et al., 2015).

The point density tool output was added to the raster containing
categorized IZ values and percentages of light duration. Based on
light availability and boating density combined, areas categorized
as 7 were considered the best for seagrass restoration and areas
categorized as 1 the worst.

2.3.4. Recent seagrass coverage
To validate the model, in ArcGIS 10.1 we compared the predicted

site rankings with a composite map of seagrass beds interpreted
from 1:24,000 scale natural color aerial photography flown during
four different years (Dec 1999; Jan 2003; Jan 2004; and Feb, Apr and
May 2006). The minimum mapping unit was 0.2 ha, seagrass beds
were classified as continuous or patchy, and species were not
distinguished. Esri shapefiles for each of the four years were ob-
tained from the South Florida Water Management District and
clipped to the boundaries of the study area. The clipped seagrass
layers were combined in ArcGIS 10.1 and each of the polygons that
resulted from the overlay analysis (Union) were labeled according
to the number of years that seagrass had been mapped (from a
minimum of 1 year to a maximum of 4 years).

3. Results

3.1. Spatial and temporal light variability

Median Kd values for each of the 50 sites ranged from 0.84 to
2.34 m1. A universal kriging model with a log-transformation, 1st
order trend removal, and anisotropy best fit the Kd data
(0.158 R MS, Fig. 2). The median annual percent of surface light
available at the bottomof the bay ranged from 87% to 0%. Themodel
predicted that 39% of Estero Bay's bottom area met or exceeded the
target goal set by the Charlotte Harbor National Estuary Program;
i.e. � 25% of surface irradiance (Fig. 3). Eighty-four percent of the
bay had a predicted standard error of less than 0.2 (Fig. 4).

The percent of the year that specific sites received �25% of
surface light at the bay bottom varied from 0 to 100%. The model
predicted 72% of the bay bottom received �25% of surface irradi-
ance for at least half of the year and 58% of the bay bottom received
�25% of surface irradiance for at least 62% of the year (Fig. 5).

The map combining the predictions of median annual bottom
light level predictions and the percentage of the year that �25% of
surface light penetrated to the bottom, revealed that 38% of the bay
had a predicted median bottom light of �25% for at least 62% of the
year (Fig. 6). An additional 19% of the bay received a score of 4
which equates to either median predicted bottom light �25% for
50e62% of the year or median predicted bottom light from 15 to
<25% for more than 62% of the year.

3.2. Boating outside of channels

The density of boating routes outside of navigation channels in
Estero Bay ranged from 0 to 195 routes per acre. Cells with �40
routes per acre (4% of bay) were assigned a 1 and considered least
suitable for seagrass restoration. Twenty-five percent of the bay
had between 10 and 40 routes per acre and were assigned a 2,
representing intermediate boat traffic density. The 71% of the bay
that had <10 routes per acre were assigned a 3 and considered
better sites for seagrass restoration. The boating density was less
than 40 routes per acre for the majority of the area (96%) and less
than 10 routes per acre for 71% of the area (Fig. 7). While boating
pressure outside of navigation channels was very light in many
areas of the bay, there was much pressure in the southern portion
and it occurred over shallow areas with the potential to harbor
seagrasses.



Fig. 3. Predictions of the median annual percent of surface light available at the bottom throughout Estero Bay, Florida.
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The impact of boating on seagrass was included in the ranking
of potential restoration sites by adding the boating density map to
those of predicted median annual percent of light at the bottom
and the proportion of the year with �25% light (Fig. 8). A cell
ranking of 7 corresponded to areas presumed to be most favorable
for seagrass restoration owing to high light levels on average,
sufficient light for most of the year, and low boating pressure.
Twenty-seven percent of the bay received a ranking of 7. An
additional 23% received a site ranking of 6, identifying sites that
are the second most favorable for seagrass restoration. Thus, a
substantial portion of Estero Bay (50%) was determined to be
favorable for seagrass restoration activities. Areas that received a 1
exhibited high boating pressure, low average light availability, and
insufficient light for most of the year.
3.3. Recent seagrass maps versus site rankings

The final map of site rankings (Fig. 8) was compared to the
composite map of seagrass occurrence in the Estero Bay study area
for four separate years (1999: 922 ha of mapped seagrass, 2003:
868 ha, 2004: 1245 ha, and 2006: 1193 ha) to validate the model.
The composite map comprised 1424 ha of seagrass, representing
40% of the Estero Bay study area (Fig. 1). Seagrass had been mapped
in all four years for 47% of this area (663 ha), of which 89% received
a site ranking of 5 or more from the model (Table 1). Forty-two
percent received the highest rank (7), 28% received a rank of 6,
and 19% received a rank of 5. The results show that the model is a
viable tool for selection of seagrass restoration sites in Florida and
elsewhere.



Fig. 4. Standard errors of model predictions: 18% of modeled predictions had standard errors less than 0.1; 66% had standard errors between 0.11 and 0.2; and 16% had standard
errors between 0.21 and 0.3.
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4. Discussion

High failure rates of seagrass restoration projects will persist if
appropriate site selection standards and metrics are not applied
(Fonseca, 2011). Though many variables may contribute to seagrass
presence or absence, modeling those critical to restoration in a
particular area can maximize the potential for success. Further-
more, from a management perspective, it is often necessary to
consider those variables that are relatively easier (and less expen-
sive) to measure (map) andmonitor, and that are actionable (can be
removed or improved, thus contributing to restoration success).
The approach described here provides a quantitative basis for
seagrass restoration siting by modeling light environment and
boating activity, which can be removed or improved through
management. Light availability and boating pressure have been
identified by resource managers as the primary stressors limiting
seagrass restoration in Estero Bay (Yarbro and Carlson, 2013). The
two factors have also been identified as important to seagrass
restoration throughout Florida (Yarbro and Carlson, 2013) and
elsewhere as well (van Katwijk et al., 2016; Cullen-Unsworth and
Unsworth, 2016), thus making the model applicable elsewhere.
Light availability and boating pressure were measured at spatial
and temporal scales that capture their variability, allowing for
improvement in setting effective restoration targets and site se-
lection. Similar models could be developed for other estuaries using
in situ light and boating data, or by incorporating other variables
that may have greater impact on local seagrass restoration.

There are many examples of spatial seagrass models based on
environmental and social variables driving the presence and dis-
tribution of seagrass in the area (Bekkby et al., 2008; Grech and



Fig. 5. Predictions of the percent of the year that 25% or more of surface light is available at the bottom throughout Estero Bay, Florida.
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Coles, 2010; Valle et al., 2011). An ecological niche factor analysis
like that of Valle et al. (2011) might indicate an additional variable
that drives seagrass distribution in Estero bay. However, the
approach used here adequately addresses managers' question as to
where best to restore seagrass now that steps to improve water
clarity and minimize boating impacts have been taken. It is
important to choose the variables that have the most impact on
seagrass in your site. The fact that the model presented here was
able to predict high site rankings (5 or above) for areas with
persistent seagrass (88% of area) contributes to the growing body of
research that demonstrates that quantitative spatial models can
improve restoration site selection for seagrass.

One of the benefits of using quantitative spatial model tech-
niques like kriging is the ability to estimate model uncertainty. A
prediction standard error map was generated to look for areas of
the baywhere themodel predictions hadmore uncertainty. Most of
the bay (84%) had prediction standard errors of less than 0.2. There
were some areas of the bay, the northwest corner, where an
insufficient number of data collection points lead to high prediction
standard errors. Around the east edge and in the southern portion
there were also some high standard errors and more data would
need to be collected in those spots to improve the standard errors.
To account for errors in addition to those inherent to the model,
trial test plantings should be conducted at selected sites before
embarking on a full restoration project.

Our model predicted that 72% of Estero Bay received sufficient
light, i.e. �25% of surface irradiance for at least half the year.
However, only 38% of the bay satisfied the Charlotte Harbor Na-
tional Estuary target of �25% of surface irradiance reaching the
bottom and met the criterion that �25% of the surface light must



Fig. 6. A composite map of the median annual percent of surface light predicted to reach the bottom and the percent of the year that 25% of surface light is predicted to reach the
bottom throughout Estero Bay, Florida. Lower rankings indicate relatively poor conditions for seagrass restoration.
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reach the bottom for �62% of the year. Typically, prolonged pe-
riods of low light occur during high rainfall years and after major
storm events, both of which reduce water clarity as a conse-
quence of increased sediment loads and nutrient inputs that
stimulate phytoplankton blooms. Some areas of the bay are also
more susceptible to increased water column turbidity caused by
the intense wind and waves that accompany storms. A wave
exposure model (see, e.g. Malhotra and Fonseca, 2007) could be
used to identify these areas if accurate wind data is available.
These areas would not be good candidates for restoration due to
the prevalence of low light events and the chance of physical
disruption during the summer storm season when planting would
take place. However, the model output suggests that, in general,
water clarity should be improved throughout Estero Bay to extend
seagrass coverage to deeper areas. Improved water clarity would
increase the total area subject to sufficient light to support sus-
tained seagrass growth.

Natural resource managers can use this model and others like it
not only to identify specific sites suitable for seagrass restoration,
but also to set quantitative restoration targets. This is useful as
many watershed management groups use seagrass as an indicator
species of bay health (Dennison et al., 1993). Managers could use
the model to set a goal, for example, of restoring seagrass to areas
which received a 6 or 7 based on all three factors (Fig. 8; 50% of the
bay). Areas ranked 6 and 7 that already have seagrassmight be ideal
candidates for prop scar restoration or protection from future
degradation. Restoration targets identified using themodel can also
be adaptive to managers' priorities. Managers could, for example,
choose more conservative parameter values to increase the prob-
ability of success. Additional variables, such as waves, salinity,



Fig. 7. Density of boating routes per acre, outside of navigation channels, in Estero Bay, Florida.
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sediment stability, and bioturbation could also be added to this
model or used in models of other systems.

Further research is necessary to determine for what percentage
of the year enough light must be available at the bottom for sea-
grasses to persist. In fact, there is much uncertainty in the literature
regarding the light requirements for seagrasses in any particular
area. Some studies found that seagrass persists for two years with
limited light before dying off, while others noted rapid mortality
following a low light event (Onuf, 1996). Some of the uncertainty
could likely be explained if light quality was more thoroughly
investigated. For example, it is possible that seagrasses in high
turbidity waters, like Estero Bay, need more light to compensate for
the loss of high energy blue light (Duarte et al., 2007). Even if the
quantity and quality of light reaching the seagrass is known, epi-
phytes growing on seagrass blades may absorb as much as 30% of
the light that reaches the seagrass canopy (Dixon, 2000). The pa-
rameters in the model created for this study can be modified to
incorporate newly acquired information as it relates to light and
seagrass health.

Similarly, the parameters related to boating routes can be
updated as new data related to where users are boating in the area
is collected. The most recent data we were able to obtain related to
boating pressure was from 2006, five years prior to the light data
that was collected. While it is possible that boating pressure
increased in the bay during this time as the local population was
increasing by 10% a year there is no reason to believe the routes or
traffic patterns changed. A follow up survey would be necessary to
verify this assumption and the model could then be updated with
new information. The model was created with the best available
data at the time to assist managers in siting seagrass restoration. As



Fig. 8. Final site rankings for Estero Bay, Florida obtained by combining the predicted amount of bottom light, the percent of the year sufficient light is available, and the boating
density outside of channels. Lower rankings represent unfavorable conditions for seagrass restoration.
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more research is done on how boating effects seagrass in different
water depths and sediment types the categories created for boating
Table 1
Spatial comparison of ranks from site selection model to composite seagrass map
(1999, 2003, 2004, 2006) for Estero Bay, Florida.

Site rank as
determined by
model

Areas in which seagrass was
mapped in all four years (ha)

Proportion of area in which
seagrass occurred in all four
years

7 272 42%
6 186 28%
5 126 19%
4 33 5%
3 33 5%
2 13 2%
1 0 0%
pressure can also be changed to reflect the newest knowledge on
this impact.

Restoration of seagrass is necessary to ensure that key
ecosystem services provided by seagrasses continue to be provided.
To improve the success rate of seagrass restoration efforts it is
imperative that site selection for restoration be improved. The
model developed and described here provides resource managers
with objective and quantitative criteria to aid restoration efforts.
Use of this type of model in other estuaries should contribute to
increased seagrass restoration success worldwide.
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