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EXECUTIVE SUMMARY
The eelgrass resources of Nantucket have experienced a significant decline in areal measure during the
last 20 years. These declines have been located in areas where runoff from nearby uplands have
introduced nutrients which are harmful to the lifecycle of eelgrass. Other forms of vegetation
(macroalgae and phytoplankton) have the capability to utilize these nutrients and out-compete eelgrass
for sunlight. Healthy eelgrass beds demand “untainted” watersheds. Development in the near coastal
upland poses a real threat to the future health of eelgrass and the many shellfish and finfish that reside
there.
This comprehensive mapping project is an important building-block step toward effective management
of the eelgrass resource, future efforts should be aimed at preventing further degradation to the coastal
watersheds that directly impact eelgrass.
Introduction
Nantucket has been endowed with large areas of eelgrass beds. These beds have been an important
habitat which has been the source of food for the diverse shellfish and finfish resources that have
always been in great demand for quality and uniqueness in both national and international markets.
As the landscape in Nantucket began to change in the 1970’s with increased development, the eelgrass
resources were introduced to the resultant enriched nitrogen run-off and other stresses from the
landuse change. Other regions of the MA coast experienced similar increased residential and
commercial growth and their eelgrass resources declined, in some areas to an alarming degree.
Eelgrass bed are a relatively low maintenance wetland system. They require sunlight and a water
column which allows a moderate amount of the sun’s energy to reach the bottom (on average > 20% of
the surface light). When those light conditions are not met, the eelgrass is stressed and is less able to
maintain its shoot density, maximum depth and unique ecological function.
Nantucket’s eelgrass resources have experienced decline during the last 25 years. These declines have
been especially apparent in the Nantucket Harbor area. The MA Department of Environmental
Protection has conducted several aerial photography/digital imagery mapping projects in Nantucket.
The resultant data from these surveys has revealed a dramatic decline in the eelgrass resources of the
island.
This 2015 eelgrass mapping project has been designed and conducted to provide Nantucket resource
managers with quantative eelgrass data that has been extensively field-checked and evaluated. This
data should be considered the “time1” starting point for future efforts to quantify the eelgrass trends on
the Island.
METHODS
The eelgrass mapping process involves the acquisition of high resolution digital imagery captured within
strict environmental conditions. The imagery is interpreted initially and questionable areas are
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highlighted for investigation during fieldwork. Extensive fieldwork is conducted to provide feedback
for the initial interpretation questions. Final digital interpretation is completed on-screen using the field
data.
Data Acquisition and Image Interpretation
Strict Specifications are required for the acquisition of acceptable imagery:
 when conditions are as near to low tide as possible,
 sun angle <25°,
 winds <5 mph,
 cloud cover minimal,
 no haze, no fog, and no rainfall or high wind conditions within previous 48 h.
Prior to interpretation, sample images were checked for quality within 48 hours of acquisition. Segments
of flight lines that were rejected were reflown in the next available window of acceptable environmental
conditions within the same growing season. See Figure 1 Aerial Imagery Capture Schedule
Digital Imagery
Digital imagery was acquired through a contract with GeoVantage Corporation (Peabody,
MA, USA). The GeoVantage sensor consists of a digital camera with four bands centered on blue (450
nm), green (550 nm), red (650 nm), and near-infrared (850 nm). The output of the camera system are
GeoTiff image products which were created from the true color imagery captured with a 0.5 m ground
sample distance resolution and 8-bitradiometric resolution. The images were orthorectified, terraincorrected (using 7.5 m USGS DEMs), geo-registered, and mosaics were created for each flight mission
with a spatial accuracy of ±3 m (90% of pixels). The digital images were interpreted monoscopically on
screen. The digital imagery was analyzed and interpreted using a high resolution CRT 22-in. monitor.
Fieldwork
Fieldwork was conducted in a 22’ seaworthy skiff. High accuracy GPS technology was used to log
fieldnotes onto the digital mapping database. Underwater digital video was used to document the
conditions at questionable areas. The video has been archived and geo-registered to be retrievable for
future resource managers and researchers. The outer edge of each eelgrass polygon was carefully
surveyed to verify that the outer edge of the interpreted polygon as accurate. Field data was logged to
the specific coordinate where it is observed. See Figure 2 Sample of Field Data Sheet
Final Data
Polygons of seagrass were hand-digitized on screen using the ArcGIS 10.3 suite of
software.Data is created and displayed in the .shp format. The data is distributed thru the NOAA
Coastal Service Center Database and the MASSGIS system and the Massachusetts Department of
Environmental Protection website.

RESULTS/REGION REPORTS
The Nantucket Project is divided into 6 sub-areas for narrative description.
The rose-colored polygons on the images below describe each sub-area.
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Region 1, Downtown

2015 EELGRASS

Eelgrass Area Acres 1995
50.1

2015
35.2

20yr % Change Ave.% Decline/yr
-30%
-1.5%

1995 EELGRASS
This area of the Harbor has experienced the largest decline in eelgrass. Most notably the polygon in
vicinity of Steamship Authority terminal north to the Town boat ramp and along the shore to the Coast
Guard Station disappeared between 1995 and 2001. It could be expected that water quality issues
related to point and non-point sources contributed to this rapid loss of habitat.
A similar change occurred in the Town Marina area. This area could have been stressed with water
quality stresses coming from the adjoining watershed and also the impacts from the busy marina (fuel
spillage and mechanical disturbance from prop-wash.
The relatively stable outer eelgrass boundaries in the area East of the Great Harbor Yacht Club Complex
which enjoys a relatively undeveloped to sparsely developed watershed appears to have maintained its
health. The eelgrass resources in this area should be surveyed carefully to detect future changes
resulting from increased boat traffic from the Yacht Club.
Note: Eelgrass in stressed conditions often is recognized by a decline in the outer boundary of the bed.
This loss results from increased turbidity in the water column (caused by increased nutrients)
attenuating the sun’s energy and reducing the amount of available light on the bottom.
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This schematic shows sunlight at the water’s surface(Io)
traveling through enriched water column with a “cloud” TSS
(total suspended solids comprised of chlorophyll a (algae) and
natural color). Drift algae epiphytes on the leaves further
attenuate the sun’s energy(PLL (percent light at leaf) available
to the eelgrass shoots. On average a minimum of22% of the
surface light is required for eelgrass health.

This is the most important element of healthy eelgrass systems.

REGION 2, First to Fourth Point

2015 EELGRASS

Eelgrass Area Acres 1995

2015 20yr % Change Ave.% Decline/yr
1486.5 1024.9 -30%
-1.5%

1995 EELGRASS
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This region has also experienced significant decline over the 20 year period. Loss is seen in the western
most red arrow in the deeper and shallower areas. Declines to the outer edges in region of third Point
and Pocomo are indicative of lower amounts the sun’s energy reaching the deeper plants.

REGION 3, Head of Harbor

2015 EELGRASS

Eelgrass Area Acres 1995

2015 20yr % Change Ave.% Decline/yr
380.8 291.7
-24%
-1.2%

1995 EELGRASS
This region has experienced decline in the deeper water East of Pocomo. The remaining linear eelgrass
has remained relatively stable with a small increase in the polygon to the far East. The blue polygon
shown here is one of three areas where hydrocoleum/lyngbya was mapped. This will be described in a
later section of this report.
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Region 4, Harbor Entrance

2015 EELGRASS

Eelgrass Area Acres 1995

2015 20yr % Change Ave.% Decline/yr
202.0 133.7
-32%
-1.6%

1995 EELGRASS

This Harbor Entrance Area has also declined at the same rate as the earlier areas. As this area is wellflushed with tidal flow it could be assumed that water quality (turbidity) is not the reason. The area
along the Western Jetty has declined significantly along its deep edge. This could possibly be to winter
storm events that have very severely reduced the eelgrass resources on the shoreline directly facing the
wave action from the North (these coastal areas are not included in this report).
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Region 5, Madaket

2015 EELGRASS
1995 EELGRASS

Eelgrass Area Acres 1995

2015 20yr % Change Ave.% Decline/yr
673.3 513.3
-24%
-1.2%

Madaket has declined along the deeper edges South of Eel Point possibly due to storm and tidal current
action. Declines were noted in the deeper channel area on the outer edges of the polygons. A
complete loss of habitat in the inner Madaket Harbor area on both sides of the channel and in the upper
reaches of the inner harbor. Water quality issues could be suspected in these losses as the contributing
watershed seems to have experienced increased development during this period.
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Region 6, Tuckernuck

2015 EELGRASS

Eelgrass Area Acres 1995
388

2015
391

20yr % Change Ave.% Decline/yr
+0.08%
------

1995 EELGRASS
The Tuckernuck Region has been relatively stable during this 20 year period. Tidal action and storm
events have understandably altered the eelgrass beds in the sandy shoal areas between this island and
Madaket. This is the only area of Nantucket to have increased its eelgrass area during this time.
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Lyngbya Section

2015 Lyngbya
Lyngbya, a black filamentous algae found in many warm water embayments throughout the world, has
appeared in three locations in Nantucket Harbor during our summer 2015 survey. Recent research work
has determined the cyanobacterium formerly termed lyngbya to be hydrocoleum spp. Fortunately, at
this time it is isolated to these sites as shown on the map above. Hydrocoleum/Lyngbya appears when
there are high nutrient levels in the water stemming from lawn fertilizers, road runoff, storm water
015 Lyngbya
runoff and other types of pollution created by increased development near water bodies. The
appearance of the Nantucket hydrocoleum is the first to be recorded in Massachusetts. An active
method to stop it would be to aggressively curtail unnecessary overuse of lawn fertilizers and farming
chemicals. Hydrocoleum growth can be stopped by starving it of the diet in needs. Recent
investigations on the Nantucket hydrocoleum by Pia Moisainder of University of Massachusetts Dartmouth, has indicated a link to land-source phosphorous and the ability of the algae to utilize excess
nitrogen in the Harbor.
Eventually, researchers will develop a benign form of algae that will help to consume the excess
nutrients in embayments (exciting work is coming from Florida where hydrocoleum has become a major
problem threatening seagrass beds and manatees). Though this research offers hope for a future
solution, the immediate need is a reduction of nutrients entering the coastal areas.

The Future
The future success of Nantucket’s eelgrass resources will be directly related to several strategies that
can/need be continued :
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Management Strategies:
1. Now that there is an accurate base map of the eelgrass resource, several re-mappings should be
planned to document the near-term changes. The re-mappings should continue until the annual
declines have stopped. Normally areas where there are chronic declines of eelgrass, a schedule
of re-mapping on a 3-5 year timeframe is followed. In the Nantucket Harbor area, a re-mapping
should be considered at least more frequently to verify problem areas (and the possible spread
of hydrocoleum). The Harbor area is relatively small and the cost of re-mapping is relatively
small. This data will be helpful in determining the possible causes of future declines.
2. The digital database of the eelgrass resources should be used to include information about
impacts possibly resulting from commercial shell-fishing, recreational boating and known points
of point and non-point source run-off and pollution. Special attention should be given to the
downtown area near ferry terminal and town pier as there has been conspicuous decline in
eelgrass in that area over a short period of time.

3. Many data points should be established in areas where eelgrass has historically declined to
document the changes. The use of digital high resolution color video is a low cost, achievable
and graphic way to video record and track changes. These points could be of a fixed nature
providing data in a fixed pattern around a logged point data or a transect displaying the data
between 2 known points.
4. Data points and transects (similar to #4 above) should be established in areas have been
resistant to decline and possibly have shown healthy conditions.
5. Nantucket should continue its efforts to control non-point sources of nitrogen and other
contaminants. The nutrient enrichment from these sources is quickly utilized by macro-algae
and phyto-plankton in the Harbor to attenuate the sunlight’s penetration to the bottom.
6. Surface and groundwater discharges should be surveyed and monitored to determine
If and where enriching pollution is entering Nantucket’s water bodies.
7. Bathymetric data would be a very beneficial to track changes to Nantucket’s eelgrass resources.
An accurate bathymetric survey of the Harbor would be an expensive dataset for Nantucket to
acquire. Several federal agencies(NOAA, EPA, and Army Corps of Engineers) have begun
acquiring bathymetric lidar datasets. When this data is available it should be incorporated into
the on-going eelgrass mapping data.
8. Develop an aggressive local educational campaign to raise the public awareness about the
relationship of the landuse choices they make and their adverse effects on the eelgrass
resources and the many forms of life that depend on them. Communities on Cape Cod and
Buzzards Bay have lost much of their eelgrass resources from failing to curtail nutrient flow into
their embayments.
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Figure 1

Aerial Imagery Capture Schedule 2015

AREA
Madaket
“
Tuckernuck
Downtown
Mid Harbor
“
Harbor Entrance
Head Harbor
North Shore

ZULU TIME

Eastern Time

Date

12:55/13:28
10:43/13:55
11:10/12:49
12:52/13:29
13:31/14:04
12:22/12:45
10:52/12:19
11:07/12:20
11:39/12:59

8:55/9:28
6:43/9:55
8:52/9:29
8:52/9:29
9:31/10:04
8:22/8:45
6:52/8:19
7:07/8:20
7:39/8:59

6/30
6/4
6/5
6/5
6/5
6/7
6/7
6/30
8/28
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Figure 2

SAMPLE FIELD DATA SHEET

Latitude/LongitudeAlgae Type
Date/Time
Eelgrass (presence/absence)
Algae (presence/absence)
Algae density
Algae Type
Epiphytes
Observations
Underwater Image Number
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Figure 3

SAMPLE DATA POINT MAP
POINTS 1995 – 2015
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Executive Summary
Water Quality Monitoring and Assessment of the
Nantucket Island-Wide Estuaries and Salt Ponds
Update 2020
As in previous years, this annual Technical Memorandum summarizes the water quality
monitoring results of the estuarine sampling undertaken through the ongoing Nantucket Islandwide Water Quality Monitoring Program. The program is a multi-year collaboration between the
Town of Nantucket Natural Resources Department and the Coastal Systems Program within the
University of Massachusetts-Dartmouth, School for Marine Science and Technology. Water
sample collection and analysis has been undertaken according to specific protocols developed at
the outset of the monitoring first started in 2010 such that year to year results would be cross
comparable from one Nantucket estuary to another but also, so that Nantucket results would
also be cross comparable to water quality data collected from other programs managed by the
Coastal Systems Program (e.g. Cape Cod monitoring programs as well as Martha's Vineyard
Island-wide monitoring program). The 2020 summary memo is focused specifically on the
following: 1) Water Quality Results for Nantucket Harbor, Madaket Harbor, Long Pond,
Hummock Pond, Miacomet Pond, Sesachacha Pond, Polpis Harbor Streams and Oyster
Aquaculture Potential Sites and 2) Trophic State - Water Quality/Eutrophication Status and
trends.
The goals of the monitoring program remain unchanged from previous years, primarily to:
1. determine the present (2020) ecological health of each of the main salt ponds and
estuaries within the Town of Nantucket,
2. gauge (as historical data allows, 2010-2020) the decline or recovery of various salt ponds
and embayments over the long-term (also part of TMDL compliance), and
3. provide the foundation (and context) for development of potential alternatives for nutrient
and resource management and quantitative measures of success.
Point (3) is critical for restoration planning should a system be found to be impaired or
trending toward impairment, which requires targeted management actions for restoration
or a system is improving due to Town actions which then should be improved/enhanced.
As was the case in 2010, 2012 - 2019 sampling efforts, the 2020 sampling program focused on
the summer/early fall months (June - September, few systems sampled in October) as this time
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frame is typically representative of worst case water quality conditions and the basis for habitat
management decisions. Samples collected in 2020 were obtained from the same sampling
station locations and the same depths as in previous years to maximize cross comparability and
to gauge temporal changes. It should be noted that the Town of Nantucket did undertake water
quality monitoring in 2011, however, those samples were analyzed by a lab other than the
Coastal Systems Analytical Facility at the UMASS School for Marine Science and Technology
and data was presented in the report on the 2012 monitoring effort.
The Town of Nantucket has been working for decades to protect and more recently restore its
estuaries and their aquatic resources. At present and based on the 2010 - 2020 water quality
database developed under the Island-wide unified water quality monitoring program, activities to
lower nitrogen enrichment and its negative impacts to water and habitat quality have been
planned and implementation is ongoing in 4 estuarine systems: Nantucket Harbor (jetties and
sewers), Madaket/Long Pond (landfill and possible dredging), Sesachacha Pond (openings),
Hummock Pond (refined opening protocol). In addition, all of the Town’s estuaries should benefit
from the recent fertilizer application by-law. As a result, it is anticipated that the efficacy of these
management activities should be seen in the on-going monitoring results.
Summer 2020 appears to have sustained high water quality for the Nantucket Harbor and
Madaket Harbor systems. Hummock Pond water quality appears to continue to be poor in the
upper portions of the system, however, 2020 data indicates slightly lower nutrient concentrations
and overall system health compared to 2019 (possibly due to a more effective opening).
Generally, the decline in water quality started in 2016 which showed a decrease in overall water
quality compared to system reset for the 2015 summer season. The reset was accomplished
through a highly successful opening, which has not been fully repeated at that level since 2016,
hence the decline in water quality over the past 5 years. The variations in TN levels results
primarily from opening success. For instance, in spring 2017 the opening was only 1.5 days with
high precipitation, although the spring opening in 2016 was comparable to the duration of the
opening in 2015 (18 days and 15 days respectively). In contrast, Long Pond has continued to
show declines in TN concentrations over historic levels with variable parallel improvements in
water and habitat quality, although the inter-annual reductions appear to be stabilizing.
Miacomet Pond, which is now functionally a eutrophic freshwater pond, again in 2020 showed
poor water and habitat quality throughout.. After a slight improvement in 2017, as seen in lower
TN concentrations and lower total pigments (CHLA + Pheophytin), water quality worsened in
2018 and continued to show a nutrient degradation in 2019 and 2020. Miacomet Pond from
2014-2018 appeared to have phytoplankton production (e.g. chlorophyll-a) stimulated by both N
and P inputs as pond salinities declined to present freshwater levels. The 2020 monitoring
indicated that Miacomet Pond still has phytoplankton production stimulated by both N and P as
DIN/DIP ratios at certain stations exceed the Redfield Ratio. The longer term record indicates
both N and P as key nutrients from 2014-2020, with nitrogen being the key nutrient only in 2019.
Miacomet Pond exceeds by several fold both known N and P levels needed to maintain a high
quality aquatic system.
Water Quality in Sesachacha Pond appears to be directly related to the efficacy of its seasonal
openings. Water quality in 2010, 2012, 2013 was significantly improved over the levels observed
previously in the MEP analysis (November 2006). The lower TN levels in Sesachacha Pond
(2010-2013) versus historic levels documented by the MEP indicated significant improvement of
pond resources. Since there was no major shift in nitrogen loading within the Sesachacha Pond
watershed during that period of improvement, it is almost certain that the amount of tidal flushing
during a given artificial breaching is driving the variability in the observed summer TN level. The
rise in TN observed during the 2014 sampling suggests that a poor inlet opening may have
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occurred in spring 2014, as watershed loading was unchanged. Short openings in subsequent
years (2015 {5 days}, 2016 {3 days}, 2017 {7 days}) suggests that inlet opening efficacy has a
significant effect on pond water quality as TN concentrations from 2014 to 2017 have steadily
increased to nearly the same level as when the MEP analysis was completed. Since a focused
opening management plan has evolved over the past decade, TN levels have generally declined
in recent years and averaged 0.784 mg TN/L over 2018 and 2019 field seasons (Table 4). In
2020, TN concentrations were even lower and chlorophyll levels appear to be as low
observations in 2013. Although Sesachacha Pond is still above its N threshold the increased
attention to pond openings through 2018 have lowered TN from historic levels (1.2 mg N/L) to
0.7 mg N/L in 2020, only slightly above the threshold TN level. Since a fall opening in 2020 did
occur its impact will be seen in the 2021 monitoring results. This underscores that if opening can
be maintained the threshold N level should be attainable for this estuary.
Trophic State of Nantucket Estuaries: The Trophic State of an estuary is a quantitative
indicator of its nutrient related ecological health and is based on key ecological metrics:
concentrations of inorganic and organic Nitrogen, water clarity (Secchi Depth), lowest measured
concentrations of Dissolved Oxygen (average of lowest 20% of summer measurements), and
Chlorophyll-a pigments (surrogate for phytoplankton biomass/blooms). Nutrient related trophic
health scales generally range from Oligotrophic (healthy-low nutrient) to Mesotrophic (showing
some signs of deterioration of health due to nutrient enrichment) to Eutrophic (habitats
significantly impaired and degraded, high levels of nutrients and organic matter and community
shifts).
Nantucket Harbor (with Madaket Harbor) is presently supporting the highest water
quality of Nantucket's estuaries. In 2018 and 2019, all of the Nantucket and Polpis
Harbor monitoring stations were showing high water quality, slightly better than in 2017.
However, in 2020 there appears to have been further decline in Polpis Harbor East (Nan5) possibly due to inflow from the headwater stream. Over the past 5 years, the main
basin of Nantucket Harbor continues to support high quality waters, with only a periodic
small decline in the uppermost basin, Wauwinet basin. Summer 2019 saw a slight
decline in water quality that continued into 2020. Previous summers 2016-2018 generally
showed similar high water quality in this basin as 2014 which also showed improved
chlorophyll-a and TN levels versus prior years. Nutrient management activities
associated with the Harbor (additional sewer hookups, jetty improvement and oyster
aquaculture) should result in even lower TN and chlorophyll levels and reduce the
likelihood of large phytoplankton blooms in the future.
Polpis Harbor basins which after showing moderate impairment in 2010 and 2012 have been
showing only low to no impairment in recent years, suggesting some improvement over historic
conditions. Polpis Harbor showed 2018 & 2017 TN levels similar to 2010, 2012 and 2015,
slightly higher than 2013 and 2014. However, Polpis Harbor West Basin showed elevated TN in
2020 and a decline to moderate water quality, while the East Basin maintained its low TN and
high water quality. This variation makes continued monitoring essential to clarify any trends in
water quality and linkages to stream nitrogen discharges. While the overall Nantucket Harbor
System is generally supporting high quality waters, the variability in the index in Wauwinet and
Polpis basins should be monitored to ascertain their long-term health and to determine the
effectiveness of restoration effort by the Town as it continues to move forward to meet the
MassDEP TMDL for this system. Overall, Nantucket Harbor appears to be relatively stable from
year to year with a continuing improvement into 2020 with high index scores and higher level
metrics that support the contention that it is approaching its TMDL threshold, as is generally also
the case for Polpis Harbor. The role of stream inputs to Polpis Harbor West on its recent water
quality may suggest that some mitigation is needed. Planned sewering within the Nantucket
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watershed should complete the restoration on nitrogen mitigated impairment within this estuarine
system.
Madaket Harbor main basin in 2020 continued to support a high level of nutrient related water
quality, with High Quality waters at all sites over the past 3 years. It has been the more enclosed
basins of Hither Creek and Long Pond with their reduced tidal flushing that have had nitrogen
impairment problems. Over the 10 years of monitoring, Hither Creek (Station 1), which receives
discharge from Long Pond via Madaket Ditch, has consistently supported the poorest “health”
status within the Madaket Estuary. Hither Creek is clearly nitrogen enriched and showing
continuing impairment based on a variety of parameters, but has clearly improved since 2010
and has shown only moderately impaired water quality over the past 3 years. Over the past 10
years the Trophic Index indicates that this basin has been improving gradually, going from fairpoor water quality and improving to moderate water quality since 2014 with the exception of
2017 where TN levels rose, but stayed within the range that has developed over the past 4-5
years. The main basin of Madaket Harbor is showing relatively high water quality in each year
but also shows a possible improvement from the 2010 to 2012 period and has been generally
stable with high quality unimpaired waters in more recent samplings to 2018-2020.
Long Pond is a large tributary basin to Madaket Harbor, which receives tidal flow
through the artificial connection of Madaket Ditch. Given the structure of the basin and its
watershed, Long Pond operates semi-independently from Madaket Harbor. Long Pond’s
Trophic Index scores for both monitoring stations (5 & 6) in the 10 years of monitoring
(2010, 2012-2020) clearly indicate poor nutrient related water quality. However, based
upon the 2015-2020 results and the overall 10 year time-series, it appears that the
Town’s management of the landfill, has reduced the nitrogen load from this source with
the associated observed lowering of TN levels. The water quality Index for the most
recen 6 years is showing improvement at both Long Pond Stations and the receiving
waters in Hither Creek in response to the lower TN levels. However, the basin remains
moderately impaired. While continued monitoring will determine the final level of
improvement, it does appear that the reduction in N loading is occurring with beneficial
effects. It should be noted that the lack of major change in the Health Index for Long
Pond results in part from the relative coarseness of the Index, where sometimes large
index score changes are required to change the Index value. The analysis of key metrics
(Chlorophyll-a, water clarity-Secchi and total nitrogen) individually do show improving
water quality at stations 5 and 6 (particularly at Station 6 nearest the landfill) in 20122020 compared to 2010, particularly striking are the declining TN levels. A recent Town
supported benthic animal analysis parallels and underscores the water quality
improvements.
Sesachacha Pond is a closed coastal salt pond that has its water quality managed by
periodically breaching the barrier beach to open the basin to tidal exchange with the
adjacent Atlantic Ocean waters. Sesachacha Pond was evaluated under the
Massachusetts Estuaries Project (MEP) which recommended an additional midsummertime opening (if logistically possible) as part of the pond management strategy to
enhance flushing of the pond and improve water quality to reach the threshold without
any need for infrastructure. The water quality monitoring program in 2010, 2012 and
2013 showed that the pond nitrogen levels were converging on the MEP Threshold (0.60
mg/L total nitrogen). Improved openings resulted in total nitrogen (TN) levels dropping
significantly from historical levels in 2010 and 2012 with associated improvements in
water clarity and the level of phytoplankton biomass as chlorophyll-a. However, with
limited openings in 2014-2017, TN has risen and has returned to near historic levels
(~0.9 mg/L), with an improvement in 2018 (0.752 mg N/L), and with continuing impaired
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conditions in 2019 but with a significant drop in 2020 (<0.68 mg N/L). It appears that
these changes relate primarily to the quality of the pre-summer opening. Given the 20102013 period and recently when robust openings occurred, it appears that a solid opening
program has the capability to improve the water quality metrics pond-wide to levels near
the TMDL nitrogen threshold.
Based upon the Index alone, changes in water quality in Sesachacha Pond over the 2010-2013
period were stabilized at moderate impairment of this estuary, with more recent monitoring 20152017 seeing a trend toward poor water quality conditions. However, in 2020 water quality was
less impaired than in the prior 10 years, but will likely show continued interannual variation, until
an opening protocol can be perfected (which the Town if working on). It appears that like other
periodically opened ponds, the quality of the opening (amount of water exchanged) controls the
level of water quality in the following months. A closer examination of the opening protocol and
the linkage to resultant water quality is needed for management of this system.
Hummock Pond is a closed coastal salt pond that is only periodically opened to the
ocean to flush out nutrients and organic matter on the ebb tide and receive low nutrient
saline waters on the flood tide. Creating sustained openings that are sufficient to allow
exchange of tidal waters for more than 4-5 days has been difficult for this system due to
its location on the coast and the large amount of sand migration in the coastal zone which
can rapidly reseal the inlet.
The present non-tidal state and level of watershed nutrient inputs have resulted in
moderate to poor nutrient related water quality throughout the pond, with poor water
quality conditions the present norm (2005-2007, 2010, 2012, 2013, 2014, 2015).
Unfortunately, in 2016 the pond appears to have had lower water quality in its upper and
mid reaches than in previous years, although the lower basin did not show this interannual variation. Similarly, in 2017 and 2018 water quality declined even further
throughout most of the estuary, including the lower basin. This resulted from the poor
spring 2017 and 2018 openings. There is generally a small gradient in water quality with
moderate to poor conditions near the ocean and poor conditions in the uppermost basins,
but this collapsed to generally poor water quality throughout the system in 2017, 2018
and 2019. However, in 2020, while still moderately impaired water quality was found, the
Health Index showed the best water quality in all but the upper basin over the monitoring
period. None-the-less, all of the metrics are consistent with a nutrient impaired basin in
all years. Based upon the monitoring results it is clear that the nutrient related health of
Hummock Pond is significantly related to the success of its periodic openings and that
the pond is presently significantly impaired by nitrogen enrichment.

Miacomet Pond is a closed coastal salt/fresh pond that has not experienced significant tidal
exchange for over a decade. The result has been a build-up of nutrients and organic matter
resulting in a highly eutrophic system. As a result of the lack of tidal flow and continuous
groundwater inputs, the pond is presently freshwater, with salinity levels in each of the past 8
years of monitoring of <0.5 ppt, reaching a low of 0.1 ppt, 2015-2017. The present non-tidal
state and extent of watershed nutrient inputs has resulted in a decline in nutrient related water
and habitat quality throughout the pond for both nitrogen and phosphorus, with poor water quality
and habitat impairment the norm as again seen in in 2020. All of the metrics for Miacomet Pond
are consistent with a highly nutrient impaired basin. However, as the freshening of this basin
has become complete and sustained, it likely will have to be managed as a transitional
freshwater system and will need to be reassessed as such. Since Miacomet Pond may have
storm over-wash in the future due to climate change related storm intensification and sea level
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rise, it may be necessary for management to create both a nitrogen and a phosphorus budget for
this system and to conduct short-term incubations to determine which nutrient is controlling pond
health under present and varying salinity conditions. It is likely that regions of the pond may be
sensitive to both nitrogen and phosphorus, such that overall both nutrients need to be monitored
and considered for management of Miacomet Pond, although phosphorus management is
clearly needed at this time. There is no evidence that Miacomet Pond will improve without
management action(s).

Table ES-1. Summary of present status and trends of water/habitat quality of estuaries of
Nantucket based on present (2020) water quality monitoring data reconciled against historic data
collected from 2010-2019 and MEP nutrient threshold analyses undertaken for each system
except Miacomet Pond. A TMDL for Hummock Pond has not yet been released by MassDEP.
Summary of Present Status and Trend of Water Quality in Nantucket's Estuaries
Estuary
Type
TMDL
Status
Trend

Remedial Actions

Madaket Harbor

Marine

In Place

Approaching N Target

Improving

Landfill Remediation

Long Pond

Brackish

In Place

Approaching N Target

Improving

Landfill Remediation

Nantucket Harbor Polpis Harbor

Marine

In Place

Approaching N Target

Improving

New Jetties, Planned
Sewers

Sesachacha Pond

Brackish

In Place

Moderate Improvement

Variable

Targeted opening

Hummock Pond

Brackish/Fresh

In Place??

Significantly Impaired

Variable

Targeted opening

Miacomet Pond

Fresh

None

Significantly Impaired

Unchanged Unknown

Overall, the water quality trends in Nantucket’s major estuaries have been positive over the past
5-10 years. Nantucket Harbor, Long Pond and Sesachacha Pond are showing improvements
and are approaching their TMDL targets to meet restoration goals. Madaket Harbor is
supporting high water and habitat quality and is stable. Only Hummock and Miacomet Ponds
are having significant ecological health issues. Hummock Pond has been very difficult to flush
significantly with annual openings. As a result water quality is impaired and also the salinity is
low, in 2014-2016 salinities in the lower basin (HUM-1,3,5) were 6-7 ppt. But in 2017 salinity
dropped to <4 ppt due a low flushing opening. The salinity as increased slightly ~5 ppt from
2018-2020 with <4 ppt in the upper reaches (HUM-7 & 8). This is still low for maintaining
Hummock Pond as a brackish water estuary. Historically levels have been ~8 ppt, so there is
some concern about potential species changes, however salinity decline is relatively slow so
there is still time to reset the salinity. Miacomet Pond provides evidence of the need to maintain
salinity in Hummock Pond. Miacomet Pond has not received significant tidal flushing for more
than a decade and the pond is now freshwater and has been for several years. Miacomet Pond
is currently highly eutrophic and supports degraded water and habitat quality. Miacomet appears
to need phosphorus management with periodic needs for nitrogen and phosphorus management
in most years including 2020. Given the temporal record, it does not appear that Miacomet Pond
will improve without implementation of management actions.
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Monitoring and Specific Results: The Technical Memorandum on the 2020 Nantucket Water
Quality Monitoring Program is organized consistent with previous SMAST water quality
monitoring summaries (2010 and 2012 - 2018) but as in 2019, the summary memo is now
focused more on temporal trends while still allowing comparisons to data from the previous years
of monitoring. However, the bulk of the prior data tables that were summarized in previous
reports on the 2012 to 2018 field seasons are not repeated again here. Similarly, as in prior
annual reports, the 2020 summary does not include an overview of the program or the summary
of the sampling approach as these have not changed from previous years, instead they are
included by reference. This tech memo does include the 2020 summary tables and synthesis of
results in tabular and graphical form which includes all data collected under this program from its
inception (2010 and 2012 - 2020). The 2020 summary is focused specifically on the following:
1. Results of Sampling: Summary of Water Quality Results
Nantucket Harbor
Madaket Harbor
Long Pond
Hummock Pond
Miacomet Pond
Sesachacha Pond
Polpis Harbor Streams
Oyster Aquaculture Potential Sites

2. Trophic State: Water Quality/Eutrophication Status
3. Recommendations for Future Monitoring (see last page of report)

As in previous years, the 2020 water quality monitoring of Nantucket's fresh and saltwater
systems was focused on summer-time conditions, as the warmer months typically have the
lowest water quality conditions, hence are the critical period for resource management. As in
previous years (2010, 2012-2019), the 2020 approach utilized the same sample collection and
analysis approach for assessing the water quality of each of the estuaries of Nantucket. This
consistency is intended to maximize the value of the results by making the data perfectly crosscomparable to water quality monitoring data collected across the Island of Nantucket from
previous years and to previous Massachusetts Estuaries Project results for Nantucket estuaries
as well as more broadly to estuaries throughout the region (Cape Cod, Martha's Vineyard). In
this manner, inter-ecosystem comparisons can be made to better assess system
health/impairment and function and to formulate appropriate nutrient management strategies.
This allows individual towns such as Nantucket to directly benefit from lessons learned
throughout the wider region. It should be noted that in 2020 (as was the case in 2019),
compliance monitoring samples were collected from sentinel locations in Nantucket Harbor,
Sesachacha Pond and Madaket Harbor as established under the Massachusetts Estuaries
Project.
As in past years, UMD-SMAST Coastal Systems Program (CSP) scientists focused primarily on
the analysis of samples collected from the field effort (led by Thaïs Fournier, Nantucket NRD),
the associated data analysis, and overall program coordination. The Nantucket Natural
Resources Department staff primarily focused on coordination of field efforts, field sampling and
data collection on physical parameters and water quality improvement efforts.
The goals of the monitoring program remain unchanged from previous years, primarily to:
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1. determine the present (2020) ecological health of each of the main salt ponds and
estuaries within the Town of Nantucket,
2. gauge (as historical data allows) the decline or recovery of various salt ponds and
embayments over the long-term (also part of TMDL compliance), and
3. provide the foundation (and context) for development of potential alternatives for nutrient
and resource management and quantitative measures of success.
This latter point (3) is critical for restoration planning should a system be found to be impaired or
trending toward impairment, which requires targeted management actions for restoration.
As was the case in 2010, 2012 - 2019 sampling efforts, the 2020 sampling program focused on
the summer/early fall months (June - September, a few samples collected in October).
Additional monitoring of the openings of Sesachacha Pond and Hummock Pond were NOT
continued in 2020 as openings did not occur in spring but in fall after the monitoring season.
However, a detailed plan for refining pond openings was developed for future implementation.
Water samples were collected from each of Nantucket’s 6 estuarine systems (Figures 1-6) on
multiple dates (“events”) in 2020 following the schedule presented in Table 1. Samples were
obtained from the same sampling station locations and the same depths as in previous years to
maximize cross comparability and to gauge temporal changes. It should be noted that the Town
of Nantucket did undertake water quality monitoring in 2011, however, those samples were
analyzed by a lab other than the Coastal Systems Analytical Facility at the UMASS School for
Marine Science and Technology. The 2011 water quality data were presented in tabular form in
Appendix A in Annual Technical Memoranda of 2012 and 2013 and are not being reproduced
again herein.
As in all previous years, the physical/environmental parameters measured in the estuaries during
the 2020 sampling season included: total depth, Secchi depth (light penetration), temperature,
conductivity/salinity (YSI meter), general weather (rain, cloudiness, etc.), wind force and
direction, dissolved oxygen levels and observations of moorings, birds, shell fishing and unusual
events (fish kills, algal blooms, etc.). Laboratory analyses of estuarine waters included: salinity,
nitrate + nitrite, ammonium, dissolved organic nitrogen, particulate organic carbon and nitrogen,
chlorophyll-a and pheophytin-a and orthophosphate. As initiated in the summer of 2015, the
estuarine water quality monitoring undertaken in 2016-2020 included an additional 3 stream
locations. During the summer 2016 season, stream station STA-3 was dropped due to no flow
and a station STA-4a was added to clarify water quality conditions in the stream outflow
associated with cranberry bogs up-gradient of STA-4. In 2017-2018 a fourth stream station was
added (WPH outlet) to directly measure flow and nutrient load into Western basin of Polpis
Harbor. In 2019 & 2020 stream sampling took place at 3 stations: STA-4, STA-6B and WPH
outlet.
In 2020, 27 field duplicates (10% of the total number of samples collected {n=284}) were taken
as part of the field sampling protocol for QA analysis. Data were compiled and reviewed by the
laboratory for accuracy and evaluated to discern any possible artifacts caused by improper
sampling technique, physical disturbance, etc. In addition, some samples were rerun to confirm
initial results.
The Town of Nantucket has been working for decades to protect and more recently restore its
estuaries and their aquatic resources. At present, activities to lower nitrogen enrichment and its
9

negative impacts to water and habitat quality are ongoing in 4 estuarine systems: Nantucket
Harbor (jetties and sewers), Madaket/Long Pond (landfill and possible dredging), Sesachacha
Pond (openings), Hummock Pond (refined opening protocol). In addition, all of the Town’s
estuaries should benefit from the recent fertilizer application by-law. As a result, it is anticipated
that the efficacy of these management activities should be seen in the on-going monitoring
results.
Summer 2020, like 2019, appears to have sustained high water quality for the Nantucket Harbor
system (2020 embayment wide TN average of 0.34 mg/L, 2019 = 0.34 mg/L, 2018 = 0.31 mg/L,
2017 = 0.35 mg/L, 2016 = 0.35 mg/L, 2015 = 0.37 mg/L). Madaket Harbor is similar to
Nantucket Harbor in that it generally supports high water quality and is flushed with high quality
low nitrogen offshore waters. There is typically a gradual nitrogen gradient from Hither Creek
(MH-1) into the main basin (MH-2 and MH-3) with lowest levels near the offshore boundary (MH4). In 2020 only the levels in Hither Creek exceeded the TMDL target level (0.45 mg TN/L),
which was also the case in 2019. However, there has been a reduction in TN levels, as 2 of the
last 5 years met the TN threshold for Hither Creek. The Long Pond tributary embayment to
Madaket Harbor remains moderately impaired but improved over the past decade as seem in the
2020 results. It appears that the Town’s management of the landfill, has reduced the nitrogen
load from this source with the associated observed lowering of TN levels. The connection is
strengthened by the parallel timing of the landfill work and the lowering of TN in the adjacent
waters, which are only a short travel time from the landfill. While still small, the water quality
Index for Long Pond is showing improvement in response to the lower TN levels although the
basin remains impaired. TN levels in 2015-2017 and 2018-2020 were almost half that of
historical and 2010 measurements although they still show inter-annual variations as 2019 TN
values were slightly higher (0.63 mg/L TN) compared to 2018 (0.59 mg/L TN) and 2020 TN
levels were 0.502 – 0.55 mg N/L a marked improvement. While continued monitoring will
determine the final level of improvement as the system reaches a new equilibrium, it does
appear that the reduction in N loading is occurring with beneficial effects. If TN levels stabilize at
2018-2020 levels, the TN target in the TMDL may be achieved. In contrast, Hummock Pond
water quality appears to remain poor in years 2014-2016 and 2017-2020 after an initial
improvement after 2010-2013. Overall water quality was highest in 2015 (TN = 0.58 mg/L) but
became poor again and has remained poor (2020, 2019, 2018, 2017 and 2016 embayment wide
average TN levels remain high at 0.83, 0.88, 0.83, 1.01 and 0.80 mg/L, respectively). The
variations in TN levels result primarily from opening success, for instance in spring 2017 the
opening was only 1.5 days with high precipitation, although the spring opening in 2016 was
comparable to the duration of the opening in 2015 (18 days and 15 days respectively). Long
Pond estuary wide TN concentrations have improved over historic levels although the reduction
appears to be stabilizing (0.528 mg/L, 0.630 mg/L and 0.587 mg/L in 2020, 2019 and 2018,
respectively). Miacomet Pond, which is now functionally a eutrophic freshwater pond, is
eutrophic with 2020 chlorophyll pigment levels averaging 15.1 ug/L, TN = 1.30 mg/L, (2019: 23.9
ug/L, TN = 0.935 mg/L) and TP = 94 ug/L (2019: TP = 127 ug/L) 1 (TP many fold higher than in
high quality freshwater systems). Water Quality in Sesachacha Pond appears to be directly
related to the efficacy of its seasonal openings. Water quality in 2010, 2012, 2013 (mean TN =
0.671 mg/L, Chla = 5.5 ug/L) was significantly improved over the levels observed previously in
1

Total Phosphorus levels in freshwater ponds/lakes on Cape Cod with high water and habitat quality general have
TP <20 ug/L)
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the MEP analysis. The lower TN levels in Sesachacha Pond (2010-2013) versus historic levels
documented by the MEP indicated improvement of pond resources most likely due to modified
breaching of the pond as recommended by the MEP analysis. Since there was no major shift in
nitrogen loading within the Sesachacha Pond watershed during that period of improvement, it is
almost certain that the amount of tidal flushing during a given artificial breaching drives the
variability in the observed summer TN level. The rise in TN observed during the 2014 sampling
suggests that a poor inlet opening may have occurred in spring 2014, as it is unlikely a
significant change in the watershed load occurred to drive the increase in TN from one summer
to the next. Short openings in subsequent years (2015 {5 days}, 2016 {3 days}, 2017 {7 days})
suggests that inlet opening efficacy has a significant effect on pond water quality as TN
concentrations from 2014 to 2017 have steadily increased to nearly the same level as when the
MEP analysis was completed. In 2014-2017 water quality has declined (mean TN = 0.933 mg/L,
Chla = 8.4 ug/L) and is again approaching MEP levels of enrichment. The amount of flushing
with the openings is reflected in the significantly higher salinities in 2010-2013 versus 20142017, 17.9 PSU and 11.6 PSU, respectively. Higher salinities reflect more flushing which is
correlated with lower TN and total chlorophyll a levels. The 2018 and 2019 water quality analysis
confirmed that the pond remains impaired but did show a mild improvement (TN = 0.752 and
0.840 mg/L and Chla = 13.9 and 8.9 ug/L, respectively) likely due to improved openings. The
2020 water quality analysis confirmed that the pond appears to be improving compared to
previous years (TN = 0.673 and Chla = 3.4 ug/L) and is approaching the MEP Threshold of
<0.60 mg/L TN.
The important role of the pond openings is further supported by the fact that average TN
concentration in Sesachacha Pond was higher (1.00 mg/L TN) in 2016 which received a 3-day
opening compared to average TN concentrations observed in 2017 (0.88 mg/L TN) given a 7day opening. These results indicate that the level of water quality observed in Sesachacha Pond
since 2014 does respond positively if sufficient flushing can be maintained. The effect of
improved pond flushing is discussed in detail in the MEP Sesachacha Pond Nutrient Threshold
Report submitted to the Town of Nantucket in 2006.

Table 1. Sampling Schedule for 2020 Nantucket Water Quality Monitoring Program. It should be
noted that in some instance not all stations were sampled on all dates.
Month
January
February
March
April
May
June
July
August
September
October
November
December
Total Events

SAMPLE DATES (summer 2020)
Nantucket Madaket
Sesachacha Miacomet Hummock
Long Pond
Harbor
Harbor
Pond
Pond
Pond

Polpis
Streams

Oyster
Sites

23
8,22
4,24
3,28

25
9
6,24
25

25
7
20
24

16
1
12
9
1,15

17
1
12
9

24
7
20
24
22

17,30
11
2

23
8
6
25

7

5

4

6

4

5

4

4
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Figure 1. Madaket Harbor and Long Pond sampling stations 2010, 2012, 2013, 2014, 2015,
2016, 2017, 2018, 2019 and 2020.

12

Figure 2. Nantucket Harbor sampling stations 2020. Station NAN-8 (the cut) was only sampled in 2010 and location changed in 2011 2020. Nantucket Harbor and Polpis Harbor each have nitrogen thresholds in the MassDEP/USEPA TMDL for this system.
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Figure 2a. Sampling locations associated with potential oyster aquaculture deployments in Nantucket Harbor (ORS-2,3,4,5,6) sampled in
2015. ORS-2,4,6 sampled in 2016, 2017, 2018, 2019 and 2020. Sites are associated with possible oyster aquaculture areas (yellow
pins). ORS4 was the selected reef location and reef construction began in June 2017. Spat on shell was deployed in the Fall 2017.
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Figure 3. Sesachacha Pond sampling stations 2010, 2012, 2013, 2014, 2015, 2016, 2017, 2018, 2019 and 2020. This system has a
nitrogen threshold set in its site-specific MassDEP/USEPA TMDL.
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Figure 4. Hummock Pond sampling stations 2010, 2012, 2013, 2014, 2015, 2016, 2017, 2018, 2019 and 2020. Station 7 is in Head of
Hummock, a kettle pond connected by an artificial channel to the estuary with limited exchange from Station 7 to Station 8.
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Station 3

Station 1

Station 2

Figure 5. Miacomet Pond sampling stations 2010, 2012, 2013, 2014, 2015, 2016, 2017, 2018,
2019 and 2020. Miacomet Pond is currently functioning as a fresh pond.
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Figure 6. Polpis Harbor Stream Sampling locations shown in yellow pins (ST-4, 4A, 6B)
sampled in 2016-2017. WPH-outlet stream site sampled in 2017-2018. Sampling in 2019 and
2020 was of ST-4, 6B and WPH. Water samples from mid depth in water exiting culverts.

Figure 6a. Polpis Harbor Stream Sampling locations (ST-4, 4A, 6B and WPH-outlet) relative to
estimated direction of flow as determined by the Town of Nantucket.
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Table 2. Summary of Water Quality Parameters, 2020 Nantucket Sampling Program. Values are Station Averages of all sampling
events, June-September for sampling sites. Station NAN-2A represent an MEP sentinel location for monitoring in Nantucket Harbor.
NAN-2A is a new station that was first sampled in 2016 and is in a different location than NAN-2. It should be noted that in 2019 and
2018, TP was only evaluated at sites dominated by freshwater: Sesachacha Pond, Hummock Pond, Long Pond, Miacomet Pond and
stream because of the low salinity values in those closed ponds and the possibility that the Miacomet system maybe phosphorous
limited rather than nitrogen limited. Further study should investigate the possibility of P-limitation and TP paired with salinity should
continue to be monitored during the summer 2021 field season.
2020
Embayment

Sample ID

Secchi
average
(meters)

HUMMOCK POND
HUMMOCK POND
HUMMOCK POND
HUMMOCK POND
HUMMOCK POND
LONG POND
LONG POND
MADAKET HARBOR
MADAKET HARBOR
MADAKET HARBOR
MADAKET HARBOR
MIACOMET POND
MIACOMET POND
MIACOMET POND
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
Nantucket Hrb. Stream Site
Nantucket Hrb. Stream Site
Nantucket Hrb. Stream Site
Nantucket Hrb. Stream Site
SESACHACHA POND
SESACHACHA POND
SESACHACHA POND
SESACHACHA POND
OLD NORTH WHARF - Oyster
SHIMMO Oyster
POLPIS Oyster

HUM7
HUM8
HUM5
HUM3
HUM1
LONG5
LONG6
MH1
MH2
MH3
MH4
MP3
MP1
MP2
NAN3
NAN6
NAN5
NAN2
NAN2A
NAN7
NAN1
NAN8N
NAN4
ST4
ST6
ST6B
WPH Outlet
SESA3
SESA2
SESA4
SESA1
ORS2
ORS4
ORS6

1.175
1.006
1.125
1.240
1.417
1.063
1.133
1.625
2.120
2.342
3.300
1.167
1.458
1.713
2.478
2.370
1.675
2.650
2.670
1.740
3.225
1.275
3.167
ND
0.100
0.250
ND
1.579
1.686
1.313
1.640
1.200
0.850
1.100

Secchi
Depth
% of WC

20% Low
Field
DO
Sat
(mg/L)

20% Low
Field
DO
Sat
(% sat)

0.341
0.686
0.621
0.670
0.570
0.865
0.955
0.929
0.988
1.000
0.930
0.781
0.836
0.593
0.420
0.864
0.925
0.552
0.476
0.909
0.606
1.000
0.657
ND
0.333
0.625
ND
0.480
0.347
0.357
0.303
1.000
1.000
1.000

4.179
6.237
6.188
7.179
6.873
3.184
4.144
4.418
5.398
5.159
5.620
2.073
2.753
5.046
4.916
4.764
3.943
4.847
4.136
5.483
5.098
5.751
5.648
ND
ND
ND
ND
6.668
5.673
6.279
6.218
4.966
2.898
2.868

0.435
0.728
0.751
0.866
0.816
0.436
0.560
0.631
0.786
0.706
0.807
0.240
0.323
0.606
0.701
0.697
0.573
0.726
0.596
0.769
0.712
0.783
0.769
ND
ND
ND
ND
0.847
0.714
0.788
0.783
0.723
0.419
0.421

Salinity
(ppt)

Avg.
PO4
(mg/L)

Avg.
NH4
(mg/L)

Avg.
Nox
(mg/L)

Avg.
DIN
(mg/L)

Avg.
DON
(mg/L)

Avg.
TDN
(mg/L)

Avg.
POC
(mg/L)

Avg.
PON
(mg/L)

Avg.
TON
(mg/L)

Avg.
TN
(mg/L)

Avg.
Chla
(ug/L)

Avg.
Phaeo
(ug/L)

Chla/T-Pig
Ratio

Avg.
Total Pig
(ug/L)

Avg.
TP
(mg/L)

3.573
3.900
4.550
5.442
5.800
16.713
18.413
29.064
31.263
31.633
31.729
0.100
0.100
0.100
31.838
31.621
31.263
31.838
31.907
31.413
31.575
31.275
31.600
0.000
0.100
0.050
0.100
6.858
6.863
6.875
6.871
31.650
31.000
30.630

0.029
0.015
0.015
0.017
0.019
0.040
0.032
0.021
0.006
0.010
0.014
0.041
0.010
0.004
0.024
0.024
0.021
0.021
0.028
0.020
0.017
0.013
0.016
0.059
0.016
0.118
0.055
0.158
0.158
0.158
0.155
0.019
0.017
0.026

0.081
0.006
0.003
0.005
0.008
0.004
0.013
0.029
0.012
0.007
0.010
0.240
0.153
0.106
0.009
0.016
0.012
0.012
0.021
0.011
0.006
0.004
0.005
0.013
0.016
0.013
0.016
0.002
0.003
0.002
0.004
0.018
0.029
0.019

0.073
0.002
0.004
0.003
0.005
0.006
0.007
0.005
0.008
0.003
0.003
0.038
0.005
0.005
0.003
0.003
0.002
0.004
0.003
0.003
0.003
0.002
0.003
0.002
0.007
0.005
0.003
0.005
0.005
0.003
0.012
0.005
0.008
0.004

0.154
0.008
0.007
0.008
0.013
0.010
0.020
0.034
0.019
0.011
0.013
0.277
0.158
0.111
0.012
0.019
0.015
0.016
0.024
0.014
0.009
0.006
0.009
0.015
0.023
0.017
0.019
0.007
0.009
0.005
0.016
0.023
0.037
0.024

0.377
0.369
0.391
0.375
0.417
0.328
0.323
0.330
0.247
0.194
0.203
0.496
0.676
0.510
0.269
0.245
0.236
0.252
0.249
0.198
0.188
0.189
0.269
0.880
0.226
0.608
0.929
0.463
0.449
0.468
0.442
0.228
0.254
0.317

0.531
0.378
0.397
0.383
0.430
0.338
0.343
0.365
0.266
0.204
0.216
0.774
0.834
0.621
0.281
0.264
0.251
0.268
0.272
0.212
0.197
0.195
0.277
0.895
0.249
0.625
0.948
0.470
0.457
0.473
0.458
0.251
0.291
0.340

5.893
2.756
1.695
1.280
1.250
1.453
1.059
0.796
0.547
0.580
0.362
2.002
4.545
3.541
0.635
0.642
1.083
0.493
0.590
0.603
0.386
0.508
0.466
0.619
5.522
7.854
1.827
1.793
1.709
1.629
1.707
0.470
0.558
0.643

0.929
0.380
0.278
0.216
0.208
0.215
0.159
0.144
0.092
0.091
0.055
0.367
0.664
0.637
0.102
0.097
0.165
0.081
0.098
0.095
0.063
0.085
0.073
0.060
0.243
0.397
0.159
0.216
0.207
0.201
0.209
0.072
0.099
0.103

1.306
0.749
0.669
0.591
0.626
0.543
0.482
0.475
0.339
0.284
0.258
0.864
1.340
1.147
0.371
0.343
0.401
0.333
0.347
0.292
0.251
0.274
0.342
0.940
0.470
1.005
1.087
0.679
0.656
0.669
0.651
0.300
0.353
0.420

1.460
0.758
0.675
0.599
0.639
0.553
0.502
0.509
0.358
0.295
0.271
1.141
1.498
1.258
0.383
0.362
0.416
0.349
0.370
0.306
0.260
0.280
0.351
0.955
0.493
1.022
1.106
0.686
0.664
0.674
0.667
0.323
0.389
0.444

13.664
7.227
6.752
4.454
4.245
4.687
3.552
6.936
3.106
2.676
2.203
11.925
12.591
20.775
4.599
3.346
5.577
4.069
4.389
3.089
4.263
3.192
3.599
NS
NS
NS
NS
2.803
3.801
3.034
3.945
2.730
5.153
3.880

12.997
4.512
6.364
3.943
2.713
2.402
1.178
1.310
1.021
1.205
0.817
7.800
7.054
3.554
0.817
0.999
2.185
1.167
1.233
1.109
0.982
1.319
0.787
NS
NS
NS
NS
0.768
1.349
0.898
0.953
0.701
4.221
1.038

0.535
0.577
0.543
0.537
0.577
0.615
0.657
0.799
0.732
0.671
0.727
0.576
0.465
0.613
0.826
0.774
0.786
0.767
0.750
0.731
0.797
0.730
0.831
NS
NS
NS
NS
0.702
0.709
0.746
0.605
0.814
0.615
0.767

26.661
11.739
13.115
8.398
6.958
7.089
4.729
8.246
4.127
3.882
3.020
19.725
19.645
24.329
5.416
4.345
7.762
5.236
5.622
4.198
5.245
4.511
4.386
NS
NS
NS
NS
3.571
5.150
3.932
4.898
3.431
9.374
4.918

0.150
0.097
0.097
0.085
0.076
0.130
0.119
NS
NS
NS
NS
0.127
0.079
0.077
NS
NS
NS
NS
NS
NS
NS
NS
NS
0.099
0.215
0.606
0.102
0.214
0.210
0.216
0.211
NS
NS
NS
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Table 3. Summary of Stream Water Quality Parameters (ST4, ST6, WPH OUTLET {Polpis Harbor}) and stations associated
with potential oyster aquaculture locations (ORS,2,4,6), 2020 Nantucket Sampling Program..

Embayment
Nantucket Stream
Nantucket Stream
Nantucket Stream
Nantucket Stream
Nantucket Stream
Nantucket Stream

Embayment
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR
NANTUCKET HARBOR

Date
6/30/2020
9/2/2020
8/11/2020
6/17/2020
6/30/2020
6/30/2020

Date
6/23/2020
7/9/2020
8/6/2020
9/25/2020
6/23/2020
7/8/2020
8/6/2020
9/25/2020
6/23/2020
7/9/2020
7/9/2020
8/6/2020
9/25/2020

Sample ID
ST4
ST6
ST6
ST6B
ST6B
WPH

Lab
Salinity
ppt
0.0
0.1
0.1
0.1
0.0
0.1

PO4

TP

NH4

NOx

DIN

DON

TDN

POC

PON

TON

TN

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

0.0590

0.0986

0.0131

0.0016

0.0147

0.8798

0.8945

0.6187

0.0605

0.9403

0.9550

0.0068

NS

0.0102

0.0031

0.0133

0.1741

0.1874

3.6649

0.1786

0.3527

0.3660

0.0244

0.2153

0.0228

0.0099

0.0327

0.2787

0.3114

7.3781

0.3078

0.5865

0.6192

0.1739

0.3036

0.0105

0.0060

0.0165

0.5903

0.6068

9.8370

0.4473

1.0375

1.0540

0.0623

0.9084

0.0148

0.0037

0.0184

0.6256

0.6440

5.8710

0.3461

0.9717

0.9901

0.0549

0.1016

0.0159

0.0032

0.0191

0.9288

0.9479

1.8272

0.1585

1.0873

1.1064

Avg.
Chla
(ug/L)
ND
ND
ND
ND
ND
ND

Avg.
Phaeo
(ug/L)
ND
ND
ND
ND
ND
ND

Avg.
Total Pig
(ug/L)
ND
ND
ND
ND
ND
ND

Lab
Salinity
ppt

PO4

TP

NH4

NOx

DIN

DON

TDN

POC

PON

TON

TN

Sample ID

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

Avg.
Chla
(ug/L)

Avg.
Phaeo
(ug/L)

Avg.
Total Pig
(ug/L)

ORS2
ORS2
ORS2
ORS2
ORS4
ORS4
ORS4
ORS4
ORS6
ORS6
ORS6
ORS6
ORS6

31.6
31.4
31.8
31.8
31.1
30.8
30.9
31.2
28.5
30.7
NS
31.4
31.9

0.0141
0.0213
0.0242
0.0154
0.0107
0.0157
0.0226
0.0179
0.0253
0.0205
NS
0.0340
0.0229

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

0.0260
0.0257
0.0196
0.0015
0.0212
0.0136
0.0234
0.0568
0.0004
0.0094
NS
0.0286
0.0388

0.0064
0.0079
0.0036
0.0020
0.0050
0.0156
0.0042
0.0071
0.0093
0.0009
NS
0.0048
0.0020

0.0324
0.0336
0.0231
0.0036
0.0261
0.0292
0.0276
0.0639
0.0096
0.0103
NS
0.0333
0.0408

0.2415
0.3201
0.2349
0.1156
0.2922
0.3696
0.2386
0.1153
0.5241
0.2701
NS
0.3643
0.1081

0.2739
0.3537
0.2580
0.1192
0.3184
0.3988
0.2662
0.1793
0.5338
0.2804
NS
0.3976
0.1489

0.5258
0.4384
0.4873
0.4271
0.4965
0.6264
0.7130
0.3944
0.9684
0.5564
NS
0.6903
0.3556

0.0919
0.0692
0.0801
0.0475
0.0933
0.1077
0.1312
0.0620
0.1514
0.0905
NS
0.1181
0.0535

0.3335
0.3893
0.3150
0.1631
0.3855
0.4773
0.3698
0.1774
0.6755
0.3606
NS
0.4824
0.1616

0.3658
0.4229
0.3381
0.1667
0.4117
0.5065
0.3974
0.2413
0.6852
0.3709
NS
0.5157
0.2024

4.224
1.552
3.331
1.813
3.324
9.630
4.441
3.217
6.933
2.504
NS
3.682
2.402

0.355
0.030
1.234
1.186
1.202
10.776
1.180
3.728
0.720
1.837
NS
0.972
0.623

4.579
1.582
4.565
2.998
4.526
20.406
5.621
6.945
7.654
4.341
NS
4.654
3.025
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Status and Trends in Water Quality of Nantucket’s Estuaries:
Based on the water quality data collected by the Nantucket Island-wide Monitoring program
since 2010, it is now possible to conduct an initial trend analysis. While trends have been noted
in previous reports, due to the now available 10 years of data, trends are becoming clearer and
coming through the noise of interannual natural variations. For this analysis temporal trends are
assessed in each of the 6 estuaries by combining data from 2010, 2012 and 2013; 2014, 2015
and 2016; 2017, 2018 and 2019. Results from 2020 where compared to these three year
groupings. Key water quality parameters were examined to determine if changes in estuarine
health have occurred over the past decade.
Nantucket Harbor has had a number of nitrogen mitigations: a) raising the jetties, b) new
sewering, c) fertilizer by-law. From the time course of Total Nitrogen (TN) it is clear that the
most recent 3 years of monitoring at each harbor station show lower TN levels than in the prior
2 three year groupings going back to 2010 with the 2014-2016 grouping showing intermediate
levels and the 2017-2019 and 2020 generally showing the lowest TN levels (note 2020 is a
single year so is more variable). This indicates a lowering of TN harbor-wide over the past
decade (Figure 7). Similarly when examined by basin, again there is a consistent decline in TN
and the rate of decline is consistent among the basins (Figure 8). This pattern is consistent with
the Town’s mitigation efforts, which may not have fully impinged upon Nantucket Harbor at this
time.
Phytoplankton biomass as total chlorophyll a pigments, shows a more variable pattern as the
levels are controlled by a variety of factors in addition to nitrogen levels. Overall, chlorophyll
levels within the main basin of Nantucket Harbor have been indicative of a modest level of
impairment (averaging <10 ug/L), with slightly higher levels in Polpis Harbor. However, it is
clear that chlorophyll a has also declined from the early period (2010,2012,2013) to recent
sampling, with 2020, 2019, 2017, 2016 and 2014 being relatively low (<6 ug/L). These modest
summertime chlorophyll a levels throughout much of the Harbor are indicative of a high quality
habitat (Figure 9). Trends in both chlorophyll a and TN are consistent with improving estuarine
conditions. TN levels throughout the Harbor are approaching the TMDL targets for this system.
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Figure 7. Temporal trends in Nantucket Total Nitrogen levels at all stations. Note that in all
cases the 2017-2019 levels are lower than the earliest grouping (2010-2013) with 2014-2016
being in the middle. Clearly TN levels have declined harbor-wide over the past 10 years due to
nitrogen mitigation strategies implemented by the Town. 2020 data generally confirms the trend
(with exception Nan-4), lower Harbor still showing TN decline)

Figure 8. Temporal trends in Nantucket Total Nitrogen levels within the key basins. Years were
combined as 2010, 2012 and 2013; 2014, 2015 and 2016; 2017, 2018 and 2019. 2020 is
presented relative to the three year groupings in appears slightly above the trend but likely
indicative of inter-annual variation.
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Figure 9. Average Chlorophyll-a concentrations by station in the well flushed Nantucket Harbor
system. Stations Nan-5 and 6 are in Polpis Harbor the rest relate to the main basin. Note that
2019 levels were slightly lower in the upper basins (Nan-5 slightly lower in 2019 vs. 2020, 2018
and 2017, Nan-6 slightly lower in 2020 & 2019 vs. 2018 & 2017) and low and relatively constant
throughout the Harbor. 2020 levels and previous 5 years were indicative of high water quality
and Polpis Harbor periodically shows levels indicative of moderate impairment.

MEP TN
Threshold
NAN3 = 0.350 mg/l
NAN6 = 0.355 mg/l

Figure 10. Components of Total Nitrogen pool in Nantucket Harbor waters by station (2020). At
all stations TN is almost entirely in organic forms due to phytoplankton uptake of inorganic
nitrogen entering from the watershed and recycled from the sediments and conversion to
organic forms. Note that the TN levels remain very close to the MEP TN Threshold level
codified in the present TMDL.
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Nantucket Harbor Total Nitrogen Gradient
(2016, 2017, 2018, 2019, 2020)
Sentinel Station 2A

1.50

1.25

N Concentration (mg/L)

TN 2016

TN 2017

TN 2018

TN 2019

TN 2020

1.00

0.75

Sentinel Station

Mid Harbor
0.50

0.314 0.302
0.25

0.256

0.292

0.399 0.377

0.349

0.337

0.392 0.370

0.00

NAN2

NAN2A

Station Number

Figure 12. Total nitrogen levels at station 2 and 2A over time in Nantucket Harbor. Station 2A is
a sentinel station in the head of the harbor established in 2016. The current 3 year average is
0.366 mg N/L close to the threshold of 0.350 mg N/L.

Table 3. TN levels by station and year in Nantucket Harbor for comparison to TMDL targets of
0.35 mg/L in Wauwinet (Stations 3 and 2A) and 0.355 mg/L in Polpis Harbor (Station 6). 2020
nearing threshold levels.
Historical
Sub-Embayment

Monitoring
Station

MEP

s.d.

Mean TN
(mg/L)

2010

2010

2012

Town

Mean TN

Mean TN

2013

2014

2015

2016

2017

Mean TN Mean TN Mean TN Mean TN Mean TN

2018

2019

2020

Mean TN

Mean TN

Mean TN
(mg/L)

ID
(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

2

0.408

0.188

NA

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

Head of the Harbor - Mid

Town 3

0.401

0.115

3

0.392

0.411

0.415

0.345

0.436

0.355

0.366

0.325

0.336

0.383

Head of the Harbor - Lwr

0.370

Head of the Harbor - Upper

2A

0.339

0.07

2A

NS

NS

NS

NS

NS

0.415

0.377

0.337

0.392

Pocomo Head

3

0.335

0.081

NA

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

Quaise Basin

3A+Town 2

0.336

0.112

2

0.297

0.364

0.345

0.314

0.374

0.314

0.302

0.256

0.292

0.349

East Polpis Harbor

4+Town 6

0.362

0.105

6

0.438

0.484

0.401

0.378

0.404

0.371

0.405

0.327

0.378

0.362

West Polpis Harbor

4A+Town 5

0.388

0.119

5

0.431

0.419

0.385

0.389

0.422

0.42

0.429

0.341

0.416

0.416

Abrams Point

5

0.335

0.06

NA

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

Monomoy

6

0.297

0.086

NA

7+Town 1, 1A

0.326

0.106

1, 7

NS
0.332,
0.377

NS
0.335,
0.379

NS
0.323,
0.323

NS
0.294,
0.284

NS
0.390,
0.330

NS
0.304,
0.319

NS
0.317,
0.333

NS
0.212,
0.253

NS
0.262,
0.274

NS
0.260,
0.306

OS+Town 4

0.239

0.041

4

0.283

0.344[1]

0.3171

0.277

0.297

0.283

0.288

0.192

0.307

0.351

Mooring Area
Nantucket Sound

[1] It is almost certain that this does not represent the TN level in the inflow to Nantucket Harbor
on the flood tide, but rather the 2012 data is influenced by mixing with TN enriched out-flowing
waters. An attempt to control for this issue was implemented in the 2013 monitoring program. It
should be noted that the 2019 concentration may also be high due to influence from out-flowing
waters. Concentration at station 4 is very sensitive to timing of sampling.
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Madaket Harbor is similar to Nantucket Harbor in that it generally supports high water quality
and is flushed with high quality low nitrogen offshore waters. There is typically a gradual
nitrogen gradient from Hither Creek (MH-1) into the main basin (MH-2 and MH-3) with lowest
levels near the offshore boundary (MH-4). In 2020 only the levels in Hither Creek exceeded the
TMDL target level (0.45 mg TN/L), which was also the case in 2019 (Figure 11). However,
there has been a reduction in TN levels, as 2 of the last 5 years met the TN threshold for Hither
Creek. Similar to Nantucket Harbor, inorganic nitrogen levels are very low and represent only a
minor fraction of the total N pool. This is due to the rapid uptake of this plant available form of
nitrogen by phytoplankton and supports the contention that nitrogen is the key nutrient for
managing phytoplankton blooms and maintaining clear waters. After uptake by phytoplankton
the inorganic forms are converted to phytoplankton biomass, seen as PON, and can be
released upon phytoplankton death and decay as DON.
There appears to be a trend towards lower TN levels at the Hither Creek Stations in recent
years compared to 2010-2014 which may be related to changes in Long Pond (Figure 12 and
see below). Phytoplankton biomass (as total chlorophyll a) follows the TN gradient from inshore
to offshore quite well in each year (Figure 13). This is due to the mixing of higher nitrogen
higher chlorophyll a waters discharging from Hither Creek with the lower nitrogen lower
chlorophyll a waters of Madaket Harbor. The variable temporal decline in TN in recent years,
therefore, may be resulting from lower TN discharges from Hither Creek which is significantly
fed from outflowing waters from Long Pond and direct watershed inputs to Hither Creek itself.
Examining Hither Creek in combination with Long Pond suggest that there may have been a
slight decline in TN levels over the past decade, although the trend is not statistically significant.
However, the large continuing decline in TN levels in Long Pond through 2020 is significant
(Figures 14 and 15) and is likely due at least in part to modifications of the Town Landfill
resulting in a lessening of nitrogen emanating from this source. At present the TN level in Long
Pond is approaching the target in the TMDL for this basin.
The effects of this lower TN can be seen in the generally lower chlorophyll a levels at station 6
in Long Pond adjacent the Landfill. Although variable, the values tend to be lower in recent
years and significantly lower than in 2003 when the Massachusetts Estuaries Project (MEP)
found average summer chlorophyll a levels of >40 ug/L compared to >15 ug/L in summer 2019.
Overall, the Nantucket Monitoring Program will continue to closely track improvements in Long
Pond relative to its regulatory TMDL, but it seems at present that this estuarine basin has
improved since the MEP and during the past decade of consistent monitoring.
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MEP TN
Threshold

MH1 (aka. M11)
= 0.45 mg/l

Figure 11. TN, dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON) and
particulate organic nitrogen at stations within Madaket Harbor 2020.

MEP TN
Threshold
MH1 (aka. M11)
= 0.45 mg/l

Figure 12. Total nitrogen levels by station over time in Madaket Harbor, horizontal line it TMDL
TN level. 2020 data remains above threshold, but the threshold was met in 2 of the past 5
years an improvement over the historic record.
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Madaket Harbor Total Pigment Level
Chlorophyll-a + Pheo (ug/L)

16
14
12
10
8
6
4
2
0

MH-1

MH-2

MH-3

MH-4

2010

2012

2013

2014

2015

2016

2017

2018

2019

2020

Figure 13. Average Total Chlorophyll-a concentrations by station in the well flushed Madaket
Harbor system during the 2010-2020 summer sampling seasons. Stations MH-2,3,4 are in the
main open basin and consistently show moderate to low chlorophyll a pigments, MH-1 is the
MEP sentinel station in Hither Creek, which after blooms in 2017-2018 has again become <10
ug/L in 2019-2020.

Madaket Harbor / Long Pond
TN concentration (mg/L)
1.400
1.200
1.000
0.800
0.600
0.400
0.200
0.000

TN (avg. 2010,12,13)

TN (avg. 2014,15,16)

TN (avg. 2017,18,19)

TN 2020

Figure 14. TN levels in Madaket Harbor main basin (MH-2,3-4), Hither Creek (MH-1) and Long
Pond (stations Long 5 & 6) over the past decade. Note that in all cases the 2017-2020 levels
are similar to (but slightly lower than) the earlier grouping in Hither Creek and Madaket Harbor.
In contrast Long Pond shows continuous significant reductions in TN from 2010,2012, 2013 to
2014-2016 to 2017-2019 and again in 2020 Clearly TN levels have declined in Long Pond and
possibly Hither Creek over the past 10 years.
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Madaket Harbor / Long Pond
TN concentration (mg/L)
y = -0.2014x + 1.2945
R² = 0.9494

1.40
1.20
1.00

y = -0.03x + 0.5975
R² = 0.3454

0.80
0.60
0.40

y = -0.0129x + 0.345
R² = 0.5324

0.20
0.00

TN (MH1)

TN (avg. MH2,3,4)

TN (avg. LONG5,6)

Linear (TN (MH1))

Linear (TN (avg. MH2,3,4))

Linear (TN (avg. LONG5,6))

Figure 15. Change in TN level in Madaket Harbor main basin (MH-2,3-4), Hither Creek (MH-1)
and Long Pond (stations Long 5 & 6) over the past decade. While TN levels have been stable
in Madaket Harbor, Long Pond has seen a significant decline, such that 2017-2020 levels are
approaching the TN level target in the TMDL for this estuary, likely linked to Town efforts to
remediate the Town Landfill in the watershed to the upper basin.

Long Pond Total Chlorophyll a (ug/L)
30
25
20
15

10
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0
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Long-6
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2017

2018

2019

2020

Long-5

Figure 16. Average Total Pigment (Chlorophyll-a +Pheophytin) concentrations by station in the
Long Pond portion of the Madaket Harbor system during the summer 2020 sampling season
compared to 2010, 2012, 2013, 2014, 2015, 2016, 2017, 2018 and 2019. Total Chlorophyll a
pigment levels were slightly lower in 2020 compared to summers 2018-2019.
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Sesachacha Pond is a periodically opened salt water kettle pond that is managed by the
Nantucket Natural Resources Department. Due to coastal processes it is not possible to
maintain an open tidal inlet to this system or the other major coastal pond of Hummock Pond
(brackish) and Miacomet Pond (once brackish now freshwater). Given the general lack of
flushing of these ponds makes them particularly sensitive to nutrient inputs and the negative
effects of eutrophication.
Sesachacha Pond has only a moderate level of watershed nitrogen inputs, but they have a
magnified effect as the system only periodically receives tidal flushing (1-2 times/yr). Prior
monitoring results have determined that successful openings (those of >5 days) have a positive
effect on water and habitat quality. In fact, it appears that Sesachacha Pond can nearly achieve
or even achieve its regulatory TMDL level for TN if openings can be prolonged. At present,
Sesachacha Pond’s total nitrogen levels (2020= 0.667 mg N/L) are above its TMDL target level
at all stations (Figure 17). Although Sesachacha Pond remains above its TMDL target of 0.60
mg/L, the summer average TN levels have changed. While the openings 2010-2020 have not
achieved the TMDL TN level, this salt pond has generally had higher water quality than
historically (MEP). The baseline TN level for this pond found by the MEP was 1.197 mg TN/L,
which supported degraded water quality and periodic chlorophyll a blooms of 100 ug/L. Since a
focused opening management plan has evolved over the past decade, TN levels have generally
declined and averaged 0.784 mg TN/L over 2018 and 2019 and even lower in the 2020 field
season (Table 4). This underscores that even at present levels of success, openings play a
critical role in lowering eutrophication in this estuary.
Although the system is brackish due to its reduced salt water input, its nitrogen components are
similar to the tidally flushed estuaries in that, entering dissolved inorganic N (DIN) is rapidly
taken up by phytoplankton and converted to organic forms. The result is that almost all water
column nitrogen can be found in growing or senescent phytoplankton (PON) or as dissolved
organic nitrogen after release from senescent or decaying phytoplankton in the water column or
after being deposited to the sediments (Figure 17). Sesachacha Pond waters do contrast with
Nantucket and Madaket Harbor waters in the fraction of particulate organic nitrogen (PON) held
in suspended phytoplankton, consistent with the elevated phytoplankton biomass indicated by
the elevated total chlorophyll a levels in 2020 (see below).
The variation in pond openings can be seen in the variation in summer TN levels between years
(Figure 18). The variation in TN causes large interannual variations in total chlorophyll a, but
the elevated TN supports periodic blooms supporting the contention that the system is still
eutrophic (Figure 19). Chlorophyll a levels >10ug/L typically indicate eutrophic conditions
resulting from elevated nitrogen (which is also observed, Figure 17). However, as a variety of
factors modify phytoplankton levels established by nitrogen inputs, the variation in
phytoplankton levels show more variation than the TN levels from year to year. However, the
general pattern of openings to TN levels to overall water quality is clear.
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MEP TN Threshold
SESA1 = <0.60 mg/l

Figure 17. TN, dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON) and
particulate organic nitrogen at stations throughout Sesachacha Pond 2020. Note that at all
stations the TN level (0.667 mg N/L) are nearly at the regulatory TMDL, indicating that this
system can achieve the threshold if annual flushing regime can be enhanced slightly.

Table 4. Summer average TN levels for Sesachacha Pond for comparison to its TMDL target of
0.60 mg/L. Note that while the openings 2010-2019 have not achieved the TMDL TN level, the
salt pond has generally had higher water quality than historically (MEP). 2020 TN levels are
approaching the threshold. Pond opening duration in 2020 maybe the driver of lower levels in
2020. Top value is concentration at Station 1. Value in () is average concentration (Stations
1,2,3,4).
Historical
Sampling Station Location

MEP

2010

s.d.

Mean TN (mg/L)
Sesachacha Pond

1.197

0.078

2012

Mean TN Mean TN
(mg/L)
0.684
(0.704)

(mg/L)
0.678
(0.639)

2013

2014

Mean TN

Mean TN

(mg/L)
0.714
(0.669)

(mg/L)
0.919
(0.922)

2015

2016

2017

2018

2019

Mean TN Mean TN Mean TN Mean TN Mean TN
(mg/L)
0.918
(0.904)

(mg/L)
1.01
(1.003)

(mg/L)
0.960
(0.884)

(mg/L)
0.734
(0.752)

(mg/L)
0.833
(0.845)

30

2020
Mean TN
(mg/L)
0.667
(0.673)

MEP TN Threshold
SESA1 = <0.60 mg/l
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Figure 18. Total nitrogen levels by station over time in Sesachacha Pond, horizontal line is
TMDL TN level. Longer openings in 2010-2014 resulted in lower TN levels (<0.75 mg/L), recent
opening attempts are again being more successful, but TN levels remain above the target level.
2020 pond opening duration may have been longer than past years resulting in the lowest TN
level on record, half of the MEP 2003 average (Table 4).
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Figure 19. Average Total Pigment (Chlorophyll-a +Pheophytin) concentrations by station in the
seasonally opened Sesachacha Pond system during the summer 2020 sampling season
compared to 2010, 2012- 2019. Total chlorophyll a pigment levels in 2020 appeared stable
across stations at ~11 ug/L indicative of moderate impairment, consistent with the TN level.
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Hummock Pond is a periodically opened drowned river valley pond that is managed by the
Nantucket Natural Resources Department. Due to coastal processes it is not possible to
maintain an open tidal inlet to this system or the other major coastal pond of Sesachacha Pond
(brackish) and Miacomet Pond (once brackish now freshwater). The general lack of flushing
makes these ponds particularly sensitive to nutrient inputs and the negative effects of
eutrophication. Managing openings of Hummock Pond has been particularly difficult due to
longshore transport and the location of the opened inlet relative to dominant wind direction and
storm flows. For this pond to be effectively opened analysis of weather and wave/wind direction
needs to be monitored. The Town NRD and SMAST has developed a plan to establish this
system for the periodically opened ponds program of Nantucket and are working jointly with the
Martha’s Vineyard Commission (who has the same problems) towards implementation. At
present, we have variable openings that generally do not sufficiently lower pond TN levels
before the inlet closes with resulting eutrophic conditions.
Hummock Pond has only a moderate level of watershed nitrogen inputs, but they have a
magnified effect, as the system only periodically receives limited tidal flushing (at most 2
times/yr). At present, Hummock Pond’s total nitrogen levels are well above its TMDL target
level at all stations (Figure 20). This is true for the main drowned river valley basin and its
tributary salt pond (Head of Hummock).
Although Hummock Pond remains above its TMDL target of 0.50 mg/L, the summer average TN
levels have varied over time. While the openings 2010-2020 have not achieved the TMDL TN
level, this salt pond has shown a range of water quality associated with the success of its tidal
openings and sometime storm overwash. Overall, the pond has an increasing level of TN
moving from near the barrier beach toward its headwaters (Figure 20). Head of Hummock does
not have good exchange with the main basin and sometimes functions as a separate eutrophic
basin.
Although the system is brackish due to its reduced salt water input, its nitrogen components are
similar to the tidally flushed estuaries in that, entering dissolved inorganic N (DIN) is rapidly
taken up by phytoplankton and converted to organic forms. The result is that almost all water
column nitrogen can be found in growing or senescent phytoplankton (PON) or as dissolved
organic nitrogen after release from senescent or decaying phytoplankton in the water column or
after being deposited to the sediments (Figure 20). Hummock Pond waters are similar to
Sesachacha Pond and contrast with Nantucket and Madaket Harbor waters in the large fraction
of particulate organic nitrogen (PON) held in suspended phytoplankton. This is consistent with
the elevated phytoplankton biomass indicated by the elevated total chlorophyll a levels in 2019
(see below).
The baseline TN level for this pond, (2010-2014 monitoring) was generally lower than over the
past 3-4 years, except for HUM-7 which have exceedingly levels in the baseline period (Figure
21). It appears that this recent period TN levels have been higher at most stations (HUM-1,3,8)
and at some stations (HUM-7) have been rising consistently from year to year from 2015 to
2019. It appears that after the successful opening prior to the 2015 field season, the tidal
flushing significantly lowered TN throughout Hummock Pond and reset the system to new lower
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TN levels. However, following years were not as successful and the TN levels rose over time to
their new much higher (than 2015) levels. Apparently, (a) even a single very successful
opening can have a multiyear positive impact on Hummock Pond water quality and (b) it takes
multiple years after a solid opening for the system to be reset to higher TN levels. This
underscores that even a modest improvement in openings of Hummock Pond can play a critical
role in lowering eutrophication in this estuary.
The variation in pond openings can be seen in the variation in summer TN levels between years
(Figure 21). The variation in TN causes large interannual variations in total chlorophyll a, but
the elevated TN supports periodic blooms supporting the contention that the system is still
eutrophic (Figure 20). Chlorophyll a levels >10ug/L typically indicate eutrophic conditions
resulting from elevated nitrogen (which is also observed, Figure 22). Chlorophyll a levels in
Hummock Pond are generally well above 10 ug/L exceeding 30 ug/L over some summers
(2010, 2017-2020), matching the level of nitrogen enrichment throughout this estuary.
However, as a variety of factors modify phytoplankton levels established by nitrogen inputs, the
variation in phytoplankton levels show more variation than the TN levels from year to year. The
general pattern of openings to TN levels to overall water quality is clear with the high TN levels
in 2017-2019 (Figure 23) and highest chlorophyll a levels (Figure 22) and conversely the lowest
TN levels in 2014-2016 and more moderate chlorophyll a levels. 2020 had intermediate
chlorophyll levels consistent with its TN levels.
Overall, Hummock Pond remains eutrophic and is currently declining further. Unless nitrogen
mitigations become possible, it appears that improvement to flushing are the primary
mechanism to improving this ponds water quality and meeting its regulatory nitrogen TMDL.
The positive news is that new approaches are being developed and the Nantucket Monitoring
Program working with Nantucket NRD has demonstrated that periodic flush can make major
improvement to the health of this estuarine system. Monitoring has revealed a potential threat
to Hummock Pond habitats. In 2014-2016 salinities in the lower basin (HUM-1,3,5) were 6-7
ppt. But in 2017 salinity dropped to <4 ppt due a low flushing opening. The salinity as
increased slightl ~5 ppt from 2018-2020 and <4 ppt in the upper reaches (HUM-7 & 8). This is
still low for maintaining Hummock Pond as a brackish water estuary. Historically levels have
been~8 ppt, so there is some concern over species changes, however, salinity decline is
relatively slow so there is still time to reset the salinity.
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MEP TN Threshold
HUM-3 = 0.50 mg/l

Figure 20. TN, dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON) and
particulate organic nitrogen at stations along the main axis of Hummock Pond, with HUM-7
being the tributary deeper basin at the head of the estuary. Note that at all stations the TN level
greatly exceeds the regulatory TMDL (0.50 mg TN/L) and in 2020 the average of the lower
stations Hum-1,3,5 was 0.638 mg N/L, indicating that this system remains nitrogen impaired.

MEP TN Threshold
HUM-3 = 0.50 mg/l
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Figure 21. Summer average total nitrogen levels by station over time in Hummock Pond,
horizontal line is the TMDL TN level (0.50 mg TN/L). The long opening in 2015 lowered TN
levels (<0.65 mg/L), but recent opening attempts have been difficult and TN levels have risen
>0.75 mg/L well above the target level for high water quality. Lower TN in levels in 2020 maybe
the result of a longer opening duration.
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Figure 22. Average Total Pigment (Chlorophyll-a +Pheophytin) concentrations by station in the
seasonally opened Hummock Pond system, during the summer 2020 sampling season
compared to 2010, 2012, 2013, 2014, 2015, 2016, 2017, 2018 and 2019. T-pigment levels in
2020 generally lower than 2019 consistent with lower TN levels.
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Figure 23. Change in TN level in Hummock Pond main basin (HUM-1,3,5,7) and the Head of
Hummock basin (HUM-7) over the past decade grouped to reduce the variation to see if any
trends existed. Note that the 2014-2016 (best openings) showed the highest water quality
(lowest TN levels) throughout the pond, while the previous period and recent period had higher
TN levels. 2020 results are generally higher than the 2014-2016 period which relate to effective
pond openings.
Miacomet Pond was a periodically opened salt water pond managed by the Nantucket Natural
Resources Department (NRD). However, due to coastal processes it is not possible to maintain
an open tidal inlet to this system or the other major coastal ponds of Sesachacha Pond
(Brackish) and Hummock Pond (brackish). Although Miacomet Pond did have an illegal pond
opening in 2018, that opening did not result in signficiant tidal exchange and had an insignificant
effect on pond salinity. Due to its not experiencing any functional tidal exchange for over a
decade, Miacomet Pond is now functioning as a freshwater pond with freshwater salinities
throughout. As a fresh pond, Miacomet is highly eutrophic with periodic needs for nitrogen and
phosphorus management, with both N and P generally being key nutrients for management in
most years including 2020 (Table 5).
Nitrogen levels in Miacomet Pond in 2020 and 2019 were exceedingly elevated, >0.9 mg N/L,
indicative of a highly eutrophic pond (Figure 24). Target thresholds for estuaries to maintain a
high water and habitat quality are generally in the range of 0.35 – 0.50 mg N/L, less than half of
Miacomet Pond (Figure 24). Although this pond is not opened by the Town and has not had
any effective tidal exchange for over a decade, this salt pond has shown a range of TN levels
from year to year the cause of which is being investigated. Overall the pond has an increasing
level of TN moving from near the barrier beach toward its headwaters (Figure 24), a common
pattern if nutrients enter more into the headwaters than from the margins. Although the system
is fresh due to its lack of salt water input, its nitrogen components are similar to the brackish
water estuaries in that, entering dissolved inorganic N (DIN) is rapidly taken up by
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phytoplankton and converted to organic forms. The result is that almost all watercolumn
nitrogen can be found in growing or senescent phytoplankton (PON) or as dissolved organic
nitrogen after release from senescent or decaying phytoplankton in the watercolumn or after
being deposited to the sediments (Figure 24). Miacomet Pond waters are similar to Hummock
and Sesachacha Pond in the large fraction of particulate organic nitrogen (PON) held in
suspended phytoplankton. This is consistent with the elevated phytoplankton biomass indicated
by the elevated total chlorophyll a levels in 2019 (see below).
Since Miacomet Pond has not had any effective tidal exchange for over a decade the large
variations that take place from year to year are a bit unclear (Figure 25). One explanation being
investigated is associated with rainfall and groundwater recharge. In periods of high rainfall,
groundwater levels increase and watershed discharge (carrying nitrogen as nitrate) increases,
which would increase nitrogen levels in Miacomet Pond. The region has had variable recharge
over the past decade with wet and drought periods.
As part of the monitoring effort, total phosphorus is measured and in some years phosphorus is
also a nutrient of concern. In 2019 total phosphorus levels were: at MP-3 in the innermost
basin, 120 ug P/L (s.d.=82 ugP/L). At MP-2 in the mid basin, 69 ug P/L (s.d. = 30) and in the
basin nearest the barrier beach, 60 ug P/L (s.d.=27 ug/L). For Cape Cod ponds the target for a
high quality pond is a total phosphorus level very much lower than at present, <20 ug/L, based
upon either TN or TP levels, Miacomet Pond is highly eutrophic. Proper management of
Miacomet Pond must take into account both N and P and would benefit from a bioassay test to
determine which is the predominant limiting nutrient.
Phytoplankton biomass, as total chlorophyll a also varies widely from year to year and generally
exceeds the 10 ug/L level indicative of a nutrient enrich water body (Figure 26). Given the high
nitrogen and phosphorus levels throughout Miacomet Pond and prior indications that both
nutrients may periodically cause phytoplankton or algae blooms, at present management
actions should focus on both nutrients. However, if phosphorus control is implemented, it is
likely that the blooms would decline, since most freshwater systems have an overabundance of
nitrogen (like Miacomet) but low phosphorus levels. This approach requires some simple
feasibility study but may indicate a way forward for this eutrophic pond. Over the past decade
Miacomet Pond has supported degraded water quality and poor habitat health, it’s condition,
though variable is not improving and 2020 recorded the highest TN levels on record..

Table 5a - Nitrogen to phosphorous ratios from Miacomet Pond during the summer 2020
sampling season indicating that in 2020 the nutrient for managing eutrophication was
primarily phosphorus as and TN/TP ratios at all stations were <16, the Redfield ratio,
however DIN/DIP ratios at MP-1 and 2 were >16 indicating nitrogen is also a nutrient to
be managed.
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Station Id.
(2020)
MP-3
MP-1
MP-2

N/P
organic
21.8
41.3
37.2

PC/PN
particulate
6.4
8.4
6.2

DIN/DIP
inorganic
11.6
46.3
48.0

TN/TP
total
2.5
4.2
9.8

Table 5b - Nitrogen to phosphorous ratios from Miacomet Pond during the summer 2019
sampling season indicating that in 2019 the nutrient for managing eutrophication was
primarily phosphorus as DIN/DIP and TN/TP ratios at all stations were <16, the Redfield
ratio.

Station Id.
(2019)
MP-3
MP-1
MP-2

N/P
organic
16.2
26.0
35.3

PC/PN
particulate
9.9
10.2
9.2

DIN/DIP
inorganic
3.7
8.7
9.4

TN/TP
total
2.6
3.1
6.8
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Figure 24. TN, dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON) and
particulate organic nitrogen at stations along the main axis of Miacomet Pond, with MP2 in the
basin nearest the barrier beach. Note that at all stations the TN level greatly exceeds the
threshold for brackish and estuarine systems.
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Figure 25. Summer average total nitrogen levels by station over time in freshwater Miacomet
Pond. As a freshwater pond a regulatory TMDL target for nitrogen or phosphorus has yet to be
established. 2020 recorded the highest TN for each station 2010-2020.
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Figure 26. Average Total Pigment (Chlorophyll-a +Pheophytin) concentrations by station in the
Miacomet Pond system during the summer 2020 sampling season compared to 2010, 2012,
2013, 2014, 2015, 2016. 2017, 2018 and 2019. Miacomet Pond is not opened to the Atlantic
Ocean and now contains freshwater (<0.2 PSU). Total chlorophyll a pigment levels in 2020 were
close to average conditions but are indicative of continuing eutrophic conditions.
Trophic State of the Estuaries of Nantucket Island future:
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The Trophic State of an estuary is a quantitative indicator of its nutrient related
ecological health and is based on key ecological metrics: concentrations of inorganic
and organic Nitrogen, water clarity (Secchi Depth), lowest measured concentrations of
Dissolved Oxygen (average of lowest 20% of measurements), and Chlorophyll-a
pigments (surrogate for phytoplankton biomass/blooms). Nutrient related trophic health
scales generally range from Oligotrophic (healthy-low nutrient) to Mesotrophic (showing
some signs of deterioration of health due to nutrient enrichment) to Eutrophic (habitats
significantly impaired and degraded, high levels of nutrients and organic matter and
community shifts). The Trophic Health Index Score used here is a standard numerical
scale based on criteria for open water embayments and uses the above mentioned
measured parameters to create a habitat quality scale (Howes et al. 1999,
http://www.savebuzzardsbay.org). For the estuaries within the Town of Nantucket, a
trophic index score was calculated for each sampling location for each year (2010 and
2012- 2020) using the summer monitoring results. The Index scores were calculated in
2 ways, one which included the low dissolved oxygen for each year in the index ("with
DO", Table 6a) and one which excluded the oxygen metric ("without DO", Table 6b).
The reason for this dual approach is that in some estuaries, such as those on Nantucket,
there are only periodic depletions in bottom water dissolved oxygen, generally related to
meteorological events acting on nutrient enriched basins. While these short-term
depletions have important ecological consequences, they are difficult to capture in
programs that sample 4 or 5 dates per summer. In these cases, inclusion of the oxygen
can bias the Index upwards (i.e. higher quality) because of the greater probability of
capturing high versus low oxygen events (i.e. missing periodic low oxygen events). This
bias was found in the previous analysis of the 2010 dataset, as well as for other
estuaries in southeastern Massachusetts. However, this is not always the case and
there was no substantive “biasing high” between the "with DO" and "without DO" Index
scores based on the 2013 and 2014 data and again in 2016 and 2017 none-the-less, the
index analysis by both methods is presented for informational purposes herein (Tables
6a,6b). It should be noted that to the extent the bias does exist in a given year, it relates
only to the oxygen data, the other water quality parameters do not change as rapidly as
dissolved oxygen and therefore the sampling program adequately captures accurate
concentrations of nutrient related metrics (DO changes by the hour). Further analysis of
the with DO and without DO index values for all stations and monitoring years indicates
that there is very little difference in the determined index value between the methods
(RPD <10%; generally <5%). The exception was in Miacomet Pond and Head of
Hummock Pond which have significant DO depletions in some years and therefore
higher variability between the methods (RDP up to 20%). Given that inclusion of oxygen
data did not generally change the bay health rank, the index calculated by including DO
appears to be most appropriate based upon 10 years of data from Nantucket’s systems,
but both approaches are developed each year and presented herein.
For the present analysis the standard Index (with DO) was used for assessment and the
Health Status was determined for each site based on the data collected during the
sampling events. The ranges of Index scores that fall within a particular Health Status
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determination are given below with the Index values and description for each monitoring
station. Figures 27-31 show the distribution of Health Status throughout each estuary
based on each of the 10 years of monitoring (2010, 2012-2020). For the location maps,
only the “with DO” index is shown as in 5 of the past 6 years the inclusion of DO made
no substantive difference in the index value and in 2015 the difference was minor.
Therefore, the Index maps shown for the “with DO” index are comparable to other
estuaries in the region for assessing Trophic Status. Numerical results in the tables are
color coded in the figures for ease of interpretation. The colors of each triangle
represent the Bay Health Index status of each site and follow the designation scheme
below:
Color

Health Status

Blue

High Quality

Blue/Yellow

High-Moderate

Yellow

Moderate

Yellow/Red

Moderate/Fair

Red

Fair/Poor

High
High-Moderate
Moderate
Moderate-Fair
Fair-Poor

>69
61-69
39-61
31-39
<31

Blue
Blue-Yellow
Yellow
Yellow-Red
Red

The integrated water quality scores, as represented by the Index were generally
consistent among all 10 years of monitoring. Although change at some sites was
observed, change was gradual and large inter-annual shifts were typically related to
major management actions. This relative stability is typical as nutrient related health
does not generally change rapidly unless a significant alteration has occurred to the
watershed nitrogen loading or to tidal flushing of a basin (e.g. Hummock Pond, Long
Pond, Sesachacha Pond). However, 4 systems do appear to show a potential shift in
nitrogen related health over the past 10 years with improvements in Hither Creek,
Sesachacha Pond and Long Pond and slight improvements in Nantucket Harbor seem
to be emerging (see below). However, Hummock Pond and Miacomet Pond are
impaired and stable. Based upon the results it is possible to assess the nutrient related
health of the basins within each of the 5 estuarine systems within the Nantucket Water
Quality Monitoring Program. The following assessments rely mainly on the Index "with
DO" scores as it appears to accurately represent current conditions:
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Madaket Harbor
Madaket Harbor main basin in 2020 continued to support a high level of nutrient related water
quality as was observed over the prior 9 years. It has been the more enclosed basins of Hither
Creek and Long Pond with their reduced tidal flushing that have had nitrogen impairment
problems. Water quality generally changes gradually, unless there has been a major change in
loading or flushing. Within the Madaket Harbor/Long Pond watershed there has been a
significant change in the nitrogen sourced at the Town Landfill. The Landfill has recently been
undergoing management actions that reduce nitrogen loading to the groundwater, hence to
upper Long Pond. It appears that the long-term gradual reduction in TN levels within the upper
portions of this complex estuary is consistent with a lowering of watershed nitrogen loading.
Over the 10 years of monitoring, Hither Creek (Station 1), which receives discharge from Long
Pond via Madaket Ditch, has consistently supported the poorest “health” status within the
Madaket Estuary (Table 6a,b, Figure 29). Hither Creek is clearly nitrogen enriched and showing
continuing impairment based on a variety of parameters but has clearly improved since 2010.
The linkage between water quality in Hither Creek and Long Pond can be seen in the parallel
improvements over the past 5 years versus prior 5 years of monitoring. Over the past 10 years
the Index indicates that this basin has improved modestly, and is now supporting moderate
water quality TN level declined to pre-2017 levels in 2018 (0.41 mg/L) but went up slightly in
2019 (0.50 mg/L). It is expected that this variability will be reduced in coming years as the
system reaches a new equilibrium with the new lower landfill TN loading rate. The main basin
of Madaket Harbor is showing relatively high water quality in each year but also shows a
possible improvement from 2010 to 2012 and has been generally stable at high water quality in
more recent samplings to 2019. It appears that Station 2, near the outlet to Hither Creek can
receive low quality waters on the ebb tide from Hither Creek and that can modify water quality at
this nearshore location (e.g. 2010). But with improvements in the water quality in Hither Creek,
its effect on water quality at Station 2 in nearshore Madaket Harbor has been insufficient to
affect the Harbor waters, which have maintained high quality status since 2012. The offshore
sites (3 & 4) support high quality waters resulting from low nitrogen inputs and very high rates of
water exchange. The 9 year positive trend in health index is at least partially the result of the
reduced loading from the landfill to upper Long Pond and an improvement in the ebbing waters
through Madaket Ditch. This trend is consistent with the upper basin feeding Madaket Ditch. In
2014-2018 the previously observed gradient in water quality metrics between the 2 Long Pond
stations is only periodically detectable, lessening concern over a potential tidal restriction,
however, slightly higher TN and CHLA. levels observed in 2019 in Long Pond indicate that the
system does exhibit variability and careful management is still required. While a further analysis
of the mechanism underlying this periodic gradient would be useful, it is not needed at this time,
tracking the phenomenon through the on-going monitoring program should be sufficient. If the
improvement in Hither Creek becomes stabilized at the lower end of its range (0.8 – 0.6 mg/L)
and 2018 was 0.59 mg N/L (2019 TN 0.50 mg/L at station MH1), it is possible that the TMDL for
Madaket Harbor may require somewhat less nitrogen load reduction, making the success of
other nitrogen management actions (other than associated with the landfill and any needed
septic system work in Madaket) more certain. However, at this point it is likely that additional
nitrogen management will be required to meet the TMDL in Hither Creek as it remains of
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moderate quality, although it appears the reduced load discharging from Madaket Ditch has
resulted in somewhat lower TN levels already.
It should be noted that the “fair/poor" quality
water designation in Long Pond relates primarily to Long Pond being not supportive of eelgrass.
But the MEP and TMDL for Long Pond is based on infaunal animals living in the bottom
sediments (i.e. not eelgrass) so the water quality index should not cause concern. However,
additional analysis is required to determine if landfill activities will be sufficient to meet the TMDL
for Long Pond (see below). Additional study to clarify the drivers of the improvement
(controllable such as the landfill improvements or fertilizer management) will further assist in
determining the magnitude of septic system management as posited through the MEP analysis.
This further analytical effort is in progress in parallel with the Town’s actual and potential
management actions.
Long Pond
Long Pond is a large tributary basin to Madaket Harbor, which receives tidal flow through
the artificial connection of Madaket Ditch. Given the structure of the basin and its
watershed, Long Pond operates semi-independently from Madaket Harbor (Figure 29).
Unlike Madaket Harbor which is marine, Long Pond is a brackish water system resulting
from mixing of groundwater inflows and salt water entering through its restricted tidal
channel (2018 and 2019 salinity = 16 PSU). Long Pond’s Bay Health scores for both
stations (5 & 6) in the 8 years of monitoring (2010, 2012-2018) clearly indicate poor
nutrient related water quality and this continues to be the case in 2019. It is nearly
certain that the water quality of Hither Creek is partially dependent on the nitrogen load
from Long Pond via Madaket Ditch during the ebb tide. However, it should be noted that
the TMDL targets restoration of sediment animal communities (infauna) which do not
require the same high water quality as eelgrass.
Based upon the 2020 results and the 10 year time-series, it appears that the Town’s
management of the landfill, has reduced the nitrogen load from this source with the
associated observed lowering of TN levels. The connection is strengthened by the
parallel timing of the landfill work and the lowering of TN in the adjacent waters, which
are only a short travel time from the landfill. While still small, the water quality Index for
Long Pond is starting to improve in response to the lower TN levels although the basin
remains impaired. TN levels in 2015-2017 and 2018-2020 were almost half that of
historical and 2010 measurements although they still show inter-annual variations as
2019 TN values were slightly higher (0.63 mg/L TN) compared to 2018 (0.59 mg/L TN)
and 2020 TN levels were 0.502 – 0.55 mg N/L a marked improvement . While continued
monitoring will determine the final level of improvement as the system reaches a new
equilibrium, it does appear that the reduction in N loading is occurring with beneficial
effects. If TN levels stabilize at 2018-2020 levels, the TN target in the TMDL may be
achieved and in summer 2021 or 2022 a habitat and DO survey should be considered to
evaluate the removal of Long Pond from the MassDEP list of impaired waters It should
be noted that the lack of major change in the Health Index for Long Pond results in part
from the relative coarseness of the Index, where sometimes large index score changes
are required to change the Index value. The analysis of key metrics (Chlorophyll-a,
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water clarity-Secchi and total nitrogen) individually do show improving water quality at
stations 5 and 6 in 2012-2020 compared to 2010 and in the MEP threshold analysis (see
analysis and figures above), however there was a slight decline at station 5 (fair-poor).
This may just be attributable to inter-annual variability and careful monitoring should
continue.
Nantucket Harbor
Nantucket Harbor with Madaket Harbor are presently supporting the highest water
quality of Nantucket's estuaries. In 2020 and 2019, all of the Nantucket and Polpis
Harbor stations were showing high water quality, slightly better than in 2017. Over the
past 7 years, the main basin of Nantucket Harbor has supported high quality waters, with
only a periodic small level of decline in the uppermost basin, Wauwinet basin (Figure
27). Wauwinet basin (station 3) had the highest average total nitrogen values for the
Harbor System in 2013 (0.415 mg/L) and 2015 (0.436 mg/L) consistent with its
designation as the surrogate for the sentinel station for the main basin and its
documented past eelgrass loss. It should be noted that in summer 2016, SMAST added
station 2A and established it as the official TMDL sentinel station for which the nitrogen
threshold was established (refer to Figure 2, TN 0.399 mg/L), along with station 3 in
order to meet TMDL compliance monitoring criteria. Summer 2017 saw a slightly lower
TN level at station NAN-2A (0.368 mg/L) and 2018 lower still (0.337 mg/L) but a slight
increase in 2019 (0.392 mg/L) and 2020 (0.383 mg N/L). Summers 2016-2019 generally
showed similar water quality in this basin as 2014 which showed improved chlorophyll-a
and TN levels versus prior years. The main driver of the poorer 2015 water quality was
a phytoplankton bloom in the upper Harbor, which was relatively large for Nantucket
Harbor but only moderate for more enriched estuaries in the region. While it is unclear if
blooms will become more commonplace in the future, the levels in 2016 reflected more
historic conditions and 2017/2018 again higher levels but lower in 2019. 2020
monitoring showed slightly elevated chlorophyll levels but still indicative of a productive
high quality system. However, other activities associated with the Harbor (additional
sewer hookups, jetty improvement and oyster aquaculture) should result in even lower
TN and chlorophyll levels and reduce the likelihood of phytoplankton blooms (>10 ug/L)
in the future.
A similar pattern was seen in the enclosed sub-basins of Polpis Harbor (East and West)
as in the main basins of Nantucket Harbor. Polpis Harbor basins which after showing
moderate impairment in 2010 and 2012 have been showing only low to no impairment in
recent years, suggesting some improvement over historic conditions. As in Wauwinet,
Polpis Harbor showed 2020-2015 (except for 2017) TN levels similar to 2010, 2012 and
2015, slightly higher than 2013 and 2014. Over the past 5 of 6 years TN levels have
been very stable in both East and West Polpis, except that in 2020 West Polpis had a
phytoplankton bloom and subsequent low DO event that lowered its Health Index Score
to moderate impairment for the first time in 8 years. This variation makes continued
monitoring essential to clarify any trends in water quality and linkages to stream nitrogen
discharges. Polpis Harbor did not show a phytoplankton bloom in 2015 and supported
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only moderate-low phytoplankton biomass in 2015-2017, 2018 and 2019 (average <6
ug/L) and appears to have attained generally high water quality status from moderate
status in 2010 and 2012. The 2020 bloom in West Polpis raised the summer average to
8 ug/l, double that of East Polpis. While the cause is not certain, it may be related to the
surface water discharge into the head of this basin.
While the overall Nantucket Harbor System is generally supporting high quality waters,
the variability in the index in Wauwinet and Polpis basins should be monitored to
ascertain their long-term health and to determine the effectiveness of restoration effort
by the Town as it continues to move forward to meet the MassDEP TMDL for this
system. Overall, Nantucket Harbor appears to be relatively stable from year to year with
a gradual slight improvement with high index scores and higher level metrics that
support the contention that it is approaching its TMDL threshold. This is also partially
the case for the Polpis Harbor basins, although the 2020 water quality suggests that
surface water inflows maybe important to this basin. Sesachacha Pond
Sesachacha Pond is a closed coastal salt pond that has its water quality managed by
periodically breaching the barrier beach to open the basin to tidal exchange with the
adjacent Atlantic Ocean waters. This management action serves to flush out nutrients
and organic matter on the ebb tides and receive saline waters on the flood tides.
Sesachacha Pond was evaluated under the Massachusetts Estuaries Project and a
nitrogen threshold (0.60 mg/L) was established for restoration of this system.
Additionally, the MEP analysis recommended an additional mid-summertime opening (if
logistically possible) as part of the pond management strategy to enhance flushing of the
pond and improve water quality to reach the threshold without any need for
infrastructure. The water quality monitoring program in 2010, 2012 and 2013 showed
that the pond nitrogen levels were converging on the 0.60 mg/L total nitrogen threshold
established by the MEP. Total nitrogen (TN) levels dropped significantly from historical
levels of 1.20 mg/L to ~0.68 mg/L in 2010 and 2012 and 0.67 mg/L in 2013, with
associated improvements in the levels of water clarity and chlorophyll-a. However, with
limited openings in 2014-2017, TN rose to near historic levels, ~0.9 mg/L. Reevaluation by NRD using monitoring results has resulted in solid openings in recent
years with an improvement in 2018 (0.752 mg N/L) and 2020 (0.673 mg N/L) with
moderate restoration of overall water quality but with moderate continuing impaired
conditions. It appears that these changes relate to the quality of the pre-summer
opening. Given the 2010-2013 period when robust openings occurred, it appears that a
solid opening program continues to have the capability to improve the water quality
metrics pond-wide to levels near the TMDL nitrogen threshold.
Based upon the Index alone, changes in water quality in Sesachacha Pond over the
2010-2013 period were stabilized at moderate impairment of this estuary, with more
recent monitoring 2015-2017 seeing a trend toward poor water quality conditions with a
rebound in 2018 and 2020 where TN levels declined (Figure 28). In 2019, conditions
did worsen slightly compared to 2018 but the significant decline in 2020 is promising.
Additional higher level assessment of Sesachacha Pond initiated based on the 2010
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monitoring results was conducted and confirmed that the pond was improving by 2013,
but was impaired in 2014 consistent with the monitoring results. 2020 showed the
highest Health Index values in the 10 year record with low-moderate chlorophyll,
unimpaired oxygen levels, and moderate clarity. It appears that like other periodically
opened ponds, the quality of the opening (amount of water exchanged) controls the level
of water quality in the following months. Fortunately, the data indicate that attaining
pond openings of the quality of 2012 and 2013 (done under Town supervision) in the
future may be sufficient to attain the TMDL for this system. In addition, the impaired but
improved conditions in 2018 and 2020, while high in TN (organic N component), did not
show bottom water D.O. depletion, and only moderate chlorophyll-a, consistent with the
MEP threshold target of 0.60 mg N/L. Similarly, while TN was higher in 2019 than 2018
and 2020, DO depletions were not apparent (4.7 to 7.8 mg/L, 20% low DO values). A
closer examination of the opening protocol and the linkage to resultant water quality is
needed for management of this system.
Hummock Pond
Hummock Pond is a closed coastal salt pond that is only periodically opened to the
ocean to flush out nutrients and organic matter on the ebb tide and receive low nutrient
saline waters on the flood tide. Creating sustained openings that are sufficient to allow
exchange of tidal waters for more than 4-5 days has been difficult for this system due to
its location on the coast and the large amount of sand migration in the coastal zone
which can rapidly reseal the inlet.
Hummock Pond is opened at a sufficient frequency to sustain salinity levels in the 4-8
ppt range, with only small inter-annual differences (2012 slightly higher than 2010). The
pond continues to support a small but clear salinity gradient from Station 1 nearest the
ocean to Station 7 in the uppermost basin (Head of Hummock). The present non-tidal
state and watershed nutrient inputs have resulted in moderate to poor nutrient related
water quality throughout the pond, with poor water quality conditions the present norm
(2005-2007, 2010, 2012, 2013, 2014, 2015). Unfortunately, in 2016 the pond appears to
have had lower water quality in its upper and mid reaches than in previous years,
although the lower basin did not show this inter-annual variation. Similarly, in 2017 and
2018 water quality declined further throughout most of the estuary, including the lower
basin. This resulted from the poor spring 2017 and 2018 opening which is reflected in
the very low salinities throughout summer 2017 (3.5 PSU), 2018 (4.8 PSU) and even
more so in 2019 (2.8-4.8 PSU). Fortunately, the 2020 opening was moderately improved
such that the salinity of the lower basin (HUM-1,3,5) again rose to 5.3 ppt. but Hummock
Pond is still slightly below its earlier salinity which is of concern for habitat stability. There
is generally a small gradient in water quality with moderate to poor conditions near the
ocean and poor conditions in the uppermost basins, but this collapsed to generally poor
water quality throughout the system in 2017-2019(Figure 31). However, with the slight
improvement in salinity there was also a modest improvement in water quality in 2020,
with a rise in Index Score. The uppermost basin Head of Hummock, Station 7, is
approaching fresh/brackish conditions (3.5-4.0 ppt in 2020 and recent years and as a
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result is currently supporting mainly freshwater plant and animal habitats (note salinity
was 2.8 ppt in 2019). This basin is particularly eutrophic with phytoplankton blooms
periodically exceeding 70 ug/L, 26 ug/L in 2020 (offshore waters are ~2 ug/L). It
appears that the upper basin (Station 7), is supporting relatively stable salinities and
phytoplankton biomass with chlorophyll a averages from 2016-2020 ranging from 26 ug/l
to 14 ug/L. Head of Hummock appears to have been artificially connected to the
adjacent estuary and is the recipient of much of the freshwater inflow. It continues to be
one of the most highly eutrophic basins within the Town of Nantucket with oxygen
depletions to 3 mg/L (1.36 mg/L DO in 2019). All of the metrics are consistent with a
nutrient impaired basin in all years. It should be noted that the lower third of the
Hummock Pond Estuary is currently supporting impaired benthic animal habitat even
though conditions are the "best" in the overall impaired system.
Based upon the monitoring results it is clear that the nutrient related health of Hummock
Pond is significantly related to the success of its periodic openings. The individual
metrics and the Health Index for summer 2014 and 2015 appear to support that tidal
flushing was improved as nutrient related health was highest in 2014 and 2015 and
again in 2020 of the years monitored. It also appears that the continued successful inlet
openings from April 2014 into 2015 and 2020 have resulted in additional improvements
in water quality, with 2015 showing the lowest TN levels in records back to 2005,
although it is still above its threshold value to support high quality habitat. Unfortunately,
this pattern was not seen in the 2016-2019 water quality data, which showed further
decline in the upper and mid reaches, and even the lower basin. However, the rapid
improvement in 2020 suggests that water quality response is rapid to improved tidal
flushing. The opening program and associated monitoring around the openings and in
the summer will need to be used to set metrics for a “successful” opening, to produce a
simplified assessment protocol for opening success and to document and further refine
the opening protocol for the Town’s on-going program. To date this joint effort has
shown the potential for significant benefits to Hummock Pond water quality and
associated natural resources at low cost to the Town, but successful openings appear to
vary from year-to-year.
Miacomet Pond
Miacomet Pond is a closed coastal salt pond that is rarely opened to the ocean to flush
out nutrients and organic matter on the ebb tide and receive low nutrient saline waters
on the flood tide. As a result of the lack of tidal flow and continuous groundwater inputs,
the pond is presently freshwater, with salinity levels in each of the past 8 years of
monitoring of <0.5 ppt, and only 0.1 – 0.2 in 2019 and 2020 and 0.1 ppt, 2015-2017.
Clearly, Miacomet remains a very fresh water dominated system. The present non-tidal
state and extent of watershed nutrient inputs has resulted in a decline in nutrient related
water quality throughout the pond for both nitrogen and phosphorus, with poor water
quality and habitat impairment the present norm (Figure 30) and it remained that way in
the summer of 2019. This can be seen, for example, in the high chlorophyll levels
(2010: 12-50 ug/L); 2012: 10-20 ug/L; 2013: 20-26 ug/L; 2014: 23-70 ug/L; 2015: 38-53
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ug/L) several times greater than the levels found in the high quality basins of Nantucket
and Madaket Harbors with a maximum in 2018 (25 ug/L) following highs in 2017 and
2016 (mean = ~14 ug/L). Summer 2019 chlorophyll levels ranged between 11-16 ug/L
but 2020 again rose to 20-24 ug/L levels. All of the metrics for Miacomet Pond are
consistent with a highly nutrient impaired basin. As previously discussed in previous
years, as the freshening of this basin has become complete and sustained, it likely will
have to be managed as a transitional freshwater system and will need to be reassessed
as such. As salt ponds freshen and become fresh ponds the nutrient causing
eutrophication can shift to phosphorus from nitrogen or become both nitrogen and
phosphorus (seasonally varying nutrient limitation). Since Miacomet Pond may have
storm over-wash in the future due to climate change related storm intensification and
sea level rise, it may be necessary for management to create both a nitrogen and a
phosphorus budget for this system and to conduct short-term incubations to determine
which nutrient is controlling pond health under present and varying salinity conditions.
None-the-less, phosphorus should be a part of pond management, with phosphorus
limitation to phytoplankton growth throughout Miacomet Pond in 2016-2020. While
nitrogen is also supporting eutrophication in this system, it is likely that phosphorus
controls alone may create a significant improvement and should be evaluated as a costeffective management action.
Another challenge in managing Miacomet Pond is that it will be difficult for the Pond to
maintain itself as a purely freshwater system as storm over-wash and rising sea level (as
well as increasing storm intensity and frequency related to climate change) will tend to
periodically cause seawater intrusion into its lower basin. An analysis of future
conditions for Miacomet Pond as sea level rises may be in order in the near future, as
remediation is considered. But at present the system is a highly nutrient impaired aquatic
system with poor water quality. It would be prudent for the Town to continue the
development of a management plan that takes into account not only the nutrient related
impairment of Miacomet Pond, but also accommodates the likely shifting between fresh
and salt water over the long term.

Recommendations for Future Monitoring:
Each year after review of a given years monitoring data and comparison to the long-term record,
the Island-Wide Monitoring Program puts forward recommendations to the NRD for the on-going
effort. As this is a long-term program many of the prior issues and additional data collection
efforts have been addressed. In 2020, specific points are raised based on the long-term data
and overall restoration effort :
•

Salinity levels in Hummock Pond have slowly declined to <5.5 ppt in the lower basin
(2028-2020) and <4 ppt in the upper reaches in 2020. These levels are of concern as
they may result in species changes. These levels are an improvment over 2017, but
need to be tracked closely with the openings.
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•

•
•
•

Both N and P may be causing the highly eutrophic conditions in Miacomet Pond. It
would be useful for management planning to determine their relative importance. Since
P is much easier to control than N, the results might suggest targeted management to
improve habitat health. It appears that Miacomet Pond will not improve without
management action.
Improving water quality in Nantucket Harbor and Long Pond due to Town efforts should
be noted to the Town.
A close examination of Sesachacha Pond opening and improving water quality needs to
be conducted,
The role of Long Pond water quality changes on Hither Creek could benefit from a re-run
of the MEP models.

Overall, the monitoring program is performing as designed and producing the needed high
quality data for management. Coordination between NRD and SMAST is at a high level due in
no small part to the efforts of NRD Staff.
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EMBAYMENT
HUM7
HUM8
HUM5
HUM3
HUM1
LONG6
LONG5
HC1
HC2
HC3
MH1
MH2
MH3
MH4
MP3
MP1
MP2
NAN1
NAN2
NAN2A
NAN3
NAN4
NAN5
NAN6
NAN7
NAN8N
ST4
ST6
ST6B
WPH OUTLET
SESA3
SESA2
SESA4
SESA1
ORS2
ORS4
ORS6

2020
Secchi
SCORE
41.8
32.1
39.1
45.1
53.4
39.5
35.5
NA
NA
NA
61.9
78.4
84.6
100.0
41.3
55.2
65.2
100.0
92.3
92.8
88.1
100.0
63.8
85.4
66.2
46.8
100.0
0.0
100.0
60.1
64.2
48.6
62.5
43.1
21.6
37.7

Station Average 2020 (With DO)
Low20%
Oxsat
DIN
TON
T-Pig
SCORE
SCORE SCORE SCORE
10.4
0.0
0.0
0.0
73.9
100.0
0.0
0.0
77.6
100.0
0.0
0.0
95.2
100.0
1.9
14.5
87.9
100.0
0.0
30.1
41.6
84.3
28.8
62.2
10.6
100.0
13.1
28.6
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
56.3
61.2
30.7
16.0
83.3
86.6
74.9
73.5
70.0
100.0
98.0
78.6
86.6
100.0
100.0
99.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
51.2
10.1
0.0
0.0
71.1
100.0
100.0
53.6
73.4
93.9
77.4
53.7
49.2
77.5
72.0
47.8
69.2
100.0
63.0
50.9
80.6
100.0
73.8
68.5
44.3
98.1
52.8
21.0
68.4
86.5
73.5
69.2
80.6
99.1
94.5
72.1
82.9
100.0
100.0
66.1
100.0
97.8
0.0
0.0
100.0
100.0
92.6
71.4
83.7
82.9
73.0
5.7
6.2

90.4
86.5
100.0
100.0
100.0
95.2
78.1
58.1
77.5

0.0
0.0
0.0
0.0
0.0
0.0
90.8
69.8
46.8

0.0
0.0
85.5
55.1
77.5
59.3
88.8
5.4
58.9

(With DO)
2020
EUTRO
Index
10.4
41.2
43.3
51.4
54.3
51.3
37.6
NA
NA
NA
45.2
79.3
86.2
97.2
8.3
11.0
25.3
84.9
78.2
67.9
74.3
84.6
56.0
76.6
82.5
79.2
59.6
38.1
57.3
67.6
58.2
62.0
60.0
74.8
32.1
45.4

Health Status
Fair-Poor
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate-Fair

Moderate
High
High
High
Fair-Poor
Fair-Poor
Fair-Poor
High
High
High-Moderate
High
High
Moderate
High
High
High
Moderate
Moderate-Fair
Moderate
High-Moderate
Moderate
High-Moderate
Moderate
High
Moderate-Fair
Moderate

Table 6a. 2020 Trophic Health Index Scores and status for water quality monitoring stations in
Nantucket estuaries based upon open water embayment (not salt marsh) habitat quality scales.
Index calculated with Dissolved Oxygen data (described in Howes et. al., 1999 at
www.savebuzzardsbay.org)
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Station Average 2020 (with DO)

Salinity
ppt

EMBAYMENT

3.57
3.90
4.55
5.44
5.80
18.41
16.71

HUM7
HUM8
HUM5
HUM3
HUM1
LONG6
LONG5
HC1
HC2
HC3
MH1
MH2
MH3
MH4
MP3
MP1
MP2
NAN1
NAN2
NAN2A
NAN3
NAN4
NAN5
NAN6
NAN7
NAN8N
ST4
ST6
ST6B
WPH OUTLET
SESA3
SESA2
SESA4
SESA1
ORS2
ORS4
ORS6

29.06
31.26
31.63
31.73
0.10
0.10
0.10
31.58
31.84
31.91
31.84
31.60
31.26
31.62
31.41
31.28
0.00
0.10
0.05
0.10
6.86
6.86
6.88
6.87
31.65
31.00
30.63

Station Average 2020 (with DO)
2020

%Sat

Secchi m

DO

DIN

TON

Station Average 2020 (with DO)
2020

Low20%

T-Pig

Secchi

Oxsat

DIN

TON

T-Pig

With DO

No DO

With DO

2020

2020

2020

2020

EUTRO

EUTRO

EUTRO Health Status

YR

All

20%

ppm

ppm

ug/L

SCORE

SCORE

SCORE

SCORE

SCORE

Index

2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020

1.18
1.01
1.13
1.24
1.42
1.13
1.06

44%
73%
75%
87%
82%
56%
44%

0.154
0.008
0.007
0.008
0.013
0.020
0.010

1.306
0.749
0.669
0.591
0.626
0.482
0.543

26.66
11.74
13.12
8.40
6.96
4.73
7.09

1.63
2.12
2.34
3.30
1.17
1.46
1.71
3.23
2.65
2.67
2.48
3.17
1.68
2.37
1.74
1.28
ND
0.10
0.25
ND
1.58
1.69
1.31
1.64
1.20
0.85
1.10

63%
79%
71%
81%
24%
32%
61%
71%
73%
60%
70%
77%
57%
70%
77%
78%
ND
ND
ND
ND
85%
71%
79%
78%
72%
42%
42%

0.034
0.019
0.011
0.013
0.277
0.158
0.111
0.009
0.016
0.024
0.012
0.009
0.015
0.019
0.014
0.006
0.015
0.023
0.017
0.019
0.007
0.009
0.005
0.016
0.023
0.037
0.024

0.475
0.339
0.284
0.258
0.864
1.340
1.147
0.251
0.333
0.347
0.371
0.342
0.401
0.343
0.292
0.274
0.940
0.470
1.005
1.087
0.679
0.656
0.669
0.651
0.300
0.353
0.420

8.25
4.13
3.88
3.02
19.73
19.64
24.33
5.24
5.24
5.62
5.42
4.39
7.76
4.34
4.20
4.51
NS
NS
NS
NS
3.57
5.15
3.93
4.90
3.43
9.37
4.92

41.8
32.1
39.1
45.1
53.4
39.5
35.5
#N/A
#N/A
#N/A
61.9
78.4
84.6
100.0
41.3
55.2
65.2
100.0
92.3
92.8
88.1
100.0
63.8
85.4
66.2
46.8
100.0

10.4
73.9
77.6
95.2
87.9
41.6
10.6
#N/A
#N/A
#N/A
56.3
83.3
70.0
86.6
0.0
0.0
51.2
71.1
73.4
49.2
69.2
80.6
44.3
68.4
80.6
82.9
100.0

0.0
100.0
100.0
100.0
100.0
84.3
100.0
#N/A
#N/A
#N/A
61.2
86.6
100.0
100.0
0.0
0.0
10.1
100.0
93.9
77.5
100.0
100.0
98.1
86.5
99.1
100.0
97.8

0.0
0.0
0.0
1.9
0.0
28.8
13.1
#N/A
#N/A
#N/A
30.7
74.9
98.0
100.0
0.0
0.0
0.0
100.0
77.4
72.0
63.0
73.8
52.8
73.5
94.5
100.0
0.0

0.0
0.0
0.0
14.5
30.1
62.2
28.6
#N/A
#N/A
#N/A
16.0
73.5
78.6
99.4
0.0
0.0
0.0
53.6
53.7
47.8
50.9
68.5
21.0
69.2
72.1
66.1
0.0

10.4
41.2
43.3
51.4
54.3
51.3
37.6
#N/A
#N/A
#N/A
45.2
79.3
86.2
97.2
8.3
11.0
25.3
84.9
78.2
67.9
74.3
84.6
56.0
76.6
82.5
79.2
59.6

0.0
100.0
60.1
64.2
48.6
62.5
43.1
21.6
37.7

100.0
100.0
92.6
71.4
83.7
82.9
73.0
5.7
6.2

90.4
86.5
100.0
100.0
100.0
95.2
78.1
58.1
77.5

0.0
0.0
0.0
0.0
0.0
0.0
90.8
69.8
46.8

0.0
0.0
85.5
55.1
77.5
59.3
88.8
5.4
58.9

38.1
57.3
67.6
58.2
62.0
60.0
74.8
32.1
45.4

EUTRO

Health Status

Index

No DO

Colors

Colors

Fair-Poor
Moderate-Fair
Moderate-Fair
Moderate
Moderate
Moderate
Moderate

Red
Yellow
Yellow
Yellow
Yellow
Yellow
Yellow-Red

Red
Yellow-Red
Yellow-Red
Yellow
Yellow
Yellow
Yellow

Moderate
High
High
High
Fair-Poor
Fair-Poor
Fair-Poor
High
High
High-Moderate
High
High
Moderate
High
High
High
Moderate

10.4
33.0
34.8
40.4
45.9
53.7
44.3
#N/A
#N/A
#N/A
42.5
78.4
90.3
99.9
10.3
13.8
18.8
88.4
79.3
72.5
75.5
85.6
58.9
78.7
83.0
78.2
49.5

Moderate
High
High
High
Fair-Poor
Fair-Poor
Fair-Poor
High
High
High
High
High
Moderate
High
High
High
Moderate

Yellow
Blue
Blue
Blue
Red
Red
Red
Blue
Blue
Blue-Yellow
Blue
Blue
Yellow
Blue
Blue
Blue
Yellow

Yellow
Blue
Blue
Blue
Red
Red
Red
Blue
Blue
Blue
Blue
Blue
Yellow
Blue
Blue
Blue
Yellow

Moderate-Fair
Moderate
High-Moderate
Moderate
High-Moderate
Moderate
High
Moderate-Fair
Moderate

22.6
46.6
61.4
54.8
56.5
54.2
75.2
38.7
55.2

Fair-Poor
Moderate
High-Moderate
Moderate
Moderate
Moderate
High
Moderate-Fair
Moderate

Yellow-Red
Yellow
Blue-Yellow
Yellow
Blue-Yellow
Yellow
Blue
Yellow-Red
Yellow

Red
Yellow
Blue-Yellow
Yellow
Yellow
Yellow
Blue
Yellow-Red
Yellow

Fair-Poor
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate-Fair

Table 6b. 2020 Trophic Health Index Scores and status for water quality monitoring stations in Nantucket estuaries based upon
open water embayment (not salt marsh) habitat quality scales. Index calculated with and without Dissolved Oxygen data.
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Bay Health Index
Top
2010
2012
Mid
Mid
2013
Mid
2014
Mid
2015
Mid
2016
Mid
2017

Nantucket Harbor
Eutro. Index (2010,12,13,14,15,16,17,18,19, 20)
NAN 3

Mid
Mid
Btm

2018
2019
2020

NAN-2A (2016)
MEP Sentinel Station

NAN 4
NAN 2
NAN 6

NAN 8
The Cut) 2010

-

NAN 7
(Childrens Beach)

NAN 5

NAN 1
NAN 8N
(2012,13,14,15,16,17,18,19,20)

Color
Blue
Blue/Yellow
Yellow
Yellow/Red
Red

Health Status
High Quality
High-Moderate
Moderate
Moderate/Fair
Fair/Poor

Figure 27. Nantucket Harbor Eutrophication Index 2010 (top triangle) and 2020 (bottom triangle). Index was calculated with
dissolved oxygen. Colors indicate High (Blue), Moderate (Yellow), Fair/Poor (Red) nutrient related water quality. Station Nan-2A MEP
Sentinel Station.
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Sesachacha Pond
Eutro. Index (2010,12,13,14,15,16,17,18,19, 20)
Bay Health Index
Top
2010
2012
Mid
Mid
2013
Mid
2014
Mid
2015
Mid
2016
Mid
2017
Mid
2018
Mid
2019
Btm
2020

Station 1

Station 2
Station 4
Station 3

Color
Blue
Blue/Yellow
Yellow
Yellow/Red
Red

Health Status
High Quality
High-Moderate
Moderate
Moderate/Fair
Fair/Poor

Figure 28. Sesachacha Pond Eutrophication Index 2010 (top triangle) and 2020 (bottom
triangle). Index was calculated with dissolved oxygen. Colors indicate High (Blue), Moderate
(Yellow), Fair/Poor (Red) nutrient related water quality.
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Bay Health Index
Top
2010
2012
Mid
Mid
2013
Mid
2014
Mid
2015
Mid
2016
Mid
2017
Mid
2018
Mid
2019
Btm
2020

Station 4

Station 3
Station 6
Station 2

Station 1
Station 5
Color
Blue
Blue/Yellow
Yellow
Yellow/Red
Red

Health Status
High Quality
High-Moderate
Moderate
Moderate/Fair
Fair/Poor

Madaket Harbor and Long Pond
Eutro. Index (2010,12,13,14,15,16,17,18,19,20)

Figure 29. Madaket Harbor Eutrophication Index 2010 (top triangle) and 2020 (bottom triangle). Index was calculated with dissolved
oxygen. Colors indicate High (Blue), Moderate (Yellow), Fair/Poor (Red) nutrient related water quality.
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MP 3

Bay Health Index
Top
2010
2012
Mid
Mid
2013
Mid
2014
Mid
2015
Mid
2016
Mid
2017
Mid
2018
Mid
2019
Btm
2020

MP 1

Miacomet Pond
Eutrophication Index
(2010,12,13,14,15,
16,17,18,19,20)

Color
Blue
Blue/Yellow
Yellow
Yellow/Red
Red

Health Status
High Quality
High-Moderate
Moderate
Moderate/Fair
Fair/Poor

MP 2

Figure 30. Miacomet Pond Eutrophication Index 2010 (top triangle) and 2020 (bottom triangle). Index was calculated with dissolved
oxygen. Colors indicate High (Blue), Moderate (Yellow), Fair/Poor (Red) nutrient related water quality.
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Hummock Pond
Eutrophication Index
(2010,12,13,14,15,16,17,18,19,20)

Station 7
Station 9
Station 8

Bay Health Index
Top
2010
2012
Mid
Mid
2013
Mid
2014
Mid
2015
2016
Mid
Mid
2017
Mid
2018
Mid
2019
Btm
2020

Station 6

Station 5

Station 4

Station 3

Station 2
Station 1

Color
Blue
Blue/Yellow
Yellow
Yellow/Red
Red

Health Status
High Quality
High-Moderate
Moderate
Moderate/Fair
Fair/Poor

Figure 31. Hummock Pond Eutrophication Index 2010 (top triangle) and 2020 (bottom triangle).
Index was calculated with dissolved oxygen. Colors indicate High (Blue), Moderate (Yellow),
Fair/Poor (Red) nutrient related water quality.
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COMMUNITY-BASED RESTORATION IN NANTUCKET HARBOR,
NANTUCKET MASSACHUSETTS

Summary
Nantucket Island supports over 2,000 acres of eelgrass that serve as essential habitat to a number of
different species including the last commercially viable “wild” bay scallop fishery in the U.S. The
abundance of eelgrass has, however, diminished from historic levels in some areas, including Nantucket
Harbor, due to increased nutrient loading. To facilitate recovery of eelgrass, the Nantucket Land Council
(NLC), with guidance from Boston University, has implemented a ½ acre eelgrass restoration in
Nantucket Harbor using community volunteers and organizations. Transplanting activities began at
Monomoy in the Fall of 2018 and will conclude in the Spring of 2020. A preliminary evaluation of
transplant success, conducted at 6 and 12 months after transplantation, show that 50% to 60% of
transplants have survived and are growing. Our work is the first step to bringing a thriving eelgrass
population back to the waters of Nantucket and building an overall healthy, resilient “living shoreline”
that will provide a myriad of economic and ecological services to the island.
Introduction
Eelgrass (Zostera marina L.) is a marine flowering plant that forms extensive meadows in the shallow
coastal waters of Massachusetts. The value of eelgrass meadows is well documented and includes
stabilizing sediments, improving water quality and clarity, mitigating for CO2 emissions, and providing
habitat to a number of commercially important and/or endangered species (Orth et al. 1984; Heck et al.
1989; Hughes et al. 2002; Lazarri and Tupper 2002). Nantucket Island, located 30 miles off the coast of
Cape Cod, supports over 2,000 acres of eelgrass (Costello 2015) that serve as essential habitat to a
number of different species including the last commercially viable “wild” bay scallop fishery in the U.S.
The abundance of eelgrass has, however, diminished from historic levels in some areas, potentially
threatening the future ecology and economy of this system.

Declines in eelgrass in Nantucket over the last decade have primarily occurred in Nantucket
Harbor (Costello and Kenworthy 2011; Costello 2015). An evaluation of eelgrass habitat by Costello
(2015) showed that 30 percent of the eelgrass population in the harbor declined between 1995 and 2015.
The loss in size and density of eelgrass is believed to be due to an increase in nutrient loading (Curley
2002). In the Executive Summary of the Massachusetts Estuaries Project report, it was noted that to
maintain or preserve eelgrass meadow health, a nitrogen threshold of 0.350 mg N L -1 should not be
exceeded. Nitrogen levels in East Polpis Harbor in 2006 were 0.361 mg N L -1 and eelgrass had recently
disappeared from most of the area (Shellfish Report 2012), suggesting that this is an accurate threshold.
At present, it is believed that most of Nantucket Harbor has reached its nitrogen loading threshold and
actions are underway to reduce levels (Howes et al. 2006).
Transplantation of eelgrass is a proactive approach to mitigating for eelgrass losses. The earliest
recorded transplant effort involving eelgrass was documented by Addy (1947a, 1947b) from
Massachusetts and several other locations in the mid-Atlantic. Considerable time and effort has been
spent on developing methodologies to improve restoration success rates, including models to facilitate the
selection of transplant sites (e.g. Short et al. 2002; Biber et al., 2008) and new planting techniques (e.g.
Calumpong & Fonseca 2001; Lee & Park 2008; Zhou et al. 2014). Success rates are still variable
(Fonseca et al. 1998; Cuhna et al. 2012; Bayraktarov et al. 2016), however, recent advances have
contributed to the re-introduction and/or expansion of eelgrass at many locations, including the DelMarva
Peninsula where over 6,000 acres of eelgrass has been restored since 1999.
In order to jump-start eelgrass growth in Nantucket Harbor, the Nantucket Land Council with
guidance from Boston University, began transplanting ½ acre of eelgrass near the 2 nd pier in Monomoy
during the Fall of 2018 (Figure 1). Monomoy was chosen because the area is well-flushed and water
quality is adequate for the establishment and growth of eelgrass compared to other sites in the harbor.
Also, it was determined that natural repopulation of eelgrass at Monomoy was unlikely because winddriven current patterns would prevent reproductive shoots and seeds from reaching this location from
existing meadows and/or settling in the mobile sediment.
Methods
The objective of the restoration is to transplant ½ acre of eelgrass in Nantucket with vegetative shoots
between Spring 2018 and Spring 2020. Our expectation is that the restored meadow at Monomoy will
facilitate the broader expansion of eelgrass meadows throughout the waters of Nantucket Harbor.
Harvesting

To ensure that we build a genetically diverse eelgrass population with enhanced resilience to current and
future stressors, including climate change, we are planting whole shoots (Davis and Short 1997) from
multiple donor populations (Novak et al. 2017).
Donor Populations
Eelgrass shoots are being collected from Hussey Shoal and from wrack along nearby beaches. Collection
of shoots from Hussey Shoal is spatially dispersed in the middle of the eelgrass meadow to minimize
impacts. Shoots are removed by uprooting 3-5 cm of the rhizome and snapping the rhizome at the base of
plants.
All eelgrass is cleaned of epiphytes and dead material before being immediately transplanted at
the restoration site. Approximately 15,000 eelgrass shoots have been collected and transplanted since
Spring 2018.
Whole-shoot Transplanting Method
Transplanting of vegetative shoots occurs along six 100-meter transects. Each transect is divided into 1m
× 1m planting quadrats. Planted quadrats receive 10 planting units (PU), with 5 PU placed on each side
of the transect line. Each PU consists of 5 mature eelgrass shoots that are planted using a modified
version of the horizontal rhizome method (Davis and Short, 1997). The transplanting design allows for
the growth of eelgrass by providing voids between plots (Figure 3).
Monitoring and Measuring Performance
Full scale monitoring is being conducted six and twelve months after transplantation and includes:
1. Calculation of the percentage of planting units (clumps) that survived vs. the total planted.
2. Shoot density (# of shoots vs. baseline shoot density). Shoot density is measured within the
0.0625m2 quadrats at random locations along the transect line.
3. Percent cover.
4. Canopy height (80% of the average of the tallest leaves).
5. Presence and number of reproductive shoots.
6. Areal extent of the meadow (determined as the total area of continuous eelgrass and patches at the
project site, excluding grass that is 100m away (Short et al., 2006).
Successful transplants should demonstrate at least 25% expansion of areal coverage within 1 year of
transplanting. Evans and Short (2005) discuss the trajectory of the development of function in a
transplanted meadow and point to a timeline of approximately 3-4 years for functional equivalence.

Community Engagement
Transplanting efforts during the 2018 and 2019 field seasons engaged volunteers from the community.
The volunteers span a variety of age groups and have been recruited from the Nantucket New School,

the Town’s Natural Resources Department, nonprofits such as the Maria Mitchell Association and
Linda Loring Nature Foundation, businesses such as the Sunken Ship, and other individuals from the
community. The primary goal of the community-based restoration is to increase the awareness of
eelgrass. With a positive experience, volunteers may gain a better appreciation for their coast, and will
hopefully educate their peers regarding the ecological significance of eelgrass in their estuaries.
Results
Transects 1 thru 3 were monitored in June and November 2019. Because transects were planted in
different phases and some sections were replanted, it was difficult to differentiate metrics for each
monitoring period. Thus, information was combined from both monitoring sessions and/or we used data
collected during November 2019 to measure performance.
1. Calculation of the percentage of planting units that survived vs. the total planted:
Transect 1: 50% survival
Transect 2: 30% survival
Transect 3: 70% survival
2. Shoot density (# of shoots) at locations where PUS survived:
Transect 1: 15 - 90 shoots/m2
Transect 2: 3- 150 shoots/m2
(Large portions of the transect did not have shoots. However, most sections with
shoots had high densities.)
Transect 3: 5 - 175 shoots/m2
(Some sections of the transect had low shoot density while others had high)
3. Percent cover at locations where PUs survived:
Transect 1: <5% - 50%
Transect 2: <5% - 70%
Transect 3: <10% - 100%
4. Canopy height collected in June 2019:

Transects 1-3 all had canopy heights ranging from 15-25 cm.
5. Presence and number of reproductive shoots:
Reproductive shoots were observed in June 2019, indicating that the area is expanding
via vegetative propagation and seeding.
6.

Areal extent of the bed.
Expansion of the meadow is evident. However, the meadow will not be delineated until
transplanting efforts have been completed.

Summary
A preliminary evaluation of transplant success conducted at 6 and 12 months after we began restoration
efforts shows that 50% to 60% of transplants have survived and are growing via vegetative propagation
and seeding. Percent cover and shoot density remain variable across the restoration site. However,
increases are expected as the transplants become established. Transplanting efforts will continue in 2020
using community volunteers and organizations along with monitoring.
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Figure 1.

Map showing the location of the eelgrass restoration site in Nantucket Harbor. The site is

located adjacent to the second pier in Monomoy and is temporarily a shell-fishing exclusion zone.

Figure 2. Community volunteers cleaning and prepping eelgrass shoots for transplanting.

Figure 3. Top: A diver transplanting eelgrass along the 100 meter transect line. Bottom: The
configuration used to plant each PU along the transect. Each 1 meter section of the transect line receives
10 PU.

Figure 4. Monitoring transplant success at the restoration site. Leflt: Picture showing 8 PUs along the
third transect line at 4-5 meters. Right: Picture showing vegetative expansion of PUs with 70% cover.
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SEED DISPERSAL IN A MARINE MACROPHYTE:
IMPLICATIONS FOR COLONIZATION
AND RESTORATION1
ROBERT J. ORTH, MARK LUCKENBACH, AND KENNETH A. MOORE

School of Marine Science, VirginiaInstituteof Marine Science, Collegeof Williamand Mary,
GloucesterPoint, Virginia23062 USA

Abstract. Seagrasses rely on both vegetative (rhizome elongation) and sexual (seeds)
propagation for maintenance of existing beds and colonization of new areas. Yet mechanisms of seed dispersal and survival of seeds in new areas remain poorly described. We
conducted seed dispersal experiments in the field and laboratory to better describe seed
dispersal characteristics in one species, Zostera marina L. (eelgrass), the dominant seagrass
species in the temperate zone of the United States, Japan, and Europe.
Seeds were broadcast by hand into unvegetated 5 m diameter plots at three locations
over 3 yr (1989-1991) in the York River, Virginia (Chesapeake Bay). These sites had been
previously vegetated but were devoid of any vegetation prior to (since 1972) and during
the course of the experiments. Resultant seedling distributions closely matched broadcast
patterns, with 80% of all seedlings found within the 5 m diameter plots, despite the fact
that geophysical processes would appear sufficient to transport seeds greater distances.
Wind records for the 2-mo period between seed broadcasting and germination revealed
time-averaged wind speeds in excess of 40 km/h on 12 d in each of the 3 yr and galeforce winds (72 km/h) in 2 of 3 yr. A three-dimensional hydrographic computer simulation
model of the York River provided instantaneous current velocity estimates from which
maximum bottom shear velocities (u.) in the study area were approximated (flood tide:
1.26 cm/s, ebb tide: 1.20 cm/s). These estimates exceeded the critical erosion threshold
(ucrit = 0.7 cm/s) for Z. marina seeds determined from laboratory flume experiments. We
postulate that small-scale topographic features on the bottom (burrows, pits, mounds,
ripples) shield the seeds from the flow.
Our results suggest that seeds settle rapidly, dispersing only up to a few metres under
the influence of currents and become rapidly incorporated into the sediment. The limited
dispersal capabilities of seeds underscore the need to address restoration goals and questions
of seagrass ecology in the context of landscape-scale distributional patterns and metapopulation analyses.
Key words: ChesapeakeBay, USA;colonization;currentvelocity;dispersal;macrophyte;seagrass;
seeds;settling velocity;wind;Zosteramarina.
INTRODUCTION

Seed dispersal in plants is generally presumed to
provide for longer distance dispersal and colonization
capabilities than vegetative propagation. A variety of
mechanisms have evolved to take advantage of wind,
water, and animal movements to facilitate seed dispersal (Ridley 1930, van der Pijl 1972, Howe and
Smallwood 1982). Selective advantages to seed dispersal were posited by Howe and Smallwood (1982)
to fall into three nonmutually exclusive alternatives:
the escape hypothesis, which assumes greater seed and
seedling mortality in the vicinity of adults; the colonization hypothesis, which emphasizes dispersal to disturbed, relatively noncompetitive habitats; and the di1Manuscriptreceived 20 September1993; revised 7 February 1994; accepted 18 February1994.

rected dispersal hypothesis, which envisions a mosaic
habitat with distributed suitable microhabitats. Dispersal mechanisms are expected to evolve in the context of life history pattern responses to environmental
conditions and selective pressures identified by one or
more of these alternative hypotheses.
Seagrass species in shallow water coastal environments may rely to varying degrees upon vegetative or
sexual reproduction for the maintenace of existing beds.
Colonization of new, unvegetated areas, or recolonization of disturbed areas that may be spatially separated from existing beds, will depend on species-specific dispersal capabilities. Yet, mechanisms and
patterns of dispersal have not been well described for
most seagrass species. Analyses of seed dispersal characteristics, germination patterns, and seedling success
are requisite for an understanding of dispersal strategies and colonization potentials for seagrasses.
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Seagrasses are declining worldwide, largely as a result
of increased eutrophication in coastal waters (Thayer
et al. 1975, Orth and Moore 1983a, Cambridge and
McComb 1984, Giesen et al. 1990). Restoration efforts
in several areas have emphasized reversing this trend
and have focused on using seagrass recolonization and
establishment as an indicator of habitat quality (Dennison et al. 1993). This presumes a knowledge of seed
dispersal characteristics that generally is lacking. Effective management and restoration strategies will require information on the relative contributions of vegetative vs. sexual propogation in maintaining existing
beds, as well as in dispersal to and colonization of new
habitats. Specifically, the relationships among established beds, seed dispersal capabilities, germination requirements, and seedling survival will determine recruitment patterns that necessarily underly recovery
potentials.
Eelgrass, Zostera marina L., a perennial seagrass species found along both coasts of North America, Europe,
and Japan (den Hartog 1970), exhibits both vegetative
and sexual reproduction. In the temperate waters of
Chesapeake Bay, along the Atlantic coast of the United
States, seeds are produced from late May to early June
(Silberhor et al. 1983). Mature seeds released from
reproductive shoots are free to fall to the bottom or be
transported by water currents at this time. Reproductive shoots with mature seeds may also be exported
from the bed. Germination of seeds does not begin
until mid-October in this region with the actual timing
linked to incorporation of seeds into the sediment (Orth
and Moore 1983b, Moore et al. 1993). Moore et al.
(1993) have demonstrated greater germination rates for
buried vs. unburied Z. marina seeds, with an apparent
interactive effect of reduced oxygen and temperature
acting to accelerate seed germination. Unlike many
terrestial annual species for which a seed bank exists
(e.g., Brown and Venable 1986), Z. marina seeds are
not viable beyond their first season (Orth and Moore
1983b; numerous cores taken in the spring for fauna
in this region have recorded only germinated and nonviable seeds [R. J. Orth, unpublished data].
Mechanisms affecting the dispersal of Z. marina seeds
are not well understood. Current-mediated transport
at the time of release may disperse seeds and bedload
(hydrodynamically mediated rolling or saltation along
the bottom) transport may redistribute them once on
the bottom. The role of rare storm events in transporting seeds has not been investigated. Export of rafting reproductive shoots with seeds from the bed has
been suggested as an important long distance dispersal
mechanism (McRoy 1968). The relative contribution
of this vs. direct seed release remains to be investigated.
Although waterfowl have been suggested as a vehicle
for seed dispersal (Arasaki 1950, McRoy 1968), the
timing of seed production and germination in Chesapeake Bay precludes their role in seed dispersal in this
area. The impacts of benthic fauna remain unknown.

Ecology, Vol. 75, No. 7

The time period of 4-5 mo between seed release and
germination is ample for several mechanisms to be
involved.
We report here on field and laboratory experiments
addressing seed dispersal characteristics of Z. marina.
Seedling distributions from 3 yr of seed dispersal experiments are coupled with wind data and current velocity simulations to elucidate the roles of geophysical
processes in determining dispersal patterns. Laboratory flume investigations are used to determine hydrodynamic and transport characteristics of seeds. Our
findings indicate limited dispersal capabilities of Z.
marina seeds, suggesting (1) that none of the adaptive
scenarios presented by Howe and Smallwood (1982)
are operational in this system, (2) that recruitment limitation occurs in the establishment of new Z. marina
beds, and (3) that an important historical component
exists in the determination of regional landscape patterns of Z. marina distribution.
METHODS

Seed collection and storage
Reproductive shoots with mature seeds were harvested by hand from an established Z. marina bed at
the mouth of the York River, Chesapeake Bay, Virginia
(37°16' N, 76°20' W; Fig. 1), in late May to early June
of 1989, 1990, and 1991, immediately prior to seed
release (Silberhor et al. 1983). Shoots were placed in
nylon mesh bags, returned to Gloucester Point, 9 km
upriver from the collection site, where they were placed
in circular, 3.8-m3, outdoor tanks. The tanks were aerated and supplied with continuously running seawater
from an area in the adjacent York River that supports
Z. marina beds. Following seed release, stems and leaf
material were removed by sieving. Seeds were then
kept under ambient conditions in the tanks until the
initiation of the experiments.
Seed disperal experiments
Seed dispersal experiments were conducted in the
York River in 1989, 1990, and 1991 at sites that once
supported dense stands of Z. marina prior to 1972 but
were now devoid of any seagrass (Orth and Moore
1984, Orth et al. 1992) (Fig. 1). Two sites were located
on the north shore of the York River, Gloucester Point
and Mumfort Island, 3 km upriver from Gloucester
Point, and one site was located on the south shore,
Yorktown, directly across from the Gloucester Point
site. All three sites have been used for transplant experiments over the last decade, primarily with whole
plants (R. J. Orth and K. A. Moore, unpublished data);
however, long-term success of the transplants has been
marginal. Preliminary work with seeds planted at these
sites showed that seeds successfully germinate and grow
in these areas through the spring and early summer,
after which time high water column turbidity levels,
in some years, result in complete mortality.
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In each of the 3 yr, 5.0 m diameter circular plots
were established in an unvegetated sandy area with a
water depth of 0.5-1.0 m at mean low water (MLW).
There was no naturally occurring vegetation in the vicinity of the plots. Seedlings observed later in the plot
were assumed to be from the planted seeds.
Placement of the seeds in each plot was accomplished by gently broadcasting by hand a mixture of
seeds and detrital material from the seed-holding tank
onto the designated plot in September of each year,
roughly 1-2 mo before seeds begin germinating naturally (Orth and Moore 1983b, Moore et al. 1993). A
single individual walked along the perimeter of the
1m
circle casting a preset volume of seeds from
above the water surface throughout the plot. The number of viable seeds broadcast was based on actual counts
of seeds in replicate 5-mL portions of the seed lot for
each year. Direct observations of this method revealed
that seeds rapidly descended to the bottom.
In 1989, a single plot was established at each of the
three locations. Approximately 30 000 viable seeds were
broadcast onto each plot on 8 September at low tide.
In 1990, three replicate plots were established at the
Gloucester Point and Mumfort Island locations. Approximately 20 000 viable seeds were broadcast onto
each plot on 13 September during mid-ebb tide.
In 1991, six replicate plots were established at the
Gloucester Point site. Approximately 40000 viable
seeds were broadcast onto each plot on 30 September
during early flood tide. Concurrently, two 5-mL aliquots of seeds planted in sand in containers were then
held in running ambient seawater in order to determine
the proportion of seeds that sprouted successfully.
Seedling abundance both within and outside the plot
was determined in April or early May of the following
year by counting the number of seedlings in successive
0.25-m2 quadrats placed along eight nonrandom transects emanating from the center of the circle, similar
to the spokes of a wheel. In addition, the areas around
the plots were surveyed for possible evidence of more
widespread dispersal.
Seedling distributions were estimated from the quadrat data using a contour plot (Golden Software, Golden,
Colorado, USA), which is developed using a kriging
algorithm. Values for uncensused quadrats were interpolated as linear functions of the five nearest neighbors
and outputs specified as density contours and threedimensional surface plots. Because this algorithm results in a very ragged boundary at the outer edge of
the distribution where seedling density varies between
0 and 1 per quadrat, density plots are presented for
regions greater than the 1 plant/0.25 m2 contour. Estimates of the total numbers of seedlings were derived
by summation of the density estimates for all quadrats
within this contour, thus providing a conservative estimate. Averaged seedling density contour plots were
produced by using mean values from the 0.25 m2 quadrats from each replicate plot within a site.
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FIG. 1. Section of the York River, Virginia,in the lower
ChesapeakeBay wherethis study was conducted.* indicates
location of the wind gauge.

Wind data
Wind speed and direction data for September and
October of 1989, 1990, and 1991 were obtained from
a wind gauge (Vaisala Model WAA-15 anemometer
fitted on a Vaisala Model WAD-14 analog indicator;
Vaisala, Woburn, Massachusetts, USA) located less than
a kilometre from the Gloucester Point site, 2 km from
the Yorktown site and 5 km from the Mumfort Island
(Fig. 1). Data were directly transmitted to the mainframe computer at the Virginia Institute of Marine
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Science and 6-min, time-averaged velocity vectors
computed.
Current simulations
A three-dimensional computer model of circulation
and transport is available for the York River estuary
(Hamrick 1991, 1992a, b). The model partitions the
water column into eight vertical segments, which vary
in thickness with water depth and have a horizontal
resolution of 500 m in the region of estuary where our
study was conducted. The algorithm partitions the York
River estuary into > 12 000 three-dimensional cells and
predicts current speed and direction in each cell. Forcing functions in the model are freshwater inflow and
tidal currents. The model has been well calibrated with
field data (Hamrick 1991) and has proven to be an
effective tool for predicting observed complex threedimensional flow patterns (Hamrick 1992a, b).
A model simulation was run with inputs typical of
September during the low rainfall years of 1989, 1990,
and 1991 (harmonic mean for freshwater inflow = 18.3
m3/s). With a time step equal to 1.03 h, instantaneous
horizontal velocity vectors were predicted for each cell
throughout one tidal cycle. In the region of the seed
broadcast experiments the near-bottom cell represented a region from the bottom to 9.4-18.75 cm above
the bottom depending upon tidal stage. Near-bottom
flows coupled with an approximation of bottom roughness (zo = 10-2 cm) were used to provide first-order
estimates of shear velocities (u*) using the relationship
U k

d(Uz)
d(ln z/zo)'

(1)

where k = von Karman's constant = 0.4 and U, =
velocity at height z above the bed; the relationship
holds in a restricted region above the bed.
This value is related to the shear stress imposed on
the bottom by the currents and is the relevant parameter for addressing current-mediated transport of seeds.
Seed transport characteristics
Still water settling velocity.--Fifty seeds were randomly selected from field-collected lots as described
above and lengths and widths measured to the nearest
0.1 mm using calipers. Masses to the nearest 0.1 mg
were determined for each seed. Seeds were retained in
individually numbered vials so that subsequent transport characteristics could be related to individual size
and mass measures.
Still water fall velocities were determined in a 4-m
long, 8.9-cm diameter, Plexiglas settling tube. The tube
was filled with 1 Am-mesh filtered seawater and salinity
adjusted to 20 g/kg using freshwater. Intervals of 10
cm were marked along the length of the wall; two of
these intervals, beginning 90 cm down the tube, were
used for determination of fall velocities. (Preliminary
measurements determined the distance required to
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reach free fall velocity.) A video camera was focused
at this section of the settling tube and the individually
numbered seeds were introduced one at a time. Seeds
were released individually in the center of the tube and
passage of seeds through each of these 10-cm intervals
was timed from the video recording using a stopwatch;
each seed was timed 3 times to provide variance estimates associated with the measurement procedure.
Each seed was collected after use via a funnel and drain
port at the bottom of the settling tube and returned to
numbered vials for use in flume transport studies described below.
Flume experiments
in moving water were decharacteristics
Transport
termined in a seawater flume at the Virginia Institute
of Marine Science Eastern Shore Laboratory in Wachapreague, Virginia. The flume is a 5-m long, 0.5-m
wide, Plexiglas channel designed to model nonoscillatory, turbulent flows in the benthic boundary layer.
Pressure is maintained at a constant level in a 2.08 m3
head tank, from which outflow is controlled by a 8-cm
gate valve. A honeycombed collimator reduces the scale
of turbulent eddies as the water enters the channel and
a vaned exit weir allows for control of water depth.
Water is returned from the tail tank to the head tank
with two swimming pool pumps controlled by float
switches in the tail tank. Dye flow studies have indicated steady, two-dimensional flow throughout the
working section of the flume. Bed roughness in the
flume may be manipulated by adding sediment or by
inserting a false bottom with sandpaper attached; both
approaches were used in the experiments described
below. Shear velocity (u*) was calculated from velocity
profiles above the flume bed obtained with a TSI hot
film probe and anemometry system according to Eq. 1.
We investigated the downstream transport of seeds
suspended in a turbulent boundary layer under the
following conditions. A false bottom in the flume with
120 grit sandpaper was inserted into approximately the
first 4 m of the flume and clean, well-sorted foundry
sand (400 ,tm < grain size < 425 Atm)was added to
the downstream region of the flume (z 1 m) to create
a smooth bed. The flume was filled with 1 ,tm-mesh
filtered seawater diluted with freshwater to yield 20
g/kg. Water depth (D) in the flume was 10 cm; freestream velocity (UO) was 8 cm/s; u* = 0.7 cm/s. These
conditons provided for reasonable dynamic similarity
(boundary Reynolds number, Re* = u.d/v = 6 and
Froude number, Fr = U/[gD]'/2 = 0.07) with typical
field conditions. Seeds were released at the water surface in the centerline and the distance transported
downstream recorded. Fig. 2 provides a schematic of
the set-up and vertical velocity distribution. Still water
fall velocities were used together with mean flow velocity in the flume to calculate a predicted travel distance downstream for each seed as:
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FIG.2. Schematicrepresentationof seed transportin the boundary-layerflume. Time-averagedvertical velocity profile
is shown in insert.
Predicted horizontal transport distance
height above the bed (cm)
still water fall velocity (cm/s)
x freestream velocity (cm/s)

(2)

These predicted distances were then compared with
actual distances to evaluate seed fall characteristics in
shear flows.
Transport characteristics of seeds resting on the bottom were investigated using the same individually
numbered seeds and similar conditions in the flume.
Ten seeds were placed on the sand portion of the bed
;25 mm apart in a cross-channel direction; thus the
working section of the flume spanned less than onehalf of the flume and side wall effects were minimal.
Orientation of the long axis of the seeds was haphazard.
Flow velocity was gradually increased until seeds were
observed to move. We noted the manner of transport
of seeds (e.g., bedload, saltation, suspension), whether
or not sediment was being transported, and obtained
velocity profiles to determine the critical erosion shear
velocity (u.cn,). The procedure was repeated 4 times
with new batches of seeds to obtain estimates for all
50 seeds.
RESULTS
Seed dispersal experiments
In each of 3 yr and at the different sites, 80% or
greater of the seeds that germinated remained within
the 5 m diameter plots (Table 1). In the 1989 experiments, the maximum distance a seedling was observed
from the center of the circle was 4.5 m. In the 1990
and 1991 experiments, the maximum distance a seedling was observed from the center of the circle was 10
and 14 m, respectively. The number of seedlings per
plot based on the number of viable seeds broadcast
onto the plots ranged from 3.8% at the 1990 Mumfort
Island plot to 39.8% at the 1990 Gloucester Point site.

Averaged contour plots indicate that seedling abundance generally was greatest closest to the center of the
plot and decreased with increasing distance from the
center (Fig. 3A-F). Seedling abundance in both the
1990 and 1991 Gloucester Point plots exhibited a
skewed distribution in different quadrats in the different years: southeast in 1990 and northeast in 1991,
reflecting the direction of tidal currents at the time of
broadcasting.
Wind
Wind velocity data illustrate several windy periods
during September and October of each year (Fig. 4).
In 1989 and 1990, 6-min time-averaged wind speeds
in excess of 40 km/h were observed on > 12 d between
seed broadcasts and the end of October; speeds as high
as 72 km/h (gale force) were recorded at least once
during these periods. Calmer conditions prevailed in
1. Seed broadcasts,germination,and dispersalestimates from each of 3 yr. Year representsthe year of the
broadcasts;seedlingswere censused in the following year.
See Fig. 1 for site locations. N representsthe numberof 5
m diameterplots per site. Mean numberis given for numbers of seedlings per plot while standard deviations are
given in parenthesesfor those data from locations with
multiple plots (w/i = within 5 m diametercircle).

TABLE

EstiMax.
mate
dis% of
Approxi- no.
mate no. seed- seedlings tance
broad- lings/ w/i 5 m (m from
diam center)
Year Site* Nt cast/plot plot
4.5
93
1
30 000 9007
1989 GP
4.5
92
1
30 000
5701
1989 YK
4.5
1
5243
90
30 000
1989 MI
10.0
7975
80 (7.1)
20 000
3
1990 GP
4.0
88 (5.7)
751
20 000
3
1990 MI
14.0
86 (3.3)
3818
6
40 000
1991 GP
* GP = GloucesterPoint, Virginia;YK = Yorktown,Virginia; MI = MumfortIsland, Virginia.
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1991, but wind speeds >32 km/h were common and
64 km/h winds were recorded on 18 October.
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Model simulations
The hydrographic model simulation of current velocities in the York River provided instantaneous estimates of velocity vectors for > 12 000 cells x 12 time
intervals over a tidal cycle. We inspected the output
for near-bottom current velocities in the vicinity of our
field sites and report the results for maximum flood
and ebb tide values only. Maximum near-bottom currents at the Gloucester Point site were predicted to be
20 cm/s and 19.5 cm/s for flood and ebb tides, respectively (Fig. 5A, B). Estimates of maximum shear
velocities derived from these values were 1.26 cm/s
for flood tide and 1.20 cm/s for ebb tide (see Appendix
for computations). Current velocities and boundary
shears at the Yorktown and Mumfort Island sites were
similar to those reported here for Gloucester Point.
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Seed transportcharacteristics
Values for seed size, mass, and still water settling
velocity are shown in Table 2. In still water seeds settled quickly with their long axis normal to the direction
of fall; end-over-end tumbling was not observed. In a
turbulent boundary-layer flow, where tumbling might
be expected seeds fell similarly to the still water condition and the distances traveled downstream before
striking the bed were similar to those predicted from
still water settling velocities and mean flow (Fig. 6).
Slightly higher predicted horizontal transport distances
resulted from our simplified approach, which ignored
the velocity gradient and calculated predicted distances
as a function of freestream velocity (Eq. 2).
The erosion threshold (u.cnt)for Z. marina seeds in
these experimental conditions was 0.7 cm/s, ;60% of
predicted maximum u. from field sites. Ten percent of
the seeds began to move at this flow and very slight
increases in the flow resulted in the movement of most
seeds. Seeds were always observed to move as bedload,
sometimes with intermittent periods of rolling and
stopping. The erosion threshold for seeds was well below that of the noncohesive sand bed and no sediment
transport was observed at the flow that initiated seed
movement. Resuspension of seeds from the bed was
not observed, even under the maximum flows, which
caused general bed erosion (u. not determined).

J

OCT 90 '
,1

,

ia^,

SEP 91

OCT 91
1 2 3 4

5 6

7 8 9 10 11 12 13 14 1516 17

hiullbiillllll[
Lhll
Jiiiiii llu
ll lllllt illliit
ll [ii
llllilu
ll[l
llhtl[ii
ll llllini[
llu lllllltuibi
Ulll]ltlul
llutlllllU]

ll

40 km/h
FIG. 4. Wind velocity vectors for September and October
in each year of seed broadcasts. Vectors are 6-min time averages throughout the entire 2-mo period; north is towards
the top of the page. The scales at top and bottom are days
and each month is arranged in two lines with the first half in
the upper line and the second in the lower. The vertical bar
in September of each year indicates the date of seed broadcasts.

DISCUSSION
Seedling distribution patterns in all 3 yr reflected
conditions at the time of broadcasting and indicate
little subsequent dispersal. Howe and Smallwood (1982:
204) noted that "the ultimate null hypothesis [for the

three selective hypotheses listed above] is that adult
distributions closely reflect seed distributions." Rapid
settling velocities for seeds, the lack of dispersal-enhancing mechanisms and the proximity of seedlings to

FIG. 3. Averagedcontourplots of seedlingabundancefor the 3 yr for the three differentsites: (A) 1989, GloucesterPoint;
(B) 1989, MumfortIsland;(C) 1989, Yorktown;(D) 1990, GloucesterPoint; (E) 1990, MumfortIsland;(F) 1991, Gloucester
Point.
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I

I

Length
(mm)

Width
(mm)

Mass
(mg)

Fall velocity
(cm/s)

3.0 + 0.49

1.3 ± 0.23

3.6 + 0.9

5.96 + 1.14

a role for current-driven seed transport in the colonization of distant, disturbed habitats (the colonization
hypothesis). Likewise the limited dispersal capabilities
of Z. marina seeds does not support a selective advantage associated with dispersal to widely distributed,
specialized microhabitats (the directed dispersal hypothesis).
The barrel-shaped seeds of Z. marina exhibit atelochory (a lack of dispersal enhancing characteristics,
e.g., pappi or wings); in both still water and in a boundary-layer current seeds fall rapidly. Both the height
above the bottom and current speed used in the flume
experiments are likely to be lower than most values
encountered in natural Z. marina beds, at least during
some tidal stages. In shallow water areas (<0.5 m at
mean low water) of Chesapeake Bay, reproductive
shoots are shorter than in slightly deeper waters and
some seeds may be only 10 cm above the bottom. In
addition, at low tide longer reproductive shoots may
be lying on the surface with seeds much closer to the
sediment surface than at high tide when reproductive
shoots are more erect. Using our measured still water
settling velocities and the justification of only slight
over-estimation provided by Fig. 6, we provide some
predicted distances for transport through the water column over a range of reproductive shoot height and
free-stream velocity (Table 3). It is clear that even at
the extremes of height above the bed and water velocity
expected for Z. marina in natural habitats seed dispersal by this means is expected on spatial scales no
greater than the extent of seagrass meadows themselves.
Seeds were, however, transported readily as bedload
in the flume experiments. The critical erosion velocity

3
E

km
FIG.5. Maximum predictednear-bottominstantaneous

0)
r--

velocities for September in the study area. (A) flood tide, (B)

ebb tide. The scale at the bottom provides distancefrom an
arbitraryorigin at GloucesterPoint, the small bar provides
scalingfor the magnitudeof the velocities.

the seed release sites all suggest that seed dispersal
distances are relatively short. Our results do not directly address the proportional mortalities of seeds and
seedlings in the vicinity of adults (the escape hypothesis), since broadcasts were done in unvegetated areas
but, as discussed below, dispersal potentials for seeds
from established beds is expected to be lower than
observed here. Certainly, these findings do not support
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FIG. 6.

Predicted vs. observed transport distances in the

seawaterflume. Predicteddistancescomputedas in Eq. 2.
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required to initiate movement of seeds in the flume
was well below that required to move the noncohesive
sand on the flume bed. We observed that very small
surface relief, on the order of one to a few millimetres,
inadvertently created during the construction of the
"smooth" sand bed, was sufficient to trap seeds. The
lack of evidence for seed redistribution in the field after
initially striking the bottom suggests that topographic
armoring/shielding of seeds from the flow that was
observed in the flume is likely acting in these field sites
as well. Within natural grass beds current velocities are
significantly dampened from drag exerted by the grass
(Fonseca et al. 1982, Fonseca and Fisher 1986, Gambi
et al. 1990) effectively armoring much of the bed. Thus
transport of seeds from within grass beds is expected
to be reduced beyond that observed here.
Wind records indicate several periods in all years
with significant wind events, with gale-force winds occurring during 2 of the 3 yr. We lack data on sediment
resuspension via wind-induced waves and currents at
this site, but nevertheless find it is surprising that significant redistribution is not evident as a result of these
events. The magnitude of maximum near-bottom currents predicted by the hydrographic model (which does
not incorporate wind forcing) and our estimations of
shear velocities provided further evidence that geophysical forces should be adequate to redistribute seeds.
Estimates of maximum u*values from the field exceed
u*cntrequired to transport seeds as bedload. The observation that seedling distributions reflect current
conditions at the time of broadcasting with no indicaton of redistribution suggests that seeds on the bottom are armored from the flow by topographic features
of the sediments.
Our findings suggest the following scenario. Seeds
fell rapidly to the bottom after broadcasting, dispersing
only up to a few metres under the influence of currents.
Microtopography relief on the seafloor armored seeds
from flow such that subsequent tidal flows did not
dramatically change distribution patterns. We presume
rapid incorporation into the sediments followed since
the seeds were apparently not further dispersed during
significant wind events over subsequent weeks.
An alternative interpretation of our findings is suggested by the relatively low observations of seedlings
relative to the numbers broadcast. Since seedling numbers generally fell between 10 and 40% (and in one case
only 3.8%) of seeds broadcast, we could postulate that
the majority of seeds were transported and germinated
far afield from the experimental plots and that the pattern we observed is neither reflective of the overall seed
distribution nor indicative of the adaptive value of seed
dispersal. We discount this for several reasons. First,
the region of the York River chosen for these experiments is ideally suited for evaluating dispersal over
larger scales than explicitly measured here. A long-term
transplant effort in this area has established that Z.
marina planted in the fall can survive through the winter and grow through most of the spring (Batiuk et al.

TABLE 3.
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Predictedhorizontaldispersaldistances for Zos-

tera marina seeds at various release heights above the bot-

tom over a rangeof currentspeeds.
Release height
(cm)
10
10
10
30
30
30
100
100
100

Currentspeed
(cm/s)
10
30
100
10
30
100
10
30
100

Horizontal
distance
traveled(m)
0.17
0.50
1.68
0.50
1.51
5.03
1.68
5.03
16.78

1992). However, high turbidity during the late spring
and early summer in some years decreases light penetration below the point required to sustain plants,
resulting in complete mortalities during the summer.
Regular surveys of our experimental area, both areal
and from the water, of a 7.4 ha area adjacent to and
upstream of Gloucester Point (see Fig. 1) have not
recorded any Z. marina at this site other than those
indicated in and near the experimental plots. Regular
observations of the experimental plots by snorkeling
showed no seedlings between replicates in the 1990
and 1991 experiments.
We further discount the interpretation that most seeds
dispersed to and germinated outside of the experimental area by pointing out the effects of environmental
factors on seed germination. Though some laboratory
studies have achieved high germination rates at extremes of temperature and salinity (e.g., Phillips et al.
1983, Hootsmans et al. 1987), under more realistic
conditions a negative relationship between oxygen concentration and germination rate has been observed
(Churchill 1992, Moore et al. 1993). Results from the
two aforementioned studies indicate that seeds buried
in hypoxic and anoxic conditions in the vicinity of the
redox-potential discontinuiity (RPD) germinate more
rapidly than those in oxygenated conditions. Likewise,
Bigley (1981) found highest germination rates for Z.
marina in the field at the anaerobic-aerobic interface.
In that same study, viable seeds found well below the
RPD, up to 15 cm deep, had significantly reduced germination success, because hypocotyls fail to reach the
sediment surface, suggesting that seeds buried too deep
may be lost to the population (Bigley 1981). Thus,
germination success would appear to depend upon the
fortuitous burial of seeds to a narrow depth interval
within the sediment by physical or biological processes.
Finally, we note that in better studied terrestrial systems "most seeds fail to become established as seedlings" (Harper 1977, Cook 1979, Zammit and Westoby
1987). Though viability of seeds in the laboratory is
generally high, the variety of potential fates awaiting
seeds and seedlings in natural environments assures a
lower recruitment success rate. Z. marina seeds in this
habitat are apt to be subject to predation and damage
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by infauna, mobile epifauna, and demersal fishes. Wigand and Churchill (1988) found that 5 of 10 species
of crustaceans, molluscs, and fish from Great South
Bay, New York, consumed seeds. Several additional
species in Virginia, most notably the blue crab, Callinectes sapidus, are potential predators on Z. marina
seeds.
Faced with predation losses and restrictive burial
constraints the seedling recruitment percentages we observed in the spring survey seem high rather than low.
Though we cannot reject the thesis that some seeds
were transported very far from the experimental plots
and successfully germinated, the evidence clearly supports the scenario of limited dispersal and recruitment
in the immediate vicinity of seed release.
Our interpretation of limited dispersal for Z. marina
is consistent with observations for many wind-dispersed seeds in terrestrial systems. Harper (1977) reviewed data on distributions in relation to distance
from their source for nonwinged, wind-dispersed seeds;
modal distances were generally observed to fall within
a radius equal to 1-2 times the plant height. For aquatic
(as for terrestrial) vegetation geophysical dispersal will
be a function of seed fall velocity, height above the
bottom (ground), and the velocity and turbulence regimes of the water (wind). In the shallow-water estuarine system in this study wind- and tidal-forced water
movements exert greater drag at the fluid-substrate
interface than generally occurs at wind-ground interfaces, thus providing the potential for and expectation
of redistribution after settlement. Observed seedling
distributions for Z. marina, nevertheless, revealed limited dispersal and reflected current conditions at the
time of release despite the occurrence of strong semidiurnal tidal currents and numerous significant wind
events. In one of the earlier studies on Z. marina Tutin
(1938) reported limited seed dispersal, with the greatest
distance observed for a seedling from a mature plant
being 1.32 m.
Though seed dispersal capabilities are clearly limited
for Z. marina, its cosmopolitan distribution and occasional reestablishment in isolated habitats (e.g.,
Chincoteague Bay, Virginia, Orth et al. 1992) is indicative of some dispersal potential. Evidence from seagrass distributional surveys in Chesapeake Bay suggest
that new seagrass beds occasionally become established
up to 7.3 km from existing populations (Orth et al.
1992). Seed dispersal may be enhanced by transport at
the air-water interface via gas bubbles produced by the
plant, which attach to the seed at the time of release,
though this phenomenon has not been widely reported.
Churchill et al. (1985) found seeds transported by this
means for up to 200 m, floating for >40 min under
relatively calm conditions. We cannot evaluate the importance of this means of seed dispersal in Z. marina.
Additionally, in Chesapeake Bay the potential for
reproductive shoots to become dislodged and raft
greater distances with seeds may be enhanced by dis-
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turbances, such as those associated with the feeding of
schools of cownose rays (Orth 1975), which are abundant in Chesapeake Bay in late spring and summer, or
storms. During our collection of reproductive shoots
for seeds for these experiments we often observed individual reproductive shoots with seeds floating on the
surface over the seagrass bed. Presumably, these shoots
can be exported from the bed releasing seeds during
transport. Similar observations have been made ofrafting reproductive shoots along both the Pacific (McRoy
1968, Phillips and Backman 1983) and Atlantic coasts
of North America (Gates 1984). Spread of Z. marina
to areas distant from source populations may be a function of unpredictable, episodic storm or biological
events that result in detached reproductive shoots with
viable seeds being transported long distances via surface currents, but these remain to be quantified.
Although fish and waterfowl can serve as vehicles
for seed dispersal through ingestion and elimination of
seeds (Martin et al. 1951, Agami and Waisal 1986,
1988) we suggest these mechanisms are not operable
in Chesapeake Bay Z. marina communities. Z. marina
seeds have been found in stomachs of several fish species collected from seagrass beds in Chesapeake Bay
(R. J. Orth, unpublished data) and North Carolina (Adams 1976) but the viability of seeds ingested and eliminated by these species is unknown. Z. marina seeds
do not have a thick-walled seed coat (Taylor 1957a)
(compared to R. maritima, a co-occurring species in
our area: Orth and Moore 1988) and can potentially
be easily damaged by fish and waterfowl ingestion. Z.
marina seed germination occurs in late October to early
November (Moore et al. 1993), normally before the
arrival of many wintering waterfowl species that could
potentially consume these seeds (Wilkins 1982). We
discount the possibility of germinated seeds as dispersal agents because the delicate nature of the seedling
(Taylor 1957b) makes it easily susceptible to crushing
during the ingestion process. Nevertheless, migrating
waterfowl may be relatively more important in Z. marina populations at more northern latitudes where seed
germination occurs later than Chesapeake Bay (Churchill 1983; F. T. Short, personal communication) and
where seeds would be consumed and eliminated before
they germinated.
These findings have implications for environmental
management and restoration goals in shallow-water
temperate estuaries. Z. marina distributions are not
expected to be "linked solely to environmental quality"
(Dennison et al. 1993:87), but rather to reflect a strong
historical component resulting from limited dispersal
capabilities. A particularly important historical event
affecting Z. marina distribution was the occurrence
during the 1930s of the "wasting disease," which caused
dramatic declines in abundance throughout the species
range (Rasmussen 1973). After several decades of recovery further declines associated with reduced water
quality were observed in the late 1960s and early 1970s
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(Orth and Moore 1983a, 1984). With improving water
quality resulting from regional environmental management (e.g., in Chesapeake Bay: Batiuk et al. 1992)
reestablishment of Z. marina will reflect not only local
conditions but regional biogeographical distributions,
which still bear the mark of the changes over the six
previous decades. Our data suggest that recovery of Z.
marina beds following local extinction will proceed
slowly and that a negative correlation may exist between reestablishment and distance to source populations over scales as small as metres to kilometres to
tens of kilometres. If local environmental conditions
change subsequent to a die-off, seagrass beds may never
recover even if seeds eventually are transported to the
area (e.g., increased water column turbidity and nutrients as a possible result from changes in run-off patterns from surrounding watersheds could result in inadequate light to support growth of seagrass: Duarte
1991, Dennison et al. 1993). This may explain, in part,
the lack of recovery of many Z. marina beds along
sections of the mid-Atlantic coast (Orth 1978) following the 1930s wasting disease.
The limited dispersal capabilities of seeds underscore the need to address questions of seagrass ecology
in the context of landscape-scale distributional patterns
and metapopulation analyses. The influence of immigration on local population (patch) dynamics and
colonization of new patches will be a function of regional distribution patterns. Gotelli (1991) categorized
metapopulation models according to the dependence
(or independence) of immigration and extinction rates
on regional occurrence patterns. Independence of immigration implies a "propagule rain" (sensu Harper
1977), while dependence of extinction rate on regional
occurrence affords a "rescue effect" (e.g., Brown and
Kodric-Brown 1977, Hanski 1982). Our results clearly
indicate that a propagule rain is not to be expected far
from source populations; effects of regional abundance
on local extinction have yet to be examined. For Z.
marina local conditions (e.g., light attenuation and substrate type) will play a role in the establishment and
maintenance of meadows, and patch size will influence
seed production (e.g., through pollination success), but
on a bay-wide scale the distribution of patches may
control colonization rates and the spread of Z. marina.
Active restoration efforts must therefore consider not
only local habitat suitability, but also patch size and
patch spacing in relation to regional hydrographic patterns.
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APPENDIX

Computation of shear velocity approximations for
GloucesterPoint field site.
Assumptions
1) The instantaneoushorizontalvelocity predictedby the
model for the nearbottom cell is characteristicof the velocity
at the mid-point of the cell.
2) Total waterdepth (D) at maximumflood tide is 0.75 m
and at maximum ebb tide is 1.25 m.
3) The bottom roughnessheight (z,) is 10-2 cm.
4) A logarithmicvelocityprofileexists betweenthe bottom
(zo)and the middle of the bottom cell (Hamrick 1992a).
Flood
Uz= velocity at mid-point of bottom cell = 19.5 cm/s.
Uz = velocity at the bottom = 0 cm/s.
d = thickness of bottom cell = D/8 = 9.375 cm.

d/2 = mid-point of bottom cell = 4.687 cm.
ln(d/2)= 1.545.
ln(zo)= -4.605.
k = von Karman'sconstant = 0.4.
Substitutingthese values into Eq. 1:
Uzo0- Uz = 1.26 cm/s.
U
u. = 0.4
ln(zo)- ln(d/2)
Ebb
U, = 20 cm/s.
d= 125/8 = 15.625 cm.
d/2 = 7.8125 cm.

Substitutingas above:
u* = 1.20 cm/s.
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Abstract
We describe an innovative method of dispersing Zostera marina L. (eelgrass) seed that has the potential to facilitate large-scale,
citizen-based restoration programs. Mature reproductive shoots of eelgrass were collected during the second week of seed release
and stocked into mesh pearl nets suspended from buoys set in 0.04 ha plots. As the seeds ripened, they were naturally released
from the nets, fell to the bottom and germinated to form a distinct arc-shaped meadow under each buoy. A survey of seedling
survival indicated that recruitment was at least 6.9% based on estimated seed abundance within each net. The advantages of this
method are that (1) harvest and deployment of reproductive shoots takes place on the same day, eliminating the need to store
reproductive shoots in an on-shore storage facility, to obtain a sufficient number of seeds for large-scale restoration programs
and (2) once trained, citizens can participate in both the collection and seeding phases, thereby, increasing awareness and value
of Z. marina restoration programs. The technique presented allows for a low-cost, efficient, and simple method for successfully
dispersing seed, which consequently has a significant impact on establishment of plants from seed. These attributes can also
influence restoration programs for other species of aquatic plants for which the seeding of sites, historically degraded but now
habitable, is possible.
© 2005 Published by Elsevier B.V.
Keywords: Zostera marina; Eelgrass; Restoration; Seeds; Citizen volunteers

1. Introduction
“The critical role that seagrasses play in many
coastal environments, coupled with their extensive
losses, have created widespread support for their con∗ Corresponding author. Tel.: +1 631 852 8660x36;
fax: +1 631 852 8662.
E-mail address: cp26@cornell.edu (C.H. Pickerell).

0925-8574/$ – see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/j.ecoleng.2005.03.005

servation and restoration” (Fonseca et al., 1998). Globally, resource managers have taken steps to protect
seagrass habitat and support the study and testing of
suitable restoration methods (Fonseca et al., 1998; Butler and Jernakoff, 1999; Balestri et al., 1998; Coles and
Fortes, 2001; Campbell, 2002). A review of international restoration programs (Gordon, 1996) and guidelines for work in the United States and adjacent waters
(Fonseca et al., 1998) indicate that although there has
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been some success, it is clear that seagrass restoration
is an “evolving technology that remains difficult and
challenging” (Lord et al., 1999).
In the North Atlantic and Northeast Pacific regions
of the United States, programs to protect and conserve
the seagrass Zostera marina L. (eelgrass) are structured around efforts to restore areas where historical
losses have occurred and mitigate through whole plant
transplantation, for populations that are damaged by
development (Thom, 1990; Fonseca et al., 1998; Orth et
al., 2002). For example, the Chesapeake Bay Program
has targeted a submersed aquatic vegetation restoration goal of 74,900 ha by 2010, a portion of which
is expected to involve direct restoration of Z. marina
(Naylor, Maryland Department of Natural Resources,
personal communication); losses of 83% of Z. marina
meadows since 1930 (Schott, unpublished data) prompt
large-scale restoration efforts in the Peconic Estuary,
Long Island, NY, and water dependent projects such
as ferry terminals, submarine cables and shipyard construction that can not avoid the destruction of extant
populations of Z. marina in Puget Sound, Washington,
require a mitigation plan that includes transplantation
(Stamey, 2004; Austin et al., 2004).
The most common method of transplanting Z.
marina and other seagrasses to date has been the manual removal and relocation of adult shoots (Fonseca et
al., 1998). Recent attempts at mechanization of this process to accommodate the requirements of a large-scale
program, using a specially designed vessel, have met
with limited success (Fishman et al., 2004a,b). Moreover, while human activities that originally destroyed
Z. marina meadows, have ceased (e.g., improvement
in water quality; Orth et al., 2002), source populations
are far enough removed that recolonization, via seed
dispersal, may not occur.
In light of these limitations, and within the last
decade, the harvest and sowing of seeds has been rigorously investigated (Orth et al., 1994, 2003; Harwell
and Orth, 1999; Granger et al., 2002). Earlier studies
document the potential of seeds to restore Z. marina
populations, but this work did not proceed beyond initial trials (Addy, 1947a,b; Lamounette, 1977; Churchill
and Riner, 1978). Whereas this work demonstrated that
seeds held potential for restoration programs, recent
studies more fully describing methods to collect, store
and sow seeds have launched the technique as a viable
alternative to whole plant removal and relocation (Orth

et al., 1994, 2003; Ifuku and Hayashi, 1998; Harwell
and Orth, 1999; Granger et al., 1996, 2002). However,
despite the evidence that sowing Z. marina seeds may
be an efficient and effective method, large-scale programs may be constrained by the labor required to
collect reproductive shoots and the infrastructure necessary to store and process seed-bearing reproductive
shoots from the time of collection until broadcast (i.e.,
3–5 months).
Clues to the development of a system, whereby
detached reproductive shoots can be deployed immediately upon harvest, eliminating the need to store and
process this material, are readily apparent in the reproductive ecology of Z. marina. Early work (McRoy,
1968) suggested and recent work (Harwell and Orth,
2002) has demonstrated that detached, floating reproductive shoots can transport viable seeds greater than
100 km from the donor meadows. As they drift these
shoots release mature seeds over a period of approximately 4 weeks, corresponding to the time it takes for an
ovule to develop after successful pollination (Churchill
and Riner, 1978; De Cock, 1980; Harwell and Orth,
2002).
The initiation of flowering in Z. marina is dependent
on the water temperature increase associated with the
onset of spring conditions (Setchell, 1929; Tutin, 1938;
Phillips et al., 1983). As the reproductive shoot develops, branching occurs and within individual branches
spathes, containing stamens and pistils, form and pollination occurs (Churchill and Riner, 1978; Cox et al.,
1992). Spathes adjacent to the distil portion of the
reproductive shoot develop earlier than those in the
basal portion which influences the release sequence of
mature seeds (Churchill and Riner, 1978); however,
once pollination occurs, mature seeds are dehisced
in approximately 24–34 days (De Cock, 1980). After
release, most seeds sink relatively quickly to the sea
floor (Orth et al., 1994). A portion of the seed rain can
be transported by gas bubbles formed during release
from the ovary to a distance greater than 200 m (Tutin,
1938; Churchill et al., 1985), but studies show that most
of the seed rain is concentrated adjacent to the parent
plant (Ruckelshaus, 1996). Because seeds continue to
mature in detached reproductive shoots, these shoots
can also disperse batches of seed over a great distance
(Harwell and Orth, 2002). Therefore, a system capable of holding mature reproductive shoots underwater
in the same location, during seed release, could be a
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viable seeding technique. Moreover, an efficient design
for seed dispersal would mimic the natural position and
movements of a single reproductive shoot in the water
column.
The development of a system that links harvest and
deployment has the following advantages over current
seeding methods: (1) it eliminates the need to construct
and staff a storage facility to hold the reproductive
shoots and (2) it increases the potential for volunteers to
be involved in restoration activities (e.g., seed harvest
and sowing), a practice that has enhanced programs
involving whole plant transplanting (e.g., Orth et al.,
2002). In our study, we tested: (1) the potential of buoy
deployed seeding to disperse seeds within a defined
area over time and (2) the practicality that a number of
these buoys could be deployed to seed a larger area.

2. Methods
2.1. Seed harvest
We collected reproductive shoots in the second week
of seed release, following a protocol developed by
Churchill and Riner (1978). The second week of release
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was confirmed through regular SCUBA reconnaissance
of the harvest site and an estimate of mean viable seed
yield per reproductive shoot was calculated based on
collections at several sites in the Peconic Estuary during June 2002. These shoots (n = 142) were transported
to the laboratory and all ripening fruits (i.e., Stage IV
seeds, sensu De Cock, 1980) were counted. On June 28,
2002, mature reproductive shoots were harvested by
hand using SCUBA (Granger et al., 2002) at a meadow
in Sag Harbor, NY (72.2900311W; 41.0108084N).
2.2. Buoy deployed system
Our system was designed using readily available,
off-the-shelf components. Fig. 1 shows the components of a single buoy dispersal unit. After experimenting with various mesh cages, commercial aquaculture
pearl nets (9 mm) were selected to hold the reproductive shoots. This mesh size was selected to maximize
release of a range of seed sizes (Wyllie-Echeverria et
al., 2003), while preventing loss of entire reproductive
shoots or detached spathes. Other components include:
a 1/2 cement block (39.4 cm × 19 cm × 8.9 cm) for
anchorage (full blocks can be used at more exposed
sites), a 12.7 cm × 28 cm lobster pot buoy (Carlon

Fig. 1. A single seed buoy line showing detail of net and block attachment.
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Rubber Products Co., Derby, CT), 5 m of 6.4 mm floating polypropylene line to secure the net and buoy to
the anchor (total length of 3.3 m from the center of the
block to the loop at the outer end of the buoy), a 35.6 cm
section of recycled garden hose to protect the line from
chafing where it runs through the block and a 22.7 kg
capacity wire tie to attach the net to the buoy. Use of
floating line is critical in keeping the line off the bottom where it could otherwise disturb recently settled
seeds or rip out seedlings. The blocks and buoys are
pre-assembled prior to deployment such that the total
length from the center of the block to the loop at the
far end of the buoy was 3.3 m.
2.3. Buoy deployment
We selected a planting site in Sag Harbor Cove,
NY (72.3210912W; 40.9989839N), in an area deemed
appropriate for restoration based on historic occurrence
of Z. marina prior to a nuisance “brown tide” bloom in
1993 and 1994 and the success of previous broadcast
seeding trials (Pickerell, unpublished). Average salinity at the site is 28 ppt, depth at mean low water is 1.3 m
and average tidal range is 0.75 m. Bottom type at this
site had been previously characterized using stainless
steel sieves and the pipette method (Folk, 1974) with
triplicate 10 cm deep cores as 0% gravel, 95.3% (S.E.
±0.55) sand, 4.7% (S.E. ±0.56) clay and 5.2% (S.E.
±1.77) organic matter. In order to provide for a precise grid facilitating monitoring during this first trial,
buoy grids without nets were set out a week prior to
the harvest of reproductive shoots. Each grid covered
an area of 0.04 ha and consisted of three parallel rows
of five buoys; spacing between buoys was 4.5 m on
center (OC), providing approximately 1.5 m of overlap
between adjacent buoy arcs. Buoy lines circled an area
of approximately 30 m2 .
The transfer of reproductive shoots to pearl nets
immediately followed collection from the meadow at
Sag Harbor on June 28, 2002. Nets were stocked using a
1.9 L plastic pot (Poly-Tainer-Can, No. 1, Nursery Suppliers Inc., Orange, CA) filled with fresh reproductive
shoots (n ∼
= 100), sewn closed using the polyethylene
thread and transported to the planting site in covered 73 L fish totes partially filled with seawater to
keep the shoots moist and cool. Deployment involved
attaching one net to each buoy in the grid using wire
ties.

2.4. Buoy observations, tides and meteorological
conditions
Following deployment, the site was visited weekly
to observe the progress of seed release and determine
if any of the buoys had been moved from the grid or
otherwise disturbed.
Mean wind speed and direction data for the month of
July 2002 (the month in which seed release occurred)
were obtained from the nearest National Weather Service Station located at Gabreski airport in West Hampton, NY, to determine the effect of wind on buoy movement and seed distribution. A windrose was generated
by multiplying the mean wind speed and frequency
for the entire month and plotting the data according to
direction. Buoy movements, tidal stage and wind direction were also recorded at 30 min intervals, over a full
ebb and flood cycle for several of the buoys in the grid
during two separate days following deployment.
2.5. Seedling survival
Seedling abundance and distribution in the plots
were determined a year later during the week of June
20–26, 2003, by counting the number of shoots in a
3-m2 sampling grid subdivided into 12 0.25-m2 units
(Orth et al., 2003). Counts were completed by SCUBA
and consisted of working along longitudinal transects
running the entire length of the plot. The area adjacent
to the plots was observed for the presence of seedlings.
An estimate of lateral shoot formation was determined
by randomly excavating 10 groups of shoots in each of
the plots, counting the number of shoots per genet and
returning the plants to the bottom. This number was
used later to transform the raw seedling density numbers to seedling recruitment values. Raw seedling distribution data were converted into a color contour plot
using Sigma Plot 2000 Software (SPSS Inc., Chicago,
IL) showing observed (i.e., uncorrected for lateral shoot
production) seedling density 0.25 m−2 .

3. Results
3.1. Harvest
On June 28, 2002, approximately 3000 reproductive shoots were collected by four divers working for
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approximately 2 h. The mean seed yield per reproductive shoot was calculated to be 35.6 (S.E. ±1.95) based
on the sample (n = 142) collected and counted on June
11, 2002. This stocking rate was expected to yield 3560
seeds per net resulting in an overall planting density of
227 seeds per square metre.
3.2. Buoy observations, tides and meteorological
conditions
Follow-up observations of the buoys at weekly intervals indicated that none of the buoys became dislodged
or otherwise moved from the original grid. Observations of individual nets, though not quantitative, indicated that seeds were released throughout the entire
4 weeks of deployment. Most of the seeds appear to
have been released within the first 3 weeks. During
this time, the fresh material in the nets changed color
from green, in fresh collected material, to brown, indicating that much of the fresh tissue had senesced. With
this change in color, there was also a gradual reduction
in overall volume, indicating that material was either
breaking down or being released from the nets. Fig. 2
shows the distribution of seedlings for the southwestern
corner of the buoy grid with an overlay of wind data for
the month of deployment. The influence of the direction and frequency of wind on seedling distribution
during the 5 weeks of deployment is clearly seen. The
highest density of seedlings is directly opposite (i.e.,
down wind from) the strongest wind vector. Observations of buoy movements relative to tide stage and wind
direction indicated that wind was an important factor
in determining the position of the buoys at any point
in time. Given the shape of the basin and location of
the inlet to the open bay, tidal currents either work in
concert with the wind at this direction (ebb) or in opposite directions (flood). Despite this, winds less than
10 mph were able to alter movement of the buoys such
that they were against the direction of the incoming
tide.
3.3. Seedling recruitment
An estimate of seedling recruitment was calculated
based on counting all the shoots within one of the buoy
plots. In this plot, a total of 10,330 seedlings were
observed and after correcting for the presence of laterals (i.e., 2.8 per shoot), total seed yield was estimated
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at 3689. Based on this number and a predicted yield
of 53,400 (i.e., 3560 seeds per net multiplied by 15
nets) seedling recruitment was calculated to be 6.9%. In
both plots, seedling distribution closely corresponded
to the arc of each buoy, appearing to indicate that there
was minimal lateral transport following release (Fig. 2).
Few seedlings were observed outside the plots; in all
cases, they were found within 2 m of the plot boundaries. Focusing on a single buoy arc with the lowest
seedling density (bottom left corner of Fig. 3) along
the shoreward side of the grid shows that seed rain
could be described as a band representing the maximum swing radius (3.3 m) of the buoy. Few seedlings
were observed within the center of the radius except
those that appear to have resulted from the overlap of
an adjacent buoy arc. Seedling density was greatest
in the northeast quadrant of the arc, followed by the
south and west quadrants. Few seedlings were found
in the southeast quadrant of the arc. A similar nonuniform distribution can be observed in the overall plot
(Fig. 2).

4. Discussion
We have demonstrated that the natural ability of
detached reproductive shoots to release viable seeds
can be an efficient and effective means of restoring Z.
marina over a defined area. Our observations indicate
that the seeds are released over a 4-week period. This is
in keeping with observations in Virginia (Harwell and
Orth, 2002) and Great South Bay, Long Island, NY
(Gates, 1984).
Seedling recruitment resulting from the seeds falling
from each buoy was predictable, but not evenly distributed. Mapping of seedlings clearly indicates that
the majority of seeds released fit a distribution tied
to oscillations of the buoy around the central anchor.
Despite the fact that the buoy can move freely within
the circular area defined by the maximum swing radius
of the buoy, seedling distribution indicated that buoy
movements were not random. We discount the idea
that seeds or seedlings could have been dislodged
from the area immediately surrounding the block,
given that we used floating line and did not observe
the line coming in contact with the bottom during
observations conducted over the 4 weeks following
deployment. In addition, it is unlikely that seeds were
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Fig. 2. Detail of contour plot showing distribution from a single buoy. Note that presence of seedlings in the top right corner and center of the
plot are the result of overlap from the adjacent buoy. Windrose vectors (July 2002) represent the product of frequency and mean velocity and
indicate the direction from which the wind was blowing.

transported far from where they came in contact with
the bottom, based on observations of previous broadcast work at this site (Pickerell, personal observation).
Our recruitment rate of 6.9% for this trial was fairly
low, but was within the range of 0.6–39.8% observed
for broadcast work in the Chesapeake Bay region (Orth
et al., 1994, 2003) and 5–15% observed for field plantings in Rhode Island (Granger et al., 2002). Higher
germination rates (23–68%) have been demonstrated
in trials using aquaria, but these rates have not been
observed in field plantings (Granger et al., 2000). Esti-

mating the actual seed yield potential from stocked nets
is a difficult task, given the variability in the size of
reproductive shoots and uncertainty in determining the
percent of Stage IV (ripening fruit; De Cock, 1980)
seeds that develop to maturity and release (Stage V;
De Cock, 1980). In addition, there was a variability
of stocking rate inherent in the use of a volumetric
estimate. We have no reason to think that conditions
in our nets are inhospitable to seed development (e.g.,
anaerobic, sensu Hootsmans et al., 1987) any more than
holding shoots in tanks, as is typically the practice for
broadcast seeding.
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Fig. 3. Contour plot of a single (0.04 ha; 16 m × 29 m) 15-buoy grid showing distribution and density of seedlings as they appeared in June
2003, approximately 1 year after initial deployment. Each ring of seedlings corresponds to 1 of the 15 buoys (3 rows of 5) in the grid. Color bar
indicates density of seedlings (shoots per 0.25 m2 ).
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One possible benefit of the buoy-deployed system is
that re-establishment of the natural phenological timing
of seed maturation and dispersal in situ may allow more
time for incorporation into the sediment, more even
distribution (i.e., seed rain) and lower predation due
to lower initial densities, but this remains to be tested.
Density dependent seed predation has been identified
for numerous species of terrestrial plants (Crawley,
2000) and shellfish “seeding” is subject to predation
by crabs (Boulding and Hay, 1984; Eggleston et al.,
1992). Even though post dispersal predation has been
identified as an important factor in loss of Z. marina
seeds (Wigand and Churchill, 1988; Fishman and Orth,
1996; Luckenbach and Orth, 1999; Dumbauld and
Wyllie-Echeverria, 2003), specific studies of density
dependent predation are lacking. Given the similarities
between the practice of shellfish seeding and broadcast
seeding of Z. marina and the fact that some of the
same predators (e.g., blue crabs) are at work, it would
seem that reductions in density (e.g., one seed clam per
square metre) that serve to protect young shellfish from
predation (Peterson et al., 1995) may also hold true for
Z. marina. However, the potential benefits of decreased
predation must be balanced with the need to disperse
sufficient seeds to establish a self-sustaining meadow.
Our method can be modified to accommodate a
range of environmental conditions. Line length can
be adjusted according to depth at low water and tidal
amplitude, as well as the desired coverage for each
buoy. Additional reproductive shoots can be stocked
into each net, based on predicted yield or additional
nets can be attached to single buoys if required. Buoy
spacing and arrangement does not have to be as precise
as used in our initial trial. In fact, deployment can be
achieved by deploying buoy and block assemblies with
attached nets, from a moving vessel passing over the
restoration site, much like the TERFS method for adult
shoots (Fonseca et al., 1998; Burdick and Short, 2002).
Depending on the coverage desired, buoy spacing can
be increased so that adjacent radii do not overlap; however, given the recent evidence that distances of 3 m
between flowering shoots can lead to pollen limitation and reduced reproductive output (Reusch, 2003),
a close spacing may be warranted. Conversely, a test
planting consisting of a single buoy can be used to
assess the potential effectiveness of seeding at candidate restoration sites before large-scale efforts are
undertaken.

The simplicity of our method, as well as the fact that
a storage and handling facility is not required, allows
for a larger pool of practitioners to become involved in
the process of seagrass restoration than was previously
possible. Although we did not set out to utilize volunteer labor during this first trial, the highly repetitive
nature of set-up and deployment is conducive to such
labor.
Our system design can also be adapted to other
species of submersed aquatic vegetation with similar flowering ecologies, including freshwater species
such as those in the Potamogetonaceae. For example,
Muenscher (1936) found that the seeds from several
species in this family were viable up to a year after collection with appropriate storage. Because our technique
does not demand storage, we suspect that restoration
programs involving species in this family (e.g., Potamogeton pectinatus, Potamogeton pusillus and Potamogeton perfoliatus) could be successful using a seed
dispensing buoy system. Also, preliminary work with
other seagrass species—Thalassia testudinum (Lewis
and Phillips, 1980) and Posidonia oceanica (Balestri et
al., 1998) suggests that the buoy method of seed release
could be effective to restore these plants. However, trial
experiments are needed to determine appropriate collection methods, net mesh size and buoy spacing.
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Seagrass meadows are an important wetland habitat that have been degraded globally
but have an important carbon storage role. In order to expand the restoration of these
productive and biodiverse habitats methods are required that can be used for large scale
habitat creation across a range of environmental conditions. The spreading of seagrass
seeds has been proven to be a successful method for restoring seagrass around the
world, however in places where tidal range is large such methods become limited by
resultant water movements. Here we describe and test a method for deploying seagrass
seeds of the species Zostera marina over large scales using a new, simple method “Bags
of Seagrass Seeds Line (BoSSLine).” This method involved planting seeds and sediment
using natural fiber hessian bags deployed along strings anchored onto the seabed. When
deployed in a suitable environment 94% of bags developed mature seagrass shoots,
unfortunately one site subjected to a large storm event resulted in sediment burial of
the bags and no seed germination. Bags were filled with 100 seeds with each leading
to the development of 2.37 ± 2.41 mature shoots (206 ± 87 mm in length) 10 months
after planting. The method was proven successful however the experiments illustrated
the need to ensure habitat suitability prior to their use. Low seed success rate was
comparable to other restoration studies, however further trials are recommended to
ensure ways to improve this rate. In conclusion, this study provides evidence for an
effective, simple method “Bags of Seagrass Seeds Line (BoSSLine)” for deploying seeds
of the seagrass Zostera marina over large scales.
Keywords: seagrass, feedbacks (positive/negative), restoration, seagrass (Zostera), macrophytes (aquatic plants)

INTRODUCTION
Seagrass meadows provide critically important ecosystem services to our planet, including the
storage of carbon (Fourqurean et al., 2012; Röhr et al., 2018), supporting world fisheries production
(Unsworth et al., 2018), and amongst many other things, helping prevent beach erosion (James
et al., 2019). Unfortunately, seagrass meadows are one of the world’s most threatened ecosystems
and are rapidly disappearing in many parts of the world (Waycott et al., 2009).
Although seagrass meadows have long been considered the “ugly duckling” of marine
conservation (Duarte et al., 2008), the urgent and unprecedented changes that are now required
to avoid a climate change catastrophe mean that a dual need for conservation of existing meadows,
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(Marion and Orth, 2010). Additionally, recent successful trials
of Z. marina restoration in Sweden have also included the use
of seeds (Infantes et al., 2016a,b). Projects planting seeds have
used a range of methods such as spreading by hand at the water
surface, the use of seed buoys (Pickerell et al., 2005), and more
recently planting of seeds in coconut matting (Sousa et al., 2017).
In many parts of the UK the effectiveness of any technique that
involves the loose spreading of seed (e.g., seed buoys) is likely
to be compromised by the very large tidal ranges and resultant
fast tidal currents that can rapidly move seeds away from their
intended location. Thus, a method is required that is both cost
effective and simple, yet will still facilitate deployment of seeds
on the seabed without dispersal from the intended restoration
site. Previous studies describe the use of hessian bags (burlap) for
deploying seagrass seeds (Harwell and Orth, 1999; Zhang et al.,
2015). Here we adapt, trial and describe their use over a range
of sites of high tidal range in West Wales. We name this method
“Bags of Seagrass Seeds Line (BoSSLine)” for deploying seeds of
the seagrass Z. marina over large scales.

and the active restoration of previously extirpated seagrass
meadows, are emerging as potentially meaningful climate change
mitigation strategies (Duarte et al., 2013). This is due to the
high rates at which seagrass meadows store carbon. Under
the Paris Climate Accord and the Katowice Climate Package,
seagrass restoration can be considered with respect to Nationally
Determined Contributions (NDCs) and therefore be part of
defined emissions reduction targets or traded for carbon credits
(Kuwae and Hori, 2019). With increasing interest in habitat
restoration through a rewilding lens, there is now ever more
interest in seagrass restoration (Ockendon et al., 2018). Seagrass
conservation and restoration practices are coming of age and
with it so is the need for improved methods in all potential
seagrass environments.
In the UK, seagrass loss has been estimated to have been vast.
Of Britain’s 155 estuaries, only 20 now contain seagrass: an 85%
decline since the 1920s (Hiscock et al., 2005), with little natural
recovery, and continuing losses and degradation in many parts
of the country still being observed (Jones and Unsworth, 2016;
Unsworth et al., 2017a,b). Poor water quality, primarily driven
by excess nutrients, is one of the largest threats faced by seagrass,
both in the UK and globally (Grech et al., 2012; Jones et al., 2018).
But with increased efforts to improve UK coastal water quality,
there is now interest in taking steps to restore associated coastal
ecosystems such as seagrass.
Seagrass restoration efforts in the UK have been limited with
only a few minor trials ever taking place (RanwelI et al., 1974;
Hockings and Tompsett, 2002). However, this field has grown
rapidly around the world over the last 30 years, with many
successful large-scale projects now documented (Reynolds et al.,
2016; van Katwijk et al., 2016). “The field of dreams hypothesis”
or the assumption that “if you build it, they will come” (Palmer
et al., 1997) is the presumption of that restoration will engender
a desirable ecological response. There is now growing evidence
that successful seagrass restoration will result in such ecological
improvements (Greiner et al., 2013).
These restoration successes are largely down to a plethora of
experimental studies as well as the lessons learnt from numerous
failed projects (van Katwijk et al., 2016). Arguably the most
important finding from past global restoration efforts is that scale
matters; large-scale planting increases plant survival. Scaling
up spreads the risks, and the resultant increase in population
growth rate enhances positive feedbacks, helping the seagrass
to self-facilitate a more affable environment (van Katwijk et al.,
2016).
Simple and reliable methods are needed for successful seagrass
restoration that can be deployed on a large scale, the results of
which can lead to meaningful changes to the coastal environment
and act as a major component of broader climate change
mitigation strategies. The large over production of seeds by
some species of seagrass (e.g., Z. marina) creates significant
simple, low cost, and potentially effective opportunities for their
use in restoration. As such, meta-analysis of global restoration
studies indicate that seed based planting may be amongst the
most effective methods of restoration (van Katwijk et al., 2016).
In the Chesapeake Bay, US, seagrass restoration has largely
utilized seed based techniques and has had extensive success
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METHODS
Study Sites
Two pilot Proof of Concept (PoC) studies on seagrass “seed
bag” use were conducted, one at Porthdinllaen in North Wales
and the other in the Helford River, Cornwall (Figure 4). These
PoC studies trialed the use of differing types of seed bags under
various deployment methods. Based on the findings from these
initial PoC studies a seagrass seed bag experiment was then
conducted at a further three sites around Wales. The locations
for this experiment were based on the use of a simple habitat
suitability model to confirm their potential viability for seagrass
growth (Brown, 2015). In addition, the three sites were inspected
in May 2017 using dropdown video and hand grabs to confirm
suitability of the sediment. These sites were Dale and Longoar
in the Milford Haven Waterway, and Freshwater East on the
Pembrokeshire Coast. Dale was known to have an unconfirmed
record of seagrass (Kay, 1998), and Freshwater East is suspected
to have a small patch due to fragments commonly washing up
on its beach. Longoar Bay has a small meadow of seagrass, with
areas surrounding it likely to be good potential seagrass habitat
(similar exposure, depth, and sediment). The sites were all in the
range of 1–3 m depth (below low water spring) with a maximum
tidal range of 7.68 m. Sediment type varied from fine and very
fine sand at Dale and Longoar, to course sand at Freshwater East
and all sites are fully marine (Carey et al., 2015). Sea surface
temperatures typically range from 8 to 17 degrees C. During this
project we confirmed the location of a small patch of seagrass
(Zostera marina) previously recorded in 1958 by Martin George
(Kay, 1998) in Dale (51.704765◦ N, 5.159228◦ W). This patch was
found to still have dense shoots and cover an area of ∼5 m2 . At
these three locations a series of trials were conducted using seed
bags to plant the seagrass Zostera marina.

Seed Collection
During August 2014, for the initial PoC, SCUBA divers were
used to collect ripe, seed laden reproductive shoots from
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seagrass meadows at Durgan in the Helford River (Hockings and
Tompsett, 2002). Seed-laden shoots were also collected (August
2015) for the second PoC study within an intertidal seagrass
meadow at Porthdinllaen in North Wales (Bertelli and Unsworth,
2014). For the main study, ripe seed laden reproductive shoots
were collected in August 2017 at Littlewick Bay in Milford Haven
Waterway, West Wales.
For the PoC studies and the main experiment all shoots
were randomly collected throughout the natural meadows with
care taken to cause no damage to the rhizome. They were
collected under permit from Natural Resources Wales (and
Natural England for the Helford study). Reproductive shoots
were transported to Swansea University (except the Helford
seeds) where they were placed in aerated flow through aquaria
(8–12◦ C) within a laboratory. Nylon mesh was used to prevent
the loss of seeds and seagrass material. Tanks were regularly
maintained and cleaned to reduce algal fouling. Matured seeds
were naturally released from the flowering shoots and since seeds
are negatively buoyant, they sank to the bottom of the tanks.
Seeds were collected from the bottom of the tanks and were
sieved to remove dead leaves and larger organic material before
further separation in separating funnels (Infantes and Moksnes,
2018). Seeds were then stored in flowing seawater tanks.

FIGURE 1 | (A) Deployment of PoC seed bags at Porthdinllaen without
anchoring. (B) Successful retrieval of 1 of 2 PoC seed bags at Porthdinllaen.
(C) Seed bag containing seedlings at Dale with hessian rope degraded at one
end. (D) Seed bag at Dale containing an abundance of young seagrass plants.

Initial Proof of Concept Studies
For the initial PoC study in Helford, large hessian bags (80 ×
33 cm) (of the type used as sand bags) were filled with local
sediment (amount unquantified) from the site in August 2014
(by SCUBA divers using shovels) and mature seagrass seeds (still
within their reproductive shoots) (10 spathes in each bag). Six
bags were placed 1 m apart from each other in a line at two
locations on the edge of an existing seagrass meadow and their
location marked with GPS (Figure 4). The bags and their seedling
production were monitored using SCUBA divers in April 2015.
For the second PoC study which was conducted during
November 2015 at Porthdinllaen, smaller bags of seeds (13 ×
7.5 cm with 1 mm holes in the fabric) were deployed. Ten bags
were placed on the bare intertidal sediment at Porthdinllaen
but weren’t secured (see Figure 1A). These were patches of bare
sediment within the local seagrass meadow. The bags used in the
second PoC study were a much thicker weave hessian than within
the Helford PoC pilot and the hessian had a silicon coating.
Approximately 100 seeds were placed into each bag together with
100 cm3 of local sediment.

FIGURE 2 | Small hessian bags (13 × 7.5 cm) filled with seagrass seeds.
Sediment and seagrass detritus were also added. Bags were strung into lines
for deployment at potential restoration sites.

shoots from which the seeds were collected. Bags were then
tied and fixed along hessian rope at 1 m intervals. Each line of
rope contained six seed bags (Figure 3). The process for creating
seagrass seed bags is visually described in Figure 3.

Seed Bag Experiment
Approximately 100 seeds, were placed into small hessian bags
(see Figure 2) along with 100 cm3 of sediment. The uncoated
hessian bags were 13 × 7.5 cm with 1 mm holes in the fabric.
Surface sediment (top 5 cm) was carefully collected avoiding any
sulfurous anoxic layers) within 100 m of an existing seagrass
meadow at Littlewick Bay. Due to concerns about the potential
for sediment to have low nutrient levels at the recipient site in
Dale and to potentially not contain appropriate micro fauna and
flora, 50 cm3 of seagrass detritus was added to the sediment bag
to assist with microbial inoculation of the seagrass microbiome.
The seagrass detritus was the degraded remains of the flowering
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Bag Deployment and Monitoring
Two lines of seed bags were placed at Dale, and one line was
placed at both Longoar Bay and Freshwater East. A total of
24 bags were deployed across the three sites. The lines were
held down using steel pegs and the ends of the lines marked
approximately from the surface using GPS. All seed bags were
deployed in November 2017 and then monitored for the shoot
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FIGURE 3 | Stages of seed bag creation (1) reproductive shoot collection by SCUBA divers, (2) natural rotting of seagrass to allow for seed dropping, (3) separation of
seeds from detritus, and (4) filling of bags with seeds, sediment, and detritus.

were too cumbersome for divers to work with and too large to
be deployed from the surface. Assessment of the bags 8 months
after deployment revealed that the bags had rapidly broken down
and were mostly just observed as fragments. In the areas where
the bags were placed, seedling density was determined to be on
average (±SD) 5.2 ±3.7 per m2 , this was ∼4x the density of the
seedlings in the surrounding area. Based upon these PoC findings
further PoC trials were to be conducted using smaller bags.
Ten smaller seed bags were placed in Porthdinllaen in
November 2015, but most of these were lost due to a major
easterly storm event (the site faced east) just 2 weeks after
deployment. Bags had not been secured to the sediment so were
susceptible to displacement. After 3 months only three bags were
still in situ, but in all, successful germination had taken place,
each containing two seedlings. By October 2016 only two bags
remained but contained five and six mature shoots, respectively,
with mature rhizome present (see Figure 1B). The seagrass in
these bags unfortunately hadn’t rooted into the surrounding
sediment and the bags were largely intact, possibly as a result
of the type of hessian of the bags which were made from thick
weave with silicon coated hessian. As a result of these trials, the
bags in the following experimental study were changed to be of a
lighter hessian comprising 100% natural fibers rather than those
with fibers coated in silicon. Bags in the following experimental
study were anchored down using pegs and lines.

Seed Bag Experiment
FIGURE 4 | Location of the Proof of Concept (PoC) and main experimental
sites used to trial seagrass seed bags.

Twenty-four seed bags were deployed across the three sites (Dale,
Longoar, and Freshwater East), and 16 of these were recorded by
May 2018 to have developed at least one seedling (Figure 1D).
In May 2018, 100% of bags at Dale were observed to contain
seedlings (Figure 1C), whilst 80% of bags at Longoar contained
seedlings (one bag was not observed as the rope had degraded
and the bag was lost). All seed bags at Freshwater East failed
to develop seedlings, we believe this could have resulted from
poor siting of bags leading to sand movement burying them too
deep. When the bags were relocated under the sediment, they had
become completely anoxic and were blackened by sulfates.

density and canopy height using SCUBA divers in May and
August 2018.

RESULTS
Proof of Concept Trial
The initial PoC study conducted in Helford was found to be very
time intensive and difficult due to the use of large bags. These
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Density of seedlings in May 2018 was on average (±SD) 2.95 ±
3.22 per bag, of those bags where shoots had developed there was
an average (±SD) of 3.65 ± 2.09 shoots per bag. By August 2018
there was an overall average (±SD) density of 2.37 ± 2.41 shoots
per bag with many of those shoots appearing mature (Figure 5).
In May 2018, the average (±SD) shoot length was 41 ± 11 mm
and by August 2018 this was 206 ± 87 mm.
In order to calculate a % seed success rate we excluded data
from Freshwater East, based on the assessment that the failure
of the seed bags was the result of a poor site choice rather than
the seed bag method itself. The average number of seeds in any
given bag was 100 and the average (±SD) shoot density was 3.6
± 2.1 and so we estimate that seed success was 3.6%. Excluding
data from Freshwater East we conclude that seed bags had a 94%
success rate.
The hessian rope used in this detailed experiment broke
down quickly and by May 2018 was mostly fragmented,
making monitoring individual bags difficult, but illustrating the
value of using such material for deployment without creating
environmental pollution. Importantly, these small bags and
simple metal pegs had withstood winter storm(s) without
any damage or movement. The bags had also allowed for
germination without potential predators (e.g., Carcinus maenas)
consuming the abundant seeds and germinating seeds were
able to grow through the hessian fabric. By the end of
August 2018 all the hessian bags were now fragmented and
had mostly broken down, with evidence of rhizomes growing

beyond the hessian bags and becoming embedded into the
surrounding sediment.

DISCUSSION
There is increasing need for seagrass restoration to be conducted
using simple methods over large scales, high reliability, and a low
per unit cost. Here we document for the first time the use of
the BOSSline method (Bags of Seagrass Seeds Line) for deploying
seeds of the seagrass Zostera marina. Seedling establishment rates
(the proportion of seeds generating a surviving seedling) was
low (3.5%) but typical of an r-strategist species and comparable
to many rates recorded in other studies and sites (Marion and
Orth, 2010; Govers et al., 2016; Sousa et al., 2017). The reasons
for such low rates could be local environmental conditions,
health of the seeds, or even disease contamination (Govers et al.,
2016). Further experiments are required to separate these low
germination rates from the use of this BOSSline method. The
BOSSline method is simple, in that beyond the initial collection
of seeds, very little (if any) diver based work is required reducing
costs and the skills required, however the downside is that in
contrast to rudimentary seed based methods (e.g., seed buoys)
(Pickerell et al., 2005) laboratory processing is required.
We believe that the complete failure of one of the experimental
stations reflected a poor site choice rather than a failed method,
this location was possibly too close to the intertidal zone and
subject to very mobile sandy substrate. This highlights the need
to use a high resolution within any habitat suitability model. It is
important to be clear that successful restoration projects require
suitable environmental conditions (van Katwijk et al., 2016) and
only when conditions can be deemed suitable should projects
be conducted.
Whilst success has been observed in the use of seed bags
for planting seagrass seeds a more mechanistic understanding
is still required as to the processes driving the germination
and development of Zostera marina seeds. In the present study
we speculatively included detritus into the seed bags, such
inclusion may have enhanced the nutrient environment or added
microbes that could potentially carry out a broad range of
functions that potentially support the health and growth of
aquatic plants (Ettinger et al., 2017; Crump et al., 2018). Given
the rapidly expanding understanding of the seagrass microbiome
(Fahimipour et al., 2017) and its potential mutualistic role in
seagrass growth and production (Crump et al., 2018) more
information is required as to the relative role of this in
germination and seedling development.
Feedbacks, both positive and negative within seagrass systems
have significant roles at a meadow scale, particularly with
respect to restoration (Maxwell et al., 2017). This study doesn’t
examine these factors, but we recognize that the use of our
BOSSline method does have the potential to reduce potential
negative feedbacks present from polychaetes and crustaceans.
The hessian bag not only keeps the seeds from dispersing due
to tidal movements but also protects the seeds from burial or
consumption (Infantes et al., 2016a).
In conclusion we present evidence of the effectiveness of a
new seagrass seed planting method referred to as BOSSline.
Our experiments show this method to be simple to conduct,

FIGURE 5 | Mean (±SD) (A) seagrass shoot density (no per bag) and (B)
shoot height (mm) developing from seed in hessian bags at three locations in
South West Wales (UK) on two monitoring visits following deployment of seeds
in November 2017.
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the method. All authors contributed to fieldwork and helped to
write the paper.

and proven to result in successful germination. However, our
low germination rates indicate further experimental studies are
required to maximize method efficiency and determine factors
influencing germination in these bags. An important benefit of
this method is its capacity to be upscaled with ease to the meadow
creation scale. In the US, large scale mechanized seed collection
has enabled the harvesting of 10’s of millions of seeds at a time
for restoration. In order to potentially facilitate such large-scale
restoration in the UK we present a method that could be used to
plant such large seed quantities in conditions where tidal currents
and adverse seasonal weather conditions necessitate ensuring
seeds are not rapidly washed away from the restoration site.
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Abstract
Eelgrass beds in coastal waters of China have declined substantially over the past 30 years. In this study, a simple new
transplanting technique was developed for eelgrass (Zostera marina L.) restoration. To assist in anchoring single shoots,
several rhizomes of rooted shoots were bound to a small elongate stone (50–150 g) with biodegradable thread (cotton or
hemp), and then the bound packet was buried at an angle in the sediments at a depth of 2–4 cm. This stone anchoring
method was used to transplant eelgrass in early November 2009 and late May 2010 in Huiquan Bay, Qingdao. The method
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morphological changes, shoot density, shoot height, leaf biomass, and sediment particle size. Results showed that the
sexual reproduction period of the planted eelgrass was from April to August, and vegetative reproduction reached its peak
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can settle and germinate, such as in areas with low seed predation
and little physical disturbance [22]. Also, manual seed collection
and sowing are labor intensive because mechanical collection and
sowing of seeds are not suitable in some places. Transplantation of
adult plants is the simplest and most common method, and its use
of the vegetative reproduction process makes it very effective. In
addition, low seedling establishment rates have been reported in
some areas [29]. To date, several techniques for transplanting
adult plants have been shown to be successful in establishing
seagrass populations [16–17,19,22,30–32], and they can be
divided into two categories. The first involves transplanting shoots
with sediment intact (i.e., plugs/cores or sods), which can
minimize disruption of roots and rhizomes [19,21] but may cause
great damage to the donor bed and requires enormous manpower
and time [30]. The second category involves transplanting seagrass
shoots with bare roots; this approach is more environmentally
friendly, but it generally requires anchoring of the shoots [16]. The
stone binding method developed in the present study belongs to
the latter category. To determine whether a transplanting effort is
successful or not, long-term monitoring (e.g. several years) is
necessary; while traditional short-term monitoring (i.e., ,1 year)
may lead to a biased result [27]. From the first European Seagrass
Restoration Workshop, Cunha et al. [27] point out that few

Introduction
Seagrasses, a unique group of marine submerged angiosperms,
are widely distributed along temperate and tropical coastlines of
the world, and they have high productivity and biodiversity and
provide great ecological and economic values [1–3]. Seagrasses are
prominent marine ecosystem engineers, or foundation species in
many coastal waters, as they can significantly modify abiotic
environment [4–5]. They can attenuate hydrodynamic energy
from currents and waves, stabilize the seabed sediments, accelerate
the sedimentation of the suspended particles and purify seawater,
and provide habitats, nursing grounds and food for marine
animals [6–8]. Recently, seagrass beds have been suggested to be
key sites for global carbon storage in the biosphere [9–11].
However, seagrass beds are globally disappearing at an alarming
rate due to anthropogenic influences [12–14].
Increased interest in seagrass restoration in recent decades has
resulted in the development of various transplantation methods
using either seagrass shoots (adult plants or seedlings) or seeds [15–
27]. Adult plants with bared rhizomes and roots, either anchored
[16,22] or unanchored [17], have been commonly used in eelgrass
transplantation efforts. Seed sowing is considered to be an
economically effective method for large-scale restoration [28].
However, the seed-broadcast technique is only useful when seeds
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In late May (late spring) 2010, adult plants with rhizomes and
roots were collected from the intertidal wild population by hand at
Qingdao Bay (Figure 1). Hand collection of 1–3 eelgrass shoots at
a time minimized disruption of the donor site. Collectors followed
shoot blades to the substrate, uprooted ca. 3–5 cm of rhizomes by
digging under them by hand, and snapped the rhizomes to remove
the plants. Rooted adult plants were sorted out based on rhizomes
and leaf sheaths, using the same method as described above.

seagrass restoration programs developed in Europe by the
participants during the last decade are successful; and most
projects reporting success are biased by the fact that most of them
had very short-term monitoring (i.e.,1 year). Restoration success
or failure may be linked to differences between years in physical or
biological factors, such as climate/weather issues, herbivory,
macroalgae, or exposure. A stressor may be absent in a year but
present the next.
The eelgrass Zostera marina L is the dominating seagrass species
in the Northern Hemisphere. It is also the most widespread
seagrass in northern China. It grows into large-scale communities
in shallow coastal waters including intertidal zone [33]. In China
eelgrass has decreased greatly since the 1970s, owing to humaninduced habitat deterioration. Increasing human activities are
generally considered to be responsible for this reduction. However,
on a more positive note, the public understanding of the
importance of eelgrass in ecosystem functioning has been
enhanced in recent years.
In this study we developed a simple new transplantation method
for Z. marina restoration. We transplanted Z. marina using the stone
anchoring method, and we then monitored the growth characteristics of the transplanted eelgrass 2–3 years after transplantation.
Characteristics of the restored bed were compared with those of
natural seagrass bed to verify the effectiveness of this method. Our
main hypothesis was that, after 2–3 years of adult-plant
transplantation using the stone anchoring method, eelgrass
meadow at the transplant sites was equal to the nearby natural
meadow.

2.3. Transplanting method
Eelgrass shoots were planted in early November (late autumn)
2009 and in late May (late spring) 2010 in intertidal zone of
Huiquan Bay after the plants were collected and prepared.
Specimens were transplanted 25 cm apart within a row, and
distance between rows was 25 cm. Eelgrass shoots were transplanted using a stone anchoring method. This method involves
anchoring a transplanting unit (PU) consisting of three shoots with
rhizomes and roots to a small elongate stone of 50–150 g using
biodegradable thread or thin rope (e.g., cotton thread or hemp
string). The small stones were collected from the sea shore in
Huiquan Bay. At the transplant sites, PUs were buried in holes dug
with a scoop so that the rhizomes were situated at a depth of 2–
4 cm in sediments and on the side of the stone. The final position
of the plants was similar to that which occurs naturally. The buried
rhizomes were parallel to the sediment surface, but the shoots were
inclined at an angle toward the shore or towards the prevailing
wave direction to minimize disruptions caused by strong waves. In
the wide intertidal zone, the transplantation is suitable at low tide
every month. The total intertidal transplant areas in 2009 and
2010 were 800 m2 and 900 m2, respectively. Compared with the
2009 transplant site, the 2010 site was at a somewhat greater water
depth. The interval between the two transplant sites was 1 m.
In addition, we tested a modified stone anchoring method for
eelgrass transplantation in the subtidal zone. This simplified
transplant method involved simply placing each stone-anchored
PU on the surface of the tidal flat. In this case, the PU rhizomes
were mostly situated underneath the stone and thus were touching
the sediment. On November 4–5, 2009, eight 161 m2 plots were
planted using the simplified method. In each plot, specimens were
transplanted 25 cm apart with a row interval of 25 cm. The
distance between adjacent plots was 1 m.

Materials and Methods
Ethics Statement
No specific permit was required for collecting of the eelgrass
Zostera marina L. from Huiquan Bay and Qingdao Bay, and for
transplanting of the eelgrass in Huiquan Bay, Qingdao. The field
studies did not involve endangered or protected species.

2.1. Study Sites
The experiment was conducted in Huiquan Bay (120.339uE,
36.053uN; transplant site) and Qingdao Bay (120.318uE,
36.059uN; reference site) in Qingdao City, Shandong Province,
China (Figure 1). Qingdao is located in the north temperate
monsoon zone. The bays are located in the south of Qingdao City,
and both are open gulfs with a semidiurnal tide. A natural eelgrass
bed is present in Qingdao Bay. There once was an extensive
seagrass bed extending from the intertidal to the subtidal zone in
Huiquan Bay, but currently only a small area of natural eelgrass
remains, and it occurs mainly in the subtidal zone. Although the
specific reason for dramatic decline of the seagrass in Huiquan Bay
is unknown, the human-induced habitat deterioration and water
pollution in the last several decades of the 20th century might be
responsible for this reduction. However, coastal water environment in Qingdao has been improved in recent years due to local
efforts on coastal conservation and management.

2.4. Eelgrass monitoring
Transplant survivorship at the 2009 and 2010 transplant sites in
Huiquan Bay was calculated monthly during the first 3 months
after transplantation, with all transplanted PUs counted. After this
time point, the transplanted plants were observed by eye every 3
months. We found that the transplanted eelgrass was all in good
condition. Transplant survivorship in the plots created using the
simplified transplant method was also calculated.
Monthly monitoring of the transplanted eelgrass at the 2009
and 2010 sites was conducted from April 20 to November 19,
2012, and the water temperature also was measured. Shoot density
(shoots m22) at the transplant sites was measured using a 30 cm
630 cm quadrat, with 5–6 replicates randomly selected. Shoot
height (cm) and the aboveground biomass (dry weight (DW); g
DW m22) were measured by collecting the entire aboveground
part of the plant (4–5 replicates). C and N contents of eelgrass leaf
collected on June 19, 2012 at the 2009 site were measured using a
VARIO EL III elemental analyzer, and P content was measured
using the Solórzano and Sharp [34] method modified for
particulate total P determination [35]. At the 2009 and 2010
sites, together three replicate sediment samples (collected to a
depth of 15 cm using a shovel) were collected, and the grain size

2.2. Collection of adult plants
In early November (late autumn) 2009, adult plants were
collected from the intertidal area in Huiquan Bay at low tide. A
storm and strong waves transported these plants to the intertidal
from the subtidal zone of the bay the day before they were
collected. Fresh rooted shoots that had at least 1–2 cm of rhizome
with roots were selected. Twenty centimeters of leaf blade and leaf
sheath were retained, and the extra part was removed by scissors.
Decaying leaves were also removed.
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Figure 1. Location of study sites. &, eelgrass transplantation zone in Huiquan Bay;
doi:10.1371/journal.pone.0092982.g001

distribution of the sediments was determined. For the reference
meadow, the shoot density, shoot height and the aboveground
biomass of the natural intertidal eelgrass bed in Qingdao Bay were
measured on 21 June 2009 (before adult-plant collection) and 19
June 2012 (after adult-plant collection) using the same method as
described above.
Results are presented as mean 6 SD. Temporal differences in
biological and environmental variables were tested using one way
analysis of variance (ANOVA). Differences between sites (the two
transplanted plots using the standard stone-anchoring method, the
transplant site using the modified stone-anchoring method, and
the natural eelgrass bed in Qingdao Bay) in biological variables at
the same sampling time were also tested using one-way ANOVA.
Prior to analysis, data were examined for homogeneity of
variances using Levene’s tests. Differences were considered
significant at a probability level of p#0.05. Statistics were
performed using SPSS 16.0 software.

, natural intertidal eelgrass bed in Qingdao Bay.

shed naturally. In the middle of July, the reproductive shoots
began to decay and the density of reproductive shoots began to
decline. In August, the reproductive shoots totally disappeared,
and epiphytic algae attached to the eelgrass leaves increased. In
the middle of September, the number of lateral shoots increased
significantly, indicating that the eelgrass had started vegetative
reproduction. In late September, the new lateral shoots grew. In
October, macroalgae began to attach to the leaves of the new
shoots. In November, old shoots defoliated and some disappeared.
They were replaced by new shoots with less algae attached to
them.
Based on atmospheric-temperature data from Qingdao in 2012,
the seasons during 2012 were as follows: winter from January 1 to
April 3 (,10uC), spring from April 4 to June 21 (10–22uC),
summer from June 22 to September 26 (.22uC), autumn from
September 27 to November 9 (10–22uC), and winter from
November 10 to December 31 (,10uC). The variations in the
characteristics of the transplanted eelgrass followed a certain
seasonal pattern. In spring when the water temperature was
optimal, the eelgrass began sexual reproduction. The seeds
matured in summer when the water temperature was higher. In
autumn, vegetative reproduction began due to the lower water
temperature. The lateral shoots grew fast, the leaves of old shoots
defoliated, and the amount of algae attached to the leaf blades
increased. In winter, the amount of attached algae declined.
During the 2012 evaluation period, shoot density of transplanted eelgrass ranged from 220 to 481 shoots m22 (Figure 2). Density
of the plants at the 2009 transplant site peaked in the middle of
June (425 shoots m22) and in late September (393 shoots m22).
For the 2010 transplant site, the density peaks also appeared in the
middle of June (411 shoots m22) and late September (481 shoots
m22). The water temperature was 18.9 uC in mid-June and
23.3uC in late September. Shoot density of the eelgrass increased
in spring and peaked in summer, when the water temperature was
above 20 uC and the seeds matured and shed; and then with the
disappearance of the reproductive shoots, total shoot density was
thus decreased. In autumn, the water temperature declined, and

Results
For first 3 months after transplantation, plant survivorship at the
2009 site averaged 96.563.4%, 98.361.6%, and 97.662.5%,
respectively; and at the 2010 site, averaged 97.861.4%,
98.261.8%, and 99.061.0%, respectively. Through field observations, the main seasonal variations in morphology of the
transplanted eelgrass during the experimental period were
recorded (Table 1). In mid-May 2011, the transplanted eelgrass
plants in both the 2009 and 2010 areas were almost coalescing
within and between rows, and it became impossible to identify and
count the original shoots individually. In April 2012, reproductive
shoots appeared, and the height was obviously higher than that of
vegetative shoots. Leaf sheaths of reproductive shoots became
thinner and longer and started to form inflorescences without
blossoms. In May, the reproductive shoots bloomed extensively.
The percentage of reproductive shoots in the transplanted eelgrass
beds was the largest at this time point (27.5%). In June, seeds
began to form in the reproductive shoots, but they were not yet
mature. At the beginning of July, most seeds had matured and
PLOS ONE | www.plosone.org
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Table 1. Main morphological features of the transplanted Zostera marina monitored in 2012.

Date

Water temperature (6C)

Morphological feature

April 19

9.4

Reproductive shoots appearing

May 19

13.3

Reproductive shoots blossoming

June 5

17.7

Seeds forming

June 19

18.9

Seeds had formed

July 9

22.5

Most seeds mature

July 19

23.4

Reproductive shoots disappearing

Aug. 23

24.7

Reproductive shoots had disappeared; amount of attached macroalgae increasing

Sept. 16

26.1

Number of lateral shoots increasing; old leaves covered with macroalgae

Sept. 27

23.3

New shoots growing out, old leaves defoliating

Nov. 1

14.6

Old leaves had disappeared, shoot height becoming lower

Nov. 19

7.8

Most attached macroalgae disappeared

doi:10.1371/journal.pone.0092982.t001

the lateral shoots appeared quickly, leading to an increase in total
shoot density.
For the 2009 transplant site, the minimum average height of
reproductive shoots (61.369.2 cm) was found in April, whereas
the maximum occurred in June (91.8615.2 cm) (Figure 3). The
maximum average height of vegetative shoots occurred in August
(67.567.9 cm). For the 2010 transplant site, the minimum average
height of reproductive shoots was found in April (55.2614.6 cm)
and the maximum value occurred in June (86.7615.9 cm). The
maximum average height of vegetative shoots occurred in July
(79.6633.9 cm). The maximum aboveground biomass of reproductive and vegetative shoots at the 2009 transplant site was
185.8633.8 and 195.2640.6 g DW m22, respectively (Figure 4).
At the 2010 transplant site, the maximum aboveground biomass of
reproductive and vegetative shoots was 197.4635.7 and
263.2654.7 g DW m22, respectively. Statistical analysis showed
that there were no significant differences between the 2009- and
the 2010-transplant sites in shoot density, shoot height and
aboveground biomass (all p.0.05). C, N and P contents of eelgrass
leaf collected on June 19, 2012 at the 2009 site were
36.4261.86%, 2.2660.13%, and 0.3160.05%, respectively.

Shoot height and biomass of both reproductive and vegetative
shoots of the transplanted eelgrass first increased and then
decreased. Shoot height and biomass reached their highest level
at the end of spring. The vegetative shoots in summer maintained
relatively high levels of height and aboveground biomass, but in
autumn both parameters began to decrease rapidly. The variations

Figure 2. Variations in shoot density (shoots m22) of Zostera
marina at the 2009 and 2010 transplant sites. Values are means 6
SD.
doi:10.1371/journal.pone.0092982.g002

Figure 3. Variations in shoot height (cm) of Zostera marina at
the 2009 (a) and 2010 (b) transplant sites. #, reproductive shoots;
, vegetative shoots. Values are means 6 SD.
doi:10.1371/journal.pone.0092982.g003
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differences between the transplant sites (2–3 years after transplantation) and the reference meadow (Qingdao bay) in shoot density,
shoot height and aboveground biomass (all p.0.05).
As shown in Figure 5, the average particle size of the sediments
in the natural eelgrass bed in Qingdao Bay was 3.25F. The
sediment was dominated by sand (mean 82.27%). The average
particle size of sediments at the transplant site in Huiquan Bay was
2.82F, and the sediment was also dominated by sand (mean
87.64%). Comparatively, there were more fine particles (silt and
clay; 17.04%) and less sand in the Huiquan Bay samples than in
the Qingdao Bay samples (p,0.05).

Discussion
This study showed that there were no significant differences
between the transplant sites (2–3 years after transplantation) and
the reference meadow (Qingdao bay) in shoot density, shoot height
and aboveground biomass (all p.0.05). At all sites, values of these
parameters first increased and then decreased. They reached their
maximum values from June to July, indicating good growth
conditions. The seasonal variations of shoot height and aboveground biomass are summarized as follows: In spring when the
water temperature was optimal, the eelgrass plants grew rapidly.
In early summer, the number of eelgrass plants reached the
maximum level. When the water temperature exceeded the
optimal level (i.e. 15–20 uC) and when the plants were exposed to
sunlight during ebb tide, a massive number of epiphytic algae
appeared [36]. Under these conditions, the growth of eelgrass was
inhibited, and aging and disappearance of old shoots were
accelerated. Shoot height and biomass began to decline, and
minimum levels were found winter, when the water temperature
was low. However, vegetative reproduction was high in autumn
and aboveground biomass was maintained at a certain level.
Observations of the experimental plots revealed that reproductive shoots of the transplanted eelgrass began to grow in April, and
this marked the beginning of sexual reproduction. The reproductive shoots disappeared in August, which marked the end of sexual
reproduction. Thus, the vegetative reproduction period of the
transplanted eelgrass in Huiquan Bay was from April to August.
Reproductive shoots appeared in the natural eelgrass bed in
Qingdao Bay in mid–late March, 2009, and by late July they had
mostly disappeared. Therefore, the sexual reproduction period of
the natural eelgrass bed in Qingdao Bay was from March to July.
These data indicate that the sexual reproduction period of eelgrass
in Huiquan Bay in 2012 was delayed, and this delay likely was due
to cooler water temperatures. The water temperature of the
intertidal zone in Qingdao Bay was 18, 20.1, and 22.3 uC on April
4, May 23, and June 21, 2009, respectively. In contrast, on April
19, May 19, and June 19 of 2012, the water temperature was 9.4,
13.3, and 17.7 uC, respectively, in the intertidal zone of Huiquan
Bay.
The shoot density of the transplanted eelgrass significantly
increased at two time points during the observation period. The
first increase likely resulted from vegetative reproduction under the
optimal environmental conditions during spring. In mid-September, lateral shoots appeared in massive numbers, indicating that
vegetative reproduction was dominant. In late October, seedlings
that had developed from seed germination were found in the
transplanted bed, but the density was low and plants were difficult
to count. For most seagrass species, vegetative reproduction plays
an important role in maintaining the seagrass bed [37]. It has been
shown that the loss rate of seeds and seedlings produced by sexual
reproduction in natural seagrass beds can be as high as 90% [38–
39]. Hence, the expansion of the transplanted eelgrass in the

Figure 4. Variations in aboveground biomass of Zostera marina
(g DWm22) at the 2009 (a) and 2010 (b) transplant sites. #,
reproductive shoots; , vegetative shoots. Values are means 6 SD.
doi:10.1371/journal.pone.0092982.g004

N

in height and aboveground biomass of the transplanted eelgrass
were basically consistent with that of water temperature.
At the plots used to test the simplified transplant method in
which each stone-anchored PU was placed on the surface of the
tidal flat, one month survivorship averaged 85.767.4% and two
month survivorship was 83.369.8%. These values were significantly lower (p,0.01) than those at the 2009 and 2010 sites, in
which the regular stone anchoring method was used. However,
after this initial loss of plants in the simplified transplant method
plot, the transplants became established and shoot density
increased via lateral shoot production from the transplants. On
June 20, 2012, the shoot density reached 348651 shoots m22 and
shoot height averaged 71.2626.8 cm; both of these values were
similar to those at the 2009 and 2010 transplant sites (one-way
ANOVA; p.0.05).
Table 2 shows the shoot density, shoot height and aboveground
biomass of the natural eelgrass bed (donor site for 2010
transplantation) in the intertidal zone of Qingdao Bay. On 19
June 2012, the average shoot height of the vegetative and
reproductive shoots was 86.0616.9 and 103.8622.3 cm, respectively; and the aboveground biomass of the vegetative and
reproductive shoots was 235.2640.1 and 131.3627.5 g DW
m22. All data determined on 19 June 2012 (after adult-plant
collection) were statistically the same as those obtained on 21 June
2009 (before adult-plant collection; all p.0.05), indicating our
adult-plant-collection practice had little impact on the donor
meadow. Statistical analysis showed that there were no significant
PLOS ONE | www.plosone.org
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Table 2. Shoot density, shoot height, and aboveground biomass (AG-biomass) for a natural intertidal Zostera marina bed
(Qingdao Bay) monitored on June 21, 2009 (A) and June19, 2012 (B). Values are means (6SD).

Vegetative shoot

A

B

Reproductive shoot

Shoot density
(shoots m22)

Shoot height
(cm)

AG-biomass
(g DWm22)

Shoot density
(shoots m22)

Mean

311

86.0

235.2

106

103.8

131.3

SD

(88)

(16.9)

(40.1)

(21)

(22.3)

(27.5)

Mean

302

87.7

165.6

102

104.1

155.4

SD

(91)

(13.8)

(45.4)

(26)

(20.7)

(41.9)

Shoot height
(cm)

AG-biomass
(g DW m22)

doi:10.1371/journal.pone.0092982.t002

present study area was due mainly to vegetative reproduction.
Generally, vegetative reproduction occurs throughout the year.
However, due to environmental factors, a certain seasonal pattern
was identified in this study, with vegetative reproduction being
more prevalent in autumn.
Sediment particle size is an important factor that influences the
growth of seagrass rhizomes [40–41]. Rhizome internodes grow
rapidly in sediments with small particle size. Bos et al. [42] showed
that eelgrass plants could improve their growth environment by
promoting sediment deposition. The natural eelgrass plants in

Qingdao Bay are mainly distributed in middle and lower areas of
the intertidal zone. Thus, the transplantation experiment was
conducted in the intertidal zone of Huiquan Bay.
Various anchoring devices, including staples, nails, rods, shells,
wire mesh, and TERFS (transplanting eelgrass remotely with
frame systems), have been designed in attempts to develop effective
transplanting techniques [16,22,43–44]. In our stone anchoring
method, why the buried PU rhizomes were situated on the side of,
but not underneath, the anchoring stone is to minimize the
possibility of sulfide accumulation that is toxic and may result in
seagrass mortality [45–47]. The stone anchoring method used in
the eelgrass transplantation trials in the present study was
successful, and this technique offers great advantages for use in
restoration efforts. Firstly, the success rate of eelgrass transplantation was extremely high. The three month survivorship was
nearly 100%. After 2 to 3 years, the shoot height and biomass of
the transplanted plants was very similar to those of the nearby
natural population. Secondly, the stone anchoring method is
convenient and environmentally friendly. Given that the gravel is
collected from the marine environment and the cotton thread
is biodegradable, this method leaves nothing hazardous in the
transplanting area after restoration. Thirdly, this method is fast.
The estimated total time to plant one PU using this method,
including plant collection, sorting, stone binding, and transplanting, is about 60 seconds per PU; transplanting of each PU takes
about 5 seconds. In addition, our modified stone anchoring
method involved simply placing each stone-anchored PU on the
surface of the tidal flat is a more simple and feasible technique with
considerable success. This modified method, we believe, would be
convenient for transplantation at shallow subtidal sites, for
example, in the subtidal zone with water depth less than 0.5 m
at low tide. Also, the simplified method would be easy for SCUBA
diver to implement seagrass transplanting in the subtidal zone. It is
suggested that the method might be more effective for muddy
seabed.
Davis & Short [16] developed the horizontal rhizome method in
which two shoots in opposite directions are secured horizontally
into the sediment using a bamboo staple; and transplantation in
the intertidal and subtidal zones results in high survival rates of
75–99% after a year. The transplantation process takes only takes
5.8 seconds per PU. However, this method requires more time and
manpower, especially for shoot transplantation in the subtidal
zone. Orth et al. [17] used a method in which a single unanchored
shoot is inserted directly into the sediments at a depth of 2.5–
5.0 cm. Implementation of this method (shoot collection, sorting,
and transplanting) takes as little as 21 seconds per PU, but one
month survival of the planted eelgrass is only 73%. At the initial
transplant trial, we also considered of this shoot unanchored
method to transplant eelgrass in the intertidal zone of Huiquan

Figure 5. Particle size spectra of sediments in natural (a;
Huiquan Bay) and transplanted Zostera marina areas (b;
Qingdao Bay). Values are means 6 SD.
doi:10.1371/journal.pone.0092982.g005
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Bay, but we found strong winds and waves might uproot the
unanchored shoots and result in great loss of the transplanted
plants. Also, Orth et al. [17] pointed out that use of anchors may
be more appropriate with sites that receive frequently storms. In
summary, the stone anchoring method described herein is a
promising new technique for use in eelgrass restoration projects.
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Solórzano L, Sharp JH (1980) Determination of total dissolved phosphorus and
particulate phosphorus determination in natural waters. Limnol & Oceanogr 25:
754–758.
Zhou Y, Zhang FS, Yang HS, Zhang SM, Ma XN (2003) Comparison of
effectiveness of different ashing auxiliaries for determination of phosphorus in
natural waters, aquatic organisms and sediments by ignition method. Water Res
37: 3875–3882.
Lee KS, Park SR, Kim YK (2007) Effects of irradiance, temperature, and
nutrients on growth dynamics of seagrasses: A review. Journal of Experimental
Marine Biology and Ecology 350:144–175.
Hemminga MA, Duarte CM (2000) Seagrass ecology: Cambridge University
Press.
Fishman JR, Orth RJ (1996) Effects of predation on Zostera marina L. seed
abundance. Journal of Experimental Marine Biology and Ecology 198: 11–26.
Orth RJ, Harwell MC, Bailey EM, Bartholomew A, Jawad JT, et al. (2000) A
review of issues in seagrass seed dormancy and germination: implications for
conservation and restoration. Marine Ecology Progress Series 200: 277–288.
Short F, Davis RC, Kopp BS, Short CA, Burdick DM (2002) Site-selection
model for optimal transplantation of eelgrass Zostera marina in the northeastern
US. Marine Ecology Progress Series 227: 253–267.
Bradley MP, Stolt MH (2006) Landscape-level seagrass–sediment relations in a
coastal lagoon. Aquatic botany 84: 121–128.
Bos AR, Bouma T, de Kort GLJ, van Katwijk MM (2007) Ecosystem
engineering by annual intertidal seagrass beds: Sediment accretion and
modification. Estuarine, Coastal and Shelf Science 74: 344–348.
Phillips RC, McRoy CP (1990) Seagrass research methods. Unesco.
West RJ, Jacobs NE, Roberts DE (1990) Experimental transplanting of
seagrasses in Botany Bay, Australia. Marine Pollution Bulletin 21: 197–203.
Larkum AWD, Orth RJ, Duarte CM (2006) Seagrasses: Biology, Ecology, and
Conservation. Springer, Berlin.
Calleja ML, Marba N, Duarte CM (2007) The relationship between seagrass
(Posidonia oceanica) decline and sulfide porewater concentration in carbonate
sediments. Estuarine, Coastal and Shelf Science 73: 583–588.
Koch MS, Schopmeyer S, Kyhn-Hansen C, Madden CJ (2007) Synergistic
effects of high temperature and sulfide on tropical seagrass. Journal of
Experimental Marine Biology and Ecology 341: 91–101.

April 2014 | Volume 9 | Issue 4 | e92982

