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Progress Report on Estuarine Restoration at East Harbor (Truro, MA), Cape 
Cod National Seashore, May 2005 

 
John Portnoy, Stephen Smith & Evan Gwilliam 

Cape Cod National Seashore 
 
INTRODUCTION 
 
The 720-acre East Harbor, comprising Moon Pond, Pilgrim Lake and Salt Meadow, has 
been artificially isolated from the Cape Cod Bay marine environment since the 1868 
filling of the original 1000-ft wide inlet at the northwest end of the system (Figure 1).  
[See Appendix A for a complete chronology.]  A drainage system was installed at the 
south end of the embayment in 1894 to allow freshwater to escape.  The exclusion of 
tides caused salinity to decline from a likely native condition of 25-30 parts per thousand 
(ppt) to nearly freshwater conditions, at least by the time of the first documented fish 
survey in 1911.  By this time the native estuarine fauna were largely extirpated; the State 
Survey of Inland Waters (1911) recorded “German carp and very few eels and shiners”.   
The blockage of tides apparently caused water quality to decline rapidly along with 
salinity:  the 1911 state survey reported “turbidity of eight inches” (presumably the extent 
of visibility) with cloudiness caused by a “yellow substance” (likely cyanobacteria) that 
clogged their plankton net.  Generally low salinity (4-10 ppt), cyanobacterial blooms, 
nuisance chironomid midge hatches (Mozgala 1974) and chronic summertime dissolved 
oxygen stress continued until the 21st century (Emery & Redfield 1969, Cape Cod 
National Seashore 2002). 
 
An oxygen depletion and fish kill in September 2001, involving about 40,000 alewives 
(Alosa pseudoharengus), originally introduced in the late 1960s, and several hundred 
white perch (Morone Americana), prompted consultation between Truro, Cape Cod 
National Seashore and state officials on possible measures to improve water quality.  As 
an interim measure, the clapper valves in the 6-ft diameter drainage pipe connecting the 
south end of the system (Moon Pond) with Cape Cod Bay (Fig. 1) were opened in 
December 2001 to try to increase aeration by partially restoring some tidal exchange.  As 
an immediate consequence, increasing salinity in Pilgrim Lake killed several hundred 
carp, forcing several hundred individuals into Salt Meadow which remained freshwater; 
most of the latter fish were netted and removed by NPS staff in early 2002.  
 
The clapper valves were closed in February 2002 at the request of the Division of Marine 
Fisheries (DMF) to allow Pilgrim Lake salinity to decrease enough for river herring 
spawning, but reopened in November.  The DMF has since determined that the 
restoration of estuarine finfish is preferable to maintenance of an introduced herring run; 
therefore, the clapper valves have remained open to date. 
 
The following is a summary of monitoring results for tide heights, water quality, both 
submerged and emergent vegetation, nekton, and benthic invertebrates, including 
chironomid midges, from 2002 through 2004. 
 



Figure 1.  East Harbor, comprising “Pilgrim Lake”, the original back-barrier lagoon, 
Moon Pond and Salt Meadow, both back-barrier salt marshes.  Also shown are the 
position of the original inlet, filled in 1868, and the current four-foot diameter culvert 
connecting the system to Cape Cod Bay. 
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TIDE HEIGHTS 
 
In preparation for hydrodynamic modeling of restoration alternatives by Drs. Spaulding 
& Grilli of the University of Rhode Island, tide heights were recorded at 15-min intervals 
in 2004 using YSI data loggers in Pilgrim Lake and Moon Pond creek under current tide-
restricted conditions, and at MacMillan Wharf, Provincetown, representing Cape Cod 
Bay forcing.  Throughout this data-collection period, the clapper valves in the drainage 
pipe between East Harbor (at Moon Pond) and Cape Cod Bay were cabled open.  Typical 
results (Fig. 2) show that 2.5-3.5 m tidal range in unrestricted Provincetown Harbor is 
reduced to less than 0.5 m in Moon Pond.  Spillover of tides through the High Head creek 
and weir is insufficient to create tides in East Harbor proper. 
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Figure 2. Tides in Provincetown Harbor and Moon Pond, 1-17 March 2004. 
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WATER QUALITY 
 
Salinity was monitored most closely from October 2001 to April 2004 (Fig. 3).  By mid-
2003, it was evident that the main body of East Harbor had reached a steady state, in 
terms of salt balance, 20 ppt in winter and 25 ppt in summer.  The exceptions were: 
Moon Meadow, receiving bay water directly from the Route 6 culvert, has had salinity 
about 30 ppt; the northwest cove of East Harbor, which receives high freshwater 
discharge from the Pilgrim groundwater lens (John Masterson, USGS, pers. comm.), 
ranges in salinity from 15 to 20 ppt; and Salt Meadow has remained totally freshwater. 
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Figure 3. Salinity at various stations within East Harbor, October 2001 – April 2004. 
 
Chronic summer oxygen depletions and attendant fish kills in East Harbor have been 
documented historically (Mozgala 1974) and observed in recent summers (Fig. 4).  
Although fish kills have not been observed since opening the clapper valves in the 
culvert, the system is still oxygen-stressed at night and during periods of cloudy weather 
(Fig. 5).  This is not surprising given that the infusion of aerated seawater on flood tides 
is a very small fraction of the lagoon’s total volume and, therefore, has no noticeable 
effect on the system’s oxygen budget.  In contrast, the open culvert has dramatically 
increased salinity because salt behaves conservatively, i.e. most of it persists unchanged 
and is simply mixed throughout the 350-acre lagoon by efficient, wind-driven circulation.  
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 Figure 4.  High phytoplankton densities (algae blooms) lead to radical diel 

fluctuations in dissolved oxygen in East Harbor, with intense photosynthesis 
during the day generating supersaturated oxygen concentrations, and high 
respiration during summer nights causing oxygen stress and occasional fish  kills. 

 
 
 

 5 

Figure 5. Both dissolved oxygen and temperature in East Harbor increase with high 
insolation during the day.  Oxygen depletions appear to follow several days of rapid 
temperature increase, probably because of a corresponding increase in total-system 
respiration and oxygen demand. 
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Fine-interval observations of East Harbor temperature and dissolved oxygen, using an 
automatic data logger (Fig. 5), show that in summer both temperature and dissolved 
oxygen undergo radical day-night fluctuations.  Solar radiation during the day heats the 
shallow waters and fuels intensive photosynthetic oxygen production by abundant 
phytoplankton; at night the water cools and high respiration in the organically rich water 
column causes dissolved oxygen to decline precipitously.   
 
The data also suggest that most extreme nighttime oxygen depletions occur during and 
immediately after several days of increasing water temperature.  During these events, 
insolation (not measured) must be relatively high to explain increased temperature; 
however, any consequent increase in photosynthetic oxygen production is apparently 
outstripped by the temperature-induced increase in total-system respiration.  
 



MICROBIOLOGY 
 
Public health microbiology has been an issue at East Harbor because the culvert that 
drains freshwater from the system discharges into Cape Cod Bay near Beach Point 
bathing beaches (Fig 1).  When the culvert was reopened in June 2002 (see chronology, 
Appendix A), after several months of closure and upstream stagnation, high 
concentrations of Enterococcus bacteria, the current standard indicator organism for 
marine bathing water quality, were observed in turbid discharge water during ebb tides.   
Immediately thereafter, the Seashore began to monitor Enterococcus at the discharge pipe 
and at adjacent Noon’s Landing bathing beach, a program that has continued on a weekly 
basis throughout the swimming season (1 Jun – 30 Aug) to the present.  Duplicate 
samples are collected during low ebb tide, to represent a worst-case condition for 
encountering bacteria in pipe discharge, immediately returned to the Seashore laboratory 
and analyzed using standard methods (mEI agar, EPA Method 1600, Membrane Filter 
Test Method for Enterococci in Water, EPA-821-R-97-004a).  Results are expressed as 
colonies (colony-forming units) per 100 ml of sample, and all data are included in 
Appendix B.   
 
Despite the high bacteria counts immediately after reopening the culvert in 2002, with the 
culvert open continuously since November 2002, bacteria concentrations in pipe 
discharge have been very low throughout the 2003 and 2004 summers (Fig. 6).  
Apparently, with the clappers closed, fine sediments and associated bacteria accumulate 
just upstream of the culvert in Moon Pond Creek.  When the clappers were reopened in 
June 2002, flow velocities suddenly increased, resuspending sediment and bacteria which 
was then carried down the culvert during the ebb tide.  Once these fine sediments were 
flushed from the system, bacteria counts at the culvert outlet decreased greatly. 
 
Figure 6.  Enterococcus bacteria in East Harbor culvert discharge and at adjacent Noons 
Landing bathing beach, 2002-2004.  Data are means of weekly samples collected at low-
ebb tide June through August. 
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BENTHIC INVERTEBRATES 
 
Chironomid midges 
The non-biting chironomid midges have been a sporadic problem at Pilgrim Lake and 
Beach Point for many years where the restriction of tidal flow has created an environment 
of low salinity and high organic loading conducive to midge production during spring 
and summer.  Adults and larvae have been identified in the past as Chironomus decorus 
(Mozgala 1974), a freshwater to brackish water species.  In laboratory cultures Colburn 
(2003) observed a consistently high adult emergence at low salinities (< 7 ppt), a rapid 
drop in emergence with no successful metamorphosis as experimental salinities reached 
10.5 ppt, and recovery with limited emergence at 14 and even 17.5 ppt. 
 
Several major midge hatches occurred in the late summer of 2002, after state Division of 
Marine Fisheries concern for anadromous fish spawning, and Truro Board of Health 
concern for bacteria contamination of nearby beaches led to the blockage of tidal 
exchange and decrease in salinity beginning in February.  By May 2002 salinity was only 
5-10 ppt and high densities of midge larvae were widespread throughout the sediment of 
the main body of the lake.  Massive hatches of adults were a nuisance to Beach Point 
residents in August and September. 
 
As mentioned, with the clapper valves cabled open continuously beginning in November 
2003, salinity of Pilgrim Lake increased to an apparent steady state of 25 ppt in summer 
and 20 ppt in winter by mid-2003, ending most midge breeding (Fig. 7).  One exception 
was the northwest cove where high freshwater discharge and consequent low salinity in 
spring 2004 allowed some midges to reach maturity and hatch during that May.  At the 
time sediment salinities were only 0-10 ppt, due to submarine groundwater discharge.  
Indeed, recent groundwater modeling by the US Geological Survey showed that 56% of 
the direct discharge of groundwater to Pilgrim Lake occurs in this northwest corner (J. 
Masterson, personal communication, Appendix C). 
 
Figure 7. Decline in midge larvae densities in the sediment of Pilgrim Lake, 2002-2003. 
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[Note:  Midge larvae were recently (3 May 2005) resurveyed throughout the lagoon 
(main body of “Pilgrim Lake”) and northwest cove of East Harbor.  Densities were very 
low in sediments of the lagoon (generally 0-1 larva per 225 cm2) and even in the 
northwest cove (0-14 larva per 225 cm2) , where we have typically encountered highest 
densities in the past.  Moderate larvae densities were found only in the channel 
connecting the northwest cove with the lagoon.] 
 
Other benthic animals 
During the summers of 2003 and 2004, surveys of benthic fauna were undertaken by 
University of Rhode Island interns under the direction of CCNS staff and Sheldon Pratt, a 
marine benthic ecologist at the URI Graduate School of Oceanography (Carlson 2003, 
Lassiter 2004).  Cores were collected using a 32 cm2 PVC tube at random locations 
within three strata: the northwest cove and main body of Pilgrim Lake and in Moon Pond 
creek.  Sediment was sieved through 0.5-mm mesh and animals retained on the sieve 
were identified and counted.   
 
Increased tidal exchange and salinity since 2002 have led to a significant increase in 
marine invertebrate diversity (species richness, Fig. 8) and abundance (Fig. 9), primarily 
polychaetes, crustacean amphipods and bivalve mollusks.  These animals feed on organic 
matter and associated microbes and thereby transfer the products of primary production, 
fixed by algae and plants, to their predators, including decapod crustaceans, finfish and 
water birds.  Benthic invertebrates are therefore fundamental to shallow estuarine food 
webs.   

Changes in benthic animals were far more substantial in 2004 than in 2003, due in part to 
further increases in salinity and an expected time lag between restored salinity and 
invertebrate immigration.  Species richness increased from 2003 to 2004 with the most 
significant increases in the main body of Pilgrim Lake and in Moon Pond Creek, which 
have a more direct connection with the marine source of seawater and biota than the 
northwest cove.  Most marine worms and mollusks probably enter the system as larvae, 
and have to settle and grow before they are detectable by our sampling methods. 

Although the sampling gear and plot size (only 32 cm2) were not intended to adequately 
sample sediment for moderate to large mollusks, we nevertheless began to encounter 
soft-shell clams (Mya arenaria) in Moon Pond Creek and the eastern half of Pilgrim Lake 
in summer 2004.  Additional searches by CCNS staff and by WilliamWalton of the Cape 
Cod Cooperative Extension Service turned up a large set of soft-shell clams in the creek 
and its flood-tide delta in Pilgrim Lake, and young hard clams (Mercenaria mercenaria), 
blue mussels (Mytilus edulis) and bay scallops (Aequipecten irradians) in the creek.  
Bivalve mollusks will be sampled rigorously in 2005.  The soft-shell clams exhibited 
signs of rapid growth (William Walton, Cooperative Extension Service, personal 
communication). 

 
 
 
 
 



 Figure 8.  Benthic invertebrate diversity in three areas of East Harbor, 2003 and 2004. 
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EMERGENT WETLAND VEGETATION 

One of the most obvious consequences of long-term tide restriction is the existing 
vegetation.  The native species typically found in unimpacted salt marshes are altogether 
absent as they have been totally replaced by a freshwater community, comprised mostly 
of narrow-leaved cattail (Typha angustifolia) and an exotic strain of the common reed 
(Phragmites australis).    

In May 2002, before any vegetation sampling was conducted, 37 permanent sampling 
plots (1m2) divided among 4 transects were established in two large areas of peripheral 
marsh (Figure 10).  At the east end of the system, two transects were laid out in a 
Phragmites-dominated marsh known as Moon Pond.  At the west end, another two 
transects were placed across a wide peninsula dominated by Typha. 

The cover of all species within each plot was assessed by visual estimation using cover 
class ranks of the Braun-Blanquet scale (Braun-Blanquet 1932).  The point-intercept 
method normally used for salt marsh monitoring (Roman et al. 2001) was not used 
because of difficulties in setting up the plot in extremely dense Phragmites and/or poison 
ivy (Toxicodendron radicans).  Phragmites stem heights and densities were recorded at 
the end of the 2003 and 2004 growing seasons (September).  Because this was not done 
in 2002, however, the heights of standing dead plants (i.e., over-wintering) that still 
retained an inflorescence in early 2003 were measured.  These represent the previous 
year’s (i.e., 2002) population as older stems rarely bear an inflorescence through two 
winters.  For this report, vegetation data from 2002 (onset of restoration) and 2004 (2 yrs. 
into restoration) are compared.   
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Figure 10.  Overview of East Harbor with plot locations along transects 1 through 4 (the 
Phragmites-dominated Moon Pond area is circled; the star indicates the point of seawater 
entry through an underground culvert open to Cape Cod Bay). 
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Non-parametric Mann-Whitney U-tests were used to evaluate shifts in cover class 
rankings of individual species (XLStat ver. 7.5).  Principle components Analysis (PCA) 
of log-transformed percentage values representing the mid-point of cover classes served 
to illustrate temporal shifts in community composition, while Analysis of Similarities 
(ANOSIM) tested the statistical significance of community-level responses (Primer ver. 
5).   

Results 
 
ANOSIM of vegetation communities indicates that significant shifts in taxonomic 
composition have occurred during the past two years of restoration (p=0.006) (Figure 
11a).  The vast majority of this change has occurred along transects 3 and 4 in the Moon 
Pond wetland, which are much closer to the point of seawater entry, and is largely the 
result of declining species diversity.  Figure 11b illustrates how the average number of 
species per plot has significantly decreased since tidal exchange was facilitated.  
However, it is mostly secondary species that have disappeared while the two dominate 
taxa – Typha angustifolia and Phragmites australis – have actually shown significant 
increases in cover (Table 1).   Chenopodium album (lambs quarters) has also become 
more abundant. 
Although salt tolerant, this forb is rare in unrestricted salt marshes within the Seashore. 
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Figure 11.  a) PCA of species composition showing movement of individual plots in ordination 
space over time (Typha indicates transects 1&2 in wetland bordering Pilgrim Lake, while 
Phragmites indicates transects 3&4 within Moon Meadow; larger symbols represent centroids of 
clusters) and b) mean number of vascular plant species by transect in 2002 vs. 2004. 
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Table 1.  List of species showing significant change in cover class values from 2002 to 2004 
(asterisk indicate taxa with positive changes). 
 
Species 2002 2004 Change
Calystegia sepium 0.27 0.06 -0.21
C
Eup
Im
Phra
Ro
Thel
Tox
Typh

henopodium album 0.00 0.11 0.11
atorium dubium 0.11 0.00 -0.11

patiens capensis 0.38 0.08 -0.30
gmites australis * 3.00 4.00 1.00

sa virginiana 0.14 0.00 -0.14
ypteris palustris 1.59 1.33 -0.26

icodendron radicans 1.62 0.89 -0.73
a angustifolia * 2.39 3.35 0.96  

 
 
In the case of Phragmites, cover changes were spatially heterogeneous in that increases 
only occurred along segments of the transect most distant from the point of seawater 
entry (EH3) (Table 2).  These locations have salinities that are high enough to suppress 
the growth of competing species (> 5 ppt), but low enough to produce little physiological 
stress on Phragmites, which can grow in salinities up to 22 ppt or more (Lissner and 
Schierup 1997).  Conversely, most decreases in cover occurred along transect EH4, 
where conditions of higher salinities and sulfide concentrations prevail (Table 2). 
 
Table 2.  Comparison of Phragmites cover class values in August 2003 and 2004 by plot and 
distance away from culvert (numeric values in plot ID indicate distance away from tidal creek). 
 

Plot Distance from 
culvert (m)

cover class 
Aug 2003

cover class 
Aug 2004

Change Aug03 
Salinity (ppt)

Aug04 pH Aug04 sulfide 
(uM)

Elevation 
(NGVD)

EH3-060 169 5 5 0 24 6.47 200 0.68
EH3-080 179 3 4 1 0.51
EH3-100 174 5 4 -1 25 6.51 1088 0.58
EH3-120 186 5 5 0 0.58
EH3-140 189 5 5 0 24 6.65 205 0.61
EH3-160 207 5 5 0 0.68
EH3-180 221 4 5 1 23 6.41 1078 0.63
EH3-200 234 5 5 0 0.58
EH3-220 248 5 5 0 21 6.54 493 0.73
EH3-240 263 2 4 2 0.62

EH4-000 113 5 5 0 25 6.29 190 0.69
EH4-020 112 5 5 0 0.74
EH4-040 109 1 1 0 33 6.86 2645 0.55
EH4-060 111 3 2 -1 0.60
EH4-080 114 1 0 -1 32 6.73 3772 0.50
EH4-100 123 5 4 -1 0.62
EH4-120 130 4 4 0 30 6.28 927 0.59
EH4-140 147 5 3 -2 0.56
EH4-160 160 5 5 0 29 6.39 1254 0.65
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Despite some positive changes in Phragmites growth in the horizontal plane, reductions 
in stem heights suggest a decrease in vertical growth in most plots (Figure 12).  Because 
stem height contributes much more to plant dry weight per unit area than does stem 
density (Thursby et al. 2002, Fig. 13), this should translate to significant reductions in 
Phragmites biomass.   
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Figure 12.  Comparison of Phragmites mean stem heights in 2002 vs. 2004 within transect 3 and 
4 plots (numbers after the dash in plot names indicate distance from the main tidal creek; 2002 
values are based on June 2003 measurements of dead standing stems bearing an inflorescence; 
asterisks indicate where data are not available). 
 
While values for average stem heights could be obtained by measuring the remaining 
over-wintering stems bearing an inflorescence in 2003 (i.e., previous year’s growth), 
reliable values for stem densities could not.   This is due to the fact that an unknown 
number of stems break during winter storms.  Thus, any counts of stems with intact 
flower heads would be an underestimate of the true population size.  Compared to 2003, 
when live stems were counted at the end of the growing season, stem densities in 2004 
showed variable change, with increases along most of transect 3 and decreases over most 
of transect 4. 
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Figure 13.  Mean stem densities of Phragmites in transects 3 and 4 (Z indicates where Phragmites 
stem density was 0 for both years; asterisk indicate where data are not available). 
 
 
In a qualitative sense, oblique angle aerial photography acquired in August 2004 provides 
a good snapshot of vegetation changes that have occurred in and around Moon Pond (Fig. 
14).  Zones of dead Typha and various freshwater shrubs appear as dark gray-black areas, 
while stunted Phragmites shows up as light brown.  Most of the green areas are 
vigorously-growing Phragmites populations. 
 

 
 
 
Figure 14.  Photograph of Moon Pond area of East Harbor (August 2004) showing plant mortality 
and Phragmites growth suppression. 
 
 
 
Vegetation in the emergent marshes of East Harbor has undergone substantial change 
since the culvert connecting Moon Pond with Cape Cod Bay was opened to tidal flow in 
2002.  The largest responses have occurred in the Moon Pond area, which receives high-
salinity Cape Cod bay water directly from the Route 6 culvert and where virtually all salt-
intolerant taxa have disappeared.  In some locations Phragmites is showing signs of 
stress, as evidenced by a reduction in height and stem densities (or complete 
disappearance as was the case for one plot).  In other locations, however, Phragmites 
continues to thrive and may actually be benefiting from a reduction in interspecific 
competition (Lenssen et al. 2003).  This is similar to what has been observed in another 
tidal restoration project within the Seashore (Hatches Harbor) where Phragmites is 
encroaching upon freshwater wetland communities bordering the upland transition zone 
(Smith et al. 2003).   
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Although the reintroduction of seawater has resulted in an increase from < 5 to 25 ppt 
within the open water of East Harbor (Figure 3), the current tidal amplitude is apparently 
insufficient to influence the emergent vegetation of the bordering marshes.  With the 
exception of Moon Pond, where plant responses since 2002 are much more pronounced, 
the decline of freshwater wetland taxa is limited to a ~1-2 m zone adjacent to the main 
water body (Figure 15).  Because water level fluctuation due to tides is negligible over 
most of the system (under 0.5 m in the main tidal creek at Moon Pond and undetectable 
in the rest of East Harbor, Fig. 2), wave splash-over of saline water is presumably the 
cause of mortality in this zone.  On a broader scale, the lack of penetration of saline water 
into the far reaches of these marshes has allowed most of the existing vegetation to 
survive.  In fact, root zone salinities measured along transects 1 and 2 are ≤ 5 ppt only 
meters away from the marsh edge and sulfide, an indicator of microbial respiration under 
saline conditions, was in most plots undetectable (Fig. 16).  Thus, it appears that a 
considerable volume of fresh groundwater is able to infiltrate the peripheral marshes from 
the surrounding groundwater system, thereby allowing freshwater species to persist.  This 
is supported by US Geological Survey estimates (Appendix C) that about half the 
freshwater entering Pilgrim lake first discharges through bordering emergent wetlands. 
Thus, unless the tidal amplitude of the main water body is increased, the restoration of 
emergent salt marsh vegetation beyond the Moon Pond area is unlikely. 
 
In contrast, Transects 3 and 4 in the Moon Pond wetland have shown much-increased 
salinity and sulfides since 2002 (Fig. 16 and 17).  This is expected because the wetland is 
just upstream of the Route 6 culvert and high-salinity water does flood the Phragmites-
dominated lowest elevations at high tide.  Along with the salinity increase, increased 
flooding of this highly organic soil with sulfate-rich seawater leads to anaerobic carbon 
catabolism (dissimilatory sulfate reduction) and high dissolved sulfides.  Phragmites is 
stressed by both high salinity and sulfides in the root zone. 
 



Figure 15.  Salt-killed zone of vegetation along the north shoreline of East Harbor (2004).   
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Figure 17.  Change in root zone salinity and sulfide concentrations from August 2002 
to August 2004.  Pore water samples were collected at a depth of 10 cm).  
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SUBMERGED AQUATIC VEGETATION 
 
Besides the large increase in surface-water salinity, the most profound change in East 
Harbor since culvert opening is the appearance of extensive beds of submerged aquatic 
vegetation (SAV) comprising mostly widgeongrass (Ruppia maritima), and some 
eelgrass (Zostera marina).  These vascular plants are of great ecological value in shallow 
coastal embayments, providing cover and food, and thus nursery area for a diverse and 
abundant invertebrate and finfish fauna (Heck et al. 1989, Nixon & Oviatt 1973).  As 
early as 2003, Dave Carlson, an intern with us from the University of Rhode Island, 
showed significantly higher benthic invertebrate diversity and densitiy in East Harbor 
Ruppia beds than in adjacent unvegetated sediment (Carlson 2003).   
 
Ruppia has a broad salinity tolerance, from 0 ppt (fresh water) to over 60 ppt(!) (USGS 
2004); therefore, its dramatic appearance cannot be attributed to the salinity increase 
alone.  We suspect that the long-lived Ruppia beds were present prior to the salinity 
increase, but severely suppressed by carp grazing.  When these exotic fish were 
eliminated in 2001 and 2002, Ruppia beds throughout the shallow (< 70 cm depth) 
portions of the lagoon quickly recovered, along with associated shrimp and finfish (see 
Nekton). 
 
Our objective in 2004 was to collect baseline data on SAV distribution and abundance 
within East Harbor so that temporal changes could be monitored and population 
dynamics better understood. 
 
General Mapping and Inventory - To map seagrass beds, all shallow water areas (< 1m 
depth) were explored by canoe and kayak using low level (oblique angle) aerial 
photography as a reference.  At each bed encountered, a GPS point was acquired and the 
following data recorded: 
 

 Maximum length of bed (m)  
 Maximum width of bed (m)  
 Water depth at center of bed (m)  
 Shoot density (high, medium, low) 
 Species (Ruppia maritima, Zostera marina) 
 Canopy at Surface? (Y/N) 

 
An approximate area cover for each bed was estimated using the formula to calculate the 
area of an ellipse, which is: Pi*a*b, where a is ½ the length of the longest diameter axis 
(measured at its greatest width) and b is ½ the length of the shortest diameter axis 
(measured at its greatest height).  Turbidity of the water column was also measured by 
Secchi disc at three separate locations (Figure 18). 
 
Transects – Two parallel 50 m transects were established parallel to the shoreline at 5 
different sites.  The sites were chosen by randomly selecting 5 mapped Ruppia beds as 
start point locations.  At each site, a nearshore (shallow) transect was established 
approximately 3-4 m away from the shoreline and run in a straight line roughly parallel to 



the shore.  The exact placement of this transect was somewhat subjective in that it had to 
be oriented to avoid crossing land.  A second (deep) transect was placed 5m offshore 
from the first in deeper water (Figure 19).  PVC markers delineating the end points of 
each transect were pounded into the bottom sediment and GPSed for future reference.  
This site layout follows the design of Short et al. (2002). 
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Figure 18.  Transect endpoints for seagrass transects and Secchi disc sampling sites (“S”). 
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Figure 19.  Schematic of transect layout for an individual site. 
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Seagrasses along these transects were characterized by point-intercept along the transect 
lines.  At each 1m interval, from 0 to 50 m, the observer would peer through a view-
scope to determine whether any live material came in contact with a vertical rod placed at 
each meter mark.  The sum of all “hits” along the 50 m line was then used to calculate a 
percent cover value.  In addition, the height of the tallest shoot on any plant touching the 
rod was measured with a meter stick. 
 
General Mapping and Inventory – A total of 203 discrete seagrass beds, almost all of 
which were Ruppia, were mapped.  The beds were restricted to the perimeter of the 
system and were completely absent from the southern boundary adjacent to Route 6, 
where the shoreline is comprised of deteriorating asphalt and cobble originally placed 
there (1952) to prevent bank erosion.  One cluster was found approximately 250 m from 
shore where a small shoal exists.   
 
Unfortunately, it was not possible to accurately map the northwest cove as Ruppia 
formed more or less a continuous bed across this area.  Exclusive of this cove, Ruppia 
beds ranged in size from 0.1 to 250m2 (Figure 20).  The minimum and maximum water 
depths recorded within the beds were 0.12 and 0.65m, respectively.  Zostera was 
generally present in small numbers interspersed with widgeongrass along the shoreline of 
northeastern corner of the system (Figure 21).  At 3 out of 14 sites where Zostera was 
found, there were small (> 15m2), low density monospecific beds.  Secchi depth readings 
from 3 open water sites in open water averaged 0.68m. 
 

 

~ continuous Ruppia

 
Figure 20.  Ruppia beds in East Harbor (2004) (circle size is proportional to area cover as 
indicated in figure legend). 
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Figure 21.  Zostera sites in East Harbor (2004). 
 
Transects – Along the transects, Ruppia comprised the vast majority of seagrass cover, 
ranging between 6 and 34% among shallow transects and 2 and 20% among the deep 
transects (Table 3).  Zostera was present on only one transect with a total cover of 2%.  
Plants were significantly taller in shallow compared to deep transects, averaging 35 and 
23 cm, respectively.  In terms of water level, shallow transects averaged 40 cm while 
deep transects averaged 52 cm.   
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Table 3.  Percent cover of seagrass, mean water depth, and mean shoot height by species and 
transect (2004)  
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Transect R. maritima Z. marina H2O (cm) Shoot ht (cm)
 

shallow 1 10% 2% 36 46
2 22% 0% 41 56
3 34% 0% 33 28
4 6% 0% 44 22
5 26% 0% 48 23

deep 1 4% 0% 45 37
2 2% 0% 50 26
3 20% 0% 55 18
4 8% 0% 53 17
5 6% 0% 59 18

mean shallow 20% 0.4% 40 35
mean deep 8% 0.0% 52 23  

 
 
 
Discussion.  Overall, the mapping effort provided some useful information on the 
distribution and abundance of seagrass populations within East Harbor.  However, 
estimations of size were quite difficult for beds that were irregularly shaped.  
Furthermore, mapping may become more difficult over time as beds coalesce and there 
are fewer discrete patches.  If this happens, it may be problematic to repeat this 
procedure.  As an alternative, low-level, oblique-angle aerial photography, while not able 
to provide a quantitative measure of change, can be used to document gross, qualitative 
changes in seagrass cover across the entire system.  Notwithstanding, the permanent 
transects will serve as a useful tool for quantitatively monitoring temporal variability.  
Because seagrass coverage along the line transects is currently very low, the transects 
should adequately capture any significant expansion, especially along deep transects 
where cover is currently near zero.   
 
The elimination of Asian carp may have been the critical event that has allowed Ruppia 
to flourish in East Harbor.  To some extent, Zostera may also be responding to increased 
salinity as this species prefers a range of 10 to 39 ppt (Davison and Hughes 1998).  In the 
absence of grazing pressure, light limitation appears to be the primary factor regulating 
seagrass abundance at this time.  Throughout the system, seagrasses were confined to 
very shallow waters < 70cm in depth (the limit of light penetration according to Secchi 
readings).  In addition, mean shoot heights were significantly higher in the shallow 
compared to deep transects (Table 3).   
 
Over time, the water clarity of East Harbor may improve.  Considerable amounts of 
organic matter and fine sediments that accumulated during impoundment are now being 
exported during ebb tides.  Perhaps more importantly, seagrasses themselves may 
increase water clarity by assimilating nutrients from both the sediment and directly from 
the water column, thereby reducing the nutrient supply for suspended phytoplankton.  At 
the same time, root growth will stabilize the sediment, allowing less particulate matter to 
be re-suspended.  This process is already evident in the northwest cove where seagrass 
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biomass is maximal.  Although water depths here exceed 150 cm in places, the bottom is 
clearly visible.  The absence of carp has also improved sediment stability, as this fish is 
notorious for increasing turbidity as a benthic forager. 
 
In theory, uptake of nutrients and sediment stabilization should result in a positive 
feedback loop whereby any reduction in light attenuation through seagrass growth will 
enhance conditions for further growth.  It should be noted that with increased 
productivity, there is the potential for reductions in nighttime dissolved oxygen 
concentrations in the water column.  However, it is unknown how much biomass might 
produce such a change in water quality.  In addition, a significant increase in tidal flow in 
the future (e.g., installation of multiple culverts) would mitigate this effect since every 
flood tide would bring in large volumes of oxygen-rich water. 
 
 
 
 



NEKTON (FISH AND DECAPOD CRUSTACEANS) 
 
The finfish of East Harbor lagoon, also known as Pilgrim Lake, comprised white perch, 
American eels, an introduced run of alewives, some killifish (Fundulus heteroclitus) and 
exotic carp (Mather et al. 2001) prior to the recent partial restoration of tidal exchange 
and salinity.  The opening of the clapper valves, and increased salinity, since 2002 has 
eliminated the exotic carp and reestablished a very abundant, native and diverse estuarine 
finfish and crustacean fauna (Table 4). 
 
Nekton have been re-sampled in the summers of 2003 and 2004 using a variety of gear 
including beach seines, an otter trawl, minnow traps and throw traps.  These data are still 
being analyzed; initial results indicate an increase in both density and species richness of 
nekton (Fig. 22).  Sampling is being conducted again this summer (2005).  In the interim, 
the following simple list is intended to show qualitatively the extent of finfish recovery.  
Anecdotally, we have observed thousands of sand lance (sand eels) moving in and out of 
the lagoon on a daily basis in the springs of 2004 and 2005.  Winter flounder are now 
apparently spawning in the lagoon in late winter, evidenced by hundreds of juvenile 
flounder at the High Head weir this spring.  Atlantic silverside densities in summer are 
extremely high, i.e. in some portions of the lagoon hundreds per square meter.  Grass 
shrimp (Palaemonetes sp.) are also very dense and concentrate in the newly restored 
widgeon grass beds.  The abundance and diversity of restored estuarine fauna is 
surprising, especially given that all of these animals must have entered the system via the 
700-ft long, 4-ft diameter culvert connecting the lagoon to Cape Cod Bay. 

EAST HARBOR LAGOON 2003 to 2004 
Nekton density and nekton species richness 
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Figure 22. Nekton density (animals/m2) and species richness (mean number of 
species/m2) in the near shore (<1-m deep) lagoon section of East Harbor.  Numbers 
above the bars indicate value of parameter, error bars indicate standard deviation. 
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Table 4.  Fish and crustaceans observed at East Harbor before and after culvert opening. 
 

Species Before After 

Mummichog  X   

Atlantic silverside  X 

White perch X X 

Winter flounder  X 

Hogchoker  X  

Pipe fish  X 

American eel X X 

Sand lance  X 

Grass shrimp  X 

Shore shrimp  X 

Green crab  X 

Spider crab 

Nine-spine stickleback  X 

Four-spine stickleback  X 

River herring X X 

Grubby  X 

Black-spotted stickleback  X 

Common carp X 
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PLANS FOR 2005 FIELD SEASON 
 

 Monitoring of tide heights, salinity, dissolved oxygen nekton (finfish, shrimp and 
crabs) and both wetland and submerged vegetation will continue as in 2004.   

 If instruments are available, continuous monitoring, using automated equipment, 
will be undertaken for the Harbor’s northwest cove, which is apparently least well 
flushed, lowest salinity and subject to continued oxygen stress. 

 Microbiological monitoring, specifically weekly counts of Enterococcus at the 
Noons Landing outfall pipe, will continue. 

 Sampling of benthic invertebrates will focus on bivalve mollusks, using large (1 
square meter) quadrats; however, Sheldon Pratt at University of Rhode Island will 
continue low-intensity sampling of the smaller benthic animals, e.g. polychaetes 
and amphipods, this summer. 

 Hydrodynamic modeling of existing conditions and various tide-restoration 
alternatives will be completed by Drs. Spaulding and Grilli at URI with a final 
report expected in August. 

 The US Army Corp of Engineers is planning to begin a comprehensive feasibility 
study for estuarine restoration at East Harbor, provided that funding becomes 
available to match existing state funds. 

 The Seashore has recently been awarded a grant to survey East Harbor for the 
state-listed water-willow stem borer (Papaipema sulfurata).  This work, to be 
conducted by the Lloyd Center for Environmental Studies this September, is 
prompted by Massachusetts Natural Heritage concerns for potential loss of water-
willow with tidal restoration. 
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Appendix A.  Chronology of Events at East Harbor 
USGS.  2004.  Widgeongrass (Ruppia maritima L.): a literature review.  United States 

Geological Survey, Northern Prairie Wildlife Research Center, Jamestown, North 
Dakota. 

 

1845 Bridge built across East Harbor inlet to connect Truro and Provincetown.  

1868 East Harbor inlet filled, purportedly to block sand from filling Provincetown 
Harbor. 

1873 Railway built across dike to service Provincetown. 

1894 Drainage system constructed at southeast end of Lake (Moon Pond) connecting 
Lake to Cape Cod Bay with flume at High Head Road. 

1911 Carp found in lake, origin unknown , perhaps introduced as bait (Mass. Survey 
of Inland Waters). 

1920s Route 6A built on western side of railroad. 

1935 WPA reconstructs existing (1894) pipe between Lake and Bay. 

1952-3 Highway 6 built on fill along southern side of lake. 

1956-8 Mass. Division of Waterways builds culvert and tide gate system to lower lake 
level for mosquito control with weir in place of 1894 flume at High Head 
Road. 

9/1968 Fish kill (carp & white perch) following removal of weir boards, lowered lake 
level and likely oxygen depletion in remaining water.  Salinity 10-18 0/00. 

 Chironomid midge problem. 

5/1969 9000 alewives (spawners) stocked in lake to consume midge larvae by Mass. 
Division of Fish and Game and Division of Marine Fisheries 

6/1969 NPS applies Abate as midge larvicide by helicopter. 

8/1969 NPS applies Abate as midge larvicide by helicopter. 

5/1970  6000 more alewives stocked by DMF. 

 NPS applies Abate as midge larvicide by helicopter. 

1976 Mass. DPW repairs tide gates and pipe to bay. 

5/1982 Adult alewives observed swimming over weir into lake. 

9/2001 Fish kill includes > 30,000 juvenile alewives and hundreds of white perch, 
likely due to oxygen depletion. 

12/6/01 NPS and Town of Truro experimentally open culvert valves. 

1/25/02 NPS & Truro Health Board plan for bacteria monitoring at culvert & Beach 
Point. 
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2/27/02 Valves closed to allow salinity to decline for anadromous fish spawning per 
agreement with DMF. 

5/02 NPS sets up vegetation and water quality monitoring plots in Moon Pond and 
East Harbor wetlands 

6/24/02 Valves opened by Truro DPW and NPS. 

7/4/02 Valves closed by Truro DPW and NPS due to Board of Health concerns for 
high Enterococcus at Beach Point.  Pilgrim Lake salinity declines to 10 ppt. 

7/11/02 Boards put in weir by Truro to dampen discharge and see if it helps with  

  bacteria problem. 

8/2002 Large midge (chironomid) hatch from Pilgrim Lake. 

11/4/02 Valves opened and weir boards removed by Truro DPW and NPS per 
Conservation Commission and Selectmen decision. 

6/2003   Salinity reaches 20-25 throughout Harbor; 

 Widgeongrass proliferates in Pilgrim Lake. 

9/2003 Ten species of estuarine fish and crustaceans reestablish in East Harbor; 

5/2004 Sand eels using East Harbor. 

6/2004 Hard clams and steamers observed in sediments of former “Pilgrim Lake”; 

 Blue mussel bed develops in Moon Pond creek. 

7/2004 Eelgrass discovered in Pilgrim Lake. 
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Appendix B. Results of Enterococcus monitoring at East Harbor drainage pipe and at 
Noon’s Landing bathing beach.   Note that the standard for swimming water 
quality is exceeded if the geometric mean of five samples, equally spread 
over a 30-day period, exceeds 35 colonies per 100 ml. 

 
Beach at 
Noons 
Landing         Ave(n=3) 

5-
dayMoving

Date Time Tide direct. 
Temp 
(C) Salinity Colonies/100ml

Geom 
mean 

23-Jul-02 14:30    1  

24-Jul-02 10:30 
in, early 
flood  32 2  

25-Jul-02 8:40 out  32 5  

29-Jul-02 10:25 
out, early 
ebb  30 2  

06-Aug-02 6:30 
out, early 
ebb  32 44 3.9

13-Aug-02 10:42 
out, early 
ebb  31.5 31 7.7

20-Aug-02 5:45 
out early 
ebb  35 1 6.7

27-Aug-02 1000 ebb  33 1 4.9
04-Sep-02 1700 out 21 34 2 4.9
11-Sep-02 900 out 21 32 17 4.0
18-Sep-02 630 out 19 32 2 2.3
24-Sep-02 830 out 20 33 3 2.9

       
       
       
Culvert 
outlet         Ave(n=3) 

5-
dayMoving

Date Time Tide direct. 
Temp 
(C) Salinity Colonies/100ml

Geom 
mean 

23-Jul-02 14:30    60  

24-Jul-02 10:30 
in, early 
flood 20 28 100  

25-Jul-02 8:40 out  25 551  

29-Jul-02 10:25 
out, early 
ebb  11.5 256  

06-Aug-02 6:30 
out, early 
ebb  20.5 500 211.5

13-Aug-02 10:42 
out, early 
ebb  20.5 574 332.2

20-Aug-02 5:45 
out early 
ebb  29.5 42 279.3

27-Aug-02 1000 ebb  15 44 168.5
04-Sep-02 1700 out 23 18 25 105.8
11-Sep-02 900 out 21 17 121 79.7
18-Sep-02 630 out 17 17 120 58.3
24-Sep-02 830 out 18 14 16 48.0
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Beach at 
Noons 
Landing         Ave(n=3) 

5-
dayMoving 

Date Time Tide direct. 
Temp 
(C) Salinity Colonies/100ml

Geom 
mean 

4-Jun-03 930 out 12 32 7.33   
10-Jun-03 300 out 16 32 2.67   
18-Jun-03 845 out   30 2.67   
24-Jun-03 1530 out 20 30 2.00   
30-Jun-03 830 out 20 30 34.67 5.1 

2-Jul-03   out 22 31 4.67 4.7 
9-Jul-03 100 out 23 31 3.33 4.9 

16-Jul-03 930 out 22 30 40.67 8.5 
23-Jul-03   out 23 31 4.67 10.0 
30-Jul-03 800 out   31 76.67 11.8 
5-Aug-03 1147   23 31 7.33 12.9 

13-Aug-03     23.5 30 46.67 21.8 
19-Aug-03 1130 out 23 30 8.00 15.8 
27-Aug-03 730 out 22 23 193.00 33.2 

              
Culvert 
outlet         Ave(n=3) 

5-
dayMoving 

Date Time Tide direct. 
Temp 
(C) Salinity Colonies/100ml

Geom 
mean 

4-Jun-03 930 out 14 20 9.33   
10-Jun-03 300 out 19 21 30.00   
18-Jun-03 845 out   21 24.00   
24-Jun-03 1530 out 21 23 6.00   
30-Jun-03 830 out 21 20 62.00 19.0 

2-Jul-03   out 22 21 108.67 31.1 
9-Jul-03 100 out 24 20 114.67 40.7 

16-Jul-03 930 out 23 23 56.67 48.3 
23-Jul-03   out 24 23 23.33 63.4 
30-Jul-03 800 out   22 128.67 73.3 
5-Aug-03 1147   24.5 24 201.33 83.0 

13-Aug-03     24 22 179.33 90.7 
19-Aug-03 1130 out 25 20 88.00 99.1 
27-Aug-03 730 out 22 31 133.00 140.3 
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Beach at 
Noons 
Landing    Counted (ave n=2) 5-dayMoving 

Date Time 
Tide 
direct. Temp Salinity 

Samp 
Vol(ml) Colonies Colonies/100ml Geom mean 

6/8/2004 1100 out 17 30 50 <2 1   
6/22/2004 1000   19 32 50 3 2.25   
7/6/2004 900 out 21 31 50 <2 1   

7/18/2004 830 out 24.5 31 50 1 1.5   
7/27/2004 12:30 out 25 26 50 1 1 1.3 
8/5/2004 10:00 out 23 32 50 35 95 3.2 
8/9/2004 1:20 out 22 34 50 5 15 4.6 

8/19/2004 
9:45:00 

AM out 21.5 31 50 6 9 7.2 
          
Culvert outlet     Counted (ave n=2) 5-dayMoving 

Date Time 
Tide 
direct. Temp Salinity 

Samp 
Vol(ml) Colonies Colonies/100ml Geom mean 

6/8/2004 1100 out 17 24 50 7 13   
6/22/2004 1000 out  20 24 50 5 8   
7/6/2004 900 out 22 25 50 21 44   

7/18/2004 830 out 26 25 50 85 175   
7/27/2004 12:30 out 25 26 50 4 11 24.5 
8/5/2004 10:00 out 23 32 50 62 101 36.9 
8/9/2004 1:20 out 24 25 50 1 1 24.3 

8/19/2004 
9:45:00 

AM out 23.5 25 50 5 10 18.1 
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Appendix C:  Freshwater discharge into Pilgrim Lake (East Harbor lagoon).   
 
Total discharge to lagoon:  2.18 cfs (cubic feet per second) 
Direct GW discharge to lagoon:  0.94 cfs 
Discharge to Marshes adjacent to lagoon: 1.24 cfs 
 
Direct Discharge to NW corner of lagoon:  0.53 cfs 
Discharge to marsh in NW corner:  0.07 cfs 
Total discharge to Salt Meadow:  0.4 cfs 
 
Based on these numbers it looks like about 56% of the total direct 
discharge to Pilgrim Lake occurs in the NW corner of the lake.  Also, the 
model-calculated depth to the fw/sw interface at the parking lot is about 
75-80 ft below sea level.   
 
Source:  John Masterson, US Geological Survey, Massachusetts District Office, 
Northboro, MA, 8/24/04 
 



Progress Report on Estuarine Restoration at East Harbor (Truro, MA), Cape Cod National Seashore, May 2005

John Portnoy, Stephen Smith & Evan Gwilliam


Cape Cod National Seashore


INTRODUCTION


The 720-acre East Harbor, comprising Moon Pond, Pilgrim Lake and Salt Meadow, has been artificially isolated from the Cape Cod Bay marine environment since the 1868 filling of the original 1000-ft wide inlet at the northwest end of the system (Figure 1).  [See Appendix A for a complete chronology.]  A drainage system was installed at the south end of the embayment in 1894 to allow freshwater to escape.  The exclusion of tides caused salinity to decline from a likely native condition of 25-30 parts per thousand (ppt) to nearly freshwater conditions, at least by the time of the first documented fish survey in 1911.  By this time the native estuarine fauna were largely extirpated; the State Survey of Inland Waters (1911) recorded “German carp and very few eels and shiners”.   The blockage of tides apparently caused water quality to decline rapidly along with salinity:  the 1911 state survey reported “turbidity of eight inches” (presumably the extent of visibility) with cloudiness caused by a “yellow substance” (likely cyanobacteria) that clogged their plankton net.  Generally low salinity (4-10 ppt), cyanobacterial blooms, nuisance chironomid midge hatches (Mozgala 1974) and chronic summertime dissolved oxygen stress continued until the 21st century (Emery & Redfield 1969, Cape Cod National Seashore 2002).

An oxygen depletion and fish kill in September 2001, involving about 40,000 alewives (Alosa pseudoharengus), originally introduced in the late 1960s, and several hundred white perch (Morone Americana), prompted consultation between Truro, Cape Cod National Seashore and state officials on possible measures to improve water quality.  As an interim measure, the clapper valves in the 6-ft diameter drainage pipe connecting the south end of the system (Moon Pond) with Cape Cod Bay (Fig. 1) were opened in December 2001 to try to increase aeration by partially restoring some tidal exchange.  As an immediate consequence, increasing salinity in Pilgrim Lake killed several hundred carp, forcing several hundred individuals into Salt Meadow which remained freshwater; most of the latter fish were netted and removed by NPS staff in early 2002. 

The clapper valves were closed in February 2002 at the request of the Division of Marine Fisheries (DMF) to allow Pilgrim Lake salinity to decrease enough for river herring spawning, but reopened in November.  The DMF has since determined that the restoration of estuarine finfish is preferable to maintenance of an introduced herring run; therefore, the clapper valves have remained open to date.


The following is a summary of monitoring results for tide heights, water quality, both submerged and emergent vegetation, nekton, and benthic invertebrates, including chironomid midges, from 2002 through 2004.


Figure 1.  East Harbor, comprising “Pilgrim Lake”, the original back-barrier lagoon, Moon Pond and Salt Meadow, both back-barrier salt marshes.  Also shown are the position of the original inlet, filled in 1868, and the current four-foot diameter culvert connecting the system to Cape Cod Bay.
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TIDE HEIGHTS


In preparation for hydrodynamic modeling of restoration alternatives by Drs. Spaulding & Grilli of the University of Rhode Island, tide heights were recorded at 15-min intervals in 2004 using YSI data loggers in Pilgrim Lake and Moon Pond creek under current tide-restricted conditions, and at MacMillan Wharf, Provincetown, representing Cape Cod Bay forcing.  Throughout this data-collection period, the clapper valves in the drainage pipe between East Harbor (at Moon Pond) and Cape Cod Bay were cabled open.  Typical results (Fig. 2) show that 2.5-3.5 m tidal range in unrestricted Provincetown Harbor is reduced to less than 0.5 m in Moon Pond.  Spillover of tides through the High Head creek and weir is insufficient to create tides in East Harbor proper.
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Figure 2. Tides in Provincetown Harbor and Moon Pond, 1-17 March 2004.

WATER QUALITY


Salinity was monitored most closely from October 2001 to April 2004 (Fig. 3).  By mid-2003, it was evident that the main body of East Harbor had reached a steady state, in terms of salt balance, 20 ppt in winter and 25 ppt in summer.  The exceptions were: Moon Meadow, receiving bay water directly from the Route 6 culvert, has had salinity about 30 ppt; the northwest cove of East Harbor, which receives high freshwater discharge from the Pilgrim groundwater lens (John Masterson, USGS, pers. comm.), ranges in salinity from 15 to 20 ppt; and Salt Meadow has remained totally freshwater.
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Figure 3. Salinity at various stations within East Harbor, October 2001 – April 2004.


Chronic summer oxygen depletions and attendant fish kills in East Harbor have been documented historically (Mozgala 1974) and observed in recent summers (Fig. 4).  Although fish kills have not been observed since opening the clapper valves in the culvert, the system is still oxygen-stressed at night and during periods of cloudy weather (Fig. 5).  This is not surprising given that the infusion of aerated seawater on flood tides is a very small fraction of the lagoon’s total volume and, therefore, has no noticeable effect on the system’s oxygen budget.  In contrast, the open culvert has dramatically increased salinity because salt behaves conservatively, i.e. most of it persists unchanged and is simply mixed throughout the 350-acre lagoon by efficient, wind-driven circulation. 
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Figure 5. Both dissolved oxygen and temperature in East Harbor increase with high insolation during the day.  Oxygen depletions appear to follow several days of rapid temperature increase, probably because of a corresponding increase in total-system respiration and oxygen demand.


Fine-interval observations of East Harbor temperature and dissolved oxygen, using an automatic data logger (Fig. 5), show that in summer both temperature and dissolved oxygen undergo radical day-night fluctuations.  Solar radiation during the day heats the shallow waters and fuels intensive photosynthetic oxygen production by abundant phytoplankton; at night the water cools and high respiration in the organically rich water column causes dissolved oxygen to decline precipitously.  

The data also suggest that most extreme nighttime oxygen depletions occur during and immediately after several days of increasing water temperature.  During these events, insolation (not measured) must be relatively high to explain increased temperature; however, any consequent increase in photosynthetic oxygen production is apparently outstripped by the temperature-induced increase in total-system respiration. 

MICROBIOLOGY


Public health microbiology has been an issue at East Harbor because the culvert that drains freshwater from the system discharges into Cape Cod Bay near Beach Point bathing beaches (Fig 1).  When the culvert was reopened in June 2002 (see chronology, Appendix A), after several months of closure and upstream stagnation, high concentrations of Enterococcus bacteria, the current standard indicator organism for marine bathing water quality, were observed in turbid discharge water during ebb tides.   Immediately thereafter, the Seashore began to monitor Enterococcus at the discharge pipe and at adjacent Noon’s Landing bathing beach, a program that has continued on a weekly basis throughout the swimming season (1 Jun – 30 Aug) to the present.  Duplicate samples are collected during low ebb tide, to represent a worst-case condition for encountering bacteria in pipe discharge, immediately returned to the Seashore laboratory and analyzed using standard methods (mEI agar, EPA Method 1600, Membrane Filter Test Method for Enterococci in Water, EPA-821-R-97-004a).  Results are expressed as colonies (colony-forming units) per 100 ml of sample, and all data are included in Appendix B.  

Despite the high bacteria counts immediately after reopening the culvert in 2002, with the culvert open continuously since November 2002, bacteria concentrations in pipe discharge have been very low throughout the 2003 and 2004 summers (Fig. 6).  Apparently, with the clappers closed, fine sediments and associated bacteria accumulate just upstream of the culvert in Moon Pond Creek.  When the clappers were reopened in June 2002, flow velocities suddenly increased, resuspending sediment and bacteria which was then carried down the culvert during the ebb tide.  Once these fine sediments were flushed from the system, bacteria counts at the culvert outlet decreased greatly.
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Figure 6.  Enterococcus bacteria in East Harbor culvert discharge and at adjacent Noons Landing bathing beach, 2002-2004.  Data are means of weekly samples collected at low-ebb tide June through August.

BENTHIC INVERTEBRATES


Chironomid midges

The non-biting chironomid midges have been a sporadic problem at Pilgrim Lake and Beach Point for many years where the restriction of tidal flow has created an environment of low salinity and high organic loading conducive to midge production during spring and summer.  Adults and larvae have been identified in the past as Chironomus decorus (Mozgala 1974), a freshwater to brackish water species.  In laboratory cultures Colburn (2003) observed a consistently high adult emergence at low salinities (< 7 ppt), a rapid drop in emergence with no successful metamorphosis as experimental salinities reached 10.5 ppt, and recovery with limited emergence at 14 and even 17.5 ppt.


Several major midge hatches occurred in the late summer of 2002, after state Division of Marine Fisheries concern for anadromous fish spawning, and Truro Board of Health concern for bacteria contamination of nearby beaches led to the blockage of tidal exchange and decrease in salinity beginning in February.  By May 2002 salinity was only 5-10 ppt and high densities of midge larvae were widespread throughout the sediment of the main body of the lake.  Massive hatches of adults were a nuisance to Beach Point residents in August and September.


As mentioned, with the clapper valves cabled open continuously beginning in November 2003, salinity of Pilgrim Lake increased to an apparent steady state of 25 ppt in summer and 20 ppt in winter by mid-2003, ending most midge breeding (Fig. 7).  One exception was the northwest cove where high freshwater discharge and consequent low salinity in spring 2004 allowed some midges to reach maturity and hatch during that May.  At the time sediment salinities were only 0-10 ppt, due to submarine groundwater discharge.  Indeed, recent groundwater modeling by the US Geological Survey showed that 56% of the direct discharge of groundwater to Pilgrim Lake occurs in this northwest corner (J. Masterson, personal communication, Appendix C).


Figure 7. Decline in midge larvae densities in the sediment of Pilgrim Lake, 2002-2003.

[image: image21.emf]0


5


10


15


20


25


30


35


525456585 525456585 525456585105125145 6080100120140160180200220 020406080100120140160


Salinity (ppt)


0


500


1000


1500


2000


2500


3000


3500


4000


Sulfide (micromolar)


Salinity (ppt)


Sulfide (uM)





[Note:  Midge larvae were recently (3 May 2005) resurveyed throughout the lagoon (main body of “Pilgrim Lake”) and northwest cove of East Harbor.  Densities were very low in sediments of the lagoon (generally 0-1 larva per 225 cm2) and even in the northwest cove (0-14 larva per 225 cm2) , where we have typically encountered highest densities in the past.  Moderate larvae densities were found only in the channel connecting the northwest cove with the lagoon.]

Other benthic animals

During the summers of 2003 and 2004, surveys of benthic fauna were undertaken by University of Rhode Island interns under the direction of CCNS staff and Sheldon Pratt, a marine benthic ecologist at the URI Graduate School of Oceanography (Carlson 2003, Lassiter 2004).  Cores were collected using a 32 cm2 PVC tube at random locations within three strata: the northwest cove and main body of Pilgrim Lake and in Moon Pond creek.  Sediment was sieved through 0.5-mm mesh and animals retained on the sieve were identified and counted.  

Increased tidal exchange and salinity since 2002 have led to a significant increase in marine invertebrate diversity (species richness, Fig. 8) and abundance (Fig. 9), primarily polychaetes, crustacean amphipods and bivalve mollusks.  These animals feed on organic matter and associated microbes and thereby transfer the products of primary production, fixed by algae and plants, to their predators, including decapod crustaceans, finfish and water birds.  Benthic invertebrates are therefore fundamental to shallow estuarine food webs.  


Changes in benthic animals were far more substantial in 2004 than in 2003, due in part to further increases in salinity and an expected time lag between restored salinity and invertebrate immigration.  Species richness increased from 2003 to 2004 with the most significant increases in the main body of Pilgrim Lake and in Moon Pond Creek, which have a more direct connection with the marine source of seawater and biota than the northwest cove.  Most marine worms and mollusks probably enter the system as larvae, and have to settle and grow before they are detectable by our sampling methods.

Although the sampling gear and plot size (only 32 cm2) were not intended to adequately sample sediment for moderate to large mollusks, we nevertheless began to encounter soft-shell clams (Mya arenaria) in Moon Pond Creek and the eastern half of Pilgrim Lake in summer 2004.  Additional searches by CCNS staff and by WilliamWalton of the Cape Cod Cooperative Extension Service turned up a large set of soft-shell clams in the creek and its flood-tide delta in Pilgrim Lake, and young hard clams (Mercenaria mercenaria), blue mussels (Mytilus edulis) and bay scallops (Aequipecten irradians) in the creek.  Bivalve mollusks will be sampled rigorously in 2005.  The soft-shell clams exhibited signs of rapid growth (William Walton, Cooperative Extension Service, personal communication).
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EMERGENT WETLAND VEGETATION

One of the most obvious consequences of long-term tide restriction is the existing vegetation.  The native species typically found in unimpacted salt marshes are altogether absent as they have been totally replaced by a freshwater community, comprised mostly of narrow-leaved cattail (Typha angustifolia) and an exotic strain of the common reed (Phragmites australis).   


In May 2002, before any vegetation sampling was conducted, 37 permanent sampling plots (1m2) divided among 4 transects were established in two large areas of peripheral marsh (Figure 10).  At the east end of the system, two transects were laid out in a Phragmites-dominated marsh known as Moon Pond.  At the west end, another two transects were placed across a wide peninsula dominated by Typha.


The cover of all species within each plot was assessed by visual estimation using cover class ranks of the Braun-Blanquet scale (Braun-Blanquet 1932).  The point-intercept method normally used for salt marsh monitoring (Roman et al. 2001) was not used because of difficulties in setting up the plot in extremely dense Phragmites and/or poison ivy
 (Toxicodendron radicans).  Phragmites stem heights and densities were recorded at the end of the 2003 and 2004 growing seasons (September).  Because this was not done in 2002, however, the heights of standing dead plants (i.e., over-wintering) that still retained an inflorescence in early 2003 were measured.  These represent the previous year’s (i.e., 2002) population as older stems rarely bear an inflorescence through two winters.  For this report, vegetation data from 2002 (onset of restoration) and 2004 (2 yrs. into restoration) are compared.  
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Figure 10.  Overview of East Harbor with plot locations along transects 1 through 4 (the Phragmites-dominated Moon Pond area is circled; the star indicates the point of seawater entry through an underground culvert open to Cape Cod Bay).


Non-parametric Mann-Whitney U-tests were used to evaluate shifts in cover class rankings of individual species (XLStat ver. 7.5).  Principle components Analysis (PCA) of log-transformed percentage values representing the mid-point of cover classes served to illustrate temporal shifts in community composition, while Analysis of Similarities (ANOSIM) tested the statistical significance of community-level responses (Primer ver. 5).  


Results

ANOSIM of vegetation communities indicates that significant shifts in taxonomic composition have occurred during the past two years of restoration (p=0.006) (Figure 11a).  The vast majority of this change has occurred along transects 3 and 4 in the Moon Pond wetland, which are much closer to the point of seawater entry, and is largely the result of declining species diversity.  Figure 11b illustrates how the average number of species per plot has significantly decreased since tidal exchange was facilitated.  However, it is mostly secondary species that have disappeared while the two dominate taxa – Typha angustifolia and Phragmites australis – have actually shown significant increases in cover (Table 1).   Chenopodium album (lambs quarters) has also become more abundant.

Although salt tolerant, this forb is rare in unrestricted salt marshes within the Seashore.
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Figure 11.  a) PCA of species composition showing movement of individual plots in ordination space over time (Typha indicates transects 1&2 in wetland bordering Pilgrim Lake, while Phragmites indicates transects 3&4 within Moon Meadow; larger symbols represent centroids of clusters) and b) mean number of vascular plant species by transect in 2002 vs. 2004.

Table 1.  List of species showing significant change in cover class values from 2002 to 2004 (asterisk indicate taxa with positive changes).
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In the case of Phragmites, cover changes were spatially heterogeneous in that increases only occurred along segments of the transect most distant from the point of seawater entry (EH3) (Table 2).  These locations have salinities that are high enough to suppress the growth of competing species (> 5 ppt), but low enough to produce little physiological stress on Phragmites, which can grow in salinities up to 22 ppt or more (Lissner and Schierup 1997).  Conversely, most decreases in cover occurred along transect EH4, where conditions of higher salinities and sulfide concentrations prevail (Table 2).


Table 2.  Comparison of Phragmites cover class values in August 2003 and 2004 by plot and distance away from culvert (numeric values in plot ID indicate distance away from tidal creek).
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EH3-160


207


5


5


0


0.68


EH3-180


221


4


5


1


23


6.41


1078


0.63


EH3-200


234


5


5


0


0.58


EH3-220


248


5


5


0


21


6.54


493


0.73


EH3-240


263


2


4


2


0.62


EH4-000


113


5


5


0


25


6.29


190


0.69


EH4-020


112


5


5


0


0.74


EH4-040


109


1


1


0


33


6.86


2645


0.55


EH4-060


111


3


2


-1


0.60


EH4-080


114


1


0


-1


32


6.73


3772


0.50


EH4-100


123


5


4


-1


0.62


EH4-120


130


4


4


0


30


6.28


927


0.59


EH4-140


147


5


3


-2


0.56


EH4-160


160


5


5


0


29


6.39


1254


0.65




Despite some positive changes in Phragmites growth in the horizontal plane, reductions in stem heights suggest a decrease in vertical growth in most plots (Figure 12).  Because stem height contributes much more to plant dry weight per unit area than does stem density (Thursby et al. 2002, Fig. 13), this should translate to significant reductions in Phragmites biomass.  
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Figure 12.  Comparison of Phragmites mean stem heights in 2002 vs. 2004 within transect 3 and 4 plots (numbers after the dash in plot names indicate distance from the main tidal creek; 2002 values are based on June 2003 measurements of dead standing stems bearing an inflorescence; asterisks indicate where data are not available).


While values for average stem heights could be obtained by measuring the remaining over-wintering stems bearing an inflorescence in 2003 (i.e., previous year’s growth), reliable values for stem densities could not.   This is due to the fact that an unknown number of stems break during winter storms.  Thus, any counts of stems with intact flower heads would be an underestimate of the true population size.  Compared to 2003, when live stems were counted at the end of the growing season, stem densities in 2004 showed variable change, with increases along most of transect 3 and decreases over most of transect 4.
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Figure 13.  Mean stem densities of Phragmites in transects 3 and 4 (Z indicates where Phragmites stem density was 0 for both years; asterisk indicate where data are not available).


In a qualitative sense, oblique angle aerial photography acquired in August 2004 provides a good snapshot of vegetation changes that have occurred in and around Moon Pond (Fig. 14).  Zones of dead Typha and various freshwater shrubs appear as dark gray-black areas, while stunted Phragmites shows up as light brown.  Most of the green areas are vigorously-growing Phragmites populations.
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Figure 14.  Photograph of Moon Pond area of East Harbor (August 2004) showing plant mortality and Phragmites growth suppression.


Vegetation in the emergent marshes of East Harbor has undergone substantial change since the culvert connecting Moon Pond with Cape Cod Bay was opened to tidal flow in 2002.  The largest responses have occurred in the Moon Pond area, which receives high-salinity Cape Cod bay water directly from the Route 6 culvert and where virtually all salt-intolerant taxa have disappeared.  In some locations Phragmites is showing signs of stress, as evidenced by a reduction in height and stem densities (or complete disappearance as was the case for one plot).  In other locations, however, Phragmites continues to thrive and may actually be benefiting from a reduction in interspecific competition (Lenssen et al. 2003).  This is similar to what has been observed in another tidal restoration project within the Seashore (Hatches Harbor) where Phragmites is encroaching upon freshwater wetland communities bordering the upland transition zone (Smith et al. 2003).  


Although the reintroduction of seawater has resulted in an increase from < 5 to 25 ppt within the open water of East Harbor (Figure 3), the current tidal amplitude is apparently insufficient to influence the emergent vegetation of the bordering marshes.  With the exception of Moon Pond, where plant responses since 2002 are much more pronounced, the decline of freshwater wetland taxa is limited to a ~1-2 m zone adjacent to the main water body (Figure 15).  Because water level fluctuation due to tides is negligible over most of the system (under 0.5 m in the main tidal creek at Moon Pond and undetectable in the rest of East Harbor, Fig. 2), wave splash-over of saline water is presumably the cause of mortality in this zone.  On a broader scale, the lack of penetration of saline water into the far reaches of these marshes has allowed most of the existing vegetation to survive.  In fact, root zone salinities measured along transects 1 and 2 are ≤ 5 ppt only meters away from the marsh edge and sulfide, an indicator of microbial respiration under saline conditions, was in most plots undetectable (Fig. 16).  Thus, it appears that a considerable volume of fresh groundwater is able to infiltrate the peripheral marshes from the surrounding groundwater system, thereby allowing freshwater species to persist.  This is supported by US Geological Survey estimates (Appendix C) that about half the freshwater entering Pilgrim lake first discharges through bordering emergent wetlands. Thus, unless the tidal amplitude of the main water body is increased, the restoration of emergent salt marsh vegetation beyond the Moon Pond area is unlikely.

In contrast, Transects 3 and 4 in the Moon Pond wetland have shown much-increased salinity and sulfides since 2002 (Fig. 16 and 17).  This is expected because the wetland is just upstream of the Route 6 culvert and high-salinity water does flood the Phragmites-dominated lowest elevations at high tide.  Along with the salinity increase, increased flooding of this highly organic soil with sulfate-rich seawater leads to anaerobic carbon catabolism (dissimilatory sulfate reduction) and high dissolved sulfides.  Phragmites is stressed by both high salinity and sulfides in the root zone.

Figure 15.  Salt-killed zone of vegetation along the north shoreline of East Harbor (2004).  










SUBMERGED AQUATIC VEGETATION

Besides the large increase in surface-water salinity, the most profound change in East Harbor since culvert opening is the appearance of extensive beds of submerged aquatic vegetation (SAV) comprising mostly widgeongrass (Ruppia maritima), and some eelgrass (Zostera marina).  These vascular plants are of great ecological value in shallow coastal embayments, providing cover and food, and thus nursery area for a diverse and abundant invertebrate and finfish fauna (Heck et al. 1989, Nixon & Oviatt 1973).  As early as 2003, Dave Carlson, an intern with us from the University of Rhode Island, showed significantly higher benthic invertebrate diversity and densitiy in East Harbor Ruppia beds than in adjacent unvegetated sediment (Carlson 2003).  


Ruppia has a broad salinity tolerance, from 0 ppt (fresh water) to over 60 ppt(!) (USGS 2004); therefore, its dramatic appearance cannot be attributed to the salinity increase alone.  We suspect that the long-lived Ruppia beds were present prior to the salinity increase, but severely suppressed by carp grazing.  When these exotic fish were eliminated in 2001 and 2002, Ruppia beds throughout the shallow (< 70 cm depth) portions of the lagoon quickly recovered, along with associated shrimp and finfish (see Nekton).

Our objective in 2004 was to collect baseline data on SAV distribution and abundance within East Harbor so that temporal changes could be monitored and population dynamics better understood.


General Mapping and Inventory - To map seagrass beds, all shallow water areas (< 1m depth) were explored by canoe and kayak using low level (oblique angle) aerial photography as a reference.  At each bed encountered, a GPS point was acquired and the following data recorded:


· Maximum length of bed (m)


· Maximum width of bed (m)


· Water depth at center of bed (m)


· Shoot density (high, medium, low)


· Species (Ruppia maritima, Zostera marina)


· Canopy at Surface? (Y/N)

An approximate area cover for each bed was estimated using the formula to calculate the area of an ellipse, which is: Pi*a*b, where a is ½ the length of the longest diameter axis (measured at its greatest width) and b is ½ the length of the shortest diameter axis (measured at its greatest height).  Turbidity of the water column was also measured by Secchi disc at three separate locations (Figure 18).


Transects – Two parallel 50 m transects were established parallel to the shoreline at 5 different sites.  The sites were chosen by randomly selecting 5 mapped Ruppia beds as start point locations.  At each site, a nearshore (shallow) transect was established approximately 3-4 m away from the shoreline and run in a straight line roughly parallel to the shore.  The exact placement of this transect was somewhat subjective in that it had to be oriented to avoid crossing land.  A second (deep) transect was placed 5m offshore from the first in deeper water (Figure 19).  PVC markers delineating the end points of each transect were pounded into the bottom sediment and GPSed for future reference.  This site layout follows the design of Short et al. (2002).
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Figure 18.  Transect endpoints for seagrass transects and Secchi disc sampling sites (“S”).



[image: image12]

Figure 19.  Schematic of transect layout for an individual site.


Seagrasses along these transects were characterized by point-intercept along the transect lines.  At each 1m interval, from 0 to 50 m, the observer would peer through a view-scope to determine whether any live material came in contact with a vertical rod placed at each meter mark.  The sum of all “hits” along the 50 m line was then used to calculate a percent cover value.  In addition, the height of the tallest shoot on any plant touching the rod was measured with a meter stick.


General Mapping and Inventory – A total of 203 discrete seagrass beds, almost all of which were Ruppia, were mapped.  The beds were restricted to the perimeter of the system and were completely absent from the southern boundary adjacent to Route 6, where the shoreline is comprised of deteriorating asphalt and cobble originally placed there (1952) to prevent bank erosion.  One cluster was found approximately 250 m from shore where a small shoal exists.  


Unfortunately, it was not possible to accurately map the northwest cove as Ruppia formed more or less a continuous bed across this area.  Exclusive of this cove, Ruppia beds ranged in size from 0.1 to 250m2 (Figure 20).  The minimum and maximum water depths recorded within the beds were 0.12 and 0.65m, respectively.  Zostera was generally present in small numbers interspersed with widgeongrass along the shoreline of northeastern corner of the system (Figure 21).  At 3 out of 14 sites where Zostera was found, there were small (> 15m2), low density monospecific beds.  Secchi depth readings from 3 open water sites in open water averaged 0.68m.


[image: image13.png]





Figure 20.  Ruppia beds in East Harbor (2004) (circle size is proportional to area cover as indicated in figure legend).


[image: image14.png]





Figure 21.  Zostera sites in East Harbor (2004).


Transects – Along the transects, Ruppia comprised the vast majority of seagrass cover, ranging between 6 and 34% among shallow transects and 2 and 20% among the deep transects (Table 3).  Zostera was present on only one transect with a total cover of 2%.  Plants were significantly taller in shallow compared to deep transects, averaging 35 and 23 cm, respectively.  In terms of water level, shallow transects averaged 40 cm while deep transects averaged 52 cm.  

Table 3.  Percent cover of seagrass, mean water depth, and mean shoot height by species and transect (2004) 
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Discussion.  Overall, the mapping effort provided some useful information on the distribution and abundance of seagrass populations within East Harbor.  However, estimations of size were quite difficult for beds that were irregularly shaped.  Furthermore, mapping may become more difficult over time as beds coalesce and there are fewer discrete patches.  If this happens, it may be problematic to repeat this procedure.  As an alternative, low-level, oblique-angle aerial photography, while not able to provide a quantitative measure of change, can be used to document gross, qualitative changes in seagrass cover across the entire system.  Notwithstanding, the permanent transects will serve as a useful tool for quantitatively monitoring temporal variability.  Because seagrass coverage along the line transects is currently very low, the transects should adequately capture any significant expansion, especially along deep transects where cover is currently near zero.  


The elimination of Asian carp may have been the critical event that has allowed Ruppia to flourish in East Harbor.  To some extent, Zostera may also be responding to increased salinity as this species prefers a range of 10 to 39 ppt (Davison and Hughes 1998).  In the absence of grazing pressure, light limitation appears to be the primary factor regulating seagrass abundance at this time.  Throughout the system, seagrasses were confined to very shallow waters < 70cm in depth (the limit of light penetration according to Secchi readings).  In addition, mean shoot heights were significantly higher in the shallow compared to deep transects (Table 3).  


Over time, the water clarity of East Harbor may improve.  Considerable amounts of organic matter and fine sediments that accumulated during impoundment are now being exported during ebb tides.  Perhaps more importantly, seagrasses themselves may increase water clarity by assimilating nutrients from both the sediment and directly from the water column, thereby reducing the nutrient supply for suspended phytoplankton.  At the same time, root growth will stabilize the sediment, allowing less particulate matter to be re-suspended.  This process is already evident in the northwest cove where seagrass biomass is maximal.  Although water depths here exceed 150 cm in places, the bottom is clearly visible.  The absence of carp has also improved sediment stability, as this fish is notorious for increasing turbidity as a benthic forager.


In theory, uptake of nutrients and sediment stabilization should result in a positive feedback loop whereby any reduction in light attenuation through seagrass growth will enhance conditions for further growth.  It should be noted that with increased productivity, there is the potential for reductions in nighttime dissolved oxygen concentrations in the water column.  However, it is unknown how much biomass might produce such a change in water quality.  In addition, a significant increase in tidal flow in the future (e.g., installation of multiple culverts) would mitigate this effect since every flood tide would bring in large volumes of oxygen-rich water.

NEKTON (FISH AND DECAPOD CRUSTACEANS)

The finfish of East Harbor lagoon, also known as Pilgrim Lake, comprised white perch, American eels, an introduced run of alewives, some killifish (Fundulus heteroclitus) and exotic carp (Mather et al. 2001) prior to the recent partial restoration of tidal exchange and salinity.  The opening of the clapper valves, and increased salinity, since 2002 has eliminated the exotic carp and reestablished a very abundant, native and diverse estuarine finfish and crustacean fauna (Table 4).


Nekton have been re-sampled in the summers of 2003 and 2004 using a variety of gear including beach seines, an otter trawl, minnow traps and throw traps.  These data are still being analyzed; initial results indicate an increase in both density and species richness of nekton (Fig. 22).  Sampling is being conducted again this summer (2005).  In the interim, the following simple list is intended to show qualitatively the extent of finfish recovery.  Anecdotally, we have observed thousands of sand lance (sand eels) moving in and out of the lagoon on a daily basis in the springs of 2004 and 2005.  Winter flounder are now apparently spawning in the lagoon in late winter, evidenced by hundreds of juvenile flounder at the High Head weir this spring.  Atlantic silverside densities in summer are extremely high, i.e. in some portions of the lagoon hundreds per square meter.  Grass shrimp (Palaemonetes sp.) are also very dense and concentrate in the newly restored widgeon grass beds.  The abundance and diversity of restored estuarine fauna is surprising, especially given that all of these animals must have entered the system via the 700-ft long, 4-ft diameter culvert connecting the lagoon to Cape Cod Bay.
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Figure 22. Nekton density (animals/m2) and species richness (mean number of species/m2) in the near shore (<1-m deep) lagoon section of East Harbor.  Numbers above the bars indicate value of parameter, error bars indicate standard deviation. 


Table 4.  Fish and crustaceans observed at East Harbor before and after culvert opening.


Species
Before
After


Mummichog

X




Atlantic silverside

X


White perch
X
X


Winter flounder

X


Hogchoker

X



Pipe fish

X


American eel
X
X


Sand lance

X


Grass shrimp

X


Shore shrimp

X


Green crab

X


Spider crab


Nine-spine stickleback

X


Four-spine stickleback

X


River herring
X
X


Grubby

X


Black-spotted stickleback

X


Common carp
X




PLANS FOR 2005 FIELD SEASON

· Monitoring of tide heights, salinity, dissolved oxygen nekton (finfish, shrimp and crabs) and both wetland and submerged vegetation will continue as in 2004.  


· If instruments are available, continuous monitoring, using automated equipment, will be undertaken for the Harbor’s northwest cove, which is apparently least well flushed, lowest salinity and subject to continued oxygen stress.


· Microbiological monitoring, specifically weekly counts of Enterococcus at the Noons Landing outfall pipe, will continue.


· Sampling of benthic invertebrates will focus on bivalve mollusks, using large (1 square meter) quadrats; however, Sheldon Pratt at University of Rhode Island will continue low-intensity sampling of the smaller benthic animals, e.g. polychaetes and amphipods, this summer.

· Hydrodynamic modeling of existing conditions and various tide-restoration alternatives will be completed by Drs. Spaulding and Grilli at URI with a final report expected in August.


· The US Army Corp of Engineers is planning to begin a comprehensive feasibility study for estuarine restoration at East Harbor, provided that funding becomes available to match existing state funds.


· The Seashore has recently been awarded a grant to survey East Harbor for the state-listed water-willow stem borer (Papaipema sulfurata).  This work, to be conducted by the Lloyd Center for Environmental Studies this September, is prompted by Massachusetts Natural Heritage concerns for potential loss of water-willow with tidal restoration.
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Appendix A.  Chronology of Events at East Harbor

USGS.  2004.  Widgeongrass (Ruppia maritima L.): a literature review.  United States Geological Survey, Northern Prairie Wildlife Research Center, Jamestown, North Dakota.


1845 Bridge built across East Harbor inlet to connect Truro and Provincetown. 


1868 East Harbor inlet filled, purportedly to block sand from filling Provincetown Harbor.


1873 Railway built across dike to service Provincetown.


1894 Drainage system constructed at southeast end of Lake (Moon Pond) connecting Lake to Cape Cod Bay with flume at High Head Road.


1911 Carp found in lake, origin unknown , perhaps introduced as bait (Mass. Survey of Inland Waters).


1920s
Route 6A built on western side of railroad.


1935 WPA reconstructs existing (1894) pipe between Lake and Bay.


1952-3 Highway 6 built on fill along southern side of lake.


1956-8 Mass. Division of Waterways builds culvert and tide gate system to lower lake level for mosquito control with weir in place of 1894 flume at High Head Road.


9/1968
Fish kill (carp & white perch) following removal of weir boards, lowered lake level and likely oxygen depletion in remaining water.  Salinity 10-18 0/00.



Chironomid midge problem.


5/1969
9000 alewives (spawners) stocked in lake to consume midge larvae by Mass. Division of Fish and Game and Division of Marine Fisheries


6/1969
NPS applies Abate as midge larvicide by helicopter.


8/1969
NPS applies Abate as midge larvicide by helicopter.


5/1970
 6000 more alewives stocked by DMF.



NPS applies Abate as midge larvicide by helicopter.


1976 Mass. DPW repairs tide gates and pipe to bay.


5/1982
Adult alewives observed swimming over weir into lake.


9/2001
Fish kill includes > 30,000 juvenile alewives and hundreds of white perch, likely due to oxygen depletion.


12/6/01
NPS and Town of Truro experimentally open culvert valves.


1/25/02
NPS & Truro Health Board plan for bacteria monitoring at culvert & Beach Point.


2/27/02
Valves closed to allow salinity to decline for anadromous fish spawning per agreement with DMF.


5/02
NPS sets up vegetation and water quality monitoring plots in Moon Pond and East Harbor wetlands


6/24/02
Valves opened by Truro DPW and NPS.


7/4/02
Valves closed by Truro DPW and NPS due to Board of Health concerns for high Enterococcus at Beach Point.  Pilgrim Lake salinity declines to 10 ppt.

7/11/02
Boards put in weir by Truro to dampen discharge and see if it helps with 



bacteria problem.

8/2002
Large midge (chironomid) hatch from Pilgrim Lake.

11/4/02
Valves opened and weir boards removed by Truro DPW and NPS per Conservation Commission and Selectmen decision.


6/2003  
Salinity reaches 20-25 throughout Harbor;



Widgeongrass proliferates in Pilgrim Lake.

9/2003
Ten species of estuarine fish and crustaceans reestablish in East Harbor;


5/2004
Sand eels using East Harbor.

6/2004
Hard clams and steamers observed in sediments of former “Pilgrim Lake”;



Blue mussel bed develops in Moon Pond creek.


7/2004
Eelgrass discovered in Pilgrim Lake.


Appendix B. Results of Enterococcus monitoring at East Harbor drainage pipe and at Noon’s Landing bathing beach.   Note that the standard for swimming water quality is exceeded if the geometric mean of five samples, equally spread over a 30-day period, exceeds 35 colonies per 100 ml.
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		Geom mean



		23-Jul-02
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		out

		21

		17

		121

		79.7



		18-Sep-02

		630

		out

		17

		17

		120

		58.3



		24-Sep-02

		830

		out

		18

		14

		16

		48.0



		Beach at Noons Landing

		 

		 

		 

		 

		Ave(n=3)

		5-dayMoving



		Date

		Time

		Tide direct.

		Temp (C)

		Salinity

		Colonies/100ml

		Geom mean



		4-Jun-03

		930

		out

		12

		32

		7.33

		 



		10-Jun-03

		300

		out

		16

		32

		2.67

		 



		18-Jun-03

		845

		out

		 

		30

		2.67

		 



		24-Jun-03

		1530

		out

		20

		30

		2.00

		 



		30-Jun-03

		830

		out

		20

		30

		34.67

		5.1



		2-Jul-03

		 

		out

		22

		31

		4.67

		4.7



		9-Jul-03

		100

		out

		23

		31

		3.33

		4.9



		16-Jul-03

		930

		out

		22

		30

		40.67

		8.5



		23-Jul-03

		 

		out

		23

		31

		4.67

		10.0



		30-Jul-03

		800

		out

		 

		31

		76.67

		11.8



		5-Aug-03

		1147

		 

		23

		31

		7.33

		12.9



		13-Aug-03

		 

		 

		23.5

		30

		46.67

		21.8



		19-Aug-03

		1130

		out

		23

		30

		8.00

		15.8



		27-Aug-03

		730

		out

		22

		23

		193.00

		33.2



		 

		 

		 

		 

		 

		 

		 



		Culvert outlet

		 

		 

		 

		 

		Ave(n=3)

		5-dayMoving



		Date

		Time

		Tide direct.

		Temp (C)

		Salinity

		Colonies/100ml

		Geom mean



		4-Jun-03

		930

		out

		14

		20

		9.33

		 



		10-Jun-03

		300

		out

		19

		21

		30.00

		 



		18-Jun-03

		845

		out

		 

		21

		24.00

		 



		24-Jun-03

		1530

		out

		21

		23

		6.00

		 



		30-Jun-03

		830

		out

		21

		20

		62.00

		19.0



		2-Jul-03

		 

		out

		22

		21

		108.67

		31.1



		9-Jul-03

		100

		out

		24

		20

		114.67

		40.7



		16-Jul-03

		930

		out

		23

		23

		56.67

		48.3



		23-Jul-03

		 

		out

		24

		23

		23.33

		63.4



		30-Jul-03

		800

		out

		 

		22

		128.67

		73.3



		5-Aug-03

		1147

		 

		24.5

		24

		201.33

		83.0



		13-Aug-03

		 

		 

		24

		22

		179.33

		90.7



		19-Aug-03

		1130

		out

		25

		20

		88.00

		99.1



		27-Aug-03

		730

		out

		22

		31

		133.00

		140.3





		Beach at Noons Landing

		

		

		

		Counted

		(ave n=2)

		5-dayMoving



		Date

		Time

		Tide direct.

		Temp

		Salinity

		Samp Vol(ml)

		Colonies

		Colonies/100ml

		Geom mean



		6/8/2004

		1100

		out

		17

		30

		50

		<2

		1

		 



		6/22/2004

		1000

		 

		19

		32

		50

		3

		2.25

		 



		7/6/2004

		900

		out

		21

		31

		50

		<2

		1

		 



		7/18/2004

		830

		out

		24.5

		31

		50

		1

		1.5

		 



		7/27/2004

		12:30

		out

		25

		26

		50

		1

		1

		1.3



		8/5/2004

		10:00

		out

		23

		32

		50

		35

		95

		3.2



		8/9/2004

		1:20

		out

		22

		34

		50

		5

		15

		4.6



		8/19/2004

		9:45:00 AM

		out

		21.5

		31

		50

		6

		9

		7.2



		

		

		

		

		

		

		

		 

		



		Culvert outlet

		

		

		

		

		Counted

		(ave n=2)

		5-dayMoving



		Date

		Time

		Tide direct.

		Temp

		Salinity

		Samp Vol(ml)

		Colonies

		Colonies/100ml

		Geom mean



		6/8/2004

		1100

		out

		17

		24

		50

		7

		13

		 



		6/22/2004

		1000

		out 

		20

		24

		50

		5

		8

		 



		7/6/2004

		900

		out

		22

		25

		50

		21

		44

		 



		7/18/2004

		830

		out

		26

		25

		50

		85

		175

		 



		7/27/2004

		12:30

		out

		25

		26

		50

		4

		11

		24.5



		8/5/2004

		10:00

		out

		23

		32

		50

		62

		101

		36.9



		8/9/2004

		1:20

		out

		24

		25

		50

		1

		1

		24.3



		8/19/2004

		9:45:00 AM

		out

		23.5

		25

		50

		5

		10

		18.1



		

		

		

		

		

		

		





Appendix C:  Freshwater discharge into Pilgrim Lake (East Harbor lagoon).  

Total discharge to lagoon:  2.18 cfs (cubic feet per second)

Direct GW discharge to lagoon:  0.94 cfs


Discharge to Marshes adjacent to lagoon: 1.24 cfs


Direct Discharge to NW corner of lagoon:  0.53 cfs


Discharge to marsh in NW corner:  0.07 cfs


Total discharge to Salt Meadow:  0.4 cfs


Based on these numbers it looks like about 56% of the total direct


discharge to Pilgrim Lake occurs in the NW corner of the lake.  Also, the


model-calculated depth to the fw/sw interface at the parking lot is about


75-80 ft below sea level.  


Source:  John Masterson, US Geological Survey, Massachusetts District Office, Northboro, MA, 8/24/04


Figure 4.  High phytoplankton densities (algae blooms) lead to radical diel fluctuations in dissolved oxygen in East Harbor, with intense photosynthesis during the day generating supersaturated oxygen concentrations, and high respiration during summer nights causing oxygen stress and occasional fish  kills.







Figure 8.  Benthic invertebrate diversity in three areas of East Harbor, 2003 and 2004.







Figure 9.  Benthic invertebrate density in East Harbor, 2003 and 2004.
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Figure 16.  Root-zone salinity and sulfide concentrations at vegetation plots along wetland transects arranged perpendicular to the shoreline in Pilgrim Lake (1, 1A & 2) and Moon Pond (3 & 4), 23-24 Aug 2004.  Numbers along the x axis indicate distance (m) from the plots to the lake or creek bank.







Figure 17.  Change in root zone salinity and sulfide concentrations from August 2002 to August 2004.  Pore water samples were collected at a depth of 10 cm).  
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�add species name



�labeling the transects in fig 1 as T1, T2, etc and then here (in B) labeling them as EH1, EH2, with "Typha" and "Phrag" as sub-labels is kind of confusing.  You explain it in the text, but at first look, B seems like its trying show some value for Typha plants in EH1 and EH2, and the same value for Phrag plants in EH3 and EH4.  Might be better to refer to the 2 areas with different names (Moon Pond and ?), use consistent transect labels (either T1 or EH1), and point out in the text that the Moon Pond transects are dominated by Phrag and the transects at the other area are dom by Typha.







PAGE  

35



