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INTRODUCTION 

In cooperation with the Town of Provincetown, Federal Aviation Administration and 
Massachusetts Aeronautics Commission, the National Park Service (NPS) has been 
incrementally restoring tidal exchange to the diked portions of Hatches Harbor since 
March of 1999.  The overall objective of this project is to restore native salt marsh 
functions and values to the tide-restricted wetland to the extent possible without 
compromising safety at the Provincetown Municipal Airport.   

After an hydrodynamic assessment in 1987 (Roman 1995), large culverts were installed 
through the Hatches Harbor Dike by the NPS in the winter of 1998-99 to accommodate 
increased tidal flow.   The NPS has opened these gated culverts in small increments each 
year (Table 1) to ensure Airport safety from flooding and to control and adaptively 
manage ecosystem response. Cape Cod National Seashore (CCNS) staff and cooperators 
have monitored system response intensively since 1999, with base line data collected in 
1997 before new culvert construction. 

This reports on physical and ecological monitoring undertaken in 2003 and summarizes 
progress towards habitat restoration.  Monitoring has included tide heights, 
sedimentation, sediment-water quality, wetland vegetation, mosquitoes and nekton (fin-
fish and decapod crustaceans) within both natural (unrestricted) and diked portions of the 
Hatches Harbor flood plain (Fig. 1).   

 

Table 1. Recent history of incremental culvert gate openings at Hatches Harbor. 

 

Years Number of 
open 

culverts 

Dimensions of opening Opening area 
(m2) 

Pre-1999 1 2-ft ID old round culvert 0.29 

Mar 1999 – Mar 2000 2 2.13 m wide X 0.10 m high 0.42 

Mar 2000 – Mar 2001 4 2.13 m wide X 0.10 m high 0.85 

Mar 2001- Oct 2003 4 2.13 m wide X 0.40 m high 3.41 

Oct 2003 - 4 2.13 m wide X 0.70 m high 5.96 
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Figure 1.  Hatches Harbor salt marsh showing locations of tide gauges, transects for 
vegetation and porewater sampling, and mosquito trapping stations. 

 

Before the culverts were opened in October, about 990 linear meters (3247 feet) of creek 
were re-established per the Technical Advisory Committee’s recommendation (see 
minutes of 23 January 2002) just seaward of the Provincetown Airport (Fig. 2) to 
improve low-tide drainage and fish access.  The NPS produced an environmental 
assessment (NPS 2003) for this project and obtained all state, local and federal permits.  
The Cape Cod Mosquito Control Project (CCMCP) donated their staff expertise and 
equipment to complete the actual digging on 8 October 2003.  Creeks were cut 1.5 ft deep 
and 1.5 ft wide.  The NPS increased all four culvert openings from 40 to 70 cm the 
following day. 

 

Tide gauge 

Mosquito trap 

Vegetation plots along transects 
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Figure 2.  Creek restoration upstream of the Hatches Harbor Dike.  Creek digging was 
completed on 8 October 2003. 
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TIDE HEIGHTS 
 
Introduction 
Adequate tidal exchange is integral to normal salt marsh ecosystem-wide processes.  The 
Hatches Harbor culverts were designed to maximize tidal exchange to favor salt marsh 
restoration, and simultaneously dampen extreme storm tides that threaten airport facilities 
(Roman et al. 1995).  The culverts continue to be effective at dampening extreme tidal 
events; during the 2003 sample period, spring tides were effectively dampened by the 
dike and culvert structure from 2.21 m-MSL to 1.73 m-MSL while average tides were 
much less affected (Fig. 3).  Thus, as the model predicted, standard high tides and tidal 
range are being maximized to favor the restoring salt marsh while extreme high tides are 
being buffered out to protect Provincetown Municipal Airport facilities. 
 
It should be noted that the observed maximum spring tide elevation of 1.73 m-MSL in the 
restricted marsh area is above the 1.67 m-MSL (10.5 ft-MLW) tide height suggested by 
earlier reports as the maximum that will afford protection of approach light equipment 
located in the Hatches Harbor floodplain. During 2003, the FAA and the Provincetown 
Municipal Airport improved the approach light array system, raising equipment to 
approximately 2.3 m-MSL, removing the possibility of impact of routine tidal events on 
approach equipment under the current culvert configuration.  
 
Methods 
Data loggers (YSI UPG6000) are installed on stable mounts on both sides (seaward and 
landward) of the dike to record water depth and salinity in the principal tidal creek over 
typically one-month deployments.  The seaward station is about 10 m from the dike; the 
landward station is about 300 m above the dike in the main creek draining the restricted 
marsh.  Depth transducers are referenced to m-MSL by differential leveling from local 
benchmarks during each sample period to assure accuracy. Elevations are given in ft-
MLW; ft-MLW units are converted to m-MSL by subtracting half the tidal range for 
Provincetown (9.1 ft/2 = 4.55 ft) and dividing by 3.28 (ft/m). Data are recorded at 15-min 
intervals. 
 
Results and Discussion 
Table 1 summarizes all verified tide height data from 1998 to 2003.  Tide sampling 
periods were selected to include an entire lunar tidal cycle.  The mean high and low tides, 
and tidal ranges were calculated from a portion of each sample period containing an equal 
number of astronomically higher and lower tides to avoid bias.  Figure 4 presents average 
mean high and low tides from 1998 (pre-restoration) to the present relative to a typical 
restricted marsh profile, i.e. Transect 2 running perpendicular to the main creek in the 
restricted area, approximately 300 m from the dike.  
 
In general, mean high tide elevations have increased as expected with increased culvert 
opening, with an observed slight decline in mean low tide elevations (Table 2). Data from 
tide elevation sampling periods from 1998 to 2003 indicates that as culvert opening area 
increases, larger volumes of water are reaching higher marsh elevations; with the 
restricted marsh draining effectively with each increase in culvert opening area. The 
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proportion of unrestricted tidal range experienced by the restricted marsh has been 
increasing with each increase in culvert opening area; from 0.38 in 1998 before 
restoration, to 0.70 beginning in 2003 with four culverts open (Fig. 5).  Average high 
tides did not flood the marsh surface before the new culverts were installed (1998). 
Currently (Jan 2004), the restricted area of Hatches Harbor is experiencing 70% of the 
tidal range experienced by the unrestricted portion of the salt marsh.  

 
Figure 3.  Hatches Harbor tide height data from 24 November to 23 December 2003 
showing the dampening effect of the dike and culvert system on extreme high tides. The 
hatched line indicates the 1.67 m-MSL (10.5 ft MLW) established as a benchmark for 
protection of airport approach lights (now moved to a higher elevation). 
 
 

0

0.5

1

1.5

2

2.5

m
-M

S
L

Unrestricted      Restricted           

Water level data collected every 15 min 11/24/03 to 12/23/03

1.67 m-MSL



  6 

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

-20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Distance (m) on transect 2 

m
-M

S
L

1998

1999 & 2001
2001

2001 &2002

2003

1998

1999 & 2001

2001

2001 & 2003

2002

MEAN HIGH TIDE

MEAN LOW TIDE

M
A
I

N
 
T
I

D
A
L
 

C
R
E
E
K

 

 
Figure 4.  Typical wetland profile and recent history of mean high and low tide heights in 
the restoring Hatches Harbor wetland. 
 

Table 2.  Summary of tide height data from restricted (landward) and unrestricted 
(seaward) portions of the Hatches Harbor main creek.

 Culvert Status Sample Interval 
Mean high 
(m-MSL) 

Mean low 
(m-MSL) 

Tidal 
range (m) 

Proportion of unrestricted tidal range 
realized in restricted area 

2-ft culvert w/o flap (1998) 3/30/98 to 5/6/98 1.16 0.99 0.17 -- 

2-ft culvert w/o flap (1998) 11/24/98 to 12/04/98 1.36 1.09 0.26 0.38 

2 culverts open 10 cm (1999) 5/19/99 to 6/4/99 1.22 0.95 0.27 0.43 

4 culverts open 10 cm (2001) 2/14/01 to 2/28/01 1.21 0.93 0.28 -- 

4 culverts open 40 cm (2001) 5/31/01 to 6/21/01 1.38 0.96 0.41 -- 

4 culverts open 40 cm (2001) 4/14/01 to 5/3/01 1.40 1.03 0.37 -- 

4 culverts open 40 cm (2002) 9/11/02 to 10/16/02 1.58 1.02 0.56 0.60 

R
e

st
ri

ct
ed

 

4 culverts open 70 cm (2003) 11/27/03 to 12/11/03 1.41 0.87 0.54 0.70 

n.a. 11/24/98 to 12/04/98 1.54 0.84 0.69 -- 

n.a. 5/19/99 to 6/4/99 1.55 0.92 0.63 -- 

n.a. 9/11/02 to 10/16/02 1.77 0.84 0.93 -- 

U
nr

es
tr

ic
te

d 

n.a. 11/27/03 to 12/11/03 1.52 0.75 0.77 -- 
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Figure 5.  Proportion of unrestricted tidal range experienced by restricted section of 
Hatches Harbor salt marsh with successive increase in culvert area. 
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SEDIMENTATION 
 
Introduction 
The ecological processes and quality of estuarine habitat are directly linked to elevation 
relative to local sea level and sedimentation (Redfield 1972).  Small changes in elevation 
can result in community and trophic structure changes, alteration or destruction of habitat 
and changing sediment and water quality.  The Hatches Harbor restoration project has 
been monitoring sedimentation processes at least semi-annually since 1998. Nine 
sediment elevation tables (SET) and marker horizons have been installed to assess 
sedimentation and subsidence processes resulting from restoration efforts at Hatches 
Harbor (Fig.1).  This method measures vertical accretion by coring marker horizons 
(Cahoon et al. 1996) and net elevation change with a SET, an instrument that can 
accurately measure sub-centimeter changes in marsh surface elevation (Boumans and 
Day 1993; Cahoon et al. 2000).  
 
Method 
Nine SET stations have been established in the Hatches Harbor marsh; three in the 
unrestricted area, six in the restricted area (Fig. 8).  Each station consists of a SET and 
three feldspar marker horizons (Fig. 6).  The SET is a permanent stable mount ( ~6 m of 
3-inch ID aluminum irrigation pipe driven to refusal into the marsh sediment and filled 
with concrete), and the removable SET instrument (a milled aluminum cantilevered arm 
that can be positioned and leveled into the same location each sampling period). Nine 
brass pins are lowered through holes in the SET “table” to the marsh surface; lengths of 
pin above the table are measured to the millimeter.  Four measurements are taken at each 
station.  The marker horizons are 0.0625-m2   layers of feldspar placed on the surface of 
the marsh at each station.  Each is cored by cutting a plug of sediment from the marker 
horizon plot or by using a “cryocorer”, an instrument that super-cools a probe that has 
been inserted into the horizon (Fig. 7).  The cryocore method reduces compaction of 
cores in unconsolidated marsh sediment.  
 
This sampling design allows for direct comparison of the impact area, i.e. restoration area 
(n=6), with an unimpacted area, i.e. current Hatches Harbor salt marsh (n=3), over time. 
 
Results and Discussion 
 
Figures 9a and 9b summarize SET data collected at Hatches Harbor from 1998 to the 
present, presenting both elevation change (SET) and direct sedimentation (marker 
horizon) in the restricted area and the unrestricted sample areas respectively.  The 
observed increase in both sedimentation and elevation change differ markedly between 
the restricted (Fig. 9a) and unrestricted (Fig. 9b) sample sites  A dramatic increase in 
marsh surface elevation was noted in the restricted sites directly after the restoration 
process was begun (through 1999). 
 
In the unrestricted area (Fig. 9b), as expected, direct sedimentation closely matches the 
elevation change, i.e. nearly all of the elevation change can be attributed to the accretion 
of sediment on the marsh surface.  As each tide flows into the estuary, it brings with it 
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small particles that are deposited on the marsh surface as the tide retreats. This 
depositional process allows the marsh surface to keep pace with sea-level rise and 
supports typical New England salt marsh plant and animal communities.  
 
Table 3 displays the rates of elevation change measured in the Hatches Harbor marsh.  
Presently,  2.4 mm/yr is accepted as the rate of sea-level rise along the New England 
coast (Roman et al. 1997). Hatches Harbor must accrete at least 2.4 mm/yr to avoid 
increasing waterlogging, plant stress and potential habitat loss as sea level continues to 
rise. 
 
In the restricted area (Fig 9a), subsidence, the decrease in marsh surface elevation, is of 
special concern to restoration managers.  Subsidence behind tidal restrictions, like the 
Hatches Harbor Dike is caused by peat drainage, pore-space collapse, increased 
decomposition and a decrease in tidally transported sediment(Portnoy 1999).  The 
restricted area of Hatches Harbor marsh has subsided approximately 15 cm since 1930 
when the dike was built (i.e. the average restricted marsh surface elevation occupied by 
low-marsh species is 15 cm lower than the average marsh surface elevation of the 
unrestricted area of Hatches Harbor).  For restoration to be successful, the elevation of 
the restricted marsh must increase enough to compensate for the lower elevation caused 
by subsidence, in addition to sea-level rise. A sufficient increase in elevation, coupled 
with adequate drainage, will avoid extended periods of flooding that could deter the 
restoration of typical salt marsh habitat.  Marsh accretion also benefits the airport by 
buffering any future storm surges that may overtop the dike. 
 
In the restricted area as a whole (Fig. 9a), the observed increase in elevation, (measured 
by the SET) is more than twice that observed in the unrestricted area (Table 4).  The 
elevation of the marsh surface (measured by SET) is higher than explained by the 
accumulation of sediment alone (measured by the marker horizon). Unlike the 
unrestricted area, where the increase in elevation is mainly the result of direct 
sedimentation, here the increase in elevation could be largely due to increased peat 
saturation and consequent expansion. 
 
 
 

Deleted:  
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Figure 6. Cartoon of sediment elevation table and feldspar marker horizon 
 
 

                                  
a                                                                       b 
Figure 7. Examples of sediment horizon cores: result of cryo-core: a “marsh-sicle” (a), 
and by cutting a sediment plug (b). Photographs from USGS-PWRC. 
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Figure 8.  Aerial photograph of Hatches Harbor restoration area. Six SET sample stations 
are located in the restricted marsh, currently receiving 70% tidal range of the unrestricted 
marsh seaward (south) of the dike.  
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Figures 9a and 9b. The average change (+/- SE) of direct sedimentation (measured 
with feldspar marker horizons) and surface elevation (measured with the SET 
instrument) from 1998 to 2003. The dashed line indicates when the new culverts were 
opened introducing increased tidal flow into the tidally restricted area of the Hatches 
Harbor marsh.  
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Table 3. Yearly sedimentation rates for all of the SET sample sites. The marsh surface 
must aggrade  2.4 mm/yr to keep pace with sea-level rise along the New England Coast. 
 
 

TOTAL GAIN IN ELEVATION 1998 to 2003 

SITE MEAN (mm) +/- 

Unrestricted 0.00 8.19 
Restricted 1.85 6.27 

 
Table 4. Total gain in marsh surface elevation (mm) from 1998 to 2003 as measured by 
SET. The restricted area of Hatches Harbor marsh is approximately  15 cm lower than the 
unrestricted area.  
 
 

 

 

MEAN ANNUAL SEDIMENTATION RATE 1998 to 2003 

SITE (mm) +/- 

Unrestricted 2.99 0.32 
Restricted 7.18 1.15 
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SEDIMENT-WATER QUALITY 

Salinity and sulfide have been monitored before restoration (1997) and annually since 
1999 in 10-cm-deep porewater in the vegetation plots of Transect 2B.  Methods followed 
those detailed in the 2000-2001 Annual Report, with the following two exceptions.  First, 
in an attempt to expedite sampling and analysis, better represent average conditions 
within each vegetation plot, and conform with a recently adopted  protocol for all Park 
salt marsh monitoring, three porewater samples were collected from each plot and pooled 
for analysis.  Second, we substantially revised the sulfide collection and analytical 
method to minimize exposure to air and to improve the detection limit (Appendix A). 

The objective of this monitoring is to document root-zone conditions for emergent 
wetland plants.  It is anticipated that increased salinity will stress Phragmites and 
freshwater wetland vegetation and thereby favor the re-establishment and competitive 
advantage of salt marsh grasses.  Increased seawater supply should also increase sulfide 
generation, but only if sediments remain waterlogged throughout the tide cycle. 

Figure 10 presents mean salinity of typically 7-9 low-tide observations through the 
spring-neap period in Aug-Sep of each year from 1997 through 2002, and August salinity 
for 2003.  Water of salinity > 20 ppt now penetrates the wetland 240 m from the creek 
bank, with brackish water (> 10 ppt) penetrating at least 300 m from the main creek. 

Figure 10. Salinity in 10-cm-deep porewater along Transect 2 in the restoring Hatches 
Harbor salt marsh, 1997-2003. 
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Total sulfides in the root zone have been monitored along with salinity (Fig. 11).  Prior to 
2003, total dissolved sulfides were unusually low at Hatches Harbor, about 100 times 
lower than many typical Cape Cod Bay salt marshes.  This is expected with low low-tide 
levels and a sandy, highly permeable, low-organic-content peat that promotes the 
drainage of water and entry of air into the root zone at low tide.   

In 2003, however, sulfide concentrations increased substantially, especially at vegetation 
plots distant from the tidal creek.  We attribute this to ongoing mortality of salt-intolerant 
forbs and grasses and consequent increases in labile organic matter to fuel sulfate 
reduction.  With an increasing supply of seawater, provided by the culvert openings, 
abundant sulfate is available as an oxidant.  Because sulfate reduction, and sulfide 
generation, can only occur in an oxygen-free environment, low-tide drainage is likely 
poor this far from the tidal creek.  Despite the increase, sulfide concentrations are still too 
low to suppress salt marsh grasses, and may infact promote their re-establishment by 
further stressing invasive Phragmites, already suffering from salt stress. 

 

Figure 11. Sulfide concentration in 10-cm-deep porewater along Transect 2 in the 
restoring Hatches Harbor salt marsh, 1997-2003. 
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PHRAGMITES AUSTRALIS MONITORING  
 
A comprehensive, marsh-wide vegetation survey was done in 2002 and will be repeated 
in 2004.  Therefore, monitoring in 2003 was limited to Phragmites-specific parameters 
within the formerly restricted portion of Hatches Harbor marsh.   
 
Methods - Phragmites stems heights and densities were recorded in a subset of plots (0-
240 m) along transects 1 and 2 at the end of the 2003 growing season (mid-October).  
The presence or absence of an inflorescence on each stem was also noted at this time.  
Earlier in the growing season (July), Phragmites leaf samples were collected from plants 
adjacent to these plots and analyzed for carbon and nitrogen content by standard methods 
(Lee 2003).  Tissue nitrogen (N) and carbon C: N ratios can be useful indicators of plant 
vigor and wetland trophic status (Bradley and Morris 1992, Stribling and Cornwell 2001, 
Farnsworth and Meyerson 2003).  Statistical comparisons were conducted using specific 
T-tests for groups having equal or unequal variances. 
 
Results - Overall (all plots pooled) Phragmites stem densities and heights increased 
slightly from 2002 to 2003 (Figure 12a, b) although statistically these changes were not 
significant.  When broken down by plot, it becomes clear that the increases were largely 
due to changes in Transect 2 plots distant from the main tidal creek (Figure 13, 14).  
Percent flowering exhibited the opposite trend with a reduction from 18% in 2002 to 8% 
in 2003. This difference, however, was not significant due to many plots that had non-
flowering Phragmites, which contributed zero values to each group and increased the 
variance of the pooled means (Figure 12c).  On a plot-by-plot basis, however, the 
flowering response shows marked reductions along both transects (Figure 15). 
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Figure 12.  Phragmites a) mean stem height, b) stem densities, and c) percent flowering 
stems for all plots in October 2002 and 2003 (error bars are standard errors of the means). 
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Figure 13.  Phragmites mean stem heights by plot in October 2002 and 2003 (error bars 
are standard errors of the means). 
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Figure 14.  Phragmites stem densities by plot in October 2002 and 2003. 
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Figure 15.  Phragmites percent flowering stems by plot in October 2002 and 2003. 
 
 
 
Along transects 1 and 2, Phragmites leaf N concentrations ranged between 2.6 and 4.6% 
in July 2003 but showed no correlation with distance away from the main tidal creek.  
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N:C ratios similarly showed no spatial trends.  However, leaf N and N:C in a small subset 
of plots (n=3) showed a decrease over the course of a year.  In 2002, tissue samples were 
only collected from plots 1-20, 1-360, 1-540.  When these were compared to 2003 
samples from these same plots, a significant reduction is evident (Figure 16).  
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Figure 16.  Phragmites leaf tissue nitrogen (N) and nitrogen:carbon (N:C) in July 
2002 and 2003 (values are means of plots 1-20, 1-360, 1-540; error bars are standard 
errors of the means) 
 
 

Discussion – The small increase in Phragmites stem heights and densities may, to some 
extent, be due to differences in precipitation between 2002 and 2003.  Based on 
qualitative field observations, early-season growth of Phragmites was extremely rapid in 
May and June when record amounts of rainfall fell.  These conditions contrast sharply 
with the drought that occurred during 2002.  Another possible explanation is the sudden 
absence of competition from salt-intolerant species that have either declined in numbers 
or died altogether.  In Hatches Harbor there appear to be three somewhat distinct zones of 
Phragmites.  The first is a zone of short, sparse, non-flowering plants extending back 
some distance from the main tidal creek.  The second is a monospecific zone of dense, 
tall Phragmites growing in salinities that are high enough to induce mortality in all 
freshwater species.  The third zone occurs in low salinity or freshwater areas distant from 
the tidal creek, often abutting upland habitat; here, Phragmites is less dense and mixed in 
with a variety of freshwater wetland species.  It appears that the zone of most vigorous 
Phragmites (second zone) growth is slowly moving back toward upland as seawater 
penetrates further into the marsh with each passing year.   
 
The reduction in percent flowering stems at many plots is noteworthy and a stronger 
inhibition of flowering may emerge with increased seawater flow through the dike.  
Prolonged osmotic stress may deplete internal reserves to the point that it becomes 
energetically unprofitable to allocate resources to sexual reproduction.  On a similar note, 
it appears that much of the Phragmites population (particularly plants closest to the main 
tidal creek) is senescing earlier in the year than populations growing under less stressful 
conditions - e.g., in lower salinity or freshwater environments (personal observation).  
 
The lack of a spatial gradient in leaf N content may be due to the absence of high sulfide 
concentrations.  In fact, sulfides, which are known to inhibit N uptake, are often 
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undetectable in this well-drained system.  In addition, translocation of internal reserves 
through clonal integration may be occurring.  Moreover, increased levels of porewater 
nutrients may be alleviating physiological stress in Phragmites and slowing its rate of 
decline.  Nutrients can become more available from increased tidal flooding as seawater 
provides more SO4 as an oxidant, which is energetically superior to CO2 for 
decomposition and subsequent nutrient release.  The death and decomposition of salt 
intolerant vegetation also contributes more nutrients to the system.  This scenario has 
played out in manipulative experiments with marsh sediments (Portnoy and Giblin 1997) 
and in a nearby salt marsh restoration project (East Harbor, Truro) (unpublished 
porewater data).   
 
Notwithstanding, we expect that continued flooding with full-strength seawater will act 
as a persistent drain on the internal reserves of Phragmites, thereby resulting in a 
weakened physiological state for the population in general.  [Note that the recent increase 
in culvert openings (October 2003, see above) will result in even greater seawater 
intrusion in 2004.]  In addition, Phragmites will increasingly have to compete with 
greater numbers of native halophytes, which are spreading across the restricted side of the 
marsh.  In response, the zones of Phragmites described above are likely to shift further 
back toward the upland fringes of the system, making way for a more expansive salt 
marsh community. 
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MOSQUITOES 

The species composition and abundance of floodwater-breeding in coastal marshes is 
affected by salinity, flooding duration and areal extent, and access to breeding sites by 
(primarily fish) predators.  The objective of mosquito monitoring at Hatches Harbor is to 
assess whether changes in hydrography caused by the tidal restoration affect mosquito 
species composition and abundance.   

Adult mosquitoes have been monitored throughout July and August from 1997 through 
2002 using light/CO2 traps set at least biweekly in three general habitats within the 
Hatches Harbor flood plain (Fig. 1): at the dike, at the end of the taxiway, and at the 
airport terminal.  The dike station is surrounded by saline breeding habitat.  Trapping at 
the airport terminal represents the upstream and freshest end of the estuarine gradient; it 
is also the location where people and mosquitoes most frequently meet.  The taxiway 
station was not sampled in 2003 because of access problems related to increased security 
at the airport.  Two traps were set in each location in the late afternoon and retrieved in 
early morning.  Trapped adult mosquitoes were identified and counted by species.  

Prior to 2001, adult mosquitoes were predominantly brackish- and freshwater-breeding 
species whose annual abundance appeared to correlate with precipitation, especially Jun-
Aug rainfall (Fig. 17).  This is consistent with tide height observations (Fig. 3) that 
indicate little tidal flooding of the wetland surface; i.e. floodwater breeding before 2001 
was dependent on precipitation, not tidal flooding.  This mode of flooding would result in 
low surface-water salinity, thus, the preponderance of brackish and freshwater, rather 
than salt marsh, mosquitoes (Ochlerotatus sollicitans). 

In April 2001 effective culvert opening was increased four fold causing increased tide 
heights (Fig. 4); consequently, much more water of much higher salinity reached and, in 
places, remained for weeks on the wetland surface.  This appears to have caused a 
subsequent qualitative change in mosquito breeding ecology: in 2001, very high numbers 
of  brackish-water breeders (Ochlerotatus cantator) were captured and in 2002, both 
brackish and saltwater-breeding species (O. sollicitans) were abundant following still 
more extensive and higher-salinity flooding (Fig. 17).  

Adult mosquito abundance declined significantly in 2003.  The continued decrease in 
freshwater-breeding species is expected with incremental tidal restoration and increasing 
salinity of flood waters; however, even brackish and saline species decreased greatly this 
past year.  The timing and amount of precipitation was very similar in 2002 and 2003 
(Fig. 17) and therefore does not appear to have been an important factor.  We did observe 
abundant mummichogs (Fundulus heteroclitus), a major predator of mosquito immatures, 
on the wetland surface at high tide.  The CCMCP applied larvicides to flood waters 
throughout the summer, but we do not know if treatments were intensified in 2003. 

Brackish- and saline-breeding species increased only slightly at the Airport terminal in 
2003 (over 2002 counts) and were well below those observed in 2001 (Fig. 18).  In short, 
the mosquito nuisance, at least as measured by light/CO2 traps, is not increasing 
subsequent to restoring tidal flooding to Hatches Harbor.  The restoration of creeks in 
October 2002 should result in more efficient low-tide drainage and even less floodwater 
breeding in 2004.
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Figure 17.  Outer Cape Cod spring-summer precipitation, 1997-2003, Truro NADP site. 
and Hatches Harbor mosquito collections by breeding habitat. 
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Figure 18.  Mosquito collections at the Provincetown Airport Terminal area, 1997-2003. 
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NEKTON (fish and decapod crustaceans) 
 
Introduction 
Tidal restoration of the Hatches Harbor salt marsh has been ongoing since spring 1999.  
Nekton is an effective and powerful sample population for monitoring restoration results.  
Changes in nekton abundance, density and species composition reflect perturbations in 
multiple ecosystem processes, and comprise an efficient proxy for monitoring changes in 
complex overall ecosystem processes that would be to difficult or costly to monitor 
individually .  Nekton respond rapidly to ecological changes, especially to changes in 
hydrology, e.g. increasing tidal range in the restricted area of Hatches Harbor. They also 
respond to disturbances in food chain dynamics, from the bottom up, e.g. removal/change 
in primary producer populations by anthropogenic impact to estuarine water quality, or 
from the top down, e.g. removal of predator, an important feature not present in other 
sample populations (Raposa and Roman 2001). 
 
Nekton data were collected before tidal restoration (1997) and twice after the initial 
increase in tidal flushing through the new culverts (1999 and 2003).  Monitoring nekton 
will continue for the long-term.   
 
Method 
Nekton was sampled from subtidal creeks and marsh pools using a 1m2 x 0.5m high 
throw trap, with a 3-mm mesh frame.  Fifteen creek stations and 5 marsh pool stations 
were randomly established within the unrestricted marsh and 10 creek and 5 pool stations 
in the restricted marsh.  To evaluate pre-restoration conditions, sampling was conducted 
at two-week intervals from June 1997 through September 1998 (additional sampling, fall, 
winter and spring, was conducted in 1997, but those data are not presented here).  In 
1999, following tidal restoration, the same stations were sampled bi-weekly from June 
through September, then again in September of 2003.  
 
It must be noted that several of the original sampling stations were not re-sampled in 
2003 because the morphology of the surface and creeks of the Hatches Harbor salt marsh, 
both in the tidally restricted restoration area, and in the unrestricted area had changed.  
The pool sample sites in the tidally restricted marsh have increased in size, depth and 
shape.  Sampling points were adjusted to any changes, while still representing the same 
pool.  Most (four of five) of the pool sample sites on the unrestricted side of the Hatches 
Harbor salt marsh were unable to be sampled in 2003 because they had developed 
substantial vegetation since 1999, or were dry during the sample period.  Attempts were 
made to establish new pool stations, but few of the originally sampled pools remained 
flooded during low tides.  This suggests that low tides have become lower, allowing pool 
drainage, in the unrestricted marsh since 1999.  A lower inlet threshold, allowing more 
complete wetland drainage during low tide, would explain this change; however, the 
question needs more study.  
 

Results and Discussion 
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Table 5 presents nekton density with creek and pool data combined and averaged over the 
June to September period.  As noted, 10 species of fish and 4 of decapod crustaceans 
were collected, with the common mummichog (Fundulus heteroclitus) as the dominant 
species.  Before tidal restoration in 1999, there were no differences in total nekton 
densities between the restricted area and the unrestricted areas. Nekton densities did not 
change directly after restoration in 1999. The 2003 sample indicates a higher density of 
total nekton, led by increases in mummichog and shore shrimp (Palaemonetes spp.) 
densities in the Hatches Harbor system as a whole.  Further analysis is needed to 
determine if the 2003 observations represent significant changes in nekton densities 
between restricted vs. unrestricted, and between the same sites over time. 

It should be stressed that these data relate only to tidal creeks and marsh pools and not to 
densities throughout the entire system.  The marsh surface is an important habitat for 
estuarine fishes, especially the common mummichog.  Only seven acres (3 ha) of 
Spartina alterniflora marsh habitat were available to nekton in the restricted area, while 
60 acres (25 ha) were available in the unrestricted area.  The increase in tidal range since 
1999 (see tide height section of this report) has expanded the area of S. alterniflora marsh 
in the restricted area; an increase in utilization of S alterniflora marsh habitat by nekton is 
expected (Portnoy et al. 2003). Data are available on marsh surface utilization by nekton 
with Hatches Harbor before tidal restoration; however, no post restoration data have been 
collected to date.  
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R 
1997 

R 
1999 

R 
2003 

UR 
1997 

UR 
1999 

UR 
2003 SPECIES 

n=90 n=90 n=16 n=120 n=120 n=16 

Fundulus heteroclitus (mummichog) 22.84 28.38 44.31 18.99 14.77 50.13 

Carcinus maenas (green crab) 0.46 1.47 0.06 1.38 1.69 0.06 

Crangon septemspinosa (sand shrimp) 0.18 0.14 0.31 2.16 0.69 0.00 

Fundulus majalis (striped killifish) 0.10 0.36 0.56 0.28 0.58 1.00 

Menidia menidia (Atlantic silverside) 0.12 0.20 0.00 0.65 0.18 0.00 

Anguilla rostrata (American eel) 0.36 0.12 0.00 0.00 0.00 0.00 

Apeltes quadracus (4-spine stickleback) 0.20 0.09 0.00 0.00 0.00 0.00 

Gasterosteus aculeatus (3-spine stickleback) 0.10 0.10 0.00 0.00 0.00 0.00 

Mugil curema (white mullet) 0.02 0.00 0.00 0.04 0.00 0.00 

Syngnathus fuscus (pipefish) 0.03 0.01 0.00 0.00 0.00 0.00 

Neopanopeus sayii (mud crab) 0.00 0.00 0.00 0.00 0.01 0.00 

Pseudopleuronectes americanus (winter flounder) 0.00 0.00 0.00 0.01 0.00 0.00 

Cyprinodon variegatus (Sheepshead Minnow) 0.00 0.00 0.06 0.00 0.00 0.00 

Palaemonetes spp.(Shore Shrimp) 0.00 0.00 0.69 0.00 0.00 2.00 

Total Nekton 24.41 30.86 46.00 23.50 17.93 53.19 

 
Table 5.  Nekton density (number m-2) in the unrestricted (UR) and restricted (R) Hatches 
Harbor salt marsh in 1997, before tidal restoration, and in 1999 and 2003 with restored 
tides (Portnoy et al. 2003). 
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REPORT CONCLUSIONS  

Tide heights 

 Tide heights and tidal range have increased substantially in the restricted marsh 
without threatening airport approach equipment.  

 Tide heights in the restoring marsh are now about 70% those of unrestricted Hatches 
Harbor. 

 Low tide elevations remain low, facilitating peat drainage at low tide. 

Sedimentation 

• The unrestricted area of the Hatches Harbor salt marsh is keeping pace with sea-level 
rise. 

• The restricted area of the Hatches Harbor marsh is gaining elevation faster than the 
unrestricted area, allowing for the expansion of typical salt marsh habitat. 

• More elevation data need to be collected. 

Sediment-water quality  

 High salinity water (10-30 ppt) is penetrating typically 300 m into previously 
Phragmites-dominated plant communities. 

 Porewater sulfides remain too low to discourage the growth of salt marsh grasses, but 
may be high enough to suppress invasive salt-intolerant species (e.g. Phragmites) 
especially when combined with salt stress.  The same osmotic stress and sulfide 
toxicity that suppresses Phragmites competitively favors salt marsh plants that are 
adapted physiologically to survive in a salty and sulfidic root-zone environment.  

Vegetation 

 The overall size of the Phragmites population is about the same as last year, but in 
many places the zone of most vigorous growth is retreating toward the upland. 

 Trends in flowering and internal nutrient status suggest that there has been a further 
weakening of the population. 

 Although a continued decline in the Phragmites population is predicted, we can 
expect substantial year to year fluctuation in response to  rainfall. 

 Native salt marsh vegetation is spreading rapidly throughout the formerly-restricted 
portion of the marsh. 

 

Mosquitoes 

 Despite comparable precipitation and tidal flooding to 2002, brackish and salt marsh 
mosquito production did not increase significantly in 2003.  
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 The restoration of tidal creeks in October 2003 should improve low-tide drainage and 
improve fish access in the interior marsh, further depressing floodwater mosquito 
breeding.   

Nekton 

• Nekton densities in marsh creeks and pools did not change directly after the increase 
in tidal exchange in 1999. 

• More analysis is needed of 2003 data; however, the densities of the nekton throughout 
the system have increased, perhaps indicating that as the tidal range in the restricted 
area increased, the Hatches Harbor salt marsh habitat as a whole (both restricted and 
unrestricted areas) improved for nekton. 

• Nekton density data from the marsh surface should be collected to understand the 
impact of restoration in this habitat. 

 

PLANS FOR 2004  

 Continue tide height, sediment-water salinity and mosquito monitoring. 

 Continue to monitor Phragmites survival and vigor in the restricted, now restoring, 
marsh. 
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APPENDIX A: New sulfide method, June 2003 
Lab:  Add 6 ml 2% ZnAc to 20-ml septum vials (Fisher 03 340 121). 
Field collection: 

1. Insert 2-mm ID stainless probe 10 cm into sediment. 
2. Extract porewater sample with large (e.g. 20-30 ml) syringe.  
3. Immediately insert needle of a 500-L glass syringe (Fisher SG 007230) into the tip 

of the plastic syringe and remove exactly 500 L of sample, expelling any gas 
bubbles.  

4. Immediately puncture septum of a ZnAc vial with the needle and discharge the 500 
L sample from the glass syringe into the ZnAc. 

5. Agitate to mix. 
6. Perform steps 2-5 with porewater collected at two other locations within a plot, 

injecting the additional 500-L samples into the same ZnAc vial.  You should end up 
with a pooled 1.5 ml sample in each vial of ZnAc. 

7. Store cold. 
Lab: 

1. Use needle and 5-ml syringe to puncture septum and remove exactly 4 ml sample 
from septum vial. 

2. Discharge into a 15-ml plastic centrifuge tube. 
3. Add 5 ml dye (2 g DPDH + 3 g FeCL3

.6H2O in 500 ml 50% (v/v) HCl). 
4. Store in dark 20 min for color development. 
5. Centrifuge down any solids for 2 min. 
6. Read on Spec-21 @ 670 nm, 1 cm light path.  Zero the spec. with a blank prepared 

by adding 1.5 ml distilled water to 6 ml ZnAc and treating as a sample. 
 
Calculation:  [Based on sodium sulfide standards run in April 2003; standards were 375, 225, 75, 
37.5, 0 M sulfide; R2 = .999.] 

Conc (M) = 488 (Abs @ 670) 
If absorbance exceeds 0.8, dilute some of the sample remaining in ZnAc.  Use 2% ZnAc as 
diluent.  Multiply resulting concentration by dilution factor. 
 
Preparation of standard curve: Wear gloves!  Minimize exposure of sodium sulfide to air! 
Stock (30 mM S-2) 

1. Prepare oxygen-free water by boiling and then bubbling with N2 as it cools to room temp.  
Flask has two-hole stopper with bubbling tube and second hole fitted with one-way valve to 
allow gas to escape. 

2. Rinse (with degassed water) and blot dry to clean about 1 g of sodium sulfide (Na2S
.9H2O). 

3. To about 20 ml degassed water in 60-ml BOD bottle (tared on analytical balance), add 0.43 g 
of cleaned Na2S

.9H2O crystals. 
4. Top off with degassed water and invert until crystals are dissolved. 
5. Stock is 30 mM S-2. 

Standards 
1. Fill five 40-ml septum vials to shoulder with degassed water and quickly cap. 
2. Use micro-syringe with needle to inject the following volumes of 30 mM stock through septa into 

vials. 
3. Treat resulting standards as samples. 
Vol. (l) 30 mM stock  Standard conc. (M) 

500 375 
300 225 
100 75 
50 37.5 
0  0 
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INTRODUCTION


In cooperation with the Town of Provincetown, Federal Aviation Administration and Massachusetts Aeronautics Commission, the National Park Service (NPS) has been incrementally restoring tidal exchange to the diked portions of Hatches Harbor since March of 1999.  The overall objective of this project is to restore native salt marsh functions and values to the tide-restricted wetland to the extent possible without compromising safety at the Provincetown Municipal Airport.  


After an hydrodynamic assessment in 1987 (Roman 1995), large culverts were installed through the Hatches Harbor Dike by the NPS in the winter of 1998-99 to accommodate increased tidal flow.   The NPS has opened these gated culverts in small increments each year (Table 1) to ensure Airport safety from flooding and to control and adaptively manage ecosystem response. Cape Cod National Seashore (CCNS) staff and cooperators have monitored system response intensively since 1999, with base line data collected in 1997 before new culvert construction.


This reports on physical and ecological monitoring undertaken in 2003 and summarizes progress towards habitat restoration.  Monitoring has included tide heights, sedimentation, sediment-water quality, wetland vegetation, mosquitoes and nekton (fin-fish and decapod crustaceans) within both natural (unrestricted) and diked portions of the Hatches Harbor flood plain (Fig. 1).  


Table 1. Recent history of incremental culvert gate openings at Hatches Harbor.


		Years

		Number of open culverts

		Dimensions of opening

		Opening area (m2)



		Pre-1999

		1

		2-ft ID old round culvert

		0.29



		Mar 1999 – Mar 2000

		2

		2.13 m wide X 0.10 m high

		0.42



		Mar 2000 – Mar 2001

		4

		2.13 m wide X 0.10 m high

		0.85



		Mar 2001- Oct 2003

		4

		2.13 m wide X 0.40 m high

		3.41



		Oct 2003 -

		4

		2.13 m wide X 0.70 m high

		5.96
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Figure 1.  Hatches Harbor salt marsh showing locations of tide gauges, transects for vegetation and porewater sampling, and mosquito trapping stations.

Before the culverts were opened in October, about 990 linear meters (3247 feet) of creek were re-established per the Technical Advisory Committee’s recommendation (see minutes of 23 January 2002) just seaward of the Provincetown Airport (Fig. 2) to improve low-tide drainage and fish access.  The NPS produced an environmental assessment (NPS 2003) for this project and obtained all state, local and federal permits.  The Cape Cod Mosquito Control Project (CCMCP) donated their staff expertise and equipment to complete the actual digging on 8 October 2003.  Creeks were cut 1.5 ft deep and 1.5 ft wide.  The NPS increased all four culvert openings from 40 to 70 cm the following day.
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Figure 2.  Creek restoration upstream of the Hatches Harbor Dike.  Creek digging was completed on 8 October 2003.


TIDE HEIGHTS


Introduction

Adequate tidal exchange is integral to normal salt marsh ecosystem-wide processes.  The Hatches Harbor culverts were designed to maximize tidal exchange to favor salt marsh restoration, and simultaneously dampen extreme storm tides that threaten airport facilities (Roman et al. 1995).  The culverts continue to be effective at dampening extreme tidal events; during the 2003 sample period, spring tides were effectively dampened by the dike and culvert structure from 2.21 m-MSL to 1.73 m-MSL while average tides were much less affected (Fig. 3).  Thus, as the model predicted, standard high tides and tidal range are being maximized to favor the restoring salt marsh while extreme high tides are being buffered out to protect Provincetown Municipal Airport facilities.


It should be noted that the observed maximum spring tide elevation of 1.73 m-MSL in the restricted marsh area is above the 1.67 m-MSL (10.5 ft-MLW) tide height suggested by earlier reports as the maximum that will afford protection of approach light equipment located in the Hatches Harbor floodplain. During 2003, the FAA and the Provincetown Municipal Airport improved the approach light array system, raising equipment to approximately 2.3 m-MSL, removing the possibility of impact of routine tidal events on approach equipment under the current culvert configuration. 


Methods

Data loggers (YSI UPG6000) are installed on stable mounts on both sides (seaward and landward) of the dike to record water depth and salinity in the principal tidal creek over typically one-month deployments.  The seaward station is about 10 m from the dike; the landward station is about 300 m above the dike in the main creek draining the restricted marsh.  Depth transducers are referenced to m-MSL by differential leveling from local benchmarks during each sample period to assure accuracy. Elevations are given in ft-MLW; ft-MLW units are converted to m-MSL by subtracting half the tidal range for Provincetown (9.1 ft/2 = 4.55 ft) and dividing by 3.28 (ft/m). Data are recorded at 15-min intervals.


Results and Discussion

Table 1 summarizes all verified tide height data from 1998 to 2003.  Tide sampling periods were selected to include an entire lunar tidal cycle.  The mean high and low tides, and tidal ranges were calculated from a portion of each sample period containing an equal number of astronomically higher and lower tides to avoid bias.  Figure 4 presents average mean high and low tides from 1998 (pre-restoration) to the present relative to a typical restricted marsh profile, i.e. Transect 2 running perpendicular to the main creek in the restricted area, approximately 300 m from the dike. 


In general, mean high tide elevations have increased as expected with increased culvert opening, with an observed slight decline in mean low tide elevations (Table 2). Data from tide elevation sampling periods from 1998 to 2003 indicates that as culvert opening area increases, larger volumes of water are reaching higher marsh elevations; with the restricted marsh draining effectively with each increase in culvert opening area. The proportion of unrestricted tidal range experienced by the restricted marsh has been increasing with each increase in culvert opening area; from 0.38 in 1998 before restoration, to 0.70 beginning in 2003 with four culverts open (Fig. 5).  Average high tides did not flood the marsh surface before the new culverts were installed (1998). Currently (Jan 2004), the restricted area of Hatches Harbor is experiencing 70% of the tidal range experienced by the unrestricted portion of the salt marsh. 



[image: image3]

Figure 3.  Hatches Harbor tide height data from 24 November to 23 December 2003 showing the dampening effect of the dike and culvert system on extreme high tides. The hatched line indicates the 1.67 m-MSL (10.5 ft MLW) established as a benchmark for protection of airport approach lights (now moved to a higher elevation).
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Figure 4.  Typical wetland profile and recent history of mean high and low tide heights in the restoring Hatches Harbor wetland.


		

		Culvert Status

		Sample Interval

		Mean high (m-MSL)

		Mean low (m-MSL)

		Tidal range (m)

		Proportion of unrestricted tidal range realized in restricted area



		Restricted

		2-ft culvert w/o flap (1998)

		3/30/98 to 5/6/98

		1.16

		0.99

		0.17

		--



		

		2-ft culvert w/o flap (1998)

		11/24/98 to 12/04/98

		1.36

		1.09

		0.26

		0.38



		

		2 culverts open 10 cm (1999)

		5/19/99 to 6/4/99

		1.22

		0.95

		0.27

		0.43



		

		4 culverts open 10 cm (2001)

		2/14/01 to 2/28/01

		1.21

		0.93

		0.28

		--



		

		4 culverts open 40 cm (2001)

		5/31/01 to 6/21/01

		1.38

		0.96

		0.41

		--



		

		4 culverts open 40 cm (2001)

		4/14/01 to 5/3/01

		1.40

		1.03

		0.37

		--



		

		4 culverts open 40 cm (2002)

		9/11/02 to 10/16/02

		1.58

		1.02

		0.56

		0.60



		

		4 culverts open 70 cm (2003)

		11/27/03 to 12/11/03

		1.41

		0.87

		0.54

		0.70



		Unrestricted

		n.a.

		11/24/98 to 12/04/98

		1.54

		0.84

		0.69

		--



		

		n.a.

		5/19/99 to 6/4/99

		1.55

		0.92

		0.63

		--



		

		n.a.

		9/11/02 to 10/16/02

		1.77

		0.84

		0.93

		--



		

		n.a.

		11/27/03 to 12/11/03

		1.52

		0.75

		0.77

		--





Table 2.  Summary of tide height data from restricted (landward) and unrestricted (seaward) portions of the Hatches Harbor main creek.
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Figure 5.  Proportion of unrestricted tidal range experienced by restricted section of Hatches Harbor salt marsh with successive increase in culvert area.

SEDIMENTATION


Introduction

The ecological processes and quality of estuarine habitat are directly linked to elevation relative to local sea level and sedimentation (Redfield 1972).  Small changes in elevation can result in community and trophic structure changes, alteration or destruction of habitat and changing sediment and water quality.  The Hatches Harbor restoration project has been monitoring sedimentation processes at least semi-annually since 1998. Nine sediment elevation tables (SET) and marker horizons have been installed to assess sedimentation and subsidence processes resulting from restoration efforts at Hatches Harbor (Fig.1).  This method measures vertical accretion by coring marker horizons (Cahoon et al. 1996) and net elevation change with a SET, an instrument that can accurately measure sub-centimeter changes in marsh surface elevation (Boumans and Day 1993; Cahoon et al. 2000). 


Method

Nine SET stations have been established in the Hatches Harbor marsh; three in the unrestricted area, six in the restricted area (Fig. 8).  Each station consists of a SET and three feldspar marker horizons (Fig. 6).  The SET is a permanent stable mount ( ~6 m of 3-inch ID aluminum irrigation pipe driven to refusal into the marsh sediment and filled with concrete), and the removable SET instrument (a milled aluminum cantilevered arm that can be positioned and leveled into the same location each sampling period). Nine brass pins are lowered through holes in the SET “table” to the marsh surface; lengths of pin above the table are measured to the millimeter.  Four measurements are taken at each station.  The marker horizons are 0.0625-m2   layers of feldspar placed on the surface of the marsh at each station.  Each is cored by cutting a plug of sediment from the marker horizon plot or by using a “cryocorer”, an instrument that super-cools a probe that has been inserted into the horizon (Fig. 7).  The cryocore method reduces compaction of cores in unconsolidated marsh sediment. 


This sampling design allows for direct comparison of the impact area, i.e. restoration area (n=6), with an unimpacted area, i.e. current Hatches Harbor salt marsh (n=3), over time.


Results and Discussion

Figures 9a and 9b summarize SET data collected at Hatches Harbor from 1998 to the present, presenting both elevation change (SET) and direct sedimentation (marker horizon) in the restricted area and the unrestricted sample areas respectively.  The observed increase in both sedimentation and elevation change differ markedly between the restricted (Fig. 9a) and unrestricted (Fig. 9b) sample sites  A dramatic increase in marsh surface elevation was noted in the restricted sites directly after the restoration process was begun (through 1999).


In the unrestricted area (Fig. 9b), as expected, direct sedimentation closely matches the elevation change, i.e. nearly all of the elevation change can be attributed to the accretion of sediment on the marsh surface.  As each tide flows into the estuary, it brings with it small particles that are deposited on the marsh surface as the tide retreats. This depositional process allows the marsh surface to keep pace with sea-level rise and supports typical New England salt marsh plant and animal communities. 


Table 3 displays the rates of elevation change measured in the Hatches Harbor marsh.  Presently,  2.4 mm/yr is accepted as the rate of sea-level rise along the New England coast (Roman et al. 1997). Hatches Harbor must accrete at least 2.4 mm/yr to avoid increasing waterlogging, plant stress and potential habitat loss as sea level continues to rise.


In the restricted area (Fig 9a), subsidence, the decrease in marsh surface elevation, is of special concern to restoration managers.  Subsidence behind tidal restrictions, like the Hatches Harbor Dike is caused by peat drainage, pore-space collapse, increased decomposition and a decrease in tidally transported sediment(Portnoy 1999).  The restricted area of Hatches Harbor marsh has subsided approximately 15 cm since 1930 when the dike was built (i.e. the average restricted marsh surface elevation occupied by low-marsh species is 15 cm lower than the average marsh surface elevation of the unrestricted area of Hatches Harbor).  For restoration to be successful, the elevation of the restricted marsh must increase enough to compensate for the lower elevation caused by subsidence, in addition to sea-level rise. A sufficient increase in elevation, coupled with adequate drainage, will avoid extended periods of flooding that could deter the restoration of typical salt marsh habitat.  Marsh accretion also benefits the airport by buffering any future storm surges that may overtop the dike.

In the restricted area as a whole (Fig. 9a), the observed increase in elevation, (measured by the SET) is more than twice that observed in the unrestricted area (Table 4).  The elevation of the marsh surface (measured by SET) is higher than explained by the accumulation of sediment alone (measured by the marker horizon). Unlike the unrestricted area, where the increase in elevation is mainly the result of direct sedimentation, here the increase in elevation could be largely due to increased peat saturation and consequent expansion.
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Figure 6. Cartoon of sediment elevation table and feldspar marker horizon
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Figure 7. Examples of sediment horizon cores: result of cryo-core: a “marsh-sicle” (a), and by cutting a sediment plug (b). Photographs from USGS-PWRC.
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Figure 8.  Aerial photograph of Hatches Harbor restoration area. Six SET sample stations are located in the restricted marsh, currently receiving 70% tidal range of the unrestricted marsh seaward (south) of the dike. 
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		MEAN ANNUAL SEDIMENTATION RATE 1998 to 2003



		SITE

		(mm)

		+/-



		Unrestricted

		2.99

		0.32



		Restricted

		7.18

		1.15





Table 3. Yearly sedimentation rates for all of the SET sample sites. The marsh surface must aggrade  2.4 mm/yr to keep pace with sea-level rise along the New England Coast.

		TOTAL GAIN IN ELEVATION 1998 to 2003



		



		SITE

		MEAN (mm)

		+/-



		Unrestricted

		0.00

		8.19



		Restricted

		1.85

		6.27





Table 4. Total gain in marsh surface elevation (mm) from 1998 to 2003 as measured by SET. The restricted area of Hatches Harbor marsh is approximately  15 cm lower than the unrestricted area. 


SEDIMENT-WATER QUALITY


Salinity and sulfide have been monitored before restoration (1997) and annually since 1999 in 10-cm-deep porewater in the vegetation plots of Transect 2B.  Methods followed those detailed in the 2000-2001 Annual Report, with the following two exceptions.  First, in an attempt to expedite sampling and analysis, better represent average conditions within each vegetation plot, and conform with a recently adopted  protocol for all Park salt marsh monitoring, three porewater samples were collected from each plot and pooled for analysis.  Second, we substantially revised the sulfide collection and analytical method to minimize exposure to air and to improve the detection limit (Appendix A).

The objective of this monitoring is to document root-zone conditions for emergent wetland plants.  It is anticipated that increased salinity will stress Phragmites and freshwater wetland vegetation and thereby favor the re-establishment and competitive advantage of salt marsh grasses.  Increased seawater supply should also increase sulfide generation, but only if sediments remain waterlogged throughout the tide cycle.


Figure 10 presents mean salinity of typically 7-9 low-tide observations through the spring-neap period in Aug-Sep of each year from 1997 through 2002, and August salinity for 2003.  Water of salinity > 20 ppt now penetrates the wetland 240 m from the creek bank, with brackish water (> 10 ppt) penetrating at least 300 m from the main creek.

Figure 10. Salinity in 10-cm-deep porewater along Transect 2 in the restoring Hatches Harbor salt marsh, 1997-2003.




Total sulfides in the root zone have been monitored along with salinity (Fig. 11).  Prior to 2003, total dissolved sulfides were unusually low at Hatches Harbor, about 100 times lower than many typical Cape Cod Bay salt marshes.  This is expected with low low-tide levels and a sandy, highly permeable, low-organic-content peat that promotes the drainage of water and entry of air into the root zone at low tide.  


In 2003, however, sulfide concentrations increased substantially, especially at vegetation plots distant from the tidal creek.  We attribute this to ongoing mortality of salt-intolerant forbs and grasses and consequent increases in labile organic matter to fuel sulfate reduction.  With an increasing supply of seawater, provided by the culvert openings, abundant sulfate is available as an oxidant.  Because sulfate reduction, and sulfide generation, can only occur in an oxygen-free environment, low-tide drainage is likely poor this far from the tidal creek.  Despite the increase, sulfide concentrations are still too low to suppress salt marsh grasses, and may infact promote their re-establishment by further stressing invasive Phragmites, already suffering from salt stress.

Figure 11. Sulfide concentration in 10-cm-deep porewater along Transect 2 in the restoring Hatches Harbor salt marsh, 1997-2003.


 


Phragmites Australis monitoring 


A comprehensive, marsh-wide vegetation survey was done in 2002 and will be repeated in 2004.  Therefore, monitoring in 2003 was limited to Phragmites-specific parameters within the formerly restricted portion of Hatches Harbor marsh.  


Methods - Phragmites stems heights and densities were recorded in a subset of plots (0-240 m) along transects 1 and 2 at the end of the 2003 growing season (mid-October).  The presence or absence of an inflorescence on each stem was also noted at this time.  Earlier in the growing season (July), Phragmites leaf samples were collected from plants adjacent to these plots and analyzed for carbon and nitrogen content by standard methods (Lee 2003).  Tissue nitrogen (N) and carbon C: N ratios can be useful indicators of plant vigor and wetland trophic status (Bradley and Morris 1992, Stribling and Cornwell 2001, Farnsworth and Meyerson 2003).  Statistical comparisons were conducted using specific T-tests for groups having equal or unequal variances.


Results - Overall (all plots pooled) Phragmites stem densities and heights increased slightly from 2002 to 2003 (Figure 12a, b) although statistically these changes were not significant.  When broken down by plot, it becomes clear that the increases were largely due to changes in Transect 2 plots distant from the main tidal creek (Figure 13, 14).  Percent flowering exhibited the opposite trend with a reduction from 18% in 2002 to 8% in 2003. This difference, however, was not significant due to many plots that had non-flowering Phragmites, which contributed zero values to each group and increased the variance of the pooled means (Figure 12c).  On a plot-by-plot basis, however, the flowering response shows marked reductions along both transects (Figure 15).
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Figure 12.  Phragmites a) mean stem height, b) stem densities, and c) percent flowering stems for all plots in October 2002 and 2003 (error bars are standard errors of the means).
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Figure 13.  Phragmites mean stem heights by plot in October 2002 and 2003 (error bars are standard errors of the means).
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Figure 14.  Phragmites stem densities by plot in October 2002 and 2003.
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Figure 15.  Phragmites percent flowering stems by plot in October 2002 and 2003.


Along transects 1 and 2, Phragmites leaf N concentrations ranged between 2.6 and 4.6% in July 2003 but showed no correlation with distance away from the main tidal creek.  N:C ratios similarly showed no spatial trends.  However, leaf N and N:C in a small subset of plots (n=3) showed a decrease over the course of a year.  In 2002, tissue samples were only collected from plots 1-20, 1-360, 1-540.  When these were compared to 2003 samples from these same plots, a significant reduction is evident (Figure 16). 
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Figure 16.  Phragmites leaf tissue nitrogen (N) and nitrogen:carbon (N:C) in July 2002 and 2003 (values are means of plots 1-20, 1-360, 1-540; error bars are standard errors of the means)


Discussion – The small increase in Phragmites stem heights and densities may, to some extent, be due to differences in precipitation between 2002 and 2003.  Based on qualitative field observations, early-season growth of Phragmites was extremely rapid in May and June when record amounts of rainfall fell.  These conditions contrast sharply with the drought that occurred during 2002.  Another possible explanation is the sudden absence of competition from salt-intolerant species that have either declined in numbers or died altogether.  In Hatches Harbor there appear to be three somewhat distinct zones of Phragmites.  The first is a zone of short, sparse, non-flowering plants extending back some distance from the main tidal creek.  The second is a monospecific zone of dense, tall Phragmites growing in salinities that are high enough to induce mortality in all freshwater species.  The third zone occurs in low salinity or freshwater areas distant from the tidal creek, often abutting upland habitat; here, Phragmites is less dense and mixed in with a variety of freshwater wetland species.  It appears that the zone of most vigorous Phragmites (second zone) growth is slowly moving back toward upland as seawater penetrates further into the marsh with each passing year.  


The reduction in percent flowering stems at many plots is noteworthy and a stronger inhibition of flowering may emerge with increased seawater flow through the dike.  Prolonged osmotic stress may deplete internal reserves to the point that it becomes energetically unprofitable to allocate resources to sexual reproduction.  On a similar note, it appears that much of the Phragmites population (particularly plants closest to the main tidal creek) is senescing earlier in the year than populations growing under less stressful conditions - e.g., in lower salinity or freshwater environments (personal observation). 


The lack of a spatial gradient in leaf N content may be due to the absence of high sulfide concentrations.  In fact, sulfides, which are known to inhibit N uptake, are often undetectable in this well-drained system.  In addition, translocation of internal reserves through clonal integration may be occurring.  Moreover, increased levels of porewater nutrients may be alleviating physiological stress in Phragmites and slowing its rate of decline.  Nutrients can become more available from increased tidal flooding as seawater provides more SO4 as an oxidant, which is energetically superior to CO2 for decomposition and subsequent nutrient release.  The death and decomposition of salt intolerant vegetation also contributes more nutrients to the system.  This scenario has played out in manipulative experiments with marsh sediments (Portnoy and Giblin 1997) and in a nearby salt marsh restoration project (East Harbor, Truro) (unpublished porewater data).  


Notwithstanding, we expect that continued flooding with full-strength seawater will act as a persistent drain on the internal reserves of Phragmites, thereby resulting in a weakened physiological state for the population in general.  [Note that the recent increase in culvert openings (October 2003, see above) will result in even greater seawater intrusion in 2004.]  In addition, Phragmites will increasingly have to compete with greater numbers of native halophytes, which are spreading across the restricted side of the marsh.  In response, the zones of Phragmites described above are likely to shift further back toward the upland fringes of the system, making way for a more expansive salt marsh community.

MOSQUITOES


The species composition and abundance of floodwater-breeding in coastal marshes is affected by salinity, flooding duration and areal extent, and access to breeding sites by (primarily fish) predators.  The objective of mosquito monitoring at Hatches Harbor is to assess whether changes in hydrography caused by the tidal restoration affect mosquito species composition and abundance.  


Adult mosquitoes have been monitored throughout July and August from 1997 through 2002 using light/CO2 traps set at least biweekly in three general habitats within the Hatches Harbor flood plain (Fig. 1): at the dike, at the end of the taxiway, and at the airport terminal.  The dike station is surrounded by saline breeding habitat.  Trapping at the airport terminal represents the upstream and freshest end of the estuarine gradient; it is also the location where people and mosquitoes most frequently meet.  The taxiway station was not sampled in 2003 because of access problems related to increased security at the airport.  Two traps were set in each location in the late afternoon and retrieved in early morning.  Trapped adult mosquitoes were identified and counted by species. 


Prior to 2001, adult mosquitoes were predominantly brackish- and freshwater-breeding species whose annual abundance appeared to correlate with precipitation, especially Jun-Aug rainfall (Fig. 17).  This is consistent with tide height observations (Fig. 3) that indicate little tidal flooding of the wetland surface; i.e. floodwater breeding before 2001 was dependent on precipitation, not tidal flooding.  This mode of flooding would result in low surface-water salinity, thus, the preponderance of brackish and freshwater, rather than salt marsh, mosquitoes (Ochlerotatus sollicitans).


In April 2001 effective culvert opening was increased four fold causing increased tide heights (Fig. 4); consequently, much more water of much higher salinity reached and, in places, remained for weeks on the wetland surface.  This appears to have caused a subsequent qualitative change in mosquito breeding ecology: in 2001, very high numbers of  brackish-water breeders (Ochlerotatus cantator) were captured and in 2002, both brackish and saltwater-breeding species (O. sollicitans) were abundant following still more extensive and higher-salinity flooding (Fig. 17). 


Adult mosquito abundance declined significantly in 2003.  The continued decrease in freshwater-breeding species is expected with incremental tidal restoration and increasing salinity of flood waters; however, even brackish and saline species decreased greatly this past year.  The timing and amount of precipitation was very similar in 2002 and 2003 (Fig. 17) and therefore does not appear to have been an important factor.  We did observe abundant mummichogs (Fundulus heteroclitus), a major predator of mosquito immatures, on the wetland surface at high tide.  The CCMCP applied larvicides to flood waters throughout the summer, but we do not know if treatments were intensified in 2003.


Brackish- and saline-breeding species increased only slightly at the Airport terminal in 2003 (over 2002 counts) and were well below those observed in 2001 (Fig. 18).  In short, the mosquito nuisance, at least as measured by light/CO2 traps, is not increasing subsequent to restoring tidal flooding to Hatches Harbor.  The restoration of creeks in October 2002 should result in more efficient low-tide drainage and even less floodwater breeding in 2004.


Figure 17.  Outer Cape Cod spring-summer precipitation, 1997-2003, Truro NADP site. and Hatches Harbor mosquito collections by breeding habitat.







Figure 18.  Mosquito collections at the Provincetown Airport Terminal area, 1997-2003.




NEKTON (fish and decapod crustaceans)


Introduction

Tidal restoration of the Hatches Harbor salt marsh has been ongoing since spring 1999.  Nekton is an effective and powerful sample population for monitoring restoration results.  Changes in nekton abundance, density and species composition reflect perturbations in multiple ecosystem processes, and comprise an efficient proxy for monitoring changes in complex overall ecosystem processes that would be to difficult or costly to monitor individually .  Nekton respond rapidly to ecological changes, especially to changes in hydrology, e.g. increasing tidal range in the restricted area of Hatches Harbor. They also respond to disturbances in food chain dynamics, from the bottom up, e.g. removal/change in primary producer populations by anthropogenic impact to estuarine water quality, or from the top down, e.g. removal of predator, an important feature not present in other sample populations (Raposa and Roman 2001).


Nekton data were collected before tidal restoration (1997) and twice after the initial increase in tidal flushing through the new culverts (1999 and 2003).  Monitoring nekton will continue for the long-term.  


Method

Nekton was sampled from subtidal creeks and marsh pools using a 1m2 x 0.5m high throw trap, with a 3-mm mesh frame.  Fifteen creek stations and 5 marsh pool stations were randomly established within the unrestricted marsh and 10 creek and 5 pool stations in the restricted marsh.  To evaluate pre-restoration conditions, sampling was conducted at two-week intervals from June 1997 through September 1998 (additional sampling, fall, winter and spring, was conducted in 1997, but those data are not presented here).  In 1999, following tidal restoration, the same stations were sampled bi-weekly from June through September, then again in September of 2003. 


It must be noted that several of the original sampling stations were not re-sampled in 2003 because the morphology of the surface and creeks of the Hatches Harbor salt marsh, both in the tidally restricted restoration area, and in the unrestricted area had changed.  The pool sample sites in the tidally restricted marsh have increased in size, depth and shape.  Sampling points were adjusted to any changes, while still representing the same pool.  Most (four of five) of the pool sample sites on the unrestricted side of the Hatches Harbor salt marsh were unable to be sampled in 2003 because they had developed substantial vegetation since 1999, or were dry during the sample period.  Attempts were made to establish new pool stations, but few of the originally sampled pools remained flooded during low tides.  This suggests that low tides have become lower, allowing pool drainage, in the unrestricted marsh since 1999.  A lower inlet threshold, allowing more complete wetland drainage during low tide, would explain this change; however, the question needs more study. 

Results and Discussion

Table 5 presents nekton density with creek and pool data combined and averaged over the June to September period.  As noted, 10 species of fish and 4 of decapod crustaceans were collected, with the common mummichog (Fundulus heteroclitus) as the dominant species.  Before tidal restoration in 1999, there were no differences in total nekton densities between the restricted area and the unrestricted areas. Nekton densities did not change directly after restoration in 1999. The 2003 sample indicates a higher density of total nekton, led by increases in mummichog and shore shrimp (Palaemonetes spp.) densities in the Hatches Harbor system as a whole.  Further analysis is needed to determine if the 2003 observations represent significant changes in nekton densities between restricted vs. unrestricted, and between the same sites over time.


It should be stressed that these data relate only to tidal creeks and marsh pools and not to densities throughout the entire system.  The marsh surface is an important habitat for estuarine fishes, especially the common mummichog.  Only seven acres (3 ha) of Spartina alterniflora marsh habitat were available to nekton in the restricted area, while 60 acres (25 ha) were available in the unrestricted area.  The increase in tidal range since 1999 (see tide height section of this report) has expanded the area of S. alterniflora marsh in the restricted area; an increase in utilization of S alterniflora marsh habitat by nekton is expected (Portnoy et al. 2003). Data are available on marsh surface utilization by nekton with Hatches Harbor before tidal restoration; however, no post restoration data have been collected to date. 

		SPECIES

		R 1997

		R 1999

		R 2003

		UR 1997

		UR 1999

		UR 2003



		

		n=90

		n=90

		n=16

		n=120

		n=120

		n=16



		Fundulus heteroclitus (mummichog)

		22.84

		28.38

		44.31

		18.99

		14.77

		50.13



		Carcinus maenas (green crab)

		0.46

		1.47

		0.06

		1.38

		1.69

		0.06



		Crangon septemspinosa (sand shrimp)

		0.18

		0.14

		0.31

		2.16

		0.69

		0.00



		Fundulus majalis (striped killifish)

		0.10

		0.36

		0.56

		0.28

		0.58

		1.00



		Menidia menidia (Atlantic silverside)

		0.12

		0.20

		0.00

		0.65

		0.18

		0.00



		Anguilla rostrata (American eel)

		0.36

		0.12

		0.00

		0.00

		0.00

		0.00



		Apeltes quadracus (4-spine stickleback)

		0.20

		0.09

		0.00

		0.00

		0.00

		0.00



		Gasterosteus aculeatus (3-spine stickleback)

		0.10

		0.10

		0.00

		0.00

		0.00

		0.00



		Mugil curema (white mullet)

		0.02

		0.00

		0.00

		0.04

		0.00

		0.00



		Syngnathus fuscus (pipefish)

		0.03

		0.01

		0.00

		0.00

		0.00

		0.00



		Neopanopeus sayii (mud crab)

		0.00

		0.00

		0.00

		0.00

		0.01

		0.00



		Pseudopleuronectes americanus (winter flounder)

		0.00

		0.00

		0.00

		0.01

		0.00

		0.00



		Cyprinodon variegatus (Sheepshead Minnow)

		0.00

		0.00

		0.06

		0.00

		0.00

		0.00



		Palaemonetes spp.(Shore Shrimp)

		0.00

		0.00

		0.69

		0.00

		0.00

		2.00



		Total Nekton

		24.41

		30.86

		46.00

		23.50

		17.93

		53.19





Table 5.  Nekton density (number m-2) in the unrestricted (UR) and restricted (R) Hatches Harbor salt marsh in 1997, before tidal restoration, and in 1999 and 2003 with restored tides (Portnoy et al. 2003).

REPORT CONCLUSIONS 

Tide heights


· Tide heights and tidal range have increased substantially in the restricted marsh without threatening airport approach equipment. 


· Tide heights in the restoring marsh are now about 70% those of unrestricted Hatches Harbor.


· Low tide elevations remain low, facilitating peat drainage at low tide.


Sedimentation


•
The unrestricted area of the Hatches Harbor salt marsh is keeping pace with sea-level rise.


•
The restricted area of the Hatches Harbor marsh is gaining elevation faster than the unrestricted area, allowing for the expansion of typical salt marsh habitat.


•
More elevation data need to be collected.


Sediment-water quality 


· High salinity water (10-30 ppt) is penetrating typically 300 m into previously Phragmites-dominated plant communities.


· Porewater sulfides remain too low to discourage the growth of salt marsh grasses, but may be high enough to suppress invasive salt-intolerant species (e.g. Phragmites) especially when combined with salt stress.  The same osmotic stress and sulfide toxicity that suppresses Phragmites competitively favors salt marsh plants that are adapted physiologically to survive in a salty and sulfidic root-zone environment. 

Vegetation



The overall size of the Phragmites population is about the same as last year, but in many places the zone of most vigorous growth is retreating toward the upland.



Trends in flowering and internal nutrient status suggest that there has been a further weakening of the population.



Although a continued decline in the Phragmites population is predicted, we can expect substantial year to year fluctuation in response to
 rainfall.



Native salt marsh vegetation is spreading rapidly throughout the formerly-restricted portion of the marsh.


Mosquitoes


· Despite comparable precipitation and tidal flooding to 2002, brackish and salt marsh mosquito production did not increase significantly in 2003. 


· The restoration of tidal creeks in October 2003 should improve low-tide drainage and improve fish access in the interior marsh, further depressing floodwater mosquito breeding.  

Nekton


•
Nekton densities in marsh creeks and pools did not change directly after the increase in tidal exchange in 1999.


•
More analysis is needed of 2003 data; however, the densities of the nekton throughout the system have increased, perhaps indicating that as the tidal range in the restricted area increased, the Hatches Harbor salt marsh habitat as a whole (both restricted and unrestricted areas) improved for nekton.


•
Nekton density data from the marsh surface should be collected to understand the impact of restoration in this habitat.

PLANS FOR 2004 


· Continue tide height, sediment-water salinity and mosquito monitoring.


· Continue to monitor Phragmites survival and vigor in the restricted, now restoring, marsh.
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APPENDIX A: New sulfide method, June 2003


Lab:  Add 6 ml 2% ZnAc to 20-ml septum vials (Fisher 03 340 121).


Field collection:


1. Insert 2-mm ID stainless probe 10 cm into sediment.


2. Extract porewater sample with large (e.g. 20-30 ml) syringe. 


3. Immediately insert needle of a 500-(L glass syringe (Fisher SG 007230) into the tip of the plastic syringe and remove exactly 500 (L of sample, expelling any gas bubbles. 


4. Immediately puncture septum of a ZnAc vial with the needle and discharge the 500 (L sample from the glass syringe into the ZnAc.


5. Agitate to mix.


6. Perform steps 2-5 with porewater collected at two other locations within a plot, injecting the additional 500-(L samples into the same ZnAc vial.  You should end up with a pooled 1.5 ml sample in each vial of ZnAc.


7. Store cold.


Lab:


1. Use needle and 5-ml syringe to puncture septum and remove exactly 4 ml sample from septum vial.


2. Discharge into a 15-ml plastic centrifuge tube.


3. Add 5 ml dye (2 g DPDH + 3 g FeCL3.6H2O in 500 ml 50% (v/v) HCl).


4. Store in dark 20 min for color development.


5. Centrifuge down any solids for 2 min.


6. Read on Spec-21 @ 670 nm, 1 cm light path.  Zero the spec. with a blank prepared by adding 1.5 ml distilled water to 6 ml ZnAc and treating as a sample.


Calculation:  [Based on sodium sulfide standards run in April 2003; standards were 375, 225, 75, 37.5, 0 (M sulfide; R2 = .999.]


Conc ((M) = 488 (Abs @ 670)


If absorbance exceeds 0.8, dilute some of the sample remaining in ZnAc.  Use 2% ZnAc as diluent.  Multiply resulting concentration by dilution factor.




Preparation of standard curve: Wear gloves!  Minimize exposure of sodium sulfide to air!

Stock (30 mM S-2)


1. Prepare oxygen-free water by boiling and then bubbling with N2 as it cools to room temp.  Flask has two-hole stopper with bubbling tube and second hole fitted with one-way valve to allow gas to escape.


2. Rinse (with degassed water) and blot dry to clean about 1 g of sodium sulfide (Na2S.9H2O).


3. To about 20 ml degassed water in 60-ml BOD bottle (tared on analytical balance), add 0.43 g of cleaned Na2S.9H2O crystals.


4. Top off with degassed water and invert until crystals are dissolved.


5. Stock is 30 mM S-2.


Standards


1. Fill five 40-ml septum vials to shoulder with degassed water and quickly cap.


2. Use micro-syringe with needle to inject the following volumes of 30 mM stock through septa into vials.


3. Treat resulting standards as samples.


Vol. ((l) 30 mM stock

Standard conc. ((M)

500 375


300 225


100 75


50 37.5


0

0
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Figures 9a and 9b. The average change (+/- SE) of direct sedimentation (measured with feldspar marker horizons) and surface elevation (measured with the SET instrument) from 1998 to 2003. The dashed line indicates when the new culverts were opened introducing increased tidal flow into the tidally restricted area of the Hatches Harbor marsh. 
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