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EXECUTIVE SUMMARY

During 2003-2004, a study was conducted to map and inventory interdunal vernal wetlands (dune slacks) across the Province Lands region of Cape Cod National Seashore.  A total of 336 sites were found scattered throughout the entire expanse of the dune system, from southwest Provincetown to Truro.   Slightly less that half of the dune slacks were not present in 1947 aerial photography, and are therefore very young (≤ 57 yrs) in age.  In all, 97 vascular plant species were observed.   The highly invasive Phragmites australis (common reed) and Lythrum salicaria (purple loosestrife) were found at 26 and 4 sites, respectively.  Despite the almost ubiquitous presence of certain species such as Vaccinium macrocarpon (cranberry), both the composition and structure of vegetation communities exhibited a large range of variability.  This variability appears well-related to wetland age (successional stage).  Hydrology, while critical in determining whether an elevation depression becomes a wetland or upland habitat, apparently has less influence on site-to-site differences in wetland character.  The exception to this occurs at the extreme ends of hydrologic conditions (i.e., deep, long hydroperiod vs. shallow, short hydroperiod), which provide a niche for certain species.

In general, processes that have the potential to accelerate succession will have profound effects on this system.  Sediment analyses showed that the wetlands are extremely nitrogen-limited.  Thus, external inputs of nitrogen, such as from atmospheric or groundwater sources, will greatly enhance successional processes.  A similar effect could occur with a lowering of the groundwater table by virtue of a resulting decrease in soil pH.   Conversion of open, herbaceous-dominated wetlands to shrub/tree thickets during the process of succession will result in a loss of habitat diversity across the landscape, particularly since dune stabilization is increasingly limiting opportunities for new dune slack creation.  
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Introduction

At the northern tip of Cape Cod, spanning approximately 1,800 hectares (ha) within the Cape Cod National Seashore (CACO), lies a vast system of dunes and interdunal wetlands known as the Province Lands.  This part of the Cape Cod peninsula began forming ca. 18,000 years ago as longshore currents transported eroded materials from Atlantic-side beaches in a northward direction.  Concurrently, wind carried sand grains inland and the landform gradually assumed its characteristic shape.  
Although once covered by mature forest, European settlers engaged in clear cutting and grazing practices that by the early 1800s had eliminated much of this community and destabilized the ground surface.  The legacy of these activities is a sparsely vegetated landscape of shifting dunes and interdunal depressions.  The latter are formed by the scouring action of wind, which can lower ground elevations to the point that they intersect the groundwater table for part of the year.  These seasonally flooded wetlands, also known as dune slacks, develop distinctive hydrophytic plant communities and are virtual oases of biodiversity in an otherwise desert-like environment.  Dune slacks are one of the last refuges on the outer Cape for species such as the insectivorous sundews (Drosera spp.) and orchids (Calapogon tuberosus, Pogonia ophioglossoides).  From a wildlife perspective, they are critical habitat for the reproduction and survival of numerous invetebrates and amphibians such as the spadefoot (Scaphiopus holbrookii) and Fowler’s toad (Bufo fowleri).  For larger mammals and birds, dune slacks are an important source of drinking water, succulent forage, and prey.  Finally, these areas are very popular with visitors, as they possess aesthetic qualities that are a valued component of the Provincelands scenery.

In other parts of the world, hydrology and water quality are of critical importance to the structure and function of dune slacks (van der Laan 1979, Seliskar 1988, 1990, Mitsch and Gosselink 1993, Chadde et al. 1998, Rheinhardt and Faser 2001).  Hence, CACO’s dune slacks may be at risk since the rapid growth of towns adjacent to CACO has been accompanied by increased demands for freshwater, which can lower the groundwater table (Martin 1993).  Urban development also carries with it the potential for groundwater contamination from a wide variety of pollutants (Winkler 1994).  Other threats include infestations of exotic plants such as Phragmites australis and Lythrum salicaria.  On a broader scale, atmospheric deposition, tropospheric ozone, sea level rise, and global warming may affect the condition of these wetlands.
Unfortunately, relatively little is known about dune slacks within CACO and, more importantly, how they are influenced by changes in the environment.  A rigorous assessment of CACO’s dune slack habitat was needed to provide a basis for understanding, evaluating, and effectively managing this resource.  In this study, we inventoried and mapped dune slack wetlands throughout the Provincelands, examined relationships among biotic and abiotic variables, and analyzed the structure and composition of vegetation communities.  This information was integrated into a basic conceptual model, which can serve as a platform for building a long-term monitoring protocol for this resource.
Methods
Mapping and Inventory
Potential dune slack wetlands were identified using August 2000 (available at CACO) and December 2001 (available from Massachusetts Department of Environmental Protection) digital, ortho-rectified images of Provincetown and Truro.  Coordinates and general information for 66 previously known dune slacks were provided by Dr. Robert Cook (Wildlife Biologist, CACO).  Excluded from the search was about 330 ha. of dense beech and pine-oak forest where any seasonally flooded wetlands could properly be called forested vernal pools.  Using ArcGIS ver. 8.0, each potential wetland was identified with a point symbol.  The coordinates of these points were then exported and uploaded into a Garmin (model) GPS unit.  During the summer of 2003, field crews ground-truthed every site.  The characterization of sites as wetlands was based on the presence of hydrophytic taxa with wetland indicator designations (USACOE 1987) of facultative (FAC), facultative-wet (FACW), or obligate (OBL).  An additional criterion was the exclusion of upland taxa (FACU, UPL) as a ubiquitous member of the community.  

In the event that a potential site was confirmed as a wetland, the immediate surroundings were described in several different ways.  Upland topography, wetland size and shape, orientation, and upland vegetation cover were characterized according to specific criteria (see Appendix I).  The dominant species of upland vegetation, including height of the tallest trees (estimated ocularly to the nearest meter), were recorded as well.  Within the wetland itself, percent canopy cover of trees and shrubs was estimated to the nearest 5%.  In addition, each species found within the wetland was recorded and assigned a Braun-Blanquet cover class value (0=0%, 1=<1%, 2=1-5%, 3=5-25%, 4=25-50%, 5=50-75%, 6=75-100%) indicating its relative abundance.  
Intensive study (IS) sites
A subset of 15 wetlands was the focus of more intensive study, with the principal objectives being 1) the collection of baseline data on physico-chemical, hydrological, and biological data, 2) evaluation of the importance of environmental variables on community characteristics, and 3) development of a draft protocol for long-term monitoring of temporal change.

These sites were selected using a stratified, random approach.  Three locations were randomly selected (using a randomization routine in an application extension for Arcview ver. 3.2) from within polygons delineating all areas below the 3m (NGVD) elevation contour.  After navigating to these locations in the field, the nearest 3 wetlands to each point that exhibited substantially different hydroperiods (as determined by manual water depth readings in the field) were selected for study (n=9).  More sites were added by a slightly different process in an effort to include wetlands that had been invaded by Phragmites australis, a species that is of particular concern to CACO.  From a group of 9 wetlands with known populations, 3 sites were randomly selected for study along with 3 non-invaded (but hydrologically similar) neighboring wetlands (n=6) (Figure 1).
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Figure 1.  Map of intensive study (IS) sites.
Within this subset of 15 dune slack wetlands, a number of variables were characterized:

Hydrology – Permanent water level wells constructed from slotted 1-inch diameter PVC pipe were installed in each wetland and in the adjacent upland.  Water levels in all wells were measured using an electric tape at approximately monthly intervals between April and October during 2002-2004.  
Pore-water quality – Porewater was collected in May and July of 2003 and 2004 at the mid-points of the 3 middle vegetation transects (i.e., 3 samples per wetland).  Samples were obtained by inserting a stainless steel probe into the sediment to a depth of 10 cm and then drawing 30 ml of pore-water into a syringe fitted over top of the probe.  Samples were then placed in an ice-filled cooler and transported back to the laboratory.  There, they were analyzed for pH and alkalinity by titration with 0.1N HCl.  The remainder of each sample was acidified to a pH of 2.0 and analyzed for NO3, NH4, and PO4 by the methods described in Egan (2003).
Soil properties - Three samples of sediment from each wetland (20 cm depth) were obtained by coring with a 5-cm diameter butyrate tube from the same locations that porewater samples were collected.  Before coring, a serrated knife was used to cut around the outside of the tube to prevent compaction.  The cores were transported back to the laboratory, dried at 105(C for 48 hours.  Particle size fractions (>2,1-2,0.5-1,0.1-0.5,0.05-1,<0.05 mm) were separated by multiple sieving.  All material < 2mm was analyzed for pH, bulk density, % organic matter, soluble sulfur, phosphorus (P), calcium (Ca), magnesium (Mg), potassium (K), sodium (Na), hydrogen (H), boron (B), iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), aluminum (Al), and ammonia nitrogen (NH3-N) (Brookside Labs, Ohio).  Total nitrogen (TN) was analyzed from separate cores that contained only the top 0-5 cm layer of sediment.
Elevations – Elevations of transect points relative to the permanent water level wells were obtained by one of two methods.  Where surface water was present, the depth of the water was measured by meter stick.  Where the water table was below the ground surface, optical leveling was used.  Data was collected at different intervals along transects.  Measurements were taken every 5 meters for transects > 30 m, every 3 m for transects <30 and > 20m, and every 2 m for transects < 20 m.  Elevations of these transect points relative to the permanent wells were then used to calculate an average water depth throughout the entire wetland (upland segments of the transects were excluded from this calculation).  All data were later tied to actual elevations of the wells, which were obtained using a real-time kinematic (RTK) Trimble 4000 GPS unit.  
Vegetation – Five permanent vegetation transects were established at each site by running a field tape along the main “axis” of the wetland (Figure 2).  At 5 randomly chosen points along that axis, transects were laid out perpendicularly through the wetland from upland edge to upland edge.  PVC pipes (0.5-inch diameter) were then inserted into the ground to demarcate the end points of each transect.

To assess vegetation cover along each transect, a field tape was stretched out between the two end points.  Vegetation was recorded at 0.5 m intervals along the line by point intercept (the rod was actually placed 0.5 m to one side of the line to avoid trampled vegetation caused by running out the field tape).  All species making contact with a vertical rod placed at each point were recorded and percent abundances were then calculated from counts of species “hits”.  Transects were surveyed in August of 2003 and 2004.  As part of the inventory phase described in the previous section, species abundances across the entire wetland were recorded as cover class ranks based on the Braun-Blanquet scale. 
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Figure 2.  Diagram of Intensive Study site with transect layout.
Data analysis

Age classification – a rough estimate of age (to the nearest decade) for the 15 IS sites was made by both visual and GIS analysis of aerial photography.  Confirmed wetland sites from the inventory and mapping effort were grouped into two separate categories based on their presence or absence in 1947 aerial photography.  Using ARCGIS (ver. 8.0) software, ortho-rectified digital images from 1947 compared to those from 2000 and 2001 allowed this rough categorization of age by noting whether sites had formed prior to (old) or after (young) 1947.  

Statistical tests - Statistical analyses were conducted using Primer-5 (Plymouth Laboratories, UK) and XL-Stat ver. 7.5 (Addinsoft) software.  Principle Components Analysis (PCA) was used to explore variability in community composition and environmental properties.  Variables showing non-normality and heteroscedasticity were log-transformed for the analysis.  
For non-parametric data, two statistical methods were employed.  The Mann-Whitney U-Test allowed comparisons of categorical data between age groups (i.e., young vs. old wetlands).  T-tests were used to compare percentages of species belonging to specific wetland indicator categories or growth forms.  The Analysis of Similarity (ANOSIM) routine was run on multi-species data describing community composition.  Comparisons were made between: 1) 2003 vs. 2004 transect cover data, 2) transect cover vs. visual estimates of cover, and 3) taxonomic composition of young vs. old wetlands. 
Primer’s BIOENV routine, which is analogous to Canonical Correspondence Analysis, was helpful in evaluating the relative importance of environmental variables in explaining taxonomic variation.  In this procedure, a similarity matrix based on normalized Euclidean distance is generated from log-transformed environmental data.  This is then compared to a Bray-Curtis similarity matrix of species composition generated from log-transformed percentage values or presence/absence data.  

Forward stepwise regression (threshold p value of 0.05 for adding variables) was used to explore relationships between physiognomic variables (growth form, wetland indicators taxa, etc.) and environmental variables (porewater and sediment chemistry).

Results
Inventory and Mapping
In total, 346 sites were confirmed as dune slack wetlands, although in certain areas it was difficult to delineate boundaries.  For example, some wetlands mapped as discrete sites may actually be part of a much larger system, with branches that are joined during periods of high water.  In other places, individual sites may not adequately represent the entire area of wetland, particularly when there is a labyrinth of “channels” underneath dense tree cover.  The majority of sites were, however, quite easily discernible.  
Dune slack wetlands are scattered throughout the entire expanse of the dune system, from southwest Provincetown to Truro (Figure 3).  There is a concentration of sites running linearly through the middle of the region just behind (north of) the southernmost ridge of dunes.  Smaller clusters are evident behind the well-defined parabolic dunes in the eastern portion of the system (Truro).  Although there may be some sites that were not found, there is good reason to believe that these 346 sites represent the vast majority of wetlands in the area.  Of these, 155 were classified as young (not present in 1947 photography) and 191 as old (present in 1947 photography).  Because many potential sites identified through GIS analysis did not turn out to be wetlands, the exploration phase was based on an overestimation of sites and was, therefore, quite exhaustive.  In addition, very few sites were discovered in the field that weren’t originally identified from aerial photography.  
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Figure 3.  Map of dune slack wetland sites confirmed by ground-truthing during 2003-2004.
Vegetation - Wetland plant communities were physiognomically diverse despite the almost ubiquitous occurrence of certain species.  Among 336 sites, 99 wetland plant taxa (i.e., only species with wetland indicator designations of obligate (OBL), facultative wetland (FACW), or facultative (FAC)) were found.  Of these 97 were vascular plants, while the other two were mosses.  Existing as small components of the communities were an additional 38 species classified as upland plants (FACU, UPL designations).  
Sorted by average cover class values, the most common wetland species were Vaccinium macrocarpon (cranberry), Myrica pensylvanica (northern bayberry), Kalmia angustifolia (sheep laurel), and Juncus greenei (Greene’s rush) (Appendix II).  Galium sp. (bedstraw), Ilex laevigata (winterberry), Onoclea sensibilis (sensitive fern), Populus deltoids (eastern cottonwood), and Solidago rugosa (wrinkle-leaved goldenrod) were the rarest.  Pinus rigida (pitch-pine) was by far the most abundant non-wetland (FACU designation) species (Appendix III).  Phragmites australis and Lythrum salicaria was found in 26 and 4 sites, respectively.  The number of species per wetland ranged between 2 and 35 with an average of 11.  Percent trees, shrubs, and herbaceous forms also showed large variation with all fluctuating between 0 and 100% cover.  On average, the wetlands had 43% total canopy cover (consisting of both trees and shrubs) and overall were comprised of 15% trees, 27% shrubs, and 57% herbaceous/subshrub taxa.  
A PCA (log-transformed mid-point percent values) of all sites shows a relatively wide scatter of points, although there is an obvious cluster on the positive side of PCA1 (Figure 4).  Eigenvector values showed that Juncus greenei, Kalmia angustifolia, Vaccinium corymbosum, Vaccinium macrocarpon, and Myrica pensylvanica accounted for the largest amount of variation among species, which can be illustrated by a PCA of species (Figure 5).  Species with the largest magnitude of difference in mean cover class values were J. greenei, which was much more prevalent in young than in. old slacks, and V. corymbosum, which exhibited the opposite pattern.  The species with the next largest difference was Myrica pensylvanica, which had higher cover in young compared to old slacks.  
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Figure 4.  PCA of sites based on taxonomic variability.
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Figure 5.  PCA of species based on site variability.

To further examine the nature of dune slack communities, the proportion of species belonging to standard wetland indicator categories were calculated and summarized (Table 1).  OBL and FAC species made up 77% of all taxa, while FACW and FACW( contributed 23%, combined.  By cover class values, OBL species were most abundant, followed closely by FAC.  FACW species were much less prevalent.
Table 1.  Breakdown of functional groups (wetland indicator categories and growth forms) by species percentages and abundance.
Mean percent of the total species for each wetland belonging to specific wetland indicator categories (OBL=obligate, FACW=facultative wet, FAC=facultative).

OBL
FACW+
FACW-
FACW
FAC
mean
37%
16%
8%
0%
38%

min
0%
0%
0%
0%
0%

max
100%
50%
40%
8%
100%
Mean cover class values of species belonging to specific wetland indicator categories (OBL=obligate, FACW=facultative wet, FAC=facultative).


OBL
FACW+
FACW-
FACW
FAC
mean
3.62
1.08
0.02
0.89
3.13

min
0
0
0
0
0

max
6.00
3.00
1.50
6.00
6.00

Mean percentages of species belonging to specific growth form categories 

%Tree
%Shrub
%Sub-shrubs
%Forbs
%Graminoids
mean
3%
35%
12%

14%

41%

min
0%
0%
0%

0%

0%

max
40%
100%
100%

100%

100%

Mean cover class values of species belonging to specific growth form categories.

Tree
Shrub
Sub-Shrubs
Graminoids

Forbs
Vines
Ferns
Mosses
mean
0.60
0.26
0.40

0.53

0.09
0.39
0.48
0.01
min
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00


max
6.00
5.00
6.00

6.00

6.00
6.00
4.50
6.00
Age-related characteristics - Despite the very coarse resolution of wetland age, vegetation succession is evident in community structure and composition between the two groups.  Younger wetlands had significantly less canopy cover of trees and shrubs, fewer trees and more shrubs within the canopied area, and more herbaceous/subshrub cover (Table 2).  As a proportion of the total number of species for each wetland, young and old sites showed little differences in specific growth form categories (Table 2).  With respect to the abundances (cover) of these groups, however, there were significantly more trees, shrubs, sub-shrubs, vines, and ferns in older wetlands than in younger ones.  Conversely, older sites had less graminoids.  Forbs and mosses were also less abundant although not statistically different.  These trends are born out by ANOSIM as there was a significant difference in species composition between the two age groups (p= 0.0001).  Even when the data were distilled down to mere presence/absence of species, the results showed significant dissimilarity.  Furthermore, the higher degree of “woodiness” in older wetlands is even more pronounced when M. pensylvanica and Salix spp., which are generally the only shrub species to appear in early successional stages, are removed from the analysis.  Finally, the average maximum height of trees within or on the edge of sites (includes P. rigida) was 3.9 m in young and 5.7 m in old wetlands.

Table 2.  Proportions and cover of species belonging to specific growth form categories (asterisks indicate significant difference determine by T-test).

Mean percent cover of shrub/tree canopy over wetland (%CAN), trees within canopied portion (%TR), shrubs within canopied portion (%SH), trees within whole wetland (%tr), shrubs within whole wetland (%h-ss), herbaceous/subshrubs within whole wetland (%h/ss) 

%CAN
%TR
%SH
%tr
%sh
%h-ss
young
36
22.8
65.5
8.7
26.4
63.5

old
50
41.5
54.9
20.6
29.2
50.2


*
*
*
*

*

Note: these estimates include Pinus rigida (FACU) as part of the total tree cover
Percentages of species belonging to specific growth form categories (asterisks indicate significant difference determine by non-parametric Mann-Whitney U-Test).

%Tr
%Sh
%Ss
%Fb
%Gr
young
3%
37%
12%
13%
35%

old
3%
33%
12%
15%
36%


Average cover class value of species belonging to specific growth form types (asterisks indicate significant difference determine by non-parametric Mann-Whitney U-Test).


TR
SH
SS
Gram
Forb
Vine
Fern
Moss
young
0.18
2.78
4.41
2.45
1.23
0.10
0.10
0.54


old
0.56
2.92
4.81
1.93
1.14
0.49
0.57
0.43


 
*
*
*
 *

*
*
The proportions of species designated as OBL and FACW+ were lower in older wetlands.  The percentage of FACW or FACW- species did not show any statistical difference, while %FAC species was higher.  On the basis of area cover, FACW, FACW+, and FACW- species were more abundant in older wetlands.  In contrast FAC species were more abundant in younger wetlands while there was no difference in OBL species.  Shannon-Weiner diversity calculated from cover class values is slightly, but not significantly higher in old (2.20) compared to young wetlands (2.01). 

From the standpoint of individual species, many showed significant differences in abundance by age group (Table 3).  For example, there were 15 wetland (OBL, FACW, FAC) species with higher cover in old wetlands and 11 species with higher cover in young wetlands.  Eight upland-designated species (FACU, UPL) were significantly more abundant in older wetlands.
Table 3.  Average cover values of species showing statistically significant differences in abundance (non-parametric Mann-Whitney U-Test) in young vs. old dune slack wetlands 

Wetland taxon
Young

Old

Trend with age
Acer rubrum
0.07

0.44


↑

Calamagrostis canadensis
0.01

0.24


↑

Eleocharis tenuis
0.00

0.08


↑

Ilex verticillata
0.40

1.08


↑

Kalmia angustifolia
1.64

2.15


↑

Nyssa sylvatica
0.03

0.12


↑

Osmunda cinomonea
0.05

0.24


↑

Osmunda regalis
0.02

0.46


↑

Rosa palustris
0.03

0.24


↑

Rubus hispida
0.10

0.32


↑

Smilax rotundifolia
0.02

0.19


↑

Spiraea alba var. latifolia
0.12

0.70


↑

Triadenum virginicum
0.01

0.32


↑

Vaccinium corymbosum
0.77

2.34


↑

Vaccinium macrocarpon
4.41

4.81


↑

Calapogon tuberosus
0.30

0.08


↓

Juncus canadensis
1.54

0.73


↓

Juncus greenei
2.83

0.78


↓

Juncus pelocarpus
0.13

0.03


↓

Lycopodiella inundata
0.35

0.06


↓

Myrica pensylvanica
2.97

1.86


↓

Panicum lanuginosum
1.07

0.28


↓

Pogonia ophioglossoides
0.19

0.05


↓

Rhynchospora capitellata 
0.21

0.08


↓

Salix sp.
1.03

0.55


↓

Solidago sempervirens
0.30

0.04


↓

Upland taxon
Ammophila breviligulata
0.12

0.22


↑

Deschampsia flexuosa
0.10

0.39


↑

Euthamia tenuifolia
0.17

0.36


↑

Gaylussaccia baccata
0.26

0.43


↑

Pinus rigida
2.19

2.82


↑

Polytrichum juniperinus
0.31

0.69


↑

Schyzachrium scoparium
0.05

0.24


↑

Vaccinium angustifolium 
0.10

0.35


↑

Table 4.  Proportions and cover of species belonging to specific wetland indicator categories (asterisks indicate significant difference determine by non-parametric Mann-Whitney U-Test).

Percentages of species belonging to specific wetland indicator types. 

%OBL
%FACW+
%FACW
%FACW-
%FAC
young
39%
19%
8%
0%
35%

old
36%
15%
8%
0%
41%


*
*


*
Average cover class values of species belonging to specific wetland indicator types.

OBL
FACW+
FACW
FACW-
FAC

young
3.2
0.9
0.0
0.7
3.2

old
3.3
1.2
0.0
1.1
2.6



*

*
*
When upland designated species (i.e., species belonging to indictor categories of FACU, FACU-, FACU+, or UPL) are analyzed as a separate group, significant differences in growth forms between age groups again become apparent (Table 5).  In essence, there are more of all types in older wetlands – an indication that these wetlands are in the process of succeeding to mesic upland swales.
Table 5.  Average cover class values of upland-designated (i.e., FACU or above) species belonging to specific growth form categories.
TR
SH
SS 
Gram
Forb
Vine
Fern
Moss
Lichen
young
2.72
0.38
0.05
0.25
0.09
0.05
0.00
0.47
0.03

old
2.23
0.73
0.04
0.55
0.22
0.12
0.01
0.69
0.03

A PCA of all sites with the two age groups distinguished from each other by symbol highlights the general differences in species composition (Figure 6).  Young sites exhibited less taxonomic variability compared to old sites, which are distributed more broadly across the PCA1 axis.  The centroids of each age group are evidence of this separation.
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Figure 6.  PCA of sites grouped by age (arrows point to large triangle symbols, which represent centroids of clusters)
Intensive Subset

Hydrology – While several sites had positive mean water depths during the growing season (April-October), the majority were negative.  In other words, in all but a few wetlands the water table was below the ground surface for the majority of the growing season (Figure 7).  The largest difference in mean depths between the wettest (HH-C) and driest (NP-C) sites was 46 cm. The minimum depth range for an individual wetland was 39 cm (NP-B) while the maximum was 83 cm (NP-C).  There was also notable disparity among sites with respect to patterns of water level fluctuations (Figure 8).  Specifically, the rates and magnitude of water level rise and decline exhibited substantial variability among sites, suggesting a certain level of hydrologic independence and a disconnect between ground water and individual slack water movement.  In addition, many of the sites exhibited remarkable differences in water surface elevations - even among sites in close proximity to each another (Table 6).
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Figure 7.  Means and ranges of water depths over the growing season (April-October) by site.
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Figure 8.   Water depths measured at permanent wells in the intensive study (IS) sites.
Table 7.  Ground and mean water surface elevations at hydrologic monitoring wells (sites in close proximity to each other are blocked)
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Porewater – Based on mean values of July 2003 and July 2004 samplings, porewater pH ranged between acidic and neutral, with a minimum value of 4.2 (PL-B) and a maximum of 7.5 (SM-A) (Figure 9). Alkalinity and conductivity followed a similar pattern.  The most alkaline and highest conductivity sites corresponded with the highest pH values.  The lowest alkalinity was -13.2 mg CaC03/L, recorded at NP-B while the highest was 101.1 mg CaC03/L at SM-A.  Conductivities ranged between 125 mS (PL-B) and 1,768 mS (SM-A).
Porewater nutrients were much more variable among replicate samples.  Concentrations of NH4, were highest (> 500 g/L) in NP-A and NP-B and lowest in HH-A (< 25 g/L).  Porewater NO3 exhibited a similar pattern among sites with the exception of SM-B, which had a concentration almost tenfold higher than the rest.  PO4 ranged between 13.2 g/L (HH-C, LS-A) and 377 g/L (SM-A), although the later represents only a single measurement.  Porewater N (NO3+NH4):P molar ratios were ≤ 12 for all sites except NP-A (19.5) NP-B (70.2), and PL-B (37.5) (Table 8), indicating conditions of strong nitrogen limitation (Redfield et al. 1963).
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Figure 9.  Porewater variables by site (values are means of July 2003 and 2004 samplings; error bars are standard errors).
Table 8.  Molar N:P ratios in porewater (values are means of July 2003, 2004 samplings)
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* Redfield ratio = 16 (theoretically, values < 16=N limitation, > 16=P limitation)

Sediment properties – In general, concentrations of the majority of constituents were positively related to % organic matter, which was highest in NP-A and PL-B and lowest in HH-A and NP-C (Table 9).  The exceptions to this trend included P and Fe in RP-B, and Ca and Na in SM-A, all of which were very high relative to organic matter (OM) content.  The source of Ca and Na is presumably salt spray as this site also had the highest conductivities and is very close to the ocean.  B and Al showed no correlation with OM.  With an R2 value of 0.62, NH3-N was highly correlated with OM, while total N (R2=0.13) was not.  
Table 9.  Sediment properties of IS sites (values are means of triplicate cores).
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Distance to the ocean showed no relationship with sediment constituents or porewater conductivity.  Presumably, this is because the distribution of airborne salts depends upon prevailing wind direction in relation to the surrounding topography.  Thus, straight distance to the coastline (in any direction) may sometimes be a poor indicator of salt spray exposure.  
Differences in sediment properties between age groups – When the IS sites are separated into their respective age groups (8 young, 7 old), some consistent differences in sediment properties emerge.  Sediments from old wetlands are more acidic and organic, with correspondingly higher concentrations of almost all constituents (Table 10).   

Table 10.  Mean values of sediment variables by age group.
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Vegetation - Plant communities exhibited substantial taxonomic and physiognomic variability among sites.  Shannon-Weiner diversity values ranged between and 0.61 (HH-A) and 2.27 (NP-A) with a mean value of 1.84.   Total number of species ranged between 7 (NP-C) and 29 (HH-C, RP-A), with a mean value of 18.
A PCA of log-transformed percent values representing the midpoint percentage values of cover class estimates shows sites SM-A and RP-A as distinctly different from the rest (Figure 10).  This is mainly due to high abundance of Phragmites australis in both and, in the case of RP-A only, Lythrum salicaria.  The rest of the sites fall out in gradient fashion along PCA1, which explains 18% of the total variation (a non-metric multi-dimensional scaling gives similar distribution of sites). In terms of taxa weights (as indicated by Eigenvector values), Ilex verticillata, Acer rubrum, and Aronia arbutifolia account for most of the separation along the first axis.  PCA2 only explained an additional 15% variance (32% cumulative).  In general, PCA shows relatively strong dissimilarity among sites, but the variation is divided up among many species.  In other words, no taxon strongly regulates the distribution of sites in ordination space.  All species mentioned above show the same trends in abundance (based on visual cover estimates) that was observed for the rest of the mapped sites.  
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Figure 10.  Principle components analysis of sites based on species composition (visual estimates of cover class).
Comparison of methods: cover estimates vs. transects - Transect vegetation data (transformed to cover class values) were compared to visual estimates of species cover (over the entire wetland) using the ANOSIM routine in Primer-5 (Bray-Curtis similarity matrices).  The analysis showed a significant difference between methods (Global R=0.104, p=0.034).  When the data was reduced to a presence/absence matrix (Bray-Curtis similarity), there was no significant difference between methods (Global R=0.032, p=0.18) even though there were some species included in the wetland-wide survey of cover that were not present along the transects.   
Annual variability along transects - Based on the results of ANOSIM comparing 2003 with 2004 vegetation data (percentage values from point intercepts) along the permanent transects, there were no significant differences between years (Global R=0.025, p=0.24).  
Differences in environmental factors among wetlands - Distribution of sites in ordinal space based on water quality and sediment variables was similar to that of species composition (Figure 11).  The first two principle components explained 58% of the variance.  Along PCA1, HH-A was most distant from PL-B and NP-A, primarily due to sediment %OM content, S, NH3-N, and K.  Sites SM-A and RP-A were separated from the others along PCA2 based on high values for conductivity, alkalinity, pH and sediment Na.  
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Figure 11.  Principle components analysis of IS sites based on water quality and sediment variables.
Influence of environmental factors on wetland species composition – Porewater and sediment parameters required transformation to log (X+1) while water depth values did not.  A draftsman plot was generated as a means to reduce the data set based on highly correlated variables (Clarke and Warwick 2001).  Very few variables had pairwise correlations > 0.90; thus only a few individual water quality and sediment constituents and particle size variables were eliminated.  
The BIOENV run based on transect percent values yielded an R2 of 0.89, with the following combination of variables: 1) mean water depth, 2) porewater conductivity, 3) porewater pH, 4) sediment organic matter, and 5) sediment P.  However, another combination gave a very similar result (R2=0.89).  These variables were 1) porewater pH 2) sediment P, 3) sediment Ca, 4) sediment Mg, and 5) sediment K.  When the transect data was transformed to presence/absence or when the analysis was run using the midpoint values (log-transformed) of visual cover class ranks, the same result was obtained. 
Wetland age and size were analyzed separately from the physico-chemical data.  The results suggest that both contribute to community diversity although analysis of age is a bit problematic.   In this regard, wetlands > 67 years in age could not be given an accurate value since the oldest photography is from 1938.  These wetlands were arbitrarily given an age value of 100 yrs.  Also, analysis of age as a discrete variable is somewhat redundant since it is reflected in the porewater and sediment data (see previous sections).  Regardless, total number of species was significantly correlated with both size (logarithmic) and age (linear) (Figure 12).  
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Figure 12.  Relationship of a) wetland size and b) wetland age with species richness in the IS subset.
Regression analysis – Linear regression showed that shrub cover was significantly related to sediment %N (R2=0.55, p=0.002) as was the percent cover of non-wetland species classified as UPL to mean water depth.  No other single variable related to vegetation type or form produced statistically significant results.  
Discussion
While hydrology is a dominant force influencing dune slack development (i.e., whether an elevational depression will foster the establishment of a wetland or an upland community), the importance of specific hydrologic variables (e.g., maximum depth, length of flooding) and their relative magnitude of influence on the composition of wetland-designated species is still unclear.  It is noteworthy that combinations of water quality and sediment variables produced results in the correspondence analysis that were virtually indistinguishable from those containing mean water depth.  In terms of linear or logistic regression, variables describing indicator status, growth form, or wetland structure (% canopy, etc.) showed no good correlation with hydrology.  In addition, there were no significant changes in vegetation between the two survey years despite the fact that water levels in 2003 were much higher in the spring-early summer and much lower in late summer than in 2004 (see Figure 4 above).
In dune slack wetlands of the Netherlands, there is considerable community overlap in wetlands with different hydrologic characteristics (Willis et al. 1959).  In fact, Jones and Etherington (1971) suggest that hydrology primarily controls the encroachment of upland species and may contribute relatively little to the development of widely disparate wetland communities.  Similarly, Adema et al. (2002) found that hydrology was not a factor in regulating successional processes in the Netherlands.  The majority of CACO’s dune slack wetlands are generally flooded for less than 2 months of the growing season, which may not be long enough to exert the kind of selective pressure on wetland species distribution and abundance observed in longer hydroperiod wetlands.  However, the periodicity and depth of flooding is a key factor distinguishing wetlands from dry interdunal communities.  
While the hydrology of CACO dune slacks generally follows the basic rise and fall of the groundwater table, there is some deviation in individual wetlands.  This is probably due to the dynamics of groundwater flow through the system as well as specific properties of the dune slacks themselves.  For example, because water flows outward from the center of the groundwater lens (known as the Pilgrim lens), a rise in water levels of dune slacks existing on the periphery of the system may lag behind the rest.  In addition, dune slacks with high contents of organic matter will have reduced permeability as the peat begins to form a “cap” under the wetland.  This reduces infiltration of groundwater into the dune slack and facilitates higher rainwater retention.

Extremes of hydrologic fluctuation can be important in shaping dune slack communities.  
For example, it has been reported that the dampening of extreme flooding events due to increased groundwater extraction has allowed more encroachment by shrub and tree species and, overall, faster rates of succession (Munoz-Reinoso 2001).  The exacerbation of drought conditions may also affect the system, particularly with respect to pedogenesis.  The topsoil of dune slacks acidifies under dry conditions (Erwin et al. 2002), which, in turn, leads to more accumulation of organic matter and nutrients favoring later successional vegetation.  However, changes in these kinds of episodic events, although very important in the evolution of dune slacks, may be not be evident when evaluating mean values representing long-term data.
Other factors apparently contributing to physiognomic variability (among this particular subset of dune slacks) were porewater conductivity, pH, organic matter, and sediment P.   Elevated conductivity is an indication of salt spray influence and the two sites with the highest conductivities (RP-A, SM-A) were closest to the marine environment.  Notably, these sites had both been invaded by Phragmites - a species that thrives in brackish water environs - even though salinity is < 1 o/oo as measured on a refractometer.  Salt spray has been shown to directly inhibit plant growth in many different kinds of coastal communities (Griffiths and Orians 2003) and may be similarly influencing CACO’s dune slack wetlands.  Indirectly, inputs of base-forming cations from sea salts (Ca, Mg, K, Na) can produce changes in water chemistry that enhance organic matter decomposition (Duckworth and Kresser 1991, Sival and Grootjans 1996).  In fact, alkalinity has been cited as a primary factor regulating dune slack succession elsewhere (Sival 1996, Erwin et al. 2002).  Sediment P concentration was also included in the group of variables best correlated with taxonomic variation but the reason for this is unclear and somewhat surprising considering the fact that the wetlands showed characteristics of strong N limitation.  Unlike most other constituents, P concentrations were unrelated to %OM.  The importance of P may relate to species tolerances to N:P conditions.  In early successional stages, when both N and N:P are low, plants with the ability to either fix nitrogen or function at low N:P supply ratios would be competitively superior.  Notably, three of most vegetatively mature sites (NP-A, NP-B, and PL-B) had porewater N:P ratios with values > 16, indicating P limitation (Redfield et al. 1963).  This is, however, purely speculative, and the role of P in influencing vegetation needs further investigation.
Sediment total N and NH3-N concentrations were highest in the older (later successional) slacks, and were positively correlated with organic matter content (R2=0.63).  Berendse et al. (1998) reported that increased organic matter results in increased N mineralization.  All three parameters have a direct relationship with age (Grootjans et al. 2004) and it is well- known that accumulation of N in organic matter during pedogenesis facilitates the establishment of later successional species.  A question remains as to whether atmospheric N deposition and/or N loading into groundwater have driven this process at an accelerated rate.  The former has been implicated in dune slack vegetation changes in the Netherlands (Sival 1996).  According to the National Atmospheric Deposition Program (NADP 2004), the pH of rainwater in northeast coastal states is in the range of 4.6-4.7.  In western states, where industrial air pollution is comparatively non-existent, values approach 6.0.  In addition, N deposition in the form of NO3 and NH4 is approximately 3-4 times higher.  
Groundwater is considerably less acidic than precipitation as indicated by the chemistry of HH-A, which is a very new wetland (< 30 yrs) with almost no accumulation of organic matter.  Having a substrate of almost pure sand, it may be considered representative of interstitial groundwater.  Decreasing groundwater influence, which could occur as a consequence of groundwater extraction and water table depression, would theoretically result in more rapid acidification of dune slacks as rainwater becomes less diluted with the more alkaline groundwater.  More rainwater would also be trapped directly by wetlands with impermeable peat layers.  Acidification itself can influence N cycling, particularly the loss of N through denitrification which declines with lowered pH (Duckworth and Cresser 1991).
Based on analyses of the two age groups, succession strongly influences the character of CACO dune slacks.  According to Grootjans et al. (2004), it only takes about 20-30 years for a shift from pioneer species (mainly graminoids) to mature species (mainly shrubs and trees) to occur in European dune slacks, although there may be considerable variation depending upon the productivity and cycling rates of the system.  Notwithstanding, they suggest that the changeover is primarily controlled by pH and nitrogen pools.  Higher pH conditions can encourage the establishment and persistence of pioneer taxa whereas low pH and organic matter accumulation promote later successional species.  In CACO dune slacks, M. pensylvanica had the highest mean cover value of any species within the young age group.  For this species, it is logical that N-fixation ability is more important in incipient wetlands than in older ones where organic matter has time to accumulate.  While benefiting from its ability to fix atmospheric N, M. pensylvanica may accelerate succession by adding more N to the system than non-fixers.  However, it is important to note that N-fixation rates vary with hydrologic conditions (Silvester et al. 1987).  

On the basis of percentages calculated from total species lists, OBL and FACW+ taxa are less prevalent in older wetlands.  FACW and FACW- species did not show any statistical difference, while FAC species were more numerous.  In terms of area cover, OBL and FACW species exhibited no differences while FACW+ and FACW- were higher in older wetlands.  FAC species covered less wetland area at older sites.  The reasons for these trends are unclear, but it may be that wetland indicator classifications do not relate well to any successionary sequence.  In other words, there is no correspondence between growth form, which does relate well to succession, and indicator status.  There is apparently no difference in overall species diversity (number of species per slack) based on age.  Young and old slacks had similar numbers of species. This contrasts studies in calcareous dune slacks in the Netherlands where the youngest sites have the highest diversity (Berendse et al. 1998).  

Basic Conceptual Model of Dune Slack Wetlands at CACO

In the simplest terms, time appears to be the dominant force regulating vegetation structure and composition of dune slack wetlands at CACO.  In this regard, the dune slacks appear to follow a fairly typical sequence of succession (Figure 12).  After a wetland depression has been formed by a blowout event, the site is initially colonized mainly by graminoid vegetation (frequently Juncus greenei/canadensis).  A cyanobacteria mat may also develop if the pH of the groundwater that floods the site is > 5.5, the purported tolerance threshold for these organisms (Garcia-Pichel 2000).  M. pensylvanica is another early successional species that colonizes young slacks, presumably because its ability to fix atmospheric N is advantageous at this stage.  As organic matter and nutrients accumulate and pH begins to decline, V. macrocarpon is likely to appear.  The orchids C. tuberosus and P. ophioglossoides may also be present at this stage.  Salix shrubs. (S. bebbiana and S. discolor) may proliferate around the periphery of the wetland.  As the wetland grows older still, other shrub and tree species arrive.  These include Rubus spp., Spirea tomentosa and S. alba var. latifolia., V. corymbosum, K. angustifolia, I. verticillata, and P. rigida.  The latter may become extremely abundant, forming an almost closed canopy over the site.  Eventually, shrub species will dominate the understory while graminoids and forbs disappear.  Acer rubrum may invade a site as it enters one of the last stages of succession as a wetland.  Along these lines, dune slack wetlands represent potential habitat for Chamaecyparis thyoides (Atlantic White Cedar), a species that has been decimated throughout New England.  Although C. thyoides was not found at any of the sites explored in this study, the wetlands are all quite young (< 150 years).  This species exists in several scattered patches in this area although outside the boundary of the CACO (Erik 1990).
While the sequence of vegetation succession is intimately tied to successional processes like organic matter and nutrient accumulation, the latter of which may be accelerated through atmospheric deposition and/or inputs of contaminated groundwater, it is also regulated by hydrology.  Deeper slacks have more “open” area by virtue of the fact that such conditions exclude most shrubs and trees.  The vegetation in these zones may be much different than in sites where open areas exist due to their young age.  For example, the presence of Decodon verticillatus (swamp loosestrife), Nyphaea odorata (white water lily), and/or Utricularia cornuta (horned bladderwort) are indicative of deep water sites, while Solidago sempervirons (seaside goldenrod) or Schyzachryium scoparium (little bluestem) are often plentiful in drier sites.  In general, however, it appears that while sites with extreme hydrologic conditions (i.e., those on each end of the hydrologic spectrum) have distinctive communities there is considerable overlap in the middle range.  The same may be said about the influence of salt spray.
In addition to the above-mentioned physico-chemical variables, there are other, more random factors that contribute to patterns of species abundance and distribution.  Seed dispersal by deer, rabbits, birds, and wind will play a role in terms of which species colonize a site, particularly for incipient wetlands.  Severe storms that result in high winds and/or extreme flooding undoubtedly influence dispersal as well.  In fact, flooding has been cited as the mechanism by which Phragmites has invaded dune slack wetlands on Sandy Neck (Barnstable, Cape Cod) (Coleman 2002).  However, it is unknown to what extent these variable factors have influenced the development of dune slack communities at CACO.
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Figure 12.  Basic Conceptual Model of Dune Slack Wetlands at CACO

Management of dune slack wetlands at CACO 
The biggest threats to dune slack wetlands at CACO may be lowering of groundwater elevations, through groundwater extraction for example, and anthropogenic nitrogen inputs.  Lowering the groundwater table will reduce the flooding of surface wetlands, thereby hastening the acidification of organic layers as precipitation begins to contribute more to the water budget of these wetlands.  A shortened hydroperiod would also facilitate invasion of more shrubs and trees belonging to indicator categories of FAC, FACU, or UPL.  These kinds of successional trajectories are discussed in Grootjans et al. (1998).  Elevated nitrogen in groundwater and precipitation sets up a similar process given that CACO dune slacks show strong N-limitation.  In both scenarios, wetlands could be transformed from open, herbaceous communities dominated by graminoids and forbs to communities dominated by woody vegetation.  Dune slacks on the periphery of the system may be an exception since lowered groundwater elevations combined with sea level rise will shift the fresh-saltwater interface landward, eventually leading to salt water intrusion into sites closest to the coastline.  This would eliminate most if not all of the existing vegetation, which might ultimately be followed by the establishment of a community comprised of salt-tolerant taxa.  
With the general loss of shade-intolerant plants, succession is likely to force the disappearance of several uncommon species, including several orchids and sundews that require open habitat for survival.  Proliferation of woody shrubs and trees can also have major effects on habitat suitability for wetland fauna (Marshall and Buell 1955).  Although succession is a natural process, an increase in the rate of change becomes more important when it is concurrent with dune stabilization.  As the land surface becomes increasingly vegetated over time, aeolian processes regulating sand movement are diminished and the formation of new dune slacks becomes a rarer occurrence.  Consequently, the evolution of wetlands toward late successional stages cannot be offset by the addition of newly created ones.  In addition, the albedo of the ground surface will decrease as less light is reflected by white sand while more is absorbed by dark vegetation – a scenario that is likely to alter the hydrodynamics of this system as it has in a variety of ecosystems around the world (Brovkin 2002, Strum et al. 2001a, b).  In this context, the influence of other environmental variables, particularly those related to anthropogenic lowering of groundwater elevations and nitrogen inputs, assumes an added importance.
GIS layer as a management tool
One of the more important products that have emerged from this study is the dataset on all 336 wetland sites, which can be spatially interpreted using GIS software.  This GIS coverage can be used in risk assessment and subsequent management decisions.  For example, based on current vegetation characteristics and location, sites can be ranked according to their potential sensitivity to groundwater well placement.  

Future studies
Dr. Steve Forman of the University of Illinois (Chicago) has developed a method with which to age wetlands with reasonable accuracy (±30 years).  The method is based upon optical signatures of inorganic sediment subjacent to the bottom peat layers.  In 2005, the 15 IS sites will be sampled and subject to this analysis so that a finer resolution of their ages can be determined.  With this information, further analyses will be conducted to explore relationships between age vs.  physico-chemical and biological attributes.  Dr. Forman has also initiated work on analyzing landscape changes across the dunes system since 1938.  Aerial photography from 1938 through 2001 will be digitized and ortho-rectified.  Movement of the dunes and resulting the creation and disappearance of dune slack wetlands can then be modeled according to established methods (Marin et al. 2005).
In addition, Marybeth Hanley (Master of Science candidate at the University of Rhode Island) will collect data on soil profiles (thickness of organic layers) in 60 wetlands that span the range of “woodiness” – a metric calculated from shrub and tree cover of key species - among the 336 mapped wetland sites.  Correlation analysis between this metric and the soil data will provide information about how vegetation structure and growth form can be interpreted with respect to wetland age and rates of succession.  
Finally, the acquisition of new aerial photography from April 2003 will be used to confirm the total number of wetland sites.  These particular photos have a color scheme that is much different from previous ones and that shows wet areas more clearly.  The images will be analyzed visually to assess whether there are any sites missed during the initial mapping effort.  Any new sites will be characterized and inventoried and added to the list.
General recommendations for future monitoring
Vegetation in the subset of 15 insensitively studied sites showed no change between 2003 and 2004.  Thus, with the exception of extreme events (such as a hurricane) inter-annual variability may be quite low.  However, rates of vegetation change in CACO dune slacks cannot not be resolved based on this 2-year study.  Accordingly, the IS transects should be resurveyed in 5 years (2009).  Vegetation across the entire wetland should also be characterized by recording species abundances through cover class estimates.   If significant community change has occurred, important porewater and sediment constituents should be re-sampled as well.  These include pH, conductivity, organic matter, and total nitrogen.  An analysis of precipitation data from 2004 to 2005 can provide an understanding of hydrologic conditions during this period.
Recording vegetation composition by point intercept along line transects does not provide the resolution that two-dimensional plots do.  However, it is extremely difficult to position plots, especially on a repeated basis, within dense, woody vegetation.  On the other hand, it is relatively easy to stretch a line through the shrubby wetland with good consistency in its placement.  Accordingly, the latter method is recommended for repeating vegetation surveys over time.
An effort to re-map and -characterize all dune slack wetlands across the system should be conducted around 2020.  Using the current GIS layer with the 2003-2004 mapped sites for reference, aerial photography (acquired on a date close to 2020) can be analyzed to locate newly created sites or to document the disappearance of pre-existing sites.  All sites can then be inventoried following the procedures described in this document.  
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Appendix I.  Data sheet for ground-truthing wetland sites.
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Appendix II.  Wetland plant taxa found in 2003-2004 surveys and corresponding cover class values.
	Species (wetland only)
	Indicator category
	Growth form
	Family
	mean cover value

	Vaccinium macrocarpon
	OBL
	Subshrub
	Ericaceae
	4.6280

	Myrica pensylvanica
	FAC
	Shrub
	Myricaceae
	2.3720

	Kalmia angustifolia
	FAC
	Shrub
	Ericaceae
	1.9167

	Juncus greenei
	FAC
	Rush
	Juncaceae
	1.7262

	Vaccinium corymbosum
	OBL
	Shrub
	Ericaceae
	1.6131

	Scirpus cyperinus
	FAC
	Sedge
	Cyperaceae
	1.4970

	Juncus canadensis
	OBL
	Rush
	Juncaceae
	1.1012

	Toxicodendron radicans
	FAC
	Shrub
	Anacardiaceae
	1.0685

	Drosera intermedia
	OBL
	Forb
	Droseraceae
	0.8125

	Ilex verticillata
	FACW+
	Shrub
	Aquifoliaceae
	0.7649

	Aronia melanocarpa
	FAC
	Shrub
	Rosaceae
	0.6458

	Panicum lanuginosum
	FAC
	Grass
	Poaceae
	0.6458

	Sphagnum sp
	FACW+
	Moss
	Sphagnaceae
	0.4940

	Cladium mariscoides
	OBL
	Sedge
	Cyperaceae
	0.4673

	Spiraea alba
	FACW
	Forb
	Rosaceae
	0.4286

	Acer rubrum
	FAC
	Tree
	Aceraceae
	0.2708

	Osmunda regalis
	OBL
	Fern
	Osmundaceae
	0.2560

	Phragmites australis
	OBL
	Grass
	Poaceae
	0.2321

	Rubus hispidus
	FACW
	Vine
	Rosaceae
	0.2202

	Rhododendron viscosum
	OBL
	Shrub
	Ericaceae
	0.2173

	Agrostis hyemalis
	FAC
	Grass
	Poaceae
	0.2024

	Lycopodiella inundata
	OBL
	Moss
	Lycopodiaceae
	0.1935

	Spiraea tomentosa
	FACW
	Forb
	Rosaceae
	0.1845

	Calopogon tuberosus
	FACW+
	Forb
	Orchidaceae
	0.1815

	Scirpus pungens
	FACW+
	Sedge
	Cyperaceae
	0.1786

	Triadenum virginicum
	OBL
	Forb
	Clusiaceae
	0.1786

	Amelanchier canadensis
	FAC
	Tree
	Rosaceae
	0.1667

	Solidago sempervirens
	FACW
	Forb
	Asteraceae
	0.1607

	Osmunda cinnamomea
	FACW
	Fern
	Osmundaceae
	0.1518

	Eriophorum virginicum
	OBL
	Sedge
	Cyperaceae
	0.1518

	Euthamia graminifloia
	FAC
	Forb
	Asteraceae
	0.1488

	Rosa palustris
	OBL
	Shrub
	Rosaceae
	0.1429

	Rhynchospora capitellata
	OBL
	Sedge
	Cyperaceae
	0.1369

	Calamagrostis canadensis
	FACW+
	Grass
	Poaceae
	0.1339

	Drosera rotundifolia
	OBL
	Forb
	Droseraceae
	0.1339

	Pogonia ophioglossoides 
	OBL
	Forb
	Orchidaceae
	0.1161

	Smilax rotundifolia
	FAC
	Vine
	Smilicaceae
	0.1101

	Theylpteris palustris
	FACW
	Fern
	Thelypteridaceae
	0.1012

	Juncus effusus
	FACW+
	Rush
	Juncaceae
	0.1012

	Rhynchospora macrostachya
	OBL
	Sedge
	Cyperaceae
	0.1012

	Betula populifolia
	FACW
	Tree
	Betulaceae
	0.0952

	Juncus bufonius
	FACW
	Rush
	Juncaceae
	0.0804

	Nyssa sylvatica
	FAC
	Tree
	Nyssaceae
	0.0774

	Aronia arbutifolia
	FACW
	Shrub
	Rosaceae
	0.0744

	Juncus pelocarpus
	OBL
	Rush
	Juncaceae
	0.0744

	Aster novi-belgii
	FACW+
	Forb
	Asteraceae
	0.0714

	Viola lanceolata
	OBL
	Forb
	Violaceae
	0.0625

	Viburnum dentatum
	FAC
	Shrub
	Caprifoliaceae
	0.0565

	Carex scoparia
	FACW
	Sedge
	Cyperaceae
	0.0506

	Eupatorium pilosum
	FACW
	Forb
	Asteraceae
	0.0476

	Carex echinata
	OBL
	Sedge
	Cyperaceae
	0.0476

	Eleocharis tenuis
	FACW+
	Rush
	Cyperaceae
	0.0446

	Baccharis halimifolia
	FACW
	Shrub
	Asteraceae
	0.0357

	Lythrum salicaria
	OBL
	Forb
	Lythraceae
	0.0357

	Panicum virgatum
	FAC
	Grass
	Poaceae
	0.0327

	Utricularia cornuta
	OBL
	Forb
	Lentibulariaceae
	0.0327

	Ilex glabra
	FACW-
	Shrub
	Aquifoliaceae
	0.0298

	Typha latifolia
	OBL
	Grass
	Typhaceae
	0.0298

	Lyonia ligustrina
	FACW
	Shrub
	Ericaceae
	0.0238

	Juncus balticus
	FACW+
	Rush
	Juncaceae
	0.0238

	Lycopus sp.
	OBL
	Forb
	Lamiaceae
	0.0208

	Pluchea odorata
	FAC
	Forb
	Asteraceae
	0.0208

	Chamaedaphne calyculata
	OBL
	Shrub
	Ericaceae
	0.0208

	Typha angustifolia
	OBL
	Grass
	Typhaceae
	0.0208

	Lycopus Sp
	OBL
	Forb
	Lamiaceae
	0.0208

	Carex canescens
	OBL
	Sedge
	Cyperaceae
	0.0179

	Dulichium arundinaceum
	OBL
	Sedge
	Cyperaceae
	0.0179

	Rhynchospora alba
	OBL
	Sedge
	Cyperaceae
	0.0179

	Salix bebbiana
	OBL
	Tree
	Salicaceae
	0.0179

	Xyris difformis
	OBL
	Forb
	Xyridaceae
	0.0179

	Bidens connata
	FACW+
	Forb
	Asteraceae
	0.0179

	Polygonum lapathifolium
	FACW
	Forb
	Polygonaceae
	0.0149

	Iris versicolor
	OBL
	Forb
	Iridaceae
	0.0149

	Clethra alnifolia
	FAC+
	Shrub
	Clethraceae
	0.0119

	Juncus militaris
	OBL
	Rush
	Juncaceae
	0.0119

	Myrica gale
	OBL
	Shrub
	Myricaceae
	0.0119

	Nymphaea odorata
	OBL
	Forb
	Nymphaceae
	0.0119

	Botrychium sp.
	-
	Ferb
	Ophioglossaceae
	0.0119

	Hypericum canadense
	FACW
	Forb
	Clusiaceae
	0.0089

	Carex nigra
	FACW+
	Sedge
	Cyperaceae
	0.0089

	Eleocharis palustris
	OBL
	Rush
	Cyperaceae
	0.0089

	Scirpus microcarpus
	OBL
	Sedge
	Cyperacaea
	0.0089

	Juncus articulatus
	OBL
	Rush
	Juncaceae
	0.0060

	Rosa virginiana 
	FAC
	Shrub
	Rosaceae
	0.0060

	Cyperus esculentus
	FACW
	Sedge
	Cyperaceae
	0.0060

	Alnus serrulata
	OBL
	Shrub
	Betulaceae
	0.0060

	Carex crinita
	OBL
	Sedge
	Cyperaceae
	0.0060

	Decodon verticillatus
	OBL
	Shrub
	Lythraceae
	0.0060

	Juncus acuminatus
	OBL
	Rush
	Juncaceae
	0.0060

	Viburnum nudum
	OBL
	Shrub
	Caprifoliaceae
	0.0060

	Dryopteris noveboracensis
	FAC
	Fern
	Dryopteridaceae
	0.0030

	Populus deltoides 
	FAC
	Tree
	Salicaceae
	0.0030

	Solidago rugosa
	FAC
	Forb
	Asteraceae
	0.0030

	Apios americana
	FACW
	vine
	Fabaceae
	0.0030

	Eupatorium dubium
	FACW
	Forb
	Asteraceae
	0.0030

	Onoclea sensibilis
	FACW
	Fern
	Dryopteridaceae
	0.0030

	Agalinis purpurea
	FACW-
	Forb
	Scrophulariaceae
	0.0030

	Ilex laevigata
	OBL
	Shrub
	Aquifoliaceae
	0.0030

	Galium sp.
	OBL
	Forb
	Rubiaceae
	0.0030


Appendix III.  Upland plant taxa found in 2003-2004 surveys.
	Species (upland only)
	Indicator category
	Growth form
	Family

	Achillea millefolium
	UPL
	Forb
	Asteraceae

	Ammophila brevilugata
	UPL
	Grass
	Poaceae

	Aralia hispida
	UPL
	Forb
	Araliaceae

	Aralia nudicalis
	UPL
	Forb
	Araliaceae

	Arctostaphylos uva-ursi
	UPL
	Sub-shrub
	Ericaceae

	Artemesia campestris
	UPL
	Forb
	Asteraceae

	Carex scoparia var. tessellata
	UPL
	Sedge
	Cyperaceae

	Carex silicea
	UPL
	Sedge
	Cyperaceae

	Corylus americana
	FACU-
	Shrub
	Betulaceae

	Deschampsia flexuosa
	UPL
	Grass
	Poaceae

	Erechtites hieracifolia
	FACU
	Forb
	Asteraceae

	Euthamia tenuifolia
	FACU
	Forb
	Asteraceae

	Gaylusaccia baccata
	FACU
	Shrub
	Ericaceae

	Holcus lanatus
	UPL
	Grass
	Poaceae

	Hudsonia tomentosa
	UPL
	Subshrub
	Cistaceae

	Hypericum gentianoides
	UPL
	Forb
	Clusiaceae

	Juniperus virginiana
	UPL
	Shrub
	Cupressaceae

	Lechea maritima
	UPL
	Forb
	Cistaceae

	Parthenocissus quinquefolia
	FACU
	Vine
	Vitaceae

	Pinus rigida
	FACU
	Tree
	Pinaceae

	Pinus sylvestris
	UPL
	Tree
	Pinaceae

	Polygonella articulata
	UPL
	Forb
	Polygonaceae

	Polytrichum juniperinum
	FACU
	Moss
	Polytrichaceae

	Populus alba
	UPL
	Tree
	Salicaceae

	Populus tremuloides
	UPL
	Tree
	Salicaceae

	Prunus maritima
	UPL
	Shrub
	Rosaceae

	Prunus serotina
	UPL
	Tree
	Rosaceae

	Quercus ilicifolia
	UPL
	Shrub
	Fagaceae

	Quercus prinoides
	UPL
	Shrub
	Fagaceae

	Quercus velutina
	UPL
	Tree
	Fagaceae

	Rhus copallina
	UPL
	Shrub
	Anacardiaceae

	Rosa caroliniana
	UPL
	Shrub
	Rosaceae

	Rosa rugosa
	FACU-
	Shrub
	Rosaceae

	Rubus flagellaris
	UPL
	Vine
	Rosaceae

	Rubus occidentalis
	UPL
	Vine
	Rosaceae

	Rumex acetosella
	UPL
	Forb
	Polygonaceae

	Schizachyrium scoparium
	FACU-
	Grass
	Poaceae

	Trientalis borealis
	UPL
	Forb
	Primulaceae

	Vaccinium angustifolium
	FACU-
	Shrub
	Ericaceae

	Vaccinium pallidum
	UPL
	Shrub
	Ericaceae




























































































