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Executive Summary
China Lake is a nearly 4000 acre lake in Kennebec County, Maine.  The lake has suffered from problems associated with anthropogenic eutrophication for several decades (Maine DEP 2001, Colby College 2006). A committee of citizens from the town of China, Maine (which contains the bulk of the China Lake watershed) was established to investigate the role of the wetlands in and around China Lake in protecting or degrading lake water quality. This report summarizes the results of rapid assessments of selected wetlands within the China Lake watershed with respect to their effects on water quality.

The study used a GIS-based analysis of wetland context to identify the potential "opportunity" for wetlands to exert effects on water quality and used detailed site visits to selected wetlands, to assess the "capacity" of those wetlands to provide water quality benefits or contribute to degradation of water quality.  In conversations with the committee, several participants expressed particular interest in the effects of lake water level management on lakeshore wetlands.  The field evaluations and subsequent analyses included observations that shed some light on this question.
In consultation with the Wetland Committee, I selected a small number of wetlands for detailed field assessment. This report summarizes the findings of those field-based assessments. Field-based assessments were carried out between October 9 and October 16, 2007, at six wetlands in the China Lake watershed.
The six wetlands examined were:

(1) The "Muldoon Pond" wetlands, located at the north end of the lake, 

(2) The "South Inlet" wetlands located at the south end of the lake from the lakeshore, through the area where they are crossed by Route 3, Village Road, and 61st Fire Road and continuing to the adjacent uplands south of Route 3.  These wetlands extend somewhat outside of the China Lake watershed.

(3) The Black Duck Cove wetlands off 9th Fire Road

(4) The large wetland complex south east of the lake associated with a stream known locally as "Clark's Brook."

(5) The wetlands immediately south of the narrows and west of the peninsula that forms the south arm of the Narrows (known hereafter as the "South Narrows North" wetlands); and 

(6) The wetlands immediately to the south of those, forming to the southeast of the peninsula that forms the south arm of the narrows (the "South Narrows, South" wetlands).
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Muldoon Pond Wetlands

The Muldoon Pond wetlands have a complex history of human alteration.  Before construction of the first dam at the West Outlet, the hydrology of the Muldoon Pond area was probably quite different. Wetlands were probably not as extensive.  As water levels on the lake were raised, however, they flooded more of the Muldoon Pond area, extending the northern arm of the lake into what had probably been mostly wetland or floodplain forest. Construction of the causeway would have restricted flow of lake water into and out of the Muldoon Pond area, creating a shallow protected embayment ideally suited to trapping the sediments then washing off agricultural lands.

A number of lines of evidence suggest that the Muldoon Pond Wetlands today are accreting sediments, and thus helping to prevent sediments and associated phosphorus from entering China Lake.  As these wetlands lie at the foot of more than ¼ of the China Lake watershed, they currently provide important ecosystem services preventing nutrients from the upper watershed from entering China Lake.

However, available data offers little information on whether the site eroded, and thus acted as a source of nutrients to the lake shortly after changes in lake water level management in the 1960s, 70s and 80s. A comparison of successive historic aerial photographs of the site, similar to the exercise undertaken by Brown (2003) with regards to the Black Duck Cove wetlands would help clarify the situation.  A search of archival materials might also document the earlier (1860s to 1950s) condition of these wetlands. A more complete understanding of the history of this site is likely to have to wait for a detailed examination of local sediments, perhaps using radiocarbon and lead 210 dating technologies to age various sediment layers.

South Inlet Wetlands
Construction of three roads across these wetlands has transformed much of a once diverse complex of forested and lake margin wetlands into largely cattail dominated emergent wetland.  The primary mechanism appears to have been increased retention of water in the wetlands by the roads, which act as unintentional dams and reduce water flow through the wetlands, although back flooding from the lake when lake levels are especially high may also contribute. Where the depth and duration of flooding is sufficient, flooding has also resulted in separation of structurally weak peat soils into floating and submersed components, producing widespread floating peat mats in these wetlands (Figure A).

[image: image3]
Figure A.  Diagrammatic cross sections of South inlet Wetlands, showing how construction of roads retains water in the wetland, leading to separation of the peat and changes in vegetation.
It is not clear what effect the roads have had on the effectiveness of these wetlands as sediment and nutrient traps. Ponding of water in the wetlands (by the roads) increases the volume of water present, and thus lowers the average water velocity, which tends to increase sediment trapping and thus phosphorus removal.  However, the presence of culverts at both upstream and downstream ends of these wetlands helps enforce channelization of flows.  Channelized flows can "short circuit" the wetland, maintaining higher water velocities and reducing the effectiveness of sediment removal.

The bottom line on these wetlands, however, is the watershed that drains to them is less than 1.5% of the area of the China Lake watershed, and the effectiveness of these wetlands as sediment traps probably has only minor quantitative effect on water quality in China Lake.

Black Duck Cove
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Remnant stump at the edge of Black Duck Cove wetlands provides graphic evidence of water level changes and erosion of peat.

Changes in water level management in the 1960s to 1980s increased lake water levels  and led to the replacement of forested wetland at this site with emergent vegetation.  Changing water levels also contributed to development of extensive floating peat mats in a process analogous to what occurred at the South Inlet Wetlands (figure B).


[image: image5]
Figure B. Diagrammatic cross section of the Black Duck Cove wetlands, showing how changes in lake level might produce floating peat.  Over time, buoyant surface peat separates from the deeper sediments, producing a floating peat mat.
Analysis of aerial photographs by Brown (2003) of EcoAnalysts document significant surface erosion of the peat mat at this site.  The wetland appears to have lost on the order of 12,000 to 14,000 square meters of wetland surface. A rough calculation suggests that on the order of 300 kg of phosphorus may have been exported from this site over a period of over 30 years.  While this calculation is necessarily imprecise, it suggests that export of phosphorus from this site is measured in tens of kilograms per year, not hundreds or thousands of kilograms.

A comparison of 1997 and 2004 aerial photographs of the Black Duck Cove wetlands show little evidence for more recent erosion.  It is not yet clear whether that is because erosion has slowed or simply that a seven year period is too short to reveal erosion that is continuing.  This site should be carefully monitored for future signs of peat instability.  While continued erosion is unlikely to deliver quantitatively significant phosphorus to the water column of China Lake, the loss of high quality wetland would itself be unfortunate.
Clark's Brook Wetlands

The Clark's Brook Wetlands form a large complex of wetlands associated with Clarks Brook and its tributaries.  The wetlands include extensive forested wetlands associated with the smaller tributaries and a large area of floodplain wetlands adjacent Clark's Brook proper.  This wetland system is large, diverse, and in excellent ecological condition.  The wetlands associated with Clark's Brook provide important habitat for birds and wildlife, and support diverse plant and animal communities.
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Beaver dam at the outlet of the submerged floodplain wetlands at Clark's Brook.  Beavers have flooded many tens of hectares of the floodplain.

Local flooding by beavers has had a significant effect on the condition of these wetlands, but if anything, the presence of a beaver dam may increase the capacity of these wetlands to trap sediments and thus phosphorus, at lest in the short term. The large volumes of water stored in the stream channel and in the adjacent floodplain dissipate the energy of incoming stream flows, allowing sediments to settle out.  While evidence is incomplete, the site is likely to continue to trap sediment even after the current beaver dam is abandoned.
South Narrows Wetlands
These two small lakeshore wetlands formed in the narrow valley west of the point that separates the west and east basins of China Lake.  Both are formed in small coves protected from the direct action of waves and ice from the lake.

As with the other lakeshore wetlands, changes in lake water level have clearly had an effect on local vegetation. Increased lake water levels dating back several decades have caused mortality of trees and concurrent shifting of vegetation zones. Rising waters may also have played a role in establishment of cattail-dominated vegetation at both sites.

These sites are protected from the main body of the lake, and in particular, from wave action likely to exacerbate erosion of peat.  At least at the water levels observed on October 16, 2007, neither site exhibited the extensive floating peat mats observed at Black Duck Cove.  Unconsolidated silty sediments were observed at each site, suggesting recent deposition of fine sediments within these wetlands.
With more limited peat deposits protected from the lake, the risk of significant peat erosion at these sites is relatively low.  Furthermore, comparison of 1997 and 2004 aerial photography shows no suggestions of recent erosion.  In fact, the photographs suggest that vegetation may have expanded slightly over the past few years into what was open water.  Examination of historic aerial photographs could help determine if these sites exhibited significant loss of wetland area between the 1960s and the present, as suggested for other lakeshore wetlands by Brown (2003).
Conclusions
One consequence of the particular geologic and glacial history of the China Lake basin is that lakeshore wetlands are relatively rare.  Prior to the construction of roads that now isolate lakeshore wetlands from the lake, they represented on the order of 3.5% of the total shoreline of the lake, and approximately 6.5% of the surface area of the lake and its associated wetlands.  Only one of the lakeshore wetlands, at Muldoon Pond, has an extensive watershed.  The other lakeshore wetlands together have a watershed that amounts to only approximately 4% of the China Lake watershed. 
The effects of these small lakeshore wetlands as sediment and phosphorus traps on lake water quality (again, with the exception of Muldoon Pond) are thus likely to be small. Other wetlands in the watershed, especially those, like the Clark's Brook wetlands, that receive runoff from significant portions of the China Lake watershed, are likely to be more effective sediment and phosphorus traps than the small lakeshore systems.
The primary mechanism by which the smaller lakeshore wetlands might have significant effects on water quality would be via export of nutrients to the lake following erosion or decomposition of sediments, especially peat.  An Eco-Analysts report in 2003 (Brown 2003) suggested that degradation of peat in the Black Duck Cove wetlands (and, at least by implication, other lakeshore wetlands) was a significant source of nutrients to the lake.  The report further proposed that present-day water level management was a significant contributor to the processes leading to degradation of peat.
This study comes to slightly different conclusions.  The evidence that changes in water lake water level management several decades ago have had profound effects on lakeshore wetlands is irrefutable.  Among other effects, changes in water level management caused extensive mortality of wetland forest and replacement of wetland forest by scrub-shrub and emergent wetlands. Hydrologic changes also encouraged expansion of cattail-dominated vegetation and sped formation of floating peat mats. The case that those same water level management changes contributed to loss of wetland area at Black duck Cove is compelling.  However rough quantitative analysis of the amount of phosphorus exported from the Black Duck Cove wetland over the course of more than thirty years suggests that peat erosion is unlikely to have been a major source of phosphorus to the lake, at most amounting to a few percent of estimated external phosphorus loading each year.

Evidence for similar water-level related peat erosion at other lakeshore wetlands is scanty, but neither is there strong evidence against erosion. If significant peat erosion did occur soon after lake water levels were raised, especially at the large Muldoon Pond wetlands, erosion of peat and other wetland sediments might have cumulatively been responsible for a small but potentially significant fraction of external phosphorus loading to the lake. Systematic examination of historic aerial photographs might be able to resolve this important point.
Examination of recent aerial photographs shows little evidence for continued erosion at any of the lakeshore wetlands.  If anything, most lakeshore wetlands appear to be accumulating sediments today.  There is little to suggest that deterioration of lakeshore wetlands is a significant continuing source of nutrients to China Lake.
Introduction

China Lake is a moderately eutrophic, nearly 4000 acre lake in Kennebec County, Maine.  The lake has suffered from problems associated with anthropogenic eutrophication for several decades.  Eutrophication is thought to stem primarily from excess phosphorus derived from multiple sources throughout the watershed, exacerbated by high levels of internal phosphorus recycling, making the Lake's water quality issues difficult to solve (Maine DEP 2001, Colby College 2006).

A committee of citizens from the town of China, Maine (which contains the bulk of the China Lake watershed) was established to investigate the actual and potential role of the wetlands in and around China Lake in protecting or degrading water quality. Since the dominant water quality problem in China Lake stems from an excess of phosphorus, this question can best be understood in terms of evaluating the extent to which China Lake's wetlands retain or release phosphorus.
A full analysis of the role of wetlands with respect to water quality would require long-term monitoring and collection of multiple sediment, plant, and water quality samples over a period of months to years.  Because of the limited budget and time available for the present study, an indirect approach to evaluating the impact of wetlands on water quality was adopted.
The approach combines a GIS-based analysis of wetland context, to identify the potential "opportunity" for wetlands to exert effects on water quality, with site visits to selected wetlands, to assess the "capacity" of selected wetland to provide water quality benefits or contribute to degradation of water quality.

In conversations with the committee, several participants expressed interest in the effects of lake water level management on lakeshore wetlands.  In particular, some previous analyses have suggested that water level management may be exacerbating degradation of peat in wetlands adjacent to China Lake, and thus releasing phosphorus into the lake. Both the GIS analysis and the field evaluation included observations that shed some light on this question.
The GIS analyses (reported previously –Bohlen 2007) used watershed analysis, land-cover based runoff and phosphorus loading coefficients, and best professional judgment based on the hydrogeomorphic context of wetlands (Brinson 1993) to identify wetlands located at key locations in the landscape, where they might be expected to provide important water quality benefits.

Based on that analysis, a small number of wetlands were selected for more detailed field assessment (See map 1). The field assessments were designed to:
(1) Evaluate the extent to which those wetlands show characteristics that could signal either reduced or enhanced capacity to trap sediment or peat, and thus phosphorus.

(2) Provide a synoptic view of the current condition of these wetlands, with special attention to evidence from existing vegetation about the effects of recent human activity on the wetlands.
(3) For lakeshore wetlands, evaluate the extent to which there is evidence that wetland sediments have been transported into the lake.
This report summarizes the results of these studies..
Methods

Field-based assessments were carried out between October 9 and October 16, 2007, at six wetlands in the China Lake watershed (see map 1).
The six wetlands examined were:
(1) The "Muldoon Pond" wetlands, located at the north end of the lake, 

(2) The "South Inlet" wetlands located at the south end of the lake from the lakeshore, through the area where they are crossed by Route 3, Village Road, and 61st Fire Road and continuing to the adjacent uplands south of Route 3.  These wetlands extend somewhat outside of the China Lake watershed.
(3) The Black Duck Cove wetlands off 9th Fire Road

(4) The large wetland complex south east of the lake associated with a stream known locally as "Clark's Brook."

(5) The wetlands immediately south of the narrows and west of the peninsula that forms the south arm of the Narrows (known hereafter as the "South Narrows North" wetlands); and 
(6) The wetlands immediately to the south of those, forming to the southeast of the peninsula that forms the south arm of the narrows (the "South Narrows, South" wetlands).

These wetlands were selected based on the GIS analysis of wetlands within the China Lake watershed and discussions with the China Lake Wetlands Committee. In effect sites (1) through (4) were chosen for their probable importance as nutrient traps for phosphorus entering China Lake and for their potential to help understand the impact of road construction and lake water management on wetland condition. The last two wetlands (South Narrows, South and South Narrows, North) were visited in an effort to provide further context for understanding observations made at the Black Duck Cove wetlands and to better understand the effects of water level management on lakeshore wetlands.
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Map 1.  Location of focus wetlands selected for detailed study.
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Map 2.  Watersheds of China Lake and the six focus wetlands selected for detailed evaluation.  Collectively, the watersheds of the selected wetlands cover nearly half (47%) of the China Lake watershed.  Most of the remainder of the watershed) drains directly to the Lake without passing through any large wetlands (in blue on this map). 
Effects of Season on Field Observations

Examining wetlands in October has certain implications that should be taken into consideration in interpreting field observations.  As trees drop their leaves in the fall, plant mediated evaporation of water from the landscape (evapotranspiration) declines, so October is normally a period of rising groundwater tables. Although this fall was unusually warm and dry, interpretation of field observations require a general awareness of the typical seasonal patterns of wetland hydrology in Maine. Furthermore, some plant species, especially submersed aquatic plants and frost-tender annuals, have already died or gone dormant in preparation for winter.  Other species become more difficult to notice or identify in the absence of seeds, flowers, even leaves.  While every effort was made in the field to compensate for this by careful observation, lists of plant species are likely to be incomplete, and estimates of relative abundance of certain species may be slightly biased. This should have little effect on the overall 
Under the current Lake water level management regime, Lake water levels in October are normally maintained about 1 foot below summer target elevations (Maine DEP 2001 and Dana Murch, personal communication).  However, water level was unusually low in October of 2007 because of the dry summer and fall.  Low water levels were evident in the field, and those observations were supported by conversations with the China residents serving on the Wetlands Committee. This situation has a significant bearing on the interpretation of observations of lakeshore wetlands, especially in comparison to observations made by Lauren Stockwell and Harold  Brown of Eco Analysts, Inc. in May of 2003 (Brown, 2003), when water levels were high.

Field Assessment

The field assessments involved five components 

(1) Visiting each wetland and recording field notes regarding observations about wetland morphology and condition, paying specific attention to human alterations of the local environment and, indicators of changes in wetland vegetation or condition;

(2) Taking digital photographs documenting site conditions and other significant observations;

(3) Recording vegetation "relevés"
 at specific GPS-documented locations within each wetland to get a more quantitative data on the composition of the vegetation.  Botanical nomenclature follows Haines and Vining 1998.
(4) Using a soil auger to qualitatively examine soil and sediment properties from the surface down to a depth of approximately 1 meter or to the contact with underlying glacio-marine sediments, whichever came first.
(5) Recording data used in two standard wetland assessment protocols (WET 2.0 and the New England Highway Method) to assess the capacity of wetlands to provide water quality benefits by trapping or retaining nutrients.

(6) For several lakeshore wetlands, examining digital aerial photography images from 1997 and 2004 made available through the Maine office of GIS.

Interpretation of Observations

At each site, the cumulative weight of the data was reviewed to piece together hypotheses about the major factors shaping the vegetation and condition of the wetland.  Among factors that were considered were (1) the hydrogeomorphic context
 the wetland, (2) the effect of human alteration of the watershed and the local environment on wetland structure and function, (3) potential effects of alteration of lake water levels on wetland condition and (4) any other factors (such as beaver activity) that may have shaped conditions in the wetlands.

Once a hypothesis about the hydrogeomorphic, anthropogenic and natural processes shaping each wetland was available, the data was interpreted in terms of the likely degree to which the wetlands at issue showed evidence of current ability to trap and retain phosphorus, or evidence of acting as a source for phosphorus to China Lake.

Results

Muldoon Pond Wetlands
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Map 3:  Locations visited during field visit to the Muldoon Pond Area wetlands in October 2007

The Muldoon Pond wetlands have formed at the north end of the China Lake basin.  They consist of a shallow open-water area surrounded by emergent, scrub-shrub and forested wetlands.  Hunter brook enters to the southeast of Muldoon Pond and discharges into China Lake through culverts under Lakeshore Drive and the Causeway Road.

Vegetation
North of Lakeview Drive
North of Lakeview Drive, the wetlands center on shallow water wetlands supporting a diverse collection of submersed and floating leaved aquatic plants.  From open water to the uplands, vegetation showed a clear zonation pattern, progressing from open water through a wild rice zone and lakeshore fen vegetation, to a shrub zone and finally to forested wetland.

Aquatic vegetation included Potemogeton spp. (pondweeds), Elodea canadensis, Utricularia spp. (bladderworts), Nuphar variegata. (spatterdock, yellow water lily), Sparganium americanum (burr reed) and Pontederia cordata (pickerelweed).  Several plants with ribbon-like leaves were also observed, but their species could not be determined. As the shallow waters were largely inaccessible by foot, and many aquatic plants had already senesced in preparation for winter, I was unable to observe the aquatic vegetation closely. As a result,this list is inevitably incomplete.
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Photo 1:  Photograph of zonation along the edge of the Muldoon Pond wetlands looking northeast from GPS position 20.  Wild rice (Zizania aquatica) visible to left in shallow water to the left, with zones of Eleocharis palustris, Carex utriculata and Typha latifolia (cattail) visible in the center to right foreground.
The open water areas are almost entirely surrounded by areas dominated by wild rice.  Wild rice (Zizania aquatica) is a tall annual grass.  While not common on Maine lakeshores, it has been widely planted as a food source for waterfowl.  It frequently grows on soft to very soft mineral soils that are semi-permanently flooded or flooded by tidal action.

Landward of the wild rice, vegetation on generally shallow organic and silty soils was dominated by a handful of grass-like species typical of Maine lake margins, including Carex lasiocarpa and C. utriculata, Eleocharis palustris and Dulichium arundinacea.  These species sometimes occurred in nearly monotypic stands.  More often they occurred in mixed stands with one of these three species providing roughly 50% of total plant cover.  Shrubs in this zone were less abundant, generally representing less than 15% of total vegetative cover, but included Myrica gale (bayberry, or sweet gale), Spirea alba (broadleaf spirea) and Chamaedaphne calyculata (Leatherleaf).  Common understory herbs included swamp candles (Lysimachia terrestris), St. John's wort (Hypericum mutilum), water horegound (Lycopus uniflorus), beadstraw (Galium palustre), marsh fer (Thelypteris palustris) and water smartweed (Persicaria amphibia).
Moving closer to shore and slightly higher in elevation, one comes to a well-defined shrub zone.  Among the most abundant species in the shrub zone were Alder (Alnus incana), winterberry (Ilex verticillata), leatherleaf (Chamaedaphne calyculata), meadow willow (Salix gracilis), red osier dogwood (Cornus stolonifera) and Cattail (Typha latifolia).
Wetland forest occurs landward of the shrubs, in narrow fringing bands to the southand east, but in a large wetland forest at the north end of the site.  The wetland forests included most of the shrubby species found in the shrub zone but also included black ash (Fraxinus nigra), green ash (Fraxinus pennsylvanica), red maple (Acer rubrum), and yellow birch (Betula alleghaniensis), along with a scattering of other, less abundant tree species.  The herbaceous understory was highly variable and species rich, including several species of sedges (Carex)
Cattails (Typha latifolia) were scattered throughout the site, and were common among the shrubs and trees at the edge of these wetlands.  They formed large, nearly monospecific stands at a few locations, especially towards the south, a potential sign of disturbance or nutrient enrichment.
Overall the species assemblage in the wetlands north of Lakeview drive is well within the range of communities found on protected lakeshores and rich fens throughout Maine.

South of Lakeview Drive

South of Lakeview drive, the vegetation is similar to what occurs north of Lakeview Drive, except that (1) the extensive areas dominated by grass-like sedges typical of lakeshore fen vegetation are largely absent, (2) the areas of shrub-dominated vegetation are more extensive, and (3) much of the area is dominated by dense stands of cattails.

Cattail is a common indicator of disturbance, altered hydrology or excess nutrients.  It occurs naturally at low to moderate density in undisturbed wetlands throughout Maine, but it is seldom dominant in non-tidal sites except on mineral soils and in the presence of high levels of available nutrients (e.g. Day et al. 1988). Cattail also exhibits broad tolerance for different hydrologic conditions, so it often invades sites with altered hydrology. Its presence here suggests that anthropogenic stresses have greatly influenced the vegetation in these wetlands.  These stresses likely consist of (1) the long (100+ year) history of interannual changes in water level management, (2) the unusual annual hydrologic regime currently imposed by lake water management, with highest water during the summer, and (3) high nutrient availability.  It also tends to support the idea that these wetlands – especially the portions near China Lake – are enriched with nutrients.
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Photo 2.  Vegetation south of Lakeview Drive.  Note wild rice to left, cattails to right, and mound-like muskrat lodge in center.
Soils and Sediments
Wild rice throughout the site (both north and south of Lakeview Drive) was growing in soft, almost soupy silts lying directly on top of blue-grey silty clays characteristic of the Presumpscot formation
. Landward of the wild rice, the wetland is largely formed in thin (less than 50 cm) organic soils or "peat" overlaying silts and Presumpscot formation silt clays.  Some of the peat I observed, especially towards the north end of the site contained wood fragments, suggesting that the area was once more heavily forested than it is today. I observed no floating peat mats at this site, although they have been reported previously (Brown 2003).
In places the ground surface was formed into small (25 cm high) tussocks, a common characteristic of sites that are flooded by a few inches of water throughout most of the growing season. On the day I visited, these tussocks were entirely out of water, suggesting that water levels were unusually low compared to the conditions under which the existing wetland vegetation has developed.
Because of its ability to germinate and grow in soils too unconsolidated to support many other wetland plants, wild rice is frequently an early invader of newly deposited sediments.  The abundance of wild rice and the soft of sediments on which it was growing led me to hypothesize that the Muldoon Pond wetlands continue to accumulate sediments at the present time, and that the extent of wild rice in these wetland is increasing.

The post-glacial sediments in the wetland are consistent with that interpretation.  The sediments in Muldoon Pond itself (to the extent I could sample them) appear to be largely water-deposited silts.  Peat accumulated in the surrounding wetlands often overlay thin silt deposits, which suggests that wetland vegetation gradually has expanded over shallow open water habitats.  Confirmation of this interpretation and characterization of the dates of the associated changes in vegetation would require detailed analysis of sediment cores.

To test this idea, I compared the area mapped as open water in the National Wetlands Inventory maps (derived from aerial photographs taken in the mid 1980s), with the area of open water visible from aerial photographs taken in 1997 and 2004 (see map 4).  The area of vegetated wetland has apparently increased and the area of open water has decreased over time.

These results must be interpreted with some caution, as image quality differed among the two images, and we know nothing about whether waters were high or low on the days on which the successive aerial photographs were taken.  Nevertheless, the results are consistent with what I observed in the field.  I was able to walk on shallow peat soils over areas that were mapped as open water in the 1980s, and areas that appear as open water in the 1997 aerial photograph were well vegetated by the time of my field reconnaissance. Also, apparent sediment accumulation and colonization by emergent wetland plants have occurred primarily in places where one might expect deposition of sediments to occur, such as adjacent to stream inlets.
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Map 4:  Muldoon Pond area, showing changes in extent of open water over approximately 20 years. Background photograph dates to ca. 2004.
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Figure 1:  1893 and 1943 Topographic maps showing north end of China Lake, first as open water, than as wetland surrounding "Muldoon Pond".  While differences may reflect differences in mapping convention or changes in lake water management, they are consistent with a long-term pattern of sedimentation in what today are the Muldoon Pond wetlands.
Historic topographic maps support a similar story over a longer period of time, although interpretation is complicated by a printing error
.  The 1893 topographic maps (available at http://docs.unh.edu/ME/vass93ne.jpg) appear to show the entire Muldoon Pond area as a part of China Lake, although the Causeway was already in place. Fifty years later, however, the 1943 topographic maps (http://docs.unh.edu/ME/vass43ne.jpg) shows the area as wetlands surrounding a small pond with much the same shape as the pond found there today.  Once again, this indirect evidence is consistent with the hypothesis that the Muldoon Pond area is gradually filling with sediment, and thus acting as a very efficient sediment and nutrient trap for nutrients derived from the watershed.

It would be well worthwhile to review additional aerial photographs of the area to determine more precisely what type of changes in vegetated area have occurred in the intervening years, and to correlate the aerial photography to the extent possible with records of lake water level.
Hydrology

Historically, construction of the two roads crossing the wetland significantly altered local hydrology, and almost certainly accelerated local accumulation of sediment.  Construction of the original causeway would have protected the local wetlands from wave scour and limited exchange of water (and sediment) between the lake and the wetlands to a narrow, well defined channel at the culverts. The effect would be to create quiet, protected backwaters that would quickly fill with any sediment delivered from adjacent uplands.

The watershed draining to these wetlands drains 27% of the China Lake watershed, an area of nearly 5000 acres.  A perennial stream, known as Hunter Brook or Bog Brook, enters the wetland from the east, draining most of the wetland's watershed, and presumably contributing a majority of the runoff to the wetland. At the point it enters the Muldoon Pond wetlands, Hunter Brook has a bankfull width of approximately 8 meters
. 

The culverts under Lakeview Drive and Causeway Road are today both large, backwatered box culverts, showing little current at low flow.  However, they are not as wide as the inlet stream, which suggests they would restrict water flow during flood events.  Aerial photography from 2004 shows small pools on either side of the road at the Lakeview Drive crossing.  This often indicates erosion scour caused by an undersized culvert that restricts flow during large floods.  The culvert at Lakeview Drive was replaced this summer.  Culverts installed under DOT's present road crossing standards typically restrict flow only under the most severe floods.  To the extent that historic or present-day culverts restrict flood flows, they would reduce water velocities and turbulence upstream, thus encouraging sediment deposition upstream.
Except during flood events, the hydrology of these wetlands now appears controlled by water levels in China Lake. The large surface area of these wetlands, and especially the large open water area at their center, provides a great deal of area across which the comparatively small volumes of water derived from the watershed are transported with little hydraulic resistance. The effect is to ensure that, except during high flow events, there is unlikely to be much difference in water surface elevations between Muldoon Pond and the main body of China Lake.
Other Observations
Algae

I observed abundant green algae in several shallow pools at the edge of Muldoon Pond.  This algae was especially noticeable because it formed small (less than about 0.5cm diameter) balls that were drifting in the water.  Dense green algae are unusual in lakeshore wetlands and its presence here suggests the presence of  excess nutrients.
At the time of my site visit, water levels appeared to be perhaps 12 to 18 inches lower than I expect to see in a wetland with similar vegetation at the end of the summer or beginning of fall.  As these wetlands are hydrologically connected to the lake, the low water levels undoubtedly reflected the relatively low water levels in the lake this fall.  The low water levels may also explain why I observed no floating peat mats at this site, when they have been reported from the area by others.
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Photo 3. Balls of green algae trapped in shallow water in wetlands at the edge of Muldoon Pond.  Note pen at bottom center for scale.

Interpretation

This wetland has a deep and complex history of human alteration.  Before construction of the first dam at the West Outlet, lake water levels would have been generally lower than they are today.  At that time, the hydrology of the Muldoon Pond area was probably quite different. Wetlands were probably not as extensive, and what wetlands did exist would have been drier, especially in the late summer and fall.  Forested swamp and shrub-dominated vegetation would have been more extensive than they are today.  Wetland hydrology was probably controlled less by back flooding from the lake and more by episodic flooding of Hunter Brook and the slow drainage of precipitation, snow melt and spring runoff through the Presumpscot Formation sediments draped over the relatively flat topography.

As water levels on the lake were raised, however, they flooded more of the Muldoon Pond area, extending the northern arm of the lake into what had probably been mixed forest and wetland.  Construction of the causeway would have restricted flow of lake water into and out of the Muldoon Pond area, creating a shallow protected embayment ideally suited to trapping the sediments then washing off agricultural lands.

120 years ago, agricultural lands were more abundant in the watershed than they are today, and soil conservation practices were largely unknown.  Eroded soils in the uplands surrounding China Lake attest to a history of soil losses.  Wetlands throughout central and southern Maine (and indeed throughout most of New England) contain sediments derived from widespread erosion of agricultural lands in the nineteenth century.  It is reasonable to suspect that similar phenomena were occurring here.
The historic topographic maps, while far from conclusive, suggest that this area may have been mostly shallow open water as late at the turn of the 20th century. By the mid 20th century, however, it was a shallow pond surrounded by wetland.  A likely explanation is that these wetlands acted as efficient sediment traps, retaining upland-derived sediments and associated nutrients before they entered the main body of China Lake.
  A detailed comparison of successive historic aerial photographs of the site, similar to the exercise undertaken by Brown 2003 with regards to the Black Duck Cove wetlands would help clarify more recent (1960s through 1990s) history of erosion and deposition at this site.  A search of archival materials might document the earlier (1860s to 1950s) condition of these wetlands.
The idea that much of the Muldoon Pond wetlands as they exist today are relatively young landscape features is supported by observations of relatively shallow peat soils and silts overlying the Presumpscot formation sediments at the site.  Other wetlands adjacent to China Lake have accumulated substantially more peat. However, peat depth is at best an imperfect indicator of age as it is influenced by plant productivity, hydrology, decomposition and erosion rates.  Only a detailed examination of the sediments in this basin, perhaps with use of radiocarbon and lead 210 dating technologies to age the sediments is likely to be able to reliably document the history of the Muldoon Pond wetlands.
On-site observations, historic documents, and consideration of the geomorphic context of these wetlands together make a strong case that they have trapped, and continue to trap sediments (and associated phosphorus) derived from upland areas upstream. As these wetlands lie at the foot of more than ¼ of the China Lake watershed, they appear to provide especially important ecosystem services.

South Inlet Wetlands
The south inlet wetlands are crossed by three roads, 61st Fire Road, Village St., and Route 3. Conditions in these wetlands are strongly influenced by these roads.  I examined vegetation and soils from all three road embankments, and by walking into each of the three areas defined by the roads. 
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Map 5:  Locations visited during field visit to the South Inlet wetlands in October 2007

Vegetation

The south inlet wetlands appear from the roads to be dominated by cattails.  While that is true in the main, the degree of dominance of the vegetation by cattails is less than it appears.

Between Route 3 and the lake, the wetlands appear to be the remnants of a diverse wetland complex that once supported forested wetlands and several types of shrub-dominated wetlands.  Hydrologic alteration has destroyed much of that native plant diversity, and replaced it with more homogenous, cattail-dominated vegetation.
The case for this change stems from examination of existing vegetation, and noting such indicators of past vegetation as the presence of standing dead trees, the presence of large woody debris, and structural features of the wetland itself.
North of Village Road

Much of the vegetation below Route 3 grows on a floating mat of peat.  To the east of the site between Village Street and 61st Fire Road, this mat is thin and not very cohesive.  As the peat mat is all but floating free, the vegetation is growing in a microenvironment (the surface of the peat mat) with very stable water levels. When the area floods, the mat rises with the rising waters so that the plants avoid being deeply flooded.  Similarly, the vegetation is growing in a microenvironment at least partially isolated from inputs of macronutrients from surface or groundwater. Although largely hidden by cattails when observed from the road, the vegetation here has floristic affinities with vegetation found in nutrient poor fens throughout Maine.
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Photo 4:  Vegetation at south Inlet Wetlands by Village Road.  Note abundant leatherleaf, overtopped and therefore hidden by cattail when observed from a distance.
The vegetation in this area was dominated by shrubs, especially leatherleaf Chamaedaphne calyculata) and winterberry (Ilex verticillata).  Other shrubs included alder (Alnus incana), sweet gale (Myrica gale) and spireas (both Spirea alba and Spirea tomentosa). A few small red maples have become established here as well. Cattails were scattered, accounting for approximately 20% cover.  A high proportion of the substrate was covered with mosses of the genus Sphagnum. Other understory herbs were scarce, except on road embankments and adjacent to the uplands, where the vegetation is more directly influenced by surface water runoff.
The South Inlet tributary to China Lake enters the wetland through a culvert to the west.  Near the culvert and adjacent to the stream channel formed at the culvert, the sediments are more cohesive, and the vegetation appears more influenced by fluctuating water levels and surface water runoff.  The dominant vegetation, especially near the tributary stream channel, is a nearly monospecific stand of cattails (Typha latifolia).  Other species found here in low abundance include Lemna minor (duckweed), Calamagrostis canadaensis (Bluejoint grass), Thelypteris palustris (marsh fern), Carex stricta (Tussock sedge), Hypericum mutilum (St. Johns wort), and Lysimachia terrestris (Swamp candles).
Vegetation in and immediately adjacent to the channel included Potemogeton spp. (pondweeds), Elodea canadensis, Pontederia cordata (pickerelweed), Sparganium americanum (bur reed), and Lemna minor (duckweed), among other species.
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Photo 5:  Overview from the road of inlet stream channel and adjacent vegetation. Shrubs in the foreground are on the road embankment.
Farther from the channel, the vegetation once again becomes more diverse, gaining up to about 40% cover of shrubs, but cattails remain the dominant species.  Channels in the wetland and old muskrat lodges locally increase topographic variation and thus vegetation diversity.  Several old tree stumps and large woody debris lying on the surface of the marsh demonstrate that this site supported trees in the (relatively) recent past.
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Photos 6 and 7:  Looking east towards muskrat lodge and west from the same point into nearly monospecific cattail stand.  Muskrat and beaver activity creates structural complexity, adding to plant species and habitat diversity.
Between Route 3 and Village road

Between Route 3 and Village Road, sediments consist of a complex mix of floating peat, fine silts, tussocks bound together by plant roots, large pieces of woody debris, and old stumps.  Much of the surface area consists of silty pools hidden between sedge tussocks, stumps, logs and plants.  Walking is difficult and vegetation varies on a small spatial scale depending on whether you are looking at a local high point, such as on an old tree stump, or a local hollow or pool.

This site is clearly a flooded forested wetland.  Judging by the state of decomposition of the remaining standing dead trees, many of which are now falling down, the critical event that killed the trees dates back at least several decades.  Members of the China Wetland Committee report that the site was still forested half a century ago or less.
In the heart of the site, out by the standing dead trees, vegetation is dominated by cattails (Typha latifolia) and bluejoint grass (Calamagrostis canadaensis), with little else present besides the marsh fern, Thelypteris palustris.  However, many species occur sporadically across the site where local conditions are suitable, especially on top of stumps or woody debris, or towards the edges of the site where the forested wetland soils were not flooded so deeply.
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Photo 8.  Dense stands of cattails growing under standing dead trees reflect the hydrologic changes that have profoundly altered vegetation at this site.

South of Route 3

South of Route 3, the vegetation varies from moderately dense cattails and fairly typical Maine shrub wetlands through several different types of wetland forest, including a large area of northern white cedar swamp.
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Photo 9.  View of the wetlands immediately south of Route 3 from the shoulder of Route 3.  The band of cattails in the foreground and abundance of dead trees give a misleading impression of the overall health of this wetland.
From the road, two things are immediately evident. First, a band of vegetation dominated by cattails borders Route 3.  And second, many dead trees are visible from the road.  The impression this gives is of a wetland that has been significantly degraded by human activity.  In fact, the impacts of road construction and construction of a pipeline that passes through the wetland are relatively contained.
Most of the wetland remains in good to excellent health, at least as far as can be judged by examining the vegetation.  While cattails are present throughout much of the site, they are only abundant close to the road and along the pipeline right of way, where disturbance, hydrologic change, and water quality effects of the road are likely to have been most severe.  Further into the wetland, the vegetation is more diverse.  Many of the same tree species that are present as standing dead stems have become re-established nearby. This suggests that tree mortality occurred in response to a relatively short-term event a decade or two ago, such as establishment of a beaver dam at the road culverts, or an unusually severe late spring or summer flood. At slightly higher elevations and farther from the road, few standing dead trees can be found, suggesting the mortality event was caused by local flooding that was most severe close to the road.

Vegetation at the edge of the wetland forest (at site 002 on map 5) consisted of a complex mix of trees, shrubs, and herbaceous species.  Tree species included grey birch (Betula populifolia), red spruce (Picea rubens), tamarack (Larix laricina), red maple (Acer rubrum) , northern white cedar (Chamaecyparis thyoides) and white pine (Pinus strobus).  Shrubs included Royal fern (Osmunda regalis), Highbush blueberry (Vaccinium corymbosum), Huckleberry (Gaylussacia bacatta), Labrador tea (Ledum groenlandicum), Spirea (Spirea alba) and winterberry (Ilex verticillata).The herb layer contained several ferns, including sensitive fern (Onoclea sensibilis), cinnamon fern (Osmunda cinnamomea) and marsh fern (Thelypteris palustris).  Other low-lying plants included Bunchberry (Cornus canadensis) and several species of brambles (Rubus spp.).  Mosses were abundant, including variable amounts of Sphagnum. Cattails (Typha latifolia) were abundant, with approximately 30% cover. Carex utriculata was especially common at this particular location, covering 50% of the ground surface, but it was less common elsewhere in the site. 
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Photo 10.  General aspect of vegetation looking south east from position 002 into the forested wetland.  Vegetation is diverse, but shows some signs of disturbance.  Compare this photo, which shows clear signs of recovery of vegetation structure and diversity, with photo 8, from north of Route 3, where little recovery has occurred.
Much of this site looks like many New England forested wetlandds, with a mixed species, tree canopy, complex shrub understory, and groundcover with abundant mosses (See photo 11).  Tree species also present in the forested wetland, but nor present at this particular location included yellow birch (Betula alleghaniensis), paper birch (Betula papyrifera), moosewood (Acer pensylvanicum) , balsam fir (Abies balsamea), northern wild raisin (Viburnum cassinoides), and beach (Fagus grandifolia). Several of these species are more frequently found in uplands than in wetlands, so their presence here further supports the idea that the event that led to local tree mortality was neither severe nor prolonged.

A large stand of Northern White Cedar lies at the eastern edge of the forested wetlands, encompassing a majority of the area between positions 004 and 006 and beyond (see photo 12).
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Photo 11.  Forested wetland looking southeast from map location 003.  Note complex microtopography and abundant mosses.
A small stream drains the wetland towards a culvert passing under Route 3.  The vegetation immediately upstream of that culvert and along that stream is qualitatively different from what I observed elsewhere in the wetland.  This area has many stumps, lots of coarse woody debris (branches and fallen trees), but the present-day is dominated by cattails (Typha latifolia), much like the vegetation present downstream of Route 3..  This suggests that significant hydrologic alteration has occurred and continues to occur in this portion of the wetland, presumably as a result of construction of Route 3.  The pattern suggests that either the frequency or the severity of flooding has increased.

Soils and Sediments

Peat soils are found throughout the site, varying in thickness, but in at many locations, reaching depths of over 1 meter (which is as deep as I could sample with the equipment available during these field assessments).  These soils are largely intact in the wetlands south of Route 3, but they have been altered by changes in hydrology to the north.

North of Route 3, floating peat mats are common, varying in thickness and cohesiveness.  Floating mats can arise either because vegetation grows out over the edge of open water, or because boyant peats float to the surface as water levels change.  Here, the vegetation is strongly suggestive of recent hydrologic changes, so it is more likely that peats were laid down as a continuous layer, but have secondarily separated into a boyant surface layer of fibric peats, and more highly decayed sapric peat layer that stayed anchored to the bottom (See figure 2).
South of Route 3, the soils are deep organic soils, often more than 1 meter in depth.  Although the Maine Geological Survey's Surficial Geology Map of the China Lake Quadrangle shows the area underlain by Presumpscot formation, I was unable to sample deeply enough to reach it. Wood fragments recovered in soil samples from approximately 50 cm below the surface suggest that these wetlands have been forested for hundreds if not thousands of years.  Where I was able to take deeper samples, wood were absent (or perhaps simply rare) below about 50 cm and other characteristics of the sediments suggest an increasing mineral content with depth
.  The soils thus suggest that these wetlands formed at the south end of China Lake as lake margin wetlands that gradually accumulated sediment and organic matter over the years until they were shallow enough to support forests. (This process parallel the gradual filling hypothesized to be occurring in the Muldoon Pond Wetland at the North end of the lake today.)
Hydrology

The watershed of the South Inlet wetlands is complex, because portions of these wetlands drain towards China Lake while other portions drain towards Three Mile Pond. Available topographic data does not have the resolution necessary to accurately delineate the watershed boundary between the portions that drain to China Lake and the portions that drain towards Three Mile Pond.  The data that is available suggests that the sub-part of the wetland in the China Lake watershed represents about half the area of these wetlands, but drain only one fifth of the total watershed that drains towards this extensive wetland.  Thus wetlands specifically within the China Lake watershed are large compared to the size of their watershed or to the volume of water that drains through them.  The wetlands represent more than one quarter of the total land area of the watershed.

Hydrologically, the wetland probably developed as a combination of a drainage divide wetland (receiving ground and surface water as runoff and stream flow from adjacent uplands) and a lake margin wetland, whose hydrology was dominated by surface water from China Lake.  The boundary between these two hydrologic regimes would have depended on lake water level. Even before the water levels of China Lake were raised by construction of a dam at the west outlet, however, this site accumulated peat to an elevation above the present day elevation of the lake.  Since peat typically does not accumulate in Maine except where soils are saturated most of the year, we know that groundwater and surface water runoff were (and apparently still are) sufficient to maintain saturated conditions at elevations above lake level.

While these wetlands would once have been hydrologically connected to the lake at their lower end, today the wetlands have been cut off from the lake by 61st Fire Road.  Movement of water across and through the wetland is largely controlled by the size and placement of culverts in the three roads.

There are three culverts passing under Route 3, and one culvert each through Village Road and 61st Fire Road.  Although conditions were dry when I examined these culverts on October 9, 2007, each showed some flow, so the south inlet stream is apparently perennial or nearly perennial.
The three culverts under Route 3 consist of two 2 foot diameter concrete culverts, each set about 70 meters from a central 3 foot galvanized steel culvert.  The galvanized steel culvert receives runoff from a small stream that forms in the Northern White cedar forest to the southeast of the wetland (position 006, photo 12)
. The two additional culverts do not receive water from a channelized stream, but drain surface water off the wetland.  None of the culverts are perched or show significant signs of scour at their downstream ends.  Water flows out of the culverts at the same elevation as water in the downstream wetlands.
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Photo 12: Stream Channel flowing through Northern White Cedar Forest at Position 006.  Channel has a bankfull width of about three feet, similar to the width of the main culvert downstream.
The vegetation immediately upstream of these culverts and close to Route 3 is qualitatively different from what we observe elsewhere in the wetlands. The presence of the road has produced hydrologic and other changes to which the vegetation has responded.  It is likely that under high water conditions, water drains from the wetlands through the culverts more slowly than it would have done across uninterrupted wetland.
On the day I visited the site, October 9, 2007, the culverts both at Village Street and at 61st Fire Road discharged water above the elevation of water in the wetland or lake downstream.  This is direct evidence that the roads and culverts retain water at an elevation above where it would be in the absence of the roads. The roads act as unintentional dams, altering local wetland hydrology. The Oct. 9 observations show that high lake water levels are not necessary for producing high water in these wetlands, although, since Lake levels were low during the period of observation, they can not rule out the possibility that high lake levels sometimes contribute to them.
Both culverts have had "Beaver Deceiver" devices installed to prevent beavers from flooding the road by plugging the culvert.  If beaver activity further reduces the effectiveness of these culverts, that would exacerbate the inadvertent effect of these roads on wetland hydrology.  Such events, even if infrequent, would have strong effect reducing plant species diversity, especially with respect to woody plants.  Many wetland trees and shrubs are sensitive to apparently small changes in water level if they persist for more than a few weeks during critical times of year.
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Figure 2.  Diagrammatic cross sections of South inlet Wetlands, showing how construction of roads retains water in the wetland, leading to separation of the peat and changes in vegetation.  (1) Native lakeshore wetland on moderate to deep peat soils is (2) cutoff from the lake by construction of road or railroad bed. Inadequate drainage retains water above lake level upstream of the road.  (3) Trees and shrubs are unable to survive in more deeply flooded conditions. (4) The light, largely undecomposed and uncompressed "fibric" surface peats are buoyant, so they gradually split from the deeper, more decomposed, compressed "sapric" peats. (5) Cattails invade in response to changes in local hydrology, and exclude many other plant species. The brown wedge represents the peat soils formed under natural forested wetlands.  Light colored layers are buoyant peats, while the dark layers are more highly decayed and denser (and hence less buoyant).

Interpretation

Construction of each the three roads crossing these wetlands has contributed to transformation of forested and lake margin wetlands into a wetland dominated by cattails.  The primary mechanism appears to have been increased retention of water in the wetlands because the roads act as dams, reducing water flow through the wetlands. Where the depth and duration of flooding is sufficient, flooding has also resulted in separation of structurally weak peat soils into floating and submersed components, producing the characteristic floating peat mats of these wetlands (figure 2).

It is not clear what effect the roads have had on the effectiveness of these wetlands as sediment and nutrient traps.  Paradoxically, the very features that have contributed to such dramatic changes in wetland vegetation may help these wetlands act as effective sediment traps.  Ponding of water in the wetlands increases the volume of water present, and thus lowers the average water velocity passing through the wetland and increases the mean residence time of water, both of which tend to increase sediment trapping and thus phosphorus removal.  However, the presence of culverts at both upstream and downstream ends of these wetlands helps enforce channelization of flows that, prior to road construction, may have occurred in a more diffuse manner across the entire width of the wetland.  Channelized flows can "short circuit" the wetland, maintaining higher water velocities and reducing effectiveness of sediment removal.

The bottom line on these wetlands, however, is the watershed that drains to them is less than 1.5% of the area of the China Lake watershed, and the effectiveness of these wetlands as sediment traps probably has relatively minor quantitative effect on water quality in China Lake.

Outstanding Questions

Previous studies have suggested (Brown 2003) that the presence of floating peat mats is evidence of decomposition or removal of peat, and thus the release of nutrients (phosphorus) into China Lake.  While floating peat mats can result from decomposition or removal of peat, they can also form as a result of the mechanical rupture of structurally weak sediments.  It is likely that in many locations, both processes occur simultaneously and interact in complex ways.
My interpretation of the South Inlet Wetland site suggests that the predominate process forming floating mats at this location was the mechanical rupture of the peat.  If that is the case, peat export from this site has probably been small.  It is impossible based solely on the methods used in this study, to determine the extent to which peat decomposition or removal has contributed to formation of the floating mats that are such a prominent feature of the site.  Detailed mapping of floating and submersed peat and sediment thickness and characteristics across the wetlands could shed light on the situation, as could evaluation of historic aerial photographs.
Black Duck Cove
The Black Duck Cove wetlands are the only extensive wetlands on the shores of China Lake that are not today protected from the lake by the roads, hills or and embankment.  Thus Black Duck Cove is the wetland most likely to show loss of peat.  Indeed, long-term loss of surface peat has been well documented at this site based on examination of aerial photography (Brown 2003).
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Map 6:  Locations visited during field visit to the Black Duck Cove wetlands  in October 2007.

The site is divided in two by a causeway along Fire Road 9.  Landward of the causeway, the wetland has been significantly altered by processes similar to what has occurred at the South Inlet Wetlands.  Construction of the fire road has impounded water to the upstream side of the causeway.  On the day I visited the site, the two culverts under the causeway were dry, but water levels landward of the causeway were substantially higher than water levels in the lake.  Both culverts have "Beaver Deciever" structures installed to reduce the likelihood of beavers plugging them, but accumulated debris on the beaver fences helped keep the water levels high.
Vegetation
Landward of the Causeway
The vegetation immediately landward of the causeway is dominated by cattails (Typha latifolia, see photo 13) but the cattails are surrounded by dense stands of wetland shrubs (especially winter berry – Ilex verticillata) and Alder – Alnus incana). Farther from the causeway, these wetlands become increasingly shrub dominated, and then become a true wetland forest adjacent to the uplands. (See photo 14).
Access to the cattail stand was difficult, both because of the dense shrubs and because the sediments in the cattail stand itself were a mixture of unconsolidated silts and floating peat mats.  Despite the preponderance of cattails, numerous wetland plant species occur within these wetlands, and especially around its edges (See table 1).  I was able to examine only a small portion of the shrub and forested wetlands at this site, so this list is inevitably incomplete.
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Photo 13.  Typical view of cattail-dominated vegetation landward of the causeway at Black Duck Cove.  Note willows and other shrubs in the middle distance, and red maple and other wetland forest species in the background adjacent to the uplands.
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Photo 14.  Looking northwest from the edge of the cattail-dominated wetlands at position 036 in map 6 towards forested wetland upslope from the cattails.  Note willows and alder in foreground.  The mix of large dead and generally smaller live treas suggests mortality caused by short-term hydrologic change, perhaps associated with beavers.
Table 1:  Partial list of plant species occurring on the landward side of the causeway.
	Common name
	Botanical Name
	Common name
	Botanical Name

	TREES

	Red Maple
	Acer rubrum
	Grey Birch
	Betula populifolia

	Black Ash
	Fraxinus nigra
	White Pine
	Pinus strobus

	Green Ash
	Fraxinus pennsylvanica
	
	

	

	SHRUBS

	Winterberry
	Ilex verticillata
	
	

	Alder
	Alnus incana
	Meadow willow
	Salix gracilis

	Spirea
	Spirea alba
	Pussy willow
	Salix discolor

	Buttonbush
	Cephalanthus occidentalis
	Royal Fern
	Osmunda regalis

	Red Osier Dogwood
	Cornus stolonifera
	
	

	

	AQUATICS

	Mermaid Weed
	Proserpinica palustris
	Bur reed
	Sparganium americanum

	Duckweed
	Lemna minor
	Wild Calla
	Calla palustris

	

	HERBS

	Marsh fern
	Thelypteris palustris
	Water Horehound
	Lycopus virginicus

	Begger's ticks
	Bidens frondosa
	Bur Marigold
	Bidens cernua 

	St. John's Wort
	Hypericum mutilum
	Hairy willow herb
	Epilobim hirsutum

	Bedstraw
	Galium palustre
	Touch me not
	Impatiens capensis

	Water hemlock
	Cicuta bulbifera
	
	

	

	GRAMINOIDS (Grass-like plants)

	Bottlebrush sedge
	Carex comosa
	Rattlesnake grass
	Glyceria canadaensis

	Lakeshore Sedge
	Carex lacustris
	Three way sedge
	Dulichium arundinacea

	Beaked sedge
	Carex utriculata
	Water horsetail
	Equisetum fluviatilis

	Lurid sedge
	Carex lurida
	Soft Rush
	Juncus effusus

	Drooping sedge
	Carex crinita
	Cattail
	Typha latifolia

	Several other sedges
	Carex sp.
	Bluejoint
	Calamagrostis canadaensis

	Woolgrass
	Scirpus cyperinus
	
	


Much of the plant species diversity at this site reflects local variation in hydrologic conditions. While the site has clearly been altered by construction of the causeway, the vegetation has had sufficient time to sort itself out into well defined vegetation zones.
The Lakeshore Wetlands
The vegetation in the lakeshore wetlands at Black Duck Cove shows a clear pattern whereby cattails are especially abundant near shore, while farther from the uplands, sedges dominate. This vegetation pattern reflects a complex environmental gradient.  At one end are wetlands influenced by groundwater and upland runoff with only limited accumulation of peat, which appears to remains largely anchored to the underlying sediments even during periods of high water.  At the other end of the gradient are the floating peat mats adjacent to the open water of the lake, developed in deep organic soils.

Table 2:  Plant species observed in the lakeshore wetlands at Black Duck Cove.
	Common Name
	Botanical Name
	Common Name
	Botanical Name

	Red Maple
	Acer rubrum
	Water horehound
	Lycopus virginicus

	Water plantain
	Alisma subcordatum
	Swamp candles
	Lysimachia terrestris

	Silverweed
	Argentina anserina
	Sweet gale/bayberry
	Myrica gale

	Bur marigold
	Bidens cernua 
	Sensitive fern
	Onoclea sensibilis

	Begger's ticks
	Bidens frondosa
	Royal fern
	Osmunda regalis

	Bluejoint Grass
	Calamagrostis canadaensis
	Water smartweed
	Persicaria amphibia

	Bottlebrush sedge
	Carex comosa
	Tearthumb
	Persicaria arifolia

	Hair sedge
	Carex lasiocarpa 
	Water pepper
	Persicaria hydropiperoides

	Sedge
	Carex sp. interior?
	Pickerel weed
	Pontederia cordata

	Beaked sedge
	Carex utriculata
	Water dock
	Rumex orbiculatus

	Buttonbush
	Cephalanthus occidentalis
	Arrowhead
	Sagittaria latifolia

	Water hemlock
	Cicuta bulbifera
	Meadow willow
	Salix gracilis

	Red osier dogwood
	Cornus stolonifera
	Balsam willow
	Salix pyrifolia

	Three way sedge
	Dulichium arundinacea
	Bulrush
	Schoenoplectus tabernaemontanii

	Tiny spike rush
	Eleocharis acicularis
	Woolgrass
	Scirpus cyperinus

	Spike rush
	Eleocharis palustris
	Blue Skullcap
	Scutellaria lateriflora

	Boneset
	Eupatorium perfoliatum
	Nightshade
	Solanum dulcamara

	Bedstraw
	Galium palustre
	Bur reed
	Sparganium americanum

	St. Johns Wort
	Hypericum mutilum
	Spirea
	Spirea alba

	Winterberry
	Ilex verticillata
	Marsh fern
	Thelypteris palustris

	Canada Rush
	Juncus canadaensis
	Cattail
	Typha latifolia

	Duckweed
	Lemna minor
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Photo 15.  View of lakeshore wetlands at Black Duck Cove, showing cattail-dominated vegetation closer to the upland. Note green "domes" of shrubs.
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Photo 16.  View of lakeshore wetlands at Black Duck Cove showing fen-like vegetation dominated by hair sedge (Carex lasiocarpa) on the floating peat mat.  Taken from close to position 029 on map 6, looking north.
Wetlands closer to the uplands appear from the road to be dominated by cattails, but a close look reveals a species rich wetland community, with cattails varying widely in abundance (See photo 15).  In addition to cattails (Typha latifolia), I identified more than 30 other species of wetland plants within this vegetation zone (table 2).  Other locally important species included bluejoint grass (Calamagrostis canadaensis), bulrush (Schoenoplectus tabernaemontanii), lakeshore burr reed  (Eleocharis palustris), bottlebrush sedge (Carex comosa) and marsh fern (Thelypteris palustris).  Several species of shrubs (Spirea alba, Salix gracilis, Cephalanthus occidentalis and Myrica gale) were locally abundant but never dominant.
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Photo 17.  View of lakeshore wetlands at Black Duck Cove.  Photo taken from out on the floating peat mat at position 029 on map 6, looking west towards the uplands.  Note the dense population of cattails adjacent to the shore in the background.
Farther from shore, the vegetation is increasingly dominated by sedges, especially the typical denizens of Maine lakeshores and fens, the hair sedge (Carex lasiocarpa) and the beaked sedge (Carex utriculata – see photos 16 and 17).  Most of the handful of plant species found in this zone were also observed in the near-shore wetland zone, but the relative abundance of species has shifted completely.  In addition to the sedges, red maple (Acer rubrum), grey birch (Betula populifolia), willows (Salix sp.), leatherleaf (Chamaedaphne calyculata) and Spirea (Spirea alba) increase in abundance, although they are never dominant.  In places, Sphagnum mosses form a dense ground cover under the dominant shrubs and sedges.

Soils and Sediments

The site is located at the margin of what was a glacio-marine shoreline (Maine Geological Survey 2005).  The marine-derived sediments that underlie the site were deposited as nearshore marine deposits, and thus tend to be coarser in texture than the Presumpscot formation deposits underlying the other wetlands examined in this study. The glacial age sediments identified in soil cores at this site tended to be silty fine sands, rather than the clays and silts of the more widespread Presumpscot Formation.
Post-glacial wetland sediments at this site vary from unconsolidated silts directly overlaying the glacio-marine sediments, to shallow peat deposits to peat mats floating half a meter above deep, submerged peat deposits.

Landward of the Causeway
Sediments south of the causeway vary with distance from the causeway.  A few hundred yards from the causeway, in the transition between cattail-dominated and shrub dominated wetland, the sediments consist of shallow (~ 35 cm) peats directly overlying the glacio-marine sediments.  Closer to the causeway, the sediments consist of unconsolidated silts and floating peat mats.  In short, the sediments look quite similar to what was observed at the South Inlet Wetlands, and probably reflect hydrologic changes to an extensive lakeshore wetland caused when it was its connection to the lake was severed by construction of Fire Road 9.  The primary difference between the sediments here and at the South Inlet wetlands is that I observed more unconsolidated silts at this site, which may  represent deposition of sediments derived from adjacent agricultural lands.
The Lakeshore Wetlands

The sediments in the lakeshore wetlands consist predominately of shallow to deep organic soils ("peats").  At the time of my site visit, only a small proportion (perhaps 10 to 20%) of the site exhibited floating peat mats, but conditions on site suggest that significantly more of the site would have been afloat if lake water levels were higher.

In the areas that were floating, the sediments consisted of between 25 and 40 cm of fibrous peat, bound together by plant roots and partially decomposed plant remains, overlying 20 to 50 cm of water.  Below the water, the peats were continuous as far down as I was able to sample (slightly more than 1 m total depth). In a return visit to the site some weeks later with members of the Wetlands Committee, I used equipment that permitted deeper sampling, and we discovered the glacio-marine sediments at depths of about 1.5 to 2 meters. It thus appears that the total peat deposits at this site range in thickness from just a few cm thick at the upland margin to over 1.5 meters in thickness near the open water.  The floating mat itself is typically on the order of 35 to 50 cm thick.

Brown (2003) has done an excellent job looking at historic aerial photographs to document the loss of wetland area at this site from the 1960s to the 1990s.
Hydrology

The hydrology of the wetlands landward of the causeway are today dominated by the water retained by the causeway.  The hydrology of the lakeshore wetlands is dominated by lake water level.

As has been mentioned elsewhere, lake water levels were unusually low at the time of my site visit.  Observation of old tree stumps at the wetland-lake margin provided clear and simple visual evidence of changes in local water level (See photo 18) 
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Photo 18.  Old tree stump at edge of the Black Duck Cove wetlands.  This stump has many tales to tell. (1) The presence f a large tree stump in a site that can not longer support trees clearly documents that changes in lake water level caused tree mortality and altered the local vegetation.  (2) The lack of vegetation on the sides of this stump demonstrate that water levels in the lake were 12 to 18 inches lower at the time this photograph was taken than is typical during the growing season.  And (3), exposed roots demonstrate quite clearly that surface peat has been eroded from the margin of this wetland, presumably by waves.
Interpretation

Increased water level at this site replaced forested wetland with emergent vegetation.  Since there are no standing dead trees on the site, and most woody debris is buried, the hydrologic change that triggered the replacement of forested wetland by cattails and sedges in not especially recent.  Changes in water level management in the 1960s to 1980s appear to be likely candidates for contributing to vegetation changes at this site.
Increased water levels contributed to development of floating mats in a process analogous to what occurred at the South Inlet Wetlands (see figure 3).  While floating mats can develop when vegetation traps organic matter over hundreds of years, and gradually extends peat mat out over open water, that does not appear to be what occurred here.  Developing peat mats of that sort tend to be thin and fragile, and are readily disrupted by vigorous wave action.  This site is too exposed to wave action from the main body of the lake for that process to appear likely.
In contrast to Brown 2003, I interpret the depth of the water between the floating peat mat and the underlying sediments as a geometric consequence of the buoyancy of the peat, and thus not indicative of peat removed from the system (see figure 3).  The higher the lake water levels rise, the wider the gap between the floating peat mat and the underlying benthic sediments.  I do not believe that the presence of floating mats is adequate evidence on its own for export of peat from this site.

[image: image34]
Figure 3.  Diagrammatic cross section of the Black Duck Cove wetlands, showing how changes in lake water level might produce floating peat mats.  (1) A lakeshore wetland system, with typical shoreline vegetation zonation and variable peat thickness is (2) flooded by rising water levels.  Over time the buoyant surface fibric peats separate from the deeper, denser sapric peats producing a floating peat mat. The peats near shore may not become separated from the deeper sediments if (a) plant roots extend across the weakest layers of sediments, effectively anchoring them to lower layers, or (b) if the water levels are seldom high enough to float the peat or (c) if the peats are too thin to generate enough buoyancy to lift the peats and their associated vegetation.
More direct evidence for the export of peat is available.  Analysis of aerial photographs by Brown (2003) of EcoAnalysts and stories of "floating islands" derived from this site, clearly document t erosion of the peat mat at this site.  Erosion of the peat between 1965 and 1997 is striking. The wetland appears to have lost on the order of 12,000 to 14,000 square meters of wetland surface, in a pattern that suggests erosion was related to water entering the lake at the culvert under Fire Road 9. This is both historically important, and also provides direct evidence that local peats can become unstable.  
Assuming that the peat at this site was on the order of 1 meter thick, as is true today in the portions of the wetland adjacent to the open water, 12,000 to 14,000 cubic meters of peat were removed from the site.  Peatland peats from Sphagnum-rich sites have been reported to have a phosphorus concentration on the order of 0 to 0.02 mg of phosphorus per ml of peat (e.g., Mitsch and Gosselink 2000, page 444).  Using that figure as a rough estimate of phosphorus concentrations at this site, one can calculate that on the order of 300 kg of phosphorus has been exported from this site over a period of roughly 30 years.
  This calculation is, of course, only illustrative.  Concentrations of phosphorus are likely to be higher in peats derived from forested wetlands, a larger area of peat may have eroded than I estimated, and the peat may be deeper than I estimate.  Nevertheless, it is likely that the annual quantity of phosphorus removed from this wetland is measured in tens of kilograms per year, not hundreds or thousands of kilograms.
 DEP and Colby College estimates suggest phosphorus loading to China Lake from the watershed is on the order of 2,000 kg of phosphorus per year.
[image: image35.jpg]Comparison of 1997 and 2004 Aerial Photographs





Figure 4.  Comparison of 1997 and 2004 aerial photography of Black Duck Cove Wetlands. Erosion was apparently limited over this 7 year period.
Aerial photography taken in 2004 has recently been made available by the Maine office of GIS.  A comparison of 1997 and 2004 aerial photographs of the Black Duck Cove wetlands show limited evidence for recent erosion (Figure 4).  It may be that erosion is slowing at the site as the wetland gradually comes into equilibrium with the current water level management regime.  Alternatively, the seven year period between the two photographs may simply be too short to see much erosion. This is certainly a site that should be monitored carefully for additional signs of peat instability.

Clark's Brook Wetlands
The Clark's Brook Wetlands form a large complex of wetlands associated with Clarks Brook and its tributaries.  The wetlands include extensive forested wetlands associated with smaller tributaries and a large area of floodplain wetlands adjacent Clark's Brook proper.
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Map 7.  Areas visited at the Clarks Brook Wetlands I October, 2007.  Large road is Route 3.

This is a large, ecologically complex wetland complex with many different wetland communities and vegetation types present.  I was able to visit only a small portion of a large, complex, and ecologically rich area. While many of the wetlands in the complex are forested wetlands, my interest focused on the large area of open vegetation at the center of map 7, as the wetlands most closely associated with the brook are likely to provide the most significant water quality benefits to China lake.
Vegetation
Numerous areas of forested wetland are associated with this site.  Species composition of these forested areas is typical of similar wetlands in the region.  Red maple (Acer rubrum), black ash (Fraxinus nigra), yellow birch (Betula alleghaniensis), white pine (Pinus strobus), red spruce (Picea rubens) and American elm (Ulmus americana) are all common.  Hemlock (Tsuga canadensis) and balsam fir (Abies balsamea) are also present in lower abundance.  The shrub layer contains alder (Alnus incana), highbush blueberry (Vaccinum corymbosum), winterberry (Ilex verticillata), and saplings of many of the tree species also found in these sites.  The herbaceous understory is dominated by ferns, including sensitive fern, (Onoclea sensibilis), cinnamon fern (Osmunda cinnamomea) and ostrich fern (Matteuccia struthiopteris).  Several small sedges (Carex sp.), the large lakeside sedge (C. lacustris) and bluejoint grass (Calamagrostis canadensis) are locally abundant.  As is true in many forested wetlands, many species typically found in upland forest are found on the relatively dry hummocks surrounding larger trees or on old tree tip up mounds.  These include several woodland ferns (Dryopteris sp.) bunchberry (Cornus canadensis), starflower (Trientalis borealis), gold thread, (Coptis trifolia) and brambles (Rubus sp.).  Both Sphagnum mosses and mosses of the genus Amblestegium are also present.
[image: image37.jpg]



Photo 19.  Wetland forests of the Clarks Brook wetland complex.  Photo taken near position 009 on map 7.

The large area of open vegetation near Clark's Brook itself proved to be dominated by a single plant species, bluejoint grass (Calamagrostis canadensis).  Calamagrostis is often a dominant or near dominant species in floodplains throughout Maine.  However, I have seldom been on a site where the species dominated the vegetation as completely as it does here.  The plant represents on the order of 90% of total plant cover over an area of tens of hectares.

Other plant species that occurred here included cattrails (Typha latifolia), spireas, (Spirea alba and Spirea tomentosa), several bulrushes (probably Sc. cyperinus and Sc. pedicellatus or Sc. atrocinctus), water smartweed (Persicaria amphibia), rattlesnake grass (Glyceria candensis), as well as scattered trees and shrubs on slightly higher ground. Several tall sedges of the genus Carex occurred sporadically throughout the site, including C. stricta, C. utriculata, and C. lasiocarpa.

The site is probably so species poor because it has been profoundly influenced by beaver activity.  Most of the site has been flooded by a beaver dam located at the downstream end of the meadow (at position 053 in map 7). Water levels in the site were considerably deeper than I normally associate with wetlands dominated by Calamagrostis.  Standing water was between 20 cm and 50 cm deep throughout the site.  Many plant species typically found growing with Calamagrostis in Maine floodplains are not tolerant of long-term flooding, and have apparently beed eliminated by the flooding.  Indeed, plant species diversity was obviously higher in the floodplain just downstream of the beaver dam.
Many plant species respond rapidly to changes in water level, and so it was not surprising to find aquatic plants including duckweed (Lemna minor) and bladderworts (Utricularia sp.) growing floating among the grass stems.  Given the time of year, other floating aquatic plant species may well have been overlooked.
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Photo 20.  Calamagrostis-dominated floodplain vegetation adjacent to Clark's Brook.  Photo taken near position 010 on map 7.

Soils and Sediments

Soils within the forested wetlands consisted of surprisingly deep peats.  In the center of these forested areas, the surface peat layers were generally more than 75 cm in depth over the familiar blue-grey silts clays of the Presumpscot formation.  At several sites, I was unable to reach the underlying mineral soils with the equipment I brought with me, suggesting the peats are at least 1.25 meters in depth.  Not surprisingly, the peats frequently contained readily identifiable wood fragments.
Within the open floodplain area, the depth of standing water and the density of plant stems effectively made sampling of the sediments difficult.  The sediments underfoot felt generally solid, more like mineral soils than like deep organic soils, but quick sampling of surface sediments turned up some peat.  Given the geomorphic context of these wetlands within the floodplain of Clark Brook, it is likely that local sediments include both organic and mineral soils. 
Hydrology

The hydrology of the site at the time of my visit was controlled by a large beaver dam located at the downstream end of the widest area of open vegetation.  The relatively new dam was in good repair, and clearly had been constructed on the remains of older, partially decayed dams at the same location.
Interpretation

Local flooding by beavers is probably relatively recent (2-3 years?), and is having the effect of reducing plant species diversity in the floodplain wetlands.  If the beaver dam remains intact, the Calamagrostis-dominated floodplain vegetation may shift species composition, as species more tolerant of long-term flooding become established and spread.  The presence of the remains of an older dam at the outlet, and the lack of significant tree and shrub mortality in and around the edges of the site suggest that area has been flooded by beavers frequently.
The presence of the beaver dam is likely to have the effect of improving the ability of the site to trap sediments.  The large volumes of water stored in the stream channel and in the adjacent floodplain act to dissipate the energy of incoming stream flows, lowering overall water velocities, and thus allowing sediments to settle out.  However, secondary erosion and channel instability may mobilize sediments downstream after the beaver dam is abandoned, although such effects are likely to be short lived.

The site appears likely to trap sediment even when it is not flooded by beavers.  The large expanse of floodplain provides an enormous area into which floodwaters can expand during flood events, again reducing stream velocities and removing sediments.  The effectiveness of that mechanism depends on the likelihood that floods will escape the stream channel and spread out onto the floodplain.  That probability, in turn, depends on the geometry of the stream channel, which I was unable to observe, as it was completely submerges at the time of my visit.
It is also worth noting that this wetland system is large, diverse, and in excellent ecological condition.  The wetlands associated with Clark's Brook provide important habitat for birds and wildlife, and support diverse plant and animal communities.
South Narrows Wetlands, North and South 

These two small lakeshore wetlands have formed in the narrow valley west of the point that separates the west and east basins of China Lake.  Both are formed in small coves protected from the direct action of waves and ice from the lake.  As with the other lakeshore wetlands, changes in lake water level have clearly had an effect on local vegetation.

Vegetation
South Narrows North

The vegetation in the small wetland just south of the narrows is ranges from wetland forest adjacent to the uplands through open-canopy shrub wetlands to cattail-dominated emergent wetlands closest to the lake.  The zonation pattern is well established, but abundant dead trees within the cattails and in the adjacent shrub-dominated wetland suggest  that changes in lake water level caused local tree mortality.
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Map 8.  Sites visited at wetlands south of the narrows, October 16, 2007.  The smaller wetland to the north is described here as "South Narrows North"; the larger wetland to the south is "South Narrows South".
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Photo 21.  Shrub-dominated vegetation at South Narrows North wetland.

Vegetation within the shrub-dominated portion of this wetland was surprisingly diverse.  Species occurring here included, cattails (Typha latifolia), red osier dogwood (Cornus stolonifera), spireas (Spirea alba), winterberry (Ilex verticillata), Northern white cedar (Chamaecyparis thyoides), red maple (Acer rubrum), black ash (Fraxinus nigra), alder (Alnus incana), bayberry (Myrica gale), horsetail (Equisetum fluviatile), sweet flag (Achorus americanus), water smartweed (Persicaria amphibia),bedstraw (Galium palustris), scullcap ( Scuttelaria sp. galericulata?), water hemlock Bur marigold (Bidens cernua), marsh fern (Thelypteris palustris), forget me not (Myosotis sp scorpioides?), three way sedge (Dulichium arundinacea), Tussock sedge (Carex stricta), bulrush (Scirpus sp. pedicellatus?), water horehound (Lycopus uniflorus), touch me nots (Impatiens capensis) and swamp candles (Lysimachia terrestris), as well as several unidentified sedges and grasses.
The cattail-dominated vegetation occurred largely on unconsolidated silts, so I was unable to get far into the heart of that vegetation zone on foot.  Near its edge (at position 047 on map 8), the vegetation was dominated by cattails (Typha latifolia), but several other plant species were preset, most associated with hummocks and stumps that provided locally drier microhabitats.  Other common species here included Bluejoint grass (Calamagrostis canadensis), water smartweed (Persicaria amphibia) spirea (Spirea alba), Bottlebrush sedge (Carex comosa), and three way sedge (Dulichium arundinacea).  Several shrubs and small trees were in evidence, although uncommon, including red maple (Acer rubrum), alder (Alnus incana) and red osier dogwood (Cornus stolonifera).  Small plants growing beneath the catrtails included duckweed (Lemna minor), water kemlock (Cicuta bulbifera) and bedstraw (Galium palustre).
South Narrows South

The vegetation at the large south narrows south site is far more diverse.  It varies from a rich assemblage of submersed and floating leaved aquatic plants in the shallow open water adjacent to the main body of the lake, through sedge-dominated lakeshore fen, to a near cattail monoculture on mineral soils.  Higher elevation areas support several different shrub-dominated wetland communities as well as forested wetland.
The variation in wetland vegetation is sufficiently striking to make it difficult to summarize effectively.

At site 039 on map 8, immediately adjacent to the open water, the vegetation is a wet lakeshore fen, dominated by lakeshore spike rush, Eleocharis palustris, beaked sedge (Carex utriculata) and bur reed (Sparganium americanum).  A full list of common plant species identified at this site is presented in table 3 (See photo 22).
To the north and west, around the corner and near position 040 on map 8, the vegetation changes completely, and becomes a near monoculture of cattails (Typha latifolia), growing in shallow silty mineral soils overlying deeper silt clays.  Cattails account for over 90% of total plant cover.  Only a handful of other species are present, none in significant abundance , including bottlebrush sedge (Carex comosa), threeway sedge (Dulichium arundinacea), lakeshore spike rush (Eleocharis palustris), water pepper (Persicaria hydropiper), St. John's wort (Hypericum mutilum), swamp candles (Lysimachia terrestris), and bedstraw (Galium sp. palustris?).
Adjacent to a small tributary stream grow wetland bluegrass (Poa palustris), bur reed, (Sparganium sp. americanum?), Bur marigold (Bidens cernua), water plantain (Alisma subcordatum).  Elodea canadensis and Potomegeton sp. grow in the stream itself.
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Photo 22.  Lakeshore fen adjacent to shallow open water at the mouth of the South Narrows South wetlands.

Table 3.  Plant species observed at position 039 at South Narrows South.

	Common name
	Botanical Name

	Sweet flag
	Achorus americanus, 

	Bluejoint Grass
	Calamagrostis canadaensis

	Bur marigold
	Bidens cernua 

	Bottlebrush sedge
	Carex comosa

	Beaked sedge
	Carex utriculata

	Water hemlock
	Cicuta bulbifera

	Three way sedge
	Dulichium arundinacea

	Tiny spike rush
	Eleocharis acicularis

	Spike rush
	Eleocharis palustris

	Bedstraw
	Galium palustre

	St. Johns Wort
	Hypericum mutilum

	Touch me not
	Impatiens capensis

	Water horehound
	Lycopus uniflorus

	Water knotweeed
	Persicaria amphibia

	Bulrush
	Scirpus sp atrocinctus?

	Scullcap
	Scuttelaria galericulata

	Bur reed
	Sparganium americanum

	Spirea
	Spirea alba

	Cranberry
	Vaccinium macrocarpon


As the elevation increases, the near cattail monoculture is replaced first by bluejoint grass (Calamagrostis canadensis) (at position 040), and then by mixed shrubs of Winterberry (Ilex veticillata) red maple (Acer rubrum), alder (Alnus incana), spirea (Spirea alba), with a rich sedge-dominated (Carex sp.) understory (position 042). Many of the shrubs appear to be growing on or in close association with logs, stumps, and other woody debris.  Finally the vegetation shifts to a closed canopy forested wetland of red maple, black and green ash, American elm, and yellow birch.
Vegetation towards the center of the site (near position 043), on the deeper peat soils north of the open water is again shrub dominated.  Several species of willow (Salix gracilis, Salix discolor, Salix lucida),dominate the vegetation, especially the meadow willow (Salix gracilis), but the more widespread bayberry, spireas and alders are also present along with cattails (Typha latifolia) and relatively abundant bulrushes (Scirpus sp.). The understory consists mostly of horsetail (Equisetum fluviatilis) and sedges (Carex sp.).
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Photo 23.  Abundant bulrushes (Scirpus sp.) in foreground, with dense, light green  willows and forested wetland behind.  This photograph was taken from a position that corresponds roughly to position 
Closer to the open water, (Position 045) the shrubs are gradually replaced by cattails, although the shrubs and especially the willows never completely disappear.
Soils and Sediments

South Narrows North
A beach-like berm some 20 meters wide and consisting largely of angular cobble and gravel protects the site from direct exposure to waves and ice scour.  The berm has been stabilized by the growth of a variety of trees and shrubs.  The largest trees suggest the berm has been present at least for decades, and it may well be a permanent feature of the site.   While the genesis of this berm is unknown, it resembles the barrier beaches that form at the mouth of coastal salt marshes.  It thus appears likely that the berm has formed as a result of wave activity in the West basin of China Lake.  Waves impinging on the point to the east of the site would erode the sand, gravel and small cobbles embedded in the ice-transported glacial tills that cover the adjacent peninsula.  Wave energy would then produce long-shore currents that would transport those sediments towards the mouth of the wetland, where they would be deposited, forming the barrier.
Sediments behind the berm are more typical of other wetlands in the area, with variable depths of organic sediments overlying glacio-marine mineral sediments.

Although I did not encounter well developed peat mats in the cattail-dominated vegetation at this site, that may only be because access to the cattail vegetation was limited by the structural weakness of the soils.  I suspect, but could not independently confirm, the presence of floating peat in the center of the cattails at this site.
The elevation of the site rises relatively quickly towards the south, and while I noted abundant shallow organic soils, I observed no floating peat outside the area dominated by cattails.
South Narrows South

This site is largely protected from wave action and ice-driven erosion by its relatively narrow opening to the lake, which is bordered on both sides by relatively high terrain.
Soils at the South Narrows South site were nearly as variable as the vegetation.  Peat soils were widespread, but generally shallow, with deeper peat (over 30cm) restricted largely to the center of the site, to the north of the open water.  Elsewhere, organic soils were generally thin (~ 35 cm) or even absent over silty mineral sediments or directly over the blue-grey silt-clays of the Presumpscot formation. Silty mineral soils containing only fragments of organic matter were found associated with a small stream entering the site from the west and in the cattail-dominated vegetation that occurred nearby.  Similar silty sediments, were also found in the shallow open water.
Hydrology

The hydrology of both of these sites is locally controlled by lake water levels.  However, wetland conditions at these sites extend up the slope beyond the reach of present-day lake water levels.  Surface water runoff and groundwater discharge supply enough water to both of these sites so that most of both sites was wetland even prior to recent changes in water level management in the lake.
Water level changes in the lake significantly altered hydrology in both sites, triggering mortality of wetland trees whose remains provide a certain amount of structure that supports local plant species diversity.  Shrub-dominated communities grow today over most of the area once harboring forested wetlands.  Increased water levels also led to the expansion of cattail-dominated vegetation in the portion of each site most affected by hydrologic change.
Interpretation

Both of these sites are relatively well protected from the main body of the lake, and in particular, the wave action likely to exacerbate erosion of peat.  While soils at the two sites are predominately organic, the organic layer is generally thin, substantially thinner than was observed at Black Duck Cove.  Thicker peat, more susceptible to physical separation into floating and submersed parts, was restricted at each location to a relatively small area in the center of each site.  As a consequence, floating peat mats appear poorly formed, and not extensive. At least at the water levels observed on October 16, 2007, neither site exhibited the extensive floating peat mats observed at Black Duck Cove.  Unconsolidated silty sediments were observed at each site in cattail-dominated areas and in areas of open water.
Together these facts suggest that the risk of significant peat erosion at these sites is lower than at Black Duck Cove.  Erosion of these sites, while possible, is likely to be less extensive and may be self-limiting.  Indeed, comparison of 1997 and 2004 aerial photography shows no suggestions of recent erosion.  While the changes are small, it actually appears at both wetlands that vegetation has expanded into what was open water over the past few years.  The effect is small enough that it may simply reflect differences is time of year or lake water level when the photographs were taken.  However, an expansion of the vegetation is entirely consistent with observation of fine, unconsolidated silty soils at both sites, presumably derived from recent deposition.
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Figure 5.  Comparison of 1997 and 2004 digital aerial photography of wetlands at the South Narrows South area..  Apparent edge of emergent vegetation traced to ease comparison. Imagery from the Maine Office of GIS.
Wetland vegetation has clearly been altered by high water levels during the growing season.  Increased lake water levels dating back several decades have had significant effects on the vegetation of both sites, causing mortality of trees and concurrent shifting of vegetation zones.  At the wetlands to the north of South inlet, the area dominated by cattails appears to have formed largely in response to changes in Lake water level, and potentially in response to relatively high levels of available nutrients, potentially in lake water.  This tends to confirm the interpretation of the vegetation at Black Duck Cove 
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Figure 6.  Comparison of 1997 and 2004 digital aerial photography of wetlands at the South Narrows North area.  Apparent edge of emergent vegetation traced to improve visibility.  Imagery from the Maine Office of GIS.

Zonation is well developed, revealing significant variation in elevation and frequency of inundation.  These patterns have now been stable for long enough for the vegetation to have largely adapted to changes in flood frequency and duration. Vegetation was diverse, wit hvegetation zones including aquatic vegetation, lakeshore fen communities, a dense cattail-dominated stand, sedge meadow, shrub and forested wetlands.

Discussion

Lakeshore wetlands

One consequence of the particular geologic and glacial history of the China Lake basin is that lakeshore wetlands are relatively rare.  This situation does not appear to be anthropogenic in origin, although human activity has substantially reduced connectivity between lakeshore wetlands and open water.  Prior to the construction of roads that isolate lakeshore wetlands from the lake, they represented on the order of 3.5% of the total shoreline of the lake, and approximately 6.5% of the total surface area of the lake and its associated wetlands.

Only one of the lakeshore wetlands (The wetlands associated with Muldoon Pond, at the North Inlet) has an extensive watershed that drains to China Lake.  The other lakeshore wetlands have a cumulative watershed that amounts to only approximately 4% of the total land area within the China Lake watershed.
The effects of these wetlands on water quality through removing phosphorus directly from lake waters during floods is, therefore, likely to be limited.  Similarly, with the exception of the Muldoon Pond wetlands, the effects of these wetlands on water quality via changes in their ability to trap phosphorus in influent waters before they reach the lake are also likely to be small.

Erosion of Peat in Lakeshore Wetlands

The primary mechanism by which the smaller lakeshore wetlands (all of them other than the Muldoon Pond wetlands) might be expected to have significant effects on water quality in the lake is through accelerated export of nutrients due to erosion or decomposition of sediments, especially peat.
An Eco-Analysts report in 2003 suggested that degradation of peat in the Black Duck Cove wetlands (and, at least by implication, other lakeshore wetlands) was a significant source of nutrients to the lake.  The report further proposed that present-day water level management was a significant contributor to the processes leading to degradation of peat.

The hypotheses they put forward are plausible, and deserve careful consideration.
They observed a floating mat of peat in several lakeshore wetlands during a period of high water in the lake.  They attributed the gap between the floating layer of fibric peats at the surface and the more thoroughly decayed sapric peats that occur just above the contact with underlying glacio-marine sediments to decomposition and/or export of peat from the lakeshore wetlands.  Either decomposition or export would release nutrients into the lake.

I visited the same wetlands during a period of low water levels, and found less extensive development of floating peat mats.  This suggests that the gap between surface peat and submerged peat does not represent erosion or decomposition of peat, but simply the geometric consequences of the physical rupture of the peat (See figure 3). Since floating mats are able to rise and fall with changes in water level, the space between the floating mat and the underlying sediments varies.  At times of high water level, the gap is larger.  At times of lower water levels, the gap will be smaller.  Thus is inappropriate to estimate a volume of sediment lost to decomposition or erosion based on the size of that gap.
The arguments they put forward about loss of free-floating mats of vegetation on nutrients in the lake are on firmer footing, as they are based on analysis of aerial photographs.  Their work clearly documents the loss of some 12,000 to 14,000 square meters of marsh surface from the Black Duck Cove wetlands over a period of roughly 30 years.  This loss is significant, and I agree with their interpretation that the loss was probably triggered or at least exacerbated by increased water levels in the lake beginning in the 1960s.  Evidence for other ecological effects of the rising lake levels is plentiful in the lakeshore wetlands.

Several mechanisms may account for the extensive loss of wetland area at Black Duck Cove.
(1) The floating peat mats at that site are both thicker and more extensive than elsewhere, making them more vulnerable to large-scale erosion.

(2) The site is not protected from wave action from the main body of the lake by roads or natural barriers, as are all the other lakeshore wetlands.

(3) At least periodically, flows of water through the culverts under Fire Road 9 are probably strong enough to "wash out" peat and other sediments made vulnerable by increased lake water levels.

(4) The Fire Road may have further exacerbated downstream erosion by trapping fine sediment in the wetland upstream of the causeway. The effect would be to make floodwaters downstream of the causeway relatively sediment starved, and thus speed erosion downstream.
Examination of recent (2004) aerial photographs unavailable to Brown shows little evidence for continued erosion at any of the lakeshore wetlands.  Indeed, what limited evidence is available from aerial photography suggests the lakeshore wetlands around China Lake have been accreting sediments slowly over the last few years, although that interpretation deserves further testing.
Brown (2003) presented no aerial photographs supporting the idea that erosion of surface peat occurred at the Muldoon Pond Wetlands or at the other, smaller lakeshore wetlands examined in this study.  Without aerial photographs, we simply do not know whether significant erosion occurred at those sites or not. Erosion of lakeshore wetlands would be expected to be most rapid soon after the changes in lake water level management.  Erosion rates should decline as wetland landscapes and vegetation come into equilibrium with the new lake water level management regime.  It would be highly informative to carry out analyses of historic aerial photographs, especially of the Muldoon Pond area, to ascertain whether lake water level changes led to significant wetland erosion at the other lakeshore wetlands.
If significant peat erosion did occur soon after lake water levels were raised, especially at the large Muldoon Pond wetlands, erosion of peat and other wetland sediments might have cumulatively been responsible for a small but potentially significant fraction of external phosphorus loading to the lake for a period of years. Systematic examination of historic aerial photographs might be able to resolve this important point.
Other Wetlands

The China Lake watershed is blessed by many healthy, high quality wetlands.  Wetlands in the watershed support diverse plant species and abundant wildlife.  The diversity of wetland types across the watershed is remarkable.  Many of the wetlands in the region are also quite pretty, as I found exploring these sites on several beautiful fall days, when bird migrations were well underway.

While many of the wetlands in and around China Lake have been altered by human activity, I found no evidence in my site visits that the capacity of these wetlands to trap sediments, and thus phosphorus, had been significantly degraded.

The most obvious and probably most widespread effect of humans on these wetlands (other than logging) has been the construction of road crossings across wetlands and floodplains.  While road construction typically leads to reduction in wetland quality because of the inadvertent effect of roads to alter wetland hydrology (whether with the help of beavers or not), it probably has little effect on the ability of wetlands to trap sediment and thus provide water quality benefits to China Lake.
I think it is fair to say that the majority of wetlands surrounding China Lake provide important ecosystem services that reduce the effect of nonpoint source pollution from the watershed on water quality in China Lake.  Luckily, if protected from direct development and from disruption of local hydrology, these wetlands are likely to provide water quality services with little need for direct management.
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� Capacity" in this context is perhaps best understood as the degree to which wetlands show physical characteristics associated with removal of phosphorus.


� A relevé is a rapid, generally plotless vegetation sampling method that provides estimates of the percent cover of vascular plant species found at a particular location.


� The "hydrogeomorphic" context of a wetland captures the local context of each wetland in an ecologically meaningful way by looking at the wetlands basic form, the source of its water and the directionality of water movement through the wetland. It has become a standard way of thinking about wetlands role in the landscape in an organized way that is largely independent of vegetation.


� The Presumpscot formation is a layer of marine-derived silts and clays deposited throughout much of Maine after the retreat of the glaciers, when local sea levels were much higher than today.  The China Lake region lay at the edge of the sea at that time, so the Presumpscot formation occurs only at lower elevations.  It underlies many wetlands in the area.


� The blue ink layer did not register properly with the other colors.


� This width is probably influenced by back flooding from China Lake, and thus may overestimate bankfull widths of the free flowing channel above the beaver pond, which I was unable to examine due to time constraints.


� An alternative explanation that can not be ruled out is that differences reflect changes in lake levels, mapping conventions, or both.


� While full organic soils are relatively easy to distinguish in the field from full mineral soils, mixtures of silts and organic sediment can be difficult to resolve without later laboratory analysis.


� Although flowing water was present at position 004, no consistent channel was formed at that point, so the channel must coalesce somewhere within the white cedar swamp.


� (0.02 mg P/ml peat) * (1000 ml peat / l peat) * (1000 l peat /m3 peat) * (1 g P/ 1000mg P) * (1 kg P/1000 g P) * 14,000 m3  peat= 280 kg P


� It is worth noting that the actual amount of phosphorus entering the water column may be smaller still, since an unknown portion of the organic sediments eroded from this site would be redeposited in the lake without decomposition and consequent release of phosphorus.
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