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Abstract

Salt marsh ecosystems on Cape Cod (MassachusattseRkhibited substantial changes
within the last 60+ years. Analysis of aerial gigraphs dating back to 1947 reveals that
extensive marsh area loss and alternations ind¢réak structure have occurred where
vegetation along the edges of tidal creeks and mtusditches in the low marsh has
declined or disappeared. Where edge vegetationdtaseen lost, and where major
changes in tidal inlet size have not resultedow8 that cause erosion and bank
slumping, marsh area and creek structure has rechagry stable. The extent of high
marsh vegetation in virtually all systems has dishiad greatly, particularly since the
1980s, with the seaward edge of this zone rapetheating in a landward direction. In
several systems, this has resulted in high marsiglbeplaced by barren mudflat. In
others, low marsh advancement has been able togesepwith high marsh retreat.
These processes are discussed within the contexstriolus biotic and abiotic factors that

are the likely agents of change.

Introduction

The ecological and socio-economic benefits of maltsh ecosystems to coastal
communities are numerous and have been well dodech€xaliela et al. 2002,
Fagherazzi et al. 2005 and references thereingtoHically, salt marshes have suffered

numerous forms of degradation as a result of huactivities. Many have been directly



lost or degraded by dredging, filling, and dikinQurrently, they face the threat of
submergence from accelerated sea level rise comhlaite dwindling opportunities for
upslope migration due to extensive developmenbabtal uplands.

A relatively new concern is the disappearance akimaegetation from areas along
the U.S. Gulf of Mexico and Atlantic Ocean (McKdeak 2004, Ogburn and Alber
2006). Since the late 1990s, this phenomenon é&as keported from Louisiana to
Maine. Termed “sudden wetland dieback” (SWD) as lbeen the subject of much
discussion among wetland scientists. In New Erdjlaalt marsh vegetation losses were
first reported in 2002 from along the south shdr€ape Cod (Ron Rozsa, Connecticut
Department of Environmental Protection & Scott VéarrConnecticut College, personal
communication; http://wetland.neers.org). Subsatiyemany sites with vegetation
losses presumed to represent SWD were documengdidcimastal New England states,
with the most widespread losses occurring on Caquk 0'he disappearing vegetation
was initially thought to be a relatively recent ogence, with more or less simultaneous
losses in many different marshes beginning arourstortly before 2002 - possibly as a
result of a pathogen or drought (or both) (Adamaveind Wagner 2005, Adamowicz

2006, http://wetland.neers.org/ However, this timeline was never substantigiede no

long-term field monitoring had ever been condu@tethese sites and reconstruction of
history using aerial photography had not been done.

Recent work by Holdredge et al. (in review) hagphkdlto explain the disappearance
of the dominant low marsh speci&partina alternifloraLoisel. (Smooth Cordgrass), on
Cape Cod. Intensive field monitoring and contmblieanipulative experiments has

revealed that plants are being consumed and eusnkiked from intense, continuous



grazing by a species of nocturnal, herbivorous efBdsarma reticulaturBay (Purple
Marsh Crab). This is occurring throughout the ekt the low marsh zone, but is most
concentrated along creekbanks. A similar phenoméas been documented in South
America where the herbivorous cr@basmagnathus granula@ana (SW Atlantic
Burrowing Crab) has been linked with the declin&afensifloraBrongn. (Denseflower
Cordgrass) (Bortolus and Iribarne 1999). In thetisy overgrazing by geese has created
a mosaic of marsh vegetation and bare ground (MeglLand Jefferie’2004). Although a
native speciess. reticulatumhave reached very high densities on Cape Codrand a
significantly impacting vegetation, but the timeaipd over which this population growth
has occurred has not been determined. Regardlessherbivory has had obvious
consequences on marsh structure. Without thermgnhpacity of living plants, large
sections of denuded creek banks are being torroded away, resulting in significant
structural changes to creek networks and marsh e@elgeioration.

Upslope ofS. alterniflora, large areas of high marsh vegetation also hanisked.
There, it has been mostBpartinapatens(Aiton) Muhl. (Salt Marsh Hayjthe
predominant high marsh species in this region) ltaatdisappeared, although losses of
Distichlis spicata(L.) Greene (Saltgrass) addncus gerardiLoisel. (Saltmeadow Rush)
have also occurred. Unlik alterniflora, high marsh plants are dying with fewer
symptoms of herbivory. Even thoughreticulatumcan be seen feeding &patens
(personal observation), there is frequently a lang@unt of non-grazed, dead foliage left
on the plants. Eventually, only bare ground remaivhich is peculiar since these areas
are neither waterlogged nor hypersaline like tyijsedt marsh pannes (Ewanchuk and

Bertness 2004). In contrast to the low marsh, e/ipdaint losses have no relationship



with elevation, the deterioration of the high mansis consistently occurred along its
seaward edge, suggesting a link with hydrologyesthe lower limit ofS patensis
regulated by elevation of mean high tide (Nixon2,9Bertness 1991). While reductions
in the extent of high marsh have been observedvals® (Orson and Howes 1992,
Warren and Niering 1993, Brinson and Christian 13®@nnelly and Bertness 2001), to
this author’s knowledge the formation of large wgetated mudflats in the wake of its
retreat has not been previously described.

Collectively, salt marshes constitute critical mitkal habitat along Cape Cod’s
coastline and understanding the ways in which tsgseems are changing through time
is a key component in managing the resource. iteat of this paper is to describe and
show examples of the kinds of geomorphologic argktation changes that have
occurred in salt marsh landscapes across outer Cagbeluring the last ~60 years.
Particular attention has been paid to areas witwknvegetation losses (originally
labeled as SWD sites) to provide some perspechvinmelines and historic vegetation
structure. Patterns and temporal trends have $yeetrally characterized in both
guantitative and qualitative ways using aerial graind-level photography. This
synthesis of information can serve as a tool fterpreting current and future field

observations and subsequent imagery of Cape Cbohasadhes.

Methods



Photo acquisition and GIS analysisThe analysis of salt marsh change was conducted
using methods similar to those of Civco et al. @%8nd Higinbottham et al. (2004). A
variety of aerial photographs of outer Cape Codiridd here as everything east of
Barnstable Marsh) taken between 1938 and 2005 aveakyzed in this study (Table 1).
Because each photo series did not include allribeeseof interest in each year, some of
the analyses span slightly different ranges of timibe photos were scanned at 600 dpi
and saved as TIFF image files. Geo-rectificati@s wone in ARCGIS 9.1 based on
2001 aerial photo mosaics of Cape Cod (providetheyMassachusetts Geographic
Information System, Office of Geographic and Enmimeental Information) and projected
in UTM (NAD83) coordinates (zone 19N). The numbepoints used for rectification
ranged between 8-30 and the total root mean sguereduring the process was <5 m.
Spatial resolution of the images was between Ocblam. All aerial photographs were
shot around the time of low tide when water lexats well below creekbank edges.
Figure 1 shows all the marshes that were includetis study. Limited spatial coverage
of certain areas precluded analysis of some malehgs Blackfish creek, Wellfleet;
Allen’s Harbor, Harwich). Some very small systef®$0 acres in size) and marshes that
were, or currently are, tidally-restricted also &veot included. However the sites that

were analyzed comprise most of the salt marsh &iadtst of Barnstable.

Interpretation of photo signaturesAll photographs, including the 1940s -1970s blac
and white series, were of high quality. In geneta# seaward limit of creekbask
alterniflora and the high marsh/low marsh boundaries, whictvang abrupt in New

England (Bertness 1991), were obvio&partinaalterniflora was clearly distinguishable



from bare ground and high marsh vegetation basexblon (or shades of grey in the
black and white photos) and texture. Texturevery useful diagnostic tool for mapping
S patensas this species has a characteristic “cow liclsegiface. Color IR photography
provides an excellent template for analyzing satsh landscapes (Van der Wal et al.
2008) as vegetation is even more visually distmith bare ground appearing as shades
of blue to grey, high marsls.(patensandD. spicatg as light pink colors, and low marsh
S alterniflora as bright to dark red. Further confirmation obfmhsignatures was
possible using ground-level salt marsh monitoriatpactollected between 1997 and 2003
(Smith et al. 2004), low-altitude oblique-angle pdgraphy taken between 1991 and
2007, and by doing current spot checks of locatisisg a hand-held GPS unit.
Delineations of marsh edge positions in selectedsaof interest were done by hand
in ARCGIS 9.1. Because the photographs were talase to the time of low tide, the
seaward edges of vegetated creekbanks and isleadsiite apparent, especially in
September images when plant foliage is still ingaet at maximum biomass.
Photographs from 1947 (black & white), 1984 (cdRy, and 2000 (color IR) were used
extensively because of the consistency in timitigdken in September) and ease of
delineating vegetation in these images. WhererdBiphotographs from 2000 were not
available, April 2001 (true color) and April 20086ue color) photography was used.
Relative position (proximity to open water or upldeatures), elevation data, and
ground-level photography were occasionally usadftrm decisions on where to draw

boundaries.



Change analysis Quantification of change in selected segmentaashes was done
using GIS overlay analysis. Smaller portions ofshas were analyzed rather than entire
systems due to the complexity of delineating lasgatially complex marshes.
Quantitative analysis of entire systems would reggband-delineation of many
thousands of polygons, which is beyond the scopghkisfstudy. The marsh areas shown
in the various figures below are simply good exasf the changes that have occurred.
However, qualitative visual assessments of howaesprtative these changes are within
the larger systems also were done (e.g., exteosikmited). These were based on both
field observations and aerial photography (seedahl

Changes in the width of tidal creeks were calcdl&tg randomly choosing 5 -10
(number based on segment length) point locatiosiaguARCGIS randomization tool)
and then measuring distances across the creek dretive two edges at those points over
time. Marsh area loss was also estimated by dapatygons around selected marsh
islands or specific vegetation zones (i.e., highgmpby year and then calculating the
area of each using ARCGIS tools. In additionhiese quantitative estimates on selected
portions of marshes, the total extent of high méwshk (entire system) was estimated
visually based on broad cover categories of < 168%,110-30% loss, and > 30% loss for
entire systems since the earliest date of photbgrél®47-1952). Whether losses were

more extensive prior to or after 1984 was alsossese(Table 2).

Survey of vegetation losses from crab herbivodyl marshes discussed below were
surveyed during the summers of 2006 or 2007 falewe of crab herbivory. In contrast

to goose grazing, where leaves are generally nipfferdeanly at about mid-heigh,



reticulatumgrazing results in leaves being shredded, ripged . torn near the base of the
plant. The remaining foliage is very short and &aattered appearance. As the growing
season progresses, the remaining shoot stubble buoown and dies with no re-growth

occurring.

Results

Five main processes are evident in salt marshesa&ape Cod. They are: i) tidal
creek widening, creek structural changes, and meresh reductions associated with edge
vegetation losses, ii) tidal creek widening andekrstructural changes associated with
increases in the width of tidal inlets, iii) mamstige/area stability, iv) high marsh losses
(landward retreat) with replacement by un-vegetatedflats, and v) high marsh losses
balanced by low marsh encroachment. These caésgare described in further detail

below.

i) Tidal creek widening, creek structural changasd marsh area reductions associated
with edge vegetation losses

Time series aerial photography shows substan&akcwidening and corresponding
marsh area loss over the course of 2 to 5 decadeany outer Cape Cod marshes. The
structural changes in creek networks and loss o$imarea discussed in this section are
not related to any changes in tidal inlet geomolpina They are, however, all

associated with losses 8falterniflora along marsh edges that continue today as a result



of herbivory (Holdredge et al., in review). A goexlample is the Swan River (Dennis),
which shows progressive increases in channel vadthdeterioration of marsh
peninsulas between 1952 and 2005. As shown inr&i@uone peninsula is actually
transformed into an island during this period a&sdkbow is cut to form a new channel.
This has occurred without any corresponding chamgt® size or structure of the tidal
inlet on Nantucket sound, which was hardened vathk jetties sometime before 1947.
The creekbanks along this segment of Swan Rivee Baffered major vegetation losses
dating back at least 2 decades as the charaatesigtiatures of denuded marsh (blue-
grey) are present in 1984 color IR photos.

A similar process has occurred in other marshasgaioe south shore of Cape Cod.
In the nearby West Dennis Beach area, up to 50fan$h has disappeared since 1952
(Figure 3). Today, only relic root and shoot stellemains along most of the creek
banks and island edges in both systems. Sim#sekare found along Parker River
(Yarmouth), Bass River (Yarmouth/Dennis), Herringd® (Harwich), and Saquatucket
Harbor (Harwich) (see Figure 1 for locations). Téger, in particular, has undergone
remarkable changes over the last several decadesntrast to the systems discussed
above, the northern portion of this marsh was resdand the main channel widened in
1969 to create a harbo&ince 1971, the western portion of the fringingshaas lost an
estimated 63% of its original area (data not shovwdblique-angle aerial photos show
heavily denuded marsh edges by 1991, which isdheest date that low-level photos
have be found for any location originally labeledaa'SWD site” along the south shore

of Cape Cod (Figure 4).
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The vegetation losses in Saquatucket Harbor desewrnh to be a consequence of
harbor creation. For instance, the loss of marshetwas much greater between 1984
and 2000 - long after the harbor was dug — theuast immediately following it (between
1971 and 1984). Moreover, harbors have been canwedf other marshes on Cape Cod
without having this kind of effect on bank vegeatat(e.g., Sesuit Harbor, Dennigjt
Saquatucket Harbor, the vegetation disappearsbeédre any of the peat or sediment is
eroded away and there is no undercutting or banking, all of which suggest that
increased tidal flows are not the cause of detatimn. In fact, the denuded marsh is
identical to those that have not undergone any sagimeering but have suffered from
overgrazing.That said, the change in tidal regime resultingnfiltarbor creation may
allow greater erosion along already denuded creek$

The photographs of the West Dennis Beach and SackeditHarbor marshes in
Figure 4 are highly informative because they cleshlow that vegetation losses began
well before the presumed onset of SWD on Cape Qodiact, color IR signatures of tall,
vigorously growingS. alterniflora normally found along creekbanks are absent in a
number of marshes as far back as 1984, indicataigldsses occurred prior to this date.
At sites where there is a distinct absence of craek vegetation in 1984, there is
typically little to none today - only relic peatmnains and the area of denuded marsh
generally persists or increases. Among differgatesns, however, the onset of
vegetation loss appears to be staggered in timene3narshes do, in fact, bear the
signatures of vigorous creekba8lalterniflora in 1984 but have lost it by 2000. Oyster
River and Harding’s Beach (Chatham) marshes fotlug/timeline (Figure 5). The

Herring River (Harwich) is another system that oad begin losing its creekbargk
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alterniflora in large amounts until sometime after 1984 (ilee,signature of creekbank
vegetation is generally present in 1984). It sban excellent example of how changes
in creek geomorphology are, in part, linked with ttming of vegetation loss. Compared
to the Swan River (Figure 2), there is little adt@wn in the shape and size of the marsh
peninsula shown in Figure 6 for over 30 years betwE952 and 1984. This is contrasted
by accelerated deterioration thereafter.

The more complex architecture of marshes aroundfMétland Truro facing Cape
Cod Bay has undergone more complex patterns ofidetgon. Pamet Harbor (Truro)
and Lt. Island (Wellfleet) are two such areas wharge portions of contiguous marsh
have broken apart to form arrays of tidal chanmalsiflats, and shrinking islands
(Figure 7). The time period over which these mesdiave deteriorated is roughly
similar to that of the Herring River in Harwichn this regard, there is a much higher
degree of geomorphic stability between 1947 andi188er which there is more obvious
decline. In certain locations around Lt. Islardhticreeks have shown a > 100% increase
in width between 1984 and 2000, growing by as magcB0 m (Figure 8). Similar to the
evidence for Saquatucket Harbor and West DennisliBe¢he 1995 photos of denuded
creekbanks in Figure 8 show that vegetation losegan well before the presumed onset

of SWD.

i) Tidal creek widening and creek structural changesogiated with increases in the
width of tidal inlets
In two riverine systems, Quivett and Namskaketksd8rewster, Cape Cod Bay),

where there is no detectable crab herbivory, cheigereek morphology also have
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occurred. However, creek changes here are vaffigyaht from those discussed above
in that they are the result of undercutting andsegiient bank slumping. Intact
vegetation still grows on the slumping or severkeths of marsh peat that become
separated from the bank — i.e., there are no dehedges like those found in places with
intense herbivory. Moreover, after an initial chann response to tidal inlet widening
prior to 1984, changes in creek widths and strectmeatly decrease to the point where
they are essentially stable. The inlet width aiveth creek (Brewster) increased
approximately threefold between 1938 and 1984 phiyt by ~13% (15 m) between 1984
and 2001. The same is true for Namskaket Creedw(8ter) where the tidal inlet width
doubled between 1947 and 1984, but increased lyy2&% between 1984 and 2000. In
both systems, there is much more change in creegtste prior to 1984 than after. In
fact, marsh geomorphology has shown very littld@wan since 1984 (Figure 9). The
cause of inlet widening is unknown, but is assutodae natural as these areas do not
serve as harbors and no human-engineering of ks iis evident. Regardless, the lack
of major change in creek widths or patterning af®84 is in direct contrast to those

systems described above where deterioration aeteteduring this period.

i) Marsh edge/area stability

Where marsh edges have not been denuded of vegetatid where widening tidal
inlets have not played a physical role in re-shgpidal creeks, long-term stability is
observed. Examples include Paine’s creek (Brewstgure 9), Nauset Marsh (Eastham;

Figure 10), Bass Hole area (Yarmouth; Figure 10, Barnstable marsh (Barnstable). In
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these systems, there have been no losses of egg@atren and the widths of the main
tidal inlets have remained more or less unchan@azhsequently, changes in the patterns
of tidal channels and/or marsh shrinkage are natgptible. This is something that has
been previously noted in Barnstable marsh (Redfi@li2). Crab herbivory is

nonexistent in the abovementioned sites sfceticulatumis either extremely rare or
totally absent. In fact, no crab burrows of anykwere recorded in a 2003 survey of
Nauset Marsh (Smith 2004).

Pleasant Bay marshes fall into both this and te&ipus category. There have been
no significant changes in marsh area or creek npatig since 1947 (i.e., no oxbow
cutting, increased meandering, etc). Furtherntbeewidths of the major flow channels
through the system have remained virtually unchdri§eure 10). However, there are
several secondary creeks that exhibit wideningautlany corresponding changes in
architecture. This has occurred in the absenceatf herbivory a$. reticulatumare not
present in this system (Smith 2004). The few asbasving such change converted from
low marsh in 1947 to high marsh in 1984 and badkwomarsh by 2000 — the result of
inlet migration that dampened tides between 194171884, followed by a break in the
barrier beach in 1987) that immediately increasgal amplitude by ~40 cm (Wilhelm
1989). Creek widening in these few instances beagelated to vegetation instability
caused by rapid shifts in species compositiongelmeral, from the standpoint of marsh
geomorphology, the system has been remarkably roédusajor fluctuations in

hydrology.

iv) High marsh losses and the development of uetagégd mudflats
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Reductions in the extent of high marsh vegetatrencanspicuous in aerial
photography of virtually every marsh on outer C@pel. In only a handful of systems,
where the amount of high marsh was very limitechaunethe earliest photos, is it
difficult to recognize this trend. In some cagemysgression of the low/high marsh
boundary has resulted in the formation of extenareas of bare ground between the two
zones. In general, while high marsh retreat octuessmall extent between 1947 and
1984, it is much more rapid thereafter. Perhapd#st example of this occurs in the Gut
(CCNS, Wellfleet), where the high/low marsh bourydghiifted > 100 m upslope between
1984 and 2000. In this marsh, a reduction of ayprately 46% in high marsh area has
occurred since 1947, with most of the loss (35%uaing between 1984 and 2000
(Figure 11). In the wake of the rapid retreat obse in recent decades, large areas of
bare ground have formed. Middle Meadow (CCNS, Yéeilt) has followed a similar
trend, losing approximately 37% of the high marggioally present in 1947 — 30% of
the loss occurring after 1984 (Figure 12). In g8ystem, some stands.bfgerardii
within the high marsh area have also vanished.

Where large mudflats have replaced high marsh aé&get(primarily in Wellfleet
marshes), it is unclear wig alterniflora has not been able to shift landward since the
upslope advance of this species is thought onbetoonstrained by competition wigh
patens(Bertness and Ellison 1987). Moreover, annudigd®alicornig Suaedaspp.)
also have failed to colonize these areas. Bedaigbemarsh losses occur anywhere from
a few to tens of meters distant from marsh edgey, have had no obvious influence on

erosional losses and decreases in marsh platfeaa ar
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v) High marsh losses balanced by low marsh advaaoém

The majority of marshes on Cape Cod have exhilsgddctions in high marsh area,
but without the development of un-vegetated mudflatng the process. In fact, there
have been some very rapid shifts in vegetationdbatonstrate the ability &
alterniflora to keep pace with retreati®patens In the northeastern portion of Nauset
Marsh (Eastham), for example, the small amounigif marsh that existed in 1947
remained more or less unchanged until after 198&nwnuch of it was replaced By
alterniflora (Figure 13). In Hatches Harbor and West End nesr¢Rrovincetown,
CCNS), a similar process has occurred although ¢eahfrends in the structure and
composition of vegetation in these marshes is sdraeeonfounded by rampant off-road
vehicle activity through the 1980s as well as cleang tidal inlet geomorphology.

In Pleasant Bay, large areas of high marsh corvéstéow marsh between 1984 and
2000. This area has been greatly affected byagibers in tidal amplitude caused by
barrier beach migration and breaks. As mentionmedipusly, a 1987 storm produced a
new inlet that greatly increased tidal amplitu@ibsequently, the majority of high
marsh that proliferated between 1947 and 1984 f@decreasing tidal amplitude from
southward migration of the tidal inlet and the bislament of additional mosquito
ditches) virtually disappeared. In some places high/low marsh boundary shifted
landward by as much as 650 m between 1984 and (Ed§@re 6). Despite this rapid
reduction in high marsh area, no bare gaps aretdéle in aerial photography and none
are present in this area today. THaslterniflora was able to replace high marsh

species at a fast enough rate to prevent the daweliot of un-vegetated mudflat.
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Summary of general trends among outer Cape Codhmars

Table 2 summarizes key characteristics of outele@2qd salt marshes and the kinds
of changes they have undergone over the last 58 yeOf all the marshes analyzed in
this study, 65% have symptoms®freticulatumgrazing and every one of these exhibits
some degree of edge vegetation loss. In contkigtre crab herbivory has not been
observed, there has been no detectable loss ofvedgeation and no significant changes
in marsh structure over time — with the exceptibordy systems where there have been
large increases in tidal inlet widths. In thedathowever, there are no edge vegetation
losses akin to those described in areas wheregéazevident. Instead, creek banks with
healthy vegetation are lost to undercutting, slurgpand subsequent erosion.

High marsh dieback associated with the developmEbare mudflat has occurred at
approximately one third of the sites, while landavadvance of the low marsh is evident
in all but three locations where there was scelitiigh marsh to begin with that such

trends could not be analyzed with a reasonabléd thaccuracy.

Discussion

The analyses presented above shed light on a nushbkanges taking place in Cape
Cod salt marshes. With respect to the timelineegletation losses, color IR photography
shows that both low and high marsh vegetation keseCape Cod have been occurring
since at least 1984, and possibly for several deatlvhile actual bare ground can be
seen in the 1984 color IR photos where there was gagetation, low marsh losses prior

to this year are inferred by major changes in cstglcture that have occurred in the
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absence of tidal inlet changes. This is a readenaference given that it has long been
recognized that under normal tidal conditions waithsignificant loss of vegetation, salt
marsh creek systems are very stable (Garofalo X980et 1998).

The photography also shows that vegetation losses hot occurred simultaneously;
they began at different times for different marsh&kis temporal staggering suggests
that no single climatic event (e.g., extreme drdufgrced the disappearance of
vegetation all at once, either independently aranjunction with consumer pressure
and/or pathogens, as is reportedly the case with 8W5eorgia (Silliman et al. 2005,
Ogburn and Alber 2006) and Louisiana (McKee eR@04). The photo series also show
that while smaller patches of vegetation may disappr recover during the course of a
single growing season, from a system-wide perspetiie losses are generally
cumulative and progressive over many years. THi@mation, along with the work of
Holdredge et al. (in review), indicates that sadirsh vegetation losses on Cape Cod are
distinctly different than SWD events from otheras®f the country.

There has been significant geomorphologic changgewegetation along creekbank
edges has declinedhe role ofS reticulatumgrazing in driving this decline is an
important, recent finding that correlates excepltynwell with spatial patterns of loss.
Where there are n@ reticulatum or where their densities are so low that herlyiver
not detectable, there has been no incidence of STWH2. structural stability of systems
like Barnstable Marsh and Nauset Marsh, wigrreticulatumand denuded creekbanks
are both absent, suggests an intimate link betwkanges in creek architecture and
herbivory. Tidal creeks in NY (Hartig et al. 20G#)d southeastern England (Van der

Wal and Pyle 2004) also have widened and lengthewedthe last 50 years. While

18



specific causes have not been conclusively detedhithese changes may also be the
result of disturbance to vegetation - by biogeodleahprocesses in the former and by the
worm Nereis diversicoloO.F. M ller (Ragworm) in the lattgiParamor and Hughs

2004). Similarly, experiments in British Columbia have sleal that marsh
geomorphology can be altered by geese herbivonyvds et al. 2008).

Twentieth century marsh loss and tidal creek widgmn other systems such as
Chesapeake Bay have been attributed to decreadeaese supply coincident with sea
level rise (Kearny et al. 1988). Structural changee also apparent in some Cape Cod
marshes in the absence of crab herbivory (e.g.,dkaket and Quivett Creek),
particularly in the form of creek widening and/obow cutting. However, these
changes have followed major alterations in the kvadtd structure of tidal inlets.
Furthermore, these changes are the result of @dysither than biological processes — as
evidenced by the severe undercutting and slumpicgeekbanks with healthy, vigorous
vegetation along the edges. It is noteworthy Neiset Marsh, and to a large extent
Pleasant Bay, have not shown these kinds of chadgsepite tidal inlet migration and
breaks in the barrier beaches that alter tidahnegi Their setting as large, back-barrier
rather than riverine systems may play a role is ghability in that the ratio of open water
to marsh is much higher. Thus, changes in tidal$lare experienced over a much
broader area and effectively dampened.

In addition to herbivory and physical processeatesl to shoreline change, sea level
rise has undoubtedly had some influence on Capentzodhes. Sea level has risen at an
average rate of about 2.65 millimeters/year (Oe&t/€entury) with a standard error of

0.1 mm/yr based on monthly mean sea level data fr@#21 to 1999. However, the
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steepest slope in any 10 year period between 188®m@sent occurred from 1989 to
1998 (source: NOAA,; http://tidesandcurrents.noad.gén England, Baily and Pearson
(2007) have reported > 50% lossesSphartinamarsh between 1971 and 2001, a portion
of which they attribute to increased erosion fraa Evel rise. On Cape Cod,
transgression dd. alterniflora should be occurring at the lowest elevations where
vegetation becomes short, sparse and eventualliggiato mud or sand flats. However,
the position of these edges can be difficult tauaately determine in high altitude aerial
photographs.

Further complicating the matter is that these baued can exhibit large and rapid
changes in response to storm-related accretiongweesediment displacement.
Creekbank vegetation exists at much higher elenstis generally thicker and taller, and
has a well-defined edge; thus changes there arer ¢asee. Also, flooding stress$n
alterniflora should manifest itself as a gradual stunting anpheights (Anderson and
Treshow 1980, Howes et al. 1986) rather than thel @isappearance of discrete patches
within otherwise tall, healthy vegetation as is tlase with herbivory. The former is not
conspicuous in aerial photographs (as illustrateabiove Figures), whereas the latter is.
Within relatively short time frames, however, rigisea levels could lead to more severe
erosion that alters marsh architecture, particylimilowing disturbances like those
generated by herbivory. Even temporary vegetdteses may result in permanent
physical changes to tidal marshes (Kirwan and Mu2@07) and this certainly seems to
be the case in Cape Cod.

A more obvious manifestation of sea level rise mayn the landward retreat of the

high marsh. Rates of retreat are variable depgnaiimmarsh topography and large shifts
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in position occur where elevation gradient is leviile small to no shifts are observed
where gradients are steep. Heterogeneity in sedipreperties, including nutrients, may
also influence these patterns. Sediment accranoother aspects of marsh elevation
dynamics undoubtedly play a role as well. Unfoatighy, there are few data available on
these variables. Nonetheless, loss of high maggktation is readily apparent across all
marsh systems. Some of this loss is related togdsin tidal regimes from inlet
widening (artificial or natural). However, theneanany systems that have not been
altered in this way that similarly exhibit diminislg high marsh vegetation. The most
plausible explanation for this is sea level rigee= that tidal inundation is exceeding the
flood tolerance of the species that grow there §&d@ and Zieman 1981, Burdick 1989).

About half of the high marsh zones on Cape Co@attelatively slowly between
1947 and 1984, after which the rates acceleratis. nbteworthy that this time period
overlaps with the 1989-1998 period of increasedees rise. An increase in the
number and size of waterlogged pannes should b@emasible symptom of sea level
rise (Orson et al. 1985, Warren and Niering 1993, &une et al. 1994, Hartig et al.
2002). This does appear to be happening to aglthektent in some marshes, but there
are no ground-level data to provide conclusive envgd of change. Moreover, it is
difficult to accurately delineate these featureaenial photographs, particularly if they
are vegetated and without standing water at the @frthe photo. In addition, many
Cape Cod salt marshes are relatively young, hawvdysaorganic substrates, and have
been extensively ditched, all of which tend to segp extensive panne formation. Un-
ditched marshes (mostly within CCNS on the outgrejdhat provide better

opportunities for panne formation have developddrukbarrier beaches where tidal
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inlet migration and breaks in barrier beaches ailtlat regimes. Separating the effects of
these shorter term events from background sea fliseeis problematic.

The process by which un-vegetated mudflats forthéwake of high marsh dieback
and why this occurs in some marshes but not oteestdl unclear. In other words, why
doesn’t the low marsh fill in the gaps left behindRhough competitive interactions
with S patensplay an important role in determining the uppenitiof S. alterniflora
(Bertness 1991), edaphic conditions may also laetarf (Broome et al. 1974, Hartman
1988, Proffitt et al. 2003). Areas vacatedpatenscould experience periodic stresses
(e.q., elevated salinities) that might slow thedlaard encroachment & alterniflora.
Another possibility is that crab bioturbatation liigth Uca spp. (Fiddler Crabs) arfi
reticulatumprevents the establishment of new seedlings,quéattly annual forbs
belonging to the genefalicornial. (Pickleweed) an®&uaedarorssk. ex J.F. Gmel.
(Seepweed) that have colonized areas bet\Bealterniflora andS patensn other
marshes.

There is also the question of whether direct g@ninS. patensmay be contributing
to its retreat. Whil&. reticulatumevidently prefers alterniflora, it will feed onS
patensas well. HoweverS. patenscan tolerate extreme levels of defoliation undsody
growing conditions as evidenced by the fact tha&ios have harvest&lpatens
(haying) for many decades. Moreover, high margbaltk areas are characterized by the
presence of intact, standing dead foliage andcuéetly exhibit a hummocking pattern
of growth. The former indicates that at least sonoetality is occurring in the absence
of grazing (i.e., the foliage is not consumed).many cases, the development of

hummocks is thought to be a response to floodirgsst(DeLaune et al. 1994, Buck
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2001). However, high marsh dieback on Cape Codlmeahe result of multiple factors.
In this regard, flooding stress may be exacerbatiegeffects of herbivory or other
disturbances such as wrack smothering. It has $leawn previously that marsh
vegetation subjected to hydrologic stress has acestiability to withstand or recover
from additional pressures (Baldwin and Mendelssbt®®8; Gough and Grace 1998;
Miller et al. 2001, Tolley and Christian 1999).

A related idea is that high marsh dieback is irdiyeassociated with crab activity.
Bioturbation and burrow construction increases aeiation, which leads to reduced
organic matter in the soil as it is oxidized awais, in turn, can result in lower soil
porosity and percolation rates of water (Vidal-Ba#stuand Charpentier 2000). In
addition, the loss of adjace8talterniflora can result in poorer edaphic conditions as
rhizosphere oxidation is decreased (Howes et 8/1,19dacker and Bertness 1995,
Bortolus and Iribarne 1999). However, there anm@&ous examples of high marsh
losses on Cape Cod that are not preceded by atljagemarsh losses. Figure 14
(below) illustrates high marsh dieback occurringimarea that is non-adjacentSo
alterniflora. The dieback pattern here follows topography,(iténas died in the lowest
spots), rather than any changesialterniflora, which is vigorously growing along its
landward border. In general, if low marsh losseseanitiating high marsh dieback, the
expectation would be a weaker relationship witlvalien. The dying edge should
theoretically be more distorted, with dieback egiag further upslope where it is
adjacent to heavily grazed patchesdlterniflora. Yet, this spatial pattern has not been
observed in the field. In light of such contradios between known ecological processes

and conditions on the ground, much more extendaeacterization of soil properties
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and manipulative experiments with salt marsh plantsfauna are needed to address
various hypotheses on the cascading effects oftatge loss.

Through stratigraphy, it is possible to reconstthetlong-term history of salt marsh
development, including major vegetation transiti@sson et al. 1987, Allen and Haslett
2002). This technique is particularly good at caipg large events like hurricanes
(Donnelly et al. 1999, Donnelly and Webb 2004, Dalhynet al. 2004, Van de Plassche et
al. 2006). However, such methods generally caresuilve changes at decadal time
scales (Donnelly 2006). Thus, whether the kindshainges described above have
occurred previously on Cape Cod is unknown. Irttsern Maine, Jacobson (1988)
concluded from soil core analysis that the widthsdal channels in the Wells Marsh
increased dramatically between 1794 and 1872, t@inbuaes this to sea level rise.

Regardless of causes and past history, signifidaatges in the relative proportions
of high vs. low marsh and the geomorphology of Capd salt marshes have occurred
since the mid-1900s and these may be influencimgnaber of ecosystem processes. The
changes have altered habitat structure in obviaysybut it is unknown how other flora
or fauna have responded. Loss of edge vegetategnimiiuence the dynamics of
sediment transport. If the quantity of eroded mal®in near-shore waters is increasing,
benthic organisms including shellfish and sea g=ssuld be impacted. In human
terms, the loss of salt marsh equates to a redurtithe buffering of wave energy along
the coastline. In fact, a positive feedback loagyre in place whereby the loss of
vegetation increases the rate of erosion, whicdweallmore wave energy to enter the
system, which results in more erosion. The samegss could occur with sedimentation

as vegetation loss decreases the probability tietemnded sediment will settle onto the
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marsh surface, leading to reduced vertical acaregoadual submergence eliciting
flooding stress, and the eventual loss of more tetige (Nyman et al. 1993). These
potential impacts, along with the inability of miaes to creep upslope due to human
development of adjacent uplands, mean that sulstaniounts of salt marsh on Cape

Cod could be lost during the next 60 years.
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Table 1. Metadata for aerial photos used in salisitmchange analysis.

Table 1. Metadata tor aerial photos used in salt marsh change analysis.

Date

Dec 1938
Sept 1947
Tuly 1952
Sept 1977
Sept 1934
Oct 2000
April 2001
April 2005

Type

black & white
black & white
black & white
black & white
color IR

color IR

multi-spectral
multi-spectral

Pixel res.

1.0
0.6
0.9
0.5
1.0
0.5
0.5
0.5

Source

Cape Cod National Seashore
Cape Cod National Seashore
NRCS (Bamstable)

Cape Cod National Seashore
NRCS (Barnstable)

Cape Cod National Seashore
MassGIS

MassGIS
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Table 2. Summary of characteristics of variouseC@pd salt marshes as determined by ground-level
surveys conducted in 2006-2007 and GIS analysnsstdric aerial photography (marsh names followed
by SWD in parentheses indicate sites that weregthiolo have experienced sudden wetland dieback).

Warsh Tow Type symptoms of | low marsh cresk ticksl inl=t | high marsh high marsh | high marsh retreat
Sesarma edge widening /| widening | dieback with lost (since more rapid atter
grazing? wegetation change in mucflat 1947 or 1952) 19847
logses structure formation

West End Provincetown back barrier <10%

Hatches Harbar Provincetown back barrier <10%

Pamet Harbar (5WD) Truro back barrier + rivering Y E E <10%

The Gut (SWD) WWellfleet back barrier N L L BER =30% A

Middle Meadow (SWD) WWellfleet back barrier N L L BR =30% A

Jeremy marsh Wellfleet back barrier Y L L BR =30% b

Indian Meck (SWD) Wellfleet back barrier Y E E BR <10%

Lt. Island (S¥vD) Wellfleet back barrier N E E BR 10-30% N

Audubon Sanctuary (SYWD)  |vWellfleet back barrier N E E BR 10-30% N

Herring River (5WD) Eastham back barrier A L L MR =30% A

Boat Meadow [SWD) Eastham back barrier A L L MR =30% A

Kauset Marsh Eastham back barrier =30% Y

Kamskaket Erewster riverine L ¥ =>30% Y

Paine's Creek Erewster riverine < 10% Y

GQuivett Creek Erewster riverine L v 10-30% Y

Pleasant Bay Crleans/Chatham [back barrier L ' >30% N

korris 1sland Chatham back barrier A 10-30%

Oyster River (SWD) Chatham rivering N L L e 10-30%

Hardings Beach (SwwD) Chatham back barrier Y E E NR 10-30% Y

Cockle Cove (3WD) Chatham back barrier + rivering Y L L =30%

Red River {SWD) Chatham back barrier + rivering N L L 10-30% Y

Eel CreekiTaylor Pond (SWD|Chatham back barrier + rivering N E E 10-30%

Saguatucket (SWD) Harwich rivering A E E A 10-30%

Herring River (SWWD) Harwich riverine A E E NR 10-30%

Swian River (SWD) Dennis riverine Y E E inc

West Dennis Beach (SWD)  |Dennis back barrier A E E NR =30%

Bass River (SWD) Dennis riverine Y E E inc inc

Sesuit Harbor Dennis riverine v 10-30%

Parker River (5WD) " armouth riverine Y E E inc inc

Bass Hole " armaouth back barrier + rivering 10-30% A

Barnstable Marsh Barnstahle back barrier 10-30% A
percentages of total G5% G65% T4% 23% 35% 100% 55%

Y=yes

E=extensive (observed alang most marsh edges, creek segments)

L=limited {occurs in only a few creeks/edges) :!

BR=broad (distance petween 5. afernifiora and 5. pafens exceeds = & m)
WR=narrow (distance between 5. aiffernfiora and 5. pafens is<am)
inc=inconclusive
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Hatches harbor

est End

Famet harbar

The Gut
Middle Meadow
Jeremy

Atlantic

Cape Cod Bay Ocean

Pleazart Bay

Oyster River

Swan River  Saguatucket

harhor Harding's Beach
West Dienniz Eel cresk s
Parker River  Begop Taylor Pond

Cockle Cowve

Nantucket Sound

Figure 1. Map of Cape Cod showing individual maggstems and major water bodies.
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Figure 2. Changes in the Swan River (Dennis) betvlé&52 and 2005. Note the peninsula within the
circled area that eventually becomes an island @Gxbow is cut). The large photo on the rightvgtiohis
segment of marsh in April 2005 with the 1952 chamridths demarcated as black lines (quantitative
changes are listed in the embedded table). Awryrmgeound-level view of the island is shown in theet
photo (view is to the southeast).
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Figure 3. Changes in an island marsh near WestiD&gach (Dennis) between 1952 and 2005 with
numerical estimates of loss (white polygon demacauter perimeter of marsh in 1952).

Figure 4. Vertical and oblique aerial photographg/est Dennis Beach marsh in 1984 (left) and
Saquatucket marsh in 1991 (right) (SaquatucketqpbptE.R. Lilley). Vegetation losses are indicabgd
the blue-gray signatures in the former while theials bare ground (brown) is visible the latter

(indicated by white arrows).
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Figure 5. Staggered times for the onseb.@fiterniflora losses: color IR photos of a marsh along the
Oyster River (Chatham) (first two photos, top lstipwing the loss of edge vegetation (bright red
signature indicated by arrows) between 1984 an@ 20@ of a Bass River marsh (Dennis) (top right)
where edge vegetation was already absent by 198d.bottom photos show ground-level views of the
presence (left) and absence (right) of robust cr@ekS. alterniflora that can be detected in high level
aerial photographs
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Figure 6. Changes in a bend in the Herring RitAar{vich) between 1952 and 2001. The signature of
edge vegetation is present throughout this mard®84, but decreases greatly between 1984 and 2001.
Note how channel widening and deterioration ofglrinsula accelerate during the latter period
(horizontal bar in 1952 photo indicates where psulen width was measured in all photographs).
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Figure 7. Deterioration of Lt. Island between 1@4d 2000 (black line represents edge of marsh in
1947) and a recent photo of heavily graZediterniflora at the beginning of the growing season (early
June, 2007). Note the rapid disintegration betwid and 2000.
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Figure 8. Examples of creek widening and islanthkhge in a Lt. Island marsh between 1984 and 2000
and ground-level photos showing denuded creekb@vikise arrows) in 1995 (cropped versions of photos
taken by K. Rosenthal). Note the calving of peatiflle right-side photo), which results in permanen

creek widening.
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Figure 9. Photo series of Namskaket (top), Quifreitidle), and Paine’s creeks (bottom). Note the
major change in tidal inlet widths (horizontal begpresent initial widths) of Namskaket and Quivett
Creeks prior to 1984 that result in creek widerang re-patterning (see circled areas for examgles o
oxbow cutting in the Namskaket series; black limeQuivett series delineate channel edges in 1947).
This is followed by relative stability as the intdtanges very little between 1984 and 2000/2001. |
contrast, the Paine’s Creek inlet remains virtuaighanged throughout this whole time period, which
corresponds with creek stability.
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Figure 10. Marsh stability in Nauset Marsh (topes), Bass Hole area (middle series) and Pled&sant
(bottom series) between 1947 and 2000 where natdéte crab herbivory o8 alterniflora has
occurred (note the stability of creek architectin®ughout this period; white lines in the bottosnies
delineates the channel edges in 1947 and showaakef change over time).
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Figure 11. Retreat of the high marsh (the blagk pproximates the seaward boundary of high marsh
vegetation) in the Gut (Cape Cod National Seashmtyeen 1947 and 2000 with the subsequent
development of barren mudflat. Note the increadbe rate of loss after 1984. The bottom lefttphe

a low-altitude, oblique angle image of barren maitdhat had developed in the Gut by Nov 1991 (J.
Ingoldsby, Landscape Mosaics). The bottom righttplivas acquired in June 2007 (Smith, NPS).
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Figure 12. Retreat of the high marsh in Middle W& (Cape Cod National Seashore) between 1947
and 2000 with the subsequent development of banedflat. Note the increase in the rate of highshar
loss after 1984. The low-altitude photo at thedootof the figure shows the boxed area and wasiozght
from an oblique angle in June 2007 (S. Smith, Nk arrows point upslope to show direction of
elevation gradients, white polygon shows exterttigh marsh in 2007).
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Figure 13. Photos showing high marsh losses irsdlaMarsh (top photos) and Pleasant Bay (bottom
photos) between 1947 and 2000. Note the rapidctieduin high marsh area after 1984 without any
development of un-vegetated mudflat (the black iinie top photos approximates the seaward
boundary of high marsh vegetation in 1947; thecstime across the tidal creek is a boardwalk thasdo
not restrict tidal flow).
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Figure 14. The onset of high marsh dieback (b&cws indicate direction of retreat) adjacent to
healthyS. alterniflora (bright red signature) as seen in color IR phapgy from 2000 (top left). The
larger, low-altitude image taken in 2007 (S. Smibttom right) shows continued loss®ipatensin
locations non-adjacent to, and not previously ommipy,S. alterniflora.
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