
Final  1

 
 
 
 
 
 
 
 

Monitoring Salt Marsh Elevation: 
A Protocol for the Long-term  

Coastal Ecosystem Monitoring Program  
At Cape Cod National Seashore 

 
 
 
 

Donald R. Cahoon 
James C. Lynch 

Philippe F. Hensel 
 
 
 
 

United States Geological Survey 
Patuxent Wildlife Research Center 

Beltsville Lab 
c/o BARC-East, Building 308 

10300 Beltsville Ave. 
Beltsville, MD 20705 

 
 



Final  2

INTRODUCTION 
 

Stability of tidal salt marsh during periods of sea-level rise depends on the marsh 
remaining at an intertidal elevation suitable for plant growth through vertical soil 
development from mineral sediment deposition and soil organic matter accumulation.  A 
few centimeters change in soil elevation can result in a large percentage change in the 
frequency, duration, and depth of flooding of the marsh surface with direct consequences 
for plant growth (Reed and Cahoon 1992), sedimentation (Cahoon and Reed 1995), and 
marsh sustainability (Morris et al. 2002).  If soil elevation change lags behind sea-level 
rise, eventually the plants will drown and die, and the marsh will convert to subtidal 
shallow open water habitat through soil subsidence and erosion.  Thus it is critical for 
wetland managers to obtain high-resolution measures of soil elevation change relative to 
sea level rise to determine marsh vulnerability to submergence.   

 
High-resolution methods used to survey upland habitats (e.g., theodolite, total 

station) are poorly suited for use in the soft, unconsolidated soils of tidal salt marshes.  To 
obtain high-resolution measures of wetland soil elevations, Boumans and Day (1993) 
developed the sedimentation-erosion table (SET), a portable, mechanical device that 
attaches to a benchmark driven into the wetland soil.  This device has an accuracy of 1.5 
mm and can be used to determine elevation trends in any wetland setting.  Cahoon et al. 
(1995) used the SET in conjunction with marker horizons (SET – MH) to measure both 
vertical accretion and elevation trends, and to calculate subsurface process influences 
such as compaction and soil organic matter accumulation on elevation trends.  Cahoon et 
al. (2002a and b) renamed the SET the surface elevation table and developed numerous 
refinements to the technology to improve its accuracy and applicability.  The SET-MH 
method is currently used in 19 countries around the world to monitor coastal wetland 
elevation dynamics.  A detailed explanation of the methodology, a list of the scientists 
using it, and the locations where it is being used are posted on the following U. S. 
Geological Survey (USGS) web site: www.pwrc.usgs.gov/set. 

 
USGS scientists have used the SET – MH method to measure wetland elevation 

dynamics in numerous coastal parks and national wildlife refuges within the Department 
of the Interior (DOI).  Investigations of wetland elevation dynamics have occurred or are 
ongoing on the following National Park Service (NPS) properties:  Cape Cod National 
Seashore, Big Thicket National Monument, Fire Island National Seashore, Gateway 
National Recreation Area (Jamaica Bay and Sandy Hook units), Everglades National 
Park, National Capital Parks East (Kenilworth Park – Anacostia River), George 
Washington Memorial Parkway (Dyke Marsh).  This salt marsh elevation monitoring 
protocol has two objectives: to provide generic guidance for all parks interested in using 
this technology to monitor wetland elevation dynamics, and to describe the monitoring 
procedures used at Cape Cod National Seashore (CACO), a prototype park in the NPS 
Long-Term Ecological Monitoring Program.  Part I presents generic considerations and 
recommendations for use of the SET – MH technology, with examples from CACO.  Part 
II presents site-specific detailed methods, or the standard operating procedures (SOP), 
relevant to the salt marsh environments and settings at CACO.   

 

http://www.pwrc.usgs.gov/set
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PART 1.  THE PROTOCOL NARRATIVE 
 
 
Background and Objectives 
 
Rationale.  Tidal salt marshes are major ecosystem components of coastal park units 
throughout the northeast and are considered critical coastal resources by managers at 
Cape Cod National Seashore (CACO) (Roman and Barrett 1999).  Tidal salt marshes 
provide essential nursery habitat for fisheries species, habitat for migratory shorebird and 
waterbird populations, traps for nutrients and sediments running off adjacent uplands, and 
buffers for coastal erosion and storm impacts (Mitsch and Gosselink 2000).  CACO is 
implementing salt marsh vegetation and nekton monitoring protocols (Roman et al. 2001, 
Raposa and Roman 2001) to be used in its long-term monitoring program of these critical 
resources.  Roman et al. (2001) recognized that the long-term sustainability of these 
ecosystems is threatened by predicted acceleration in the rate of sea-level rise (Church et 
al. 2001) if the marshes cannot build vertically at a similarly accelerated rate.  Salt marsh 
integrity and the ability of salt marshes to build vertically as sea level rises are further 
impacted by human activities, such as dikes, which can contribute to loss of salt marsh 
habitat.   
 
Loss of coastal salt marsh is occurring throughout many regions of southern New 
England in spite of 30-years of regulations reducing the amount of direct human impacts.  
Much of the current loss is conversion of natural marsh to open water suggesting sea-
level rise and sediment deficit are contributing to marsh submergence.  For example, 50% 
of the land surface of salt marsh islands at Jamaica Bay, New York in Gateway National 
Recreation Area has been lost since 1900 (Gornitz et al 2002) and the rate of loss 
accelerated during the 1990’s (Hartig et al. 2002) without dredge and fill impacts.  Shifts 
in plant species composition over a 50-year period in a Connecticut salt marsh indicate 
gradual drowning related to sea-level rise (Warren and Neiring 1993).  Similarly, changes 
in plant species composition at Nauset Marsh (CACO) indicate that it is gradually 
submerging (Roman et al. 1997), although historic sedimentation rates suggest that it is 
keeping pace with the current rate of sea-level rise.  The Coastal Vulnerability Index 
assessment of CACO coastal resources conducted by Thieler and Williams (2002) ranks 
salt marsh habitats as high risk to sea-level rise.  The rise in sea level is predicted to 
accelerate and increase by 48 cm, on average, during the next 100 years (Church et al. 
2001), which is a three-fold increase over the current rate of 15 cm per century.  Thus 
understanding the relationship among salt marsh accretion, elevation change, accelerating 
sea level rise, and human-induced alterations of the estuary and watershed is critical to 
determining long-term sustainability of the salt marsh resources at CACO and other 
Northeast parks (Figure 1).   
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 Figure 1.  A conceptual diagram showing the linkages among threats or agents of change 
(top row), environmental stressors (middle row), and salt marsh ecosystem responses 
(bottom row).   
 
 
History of Protocol Development.  The development of best management practices for 
maintaining marsh surface elevation requires an understanding of how management 
activities affect both surface and subsurface soil processes.  A long-term field monitoring 
technique is needed that will provide not only direct measures of surface elevation, but 
also quantitative estimates of the separate contributions of surface processes (e.g., 
sediment deposition and erosion) and subsurface processes (e.g., compaction, root growth 
and decomposition, shrink-swell) to surface elevation (Cahoon et al. 1995, Cahoon et al. 
1999).  Traditional methods for measuring historic rates of marsh sedimentation, such as 
cesium-137, lead-210, and carbon-14, provide neither direct estimates of surface 
elevation nor the separate contribution to surface elevation of surface and subsurface 
processes.  These accretion methods integrate surface and subsurface processes over 
decades, centuries, and millennia and assume that elevation change is equivalent to 
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sediment accretion.  But this assumption has been reported to lead to serious 
overestimation of the vulnerability of some tidal, saline wetlands to the current rate of 
sea-level rise (Cahoon and Lynch 1997).  Conversely, methods for measuring recent 
marsh sedimentation, such as artificial soil marker horizons (Cahoon and Turner 1989), 
provide a good estimate of the surface processes of sediment deposition and erosion but 
typically overestimate elevation change and the ability of the marsh to keep pace with 
sea-level rise because they do not integrate subsurface processes (e.g., compaction).  
Consequently, the most suitable approach to address wetland vulnerability to sea-level 
rise involves the simultaneous measurement of both surface elevation from a surface 
elevation table (SET) and recent marsh sedimentation from artificial marker horizons 
(Cahoon et al. 1995, Cahoon et al. 2002a, b).  This proven approach provides direct 
quantitative estimates of surface elevation change, sediment accretion/erosion, and the 
contribution of subsurface processes to surface elevation calculated as accretion minus 
elevation, which is called shallow subsidence.   
 
Monitoring Objectives and Questions.  Figure 1 shows many of the linkages among 
human-induced and natural environmental stressors, altered salt marsh physical 
processes, and associated responses of salt marsh plant communities and ecosystems.  At 
CACO, there are two important management issues regarding critical salt marsh habitats, 
1) habitat restoration, primarily restoring tidal exchange to diked salt marshes (Godfrey et 
al. 1999), and 2) long-term changes in areal extent and spatial distribution related to sea-
level rise (Thieler and Williams 2002).   
 
Objective 1:  Understand how the elevation of diked salt marshes responds to restoration 
of tidal exchange. 
 
Tidal exchange has been severely or completely restricted for a substantial portion of the 
tidal salt marsh at the CACO (e.g., Hatches Harbor and Herring River) as a result of dike 
construction in the early 1900s.  The hydrologic alterations induced by diking lead to 
substantial ecosystem changes for those marshes landward of the dike (Roman et al. 
2001).  Marine sediment transport to and from the marsh is restricted or eliminated.  Prior 
to diking, the marsh could have been a sink for marine sediments if flood-dominated tides 
resulted in a net delivery of sediment to the marsh.  Conversely, the marsh could have 
been a source of sediment for the estuary if ebb-dominated tides resulted in a net export 
of sediment from the marsh.  After diking, upland sediment introduced through runoff is 
more readily trapped behind the dike.  Freshwater draining from the uplands is also 
trapped behind the dike, causing a freshening of the marsh sediments and a shift in 
vegetation composition from saline to low salinity and fresh species.  Salt marsh 
restoration, including restoring tidal exchange to diked salt marshes, is a major resource 
management goal at the CACO (Godfrey et al. 1999).  Restoration of tidal exchange was 
initiated at Hatches Harbor in 1999, in East Harbor in 2001, and is under consideration at 
Herring River.  Although restored tidal exchange through a culvert may bring in marine 
sediments that help offset the flooding effects of sea-level rise, recent research indicates 
that restoration of tidal exchange to these fresh marshes may also result in a rapid 
decrease in surface elevation (Portnoy and Giblin 1997, Portnoy 1999).  Compared to the 
salt marsh substrate outside the dike, a seasonally flooded fresh marsh peat develops 
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inside the dike, which is low in porewater sulfides and is slower to decompose because it 
is waterlogged (Portnoy 1999).  Reintroduction of sulfate-containing seawater through 
restoration of tidal exchange could lead to rapid decomposition of the fresh marsh peat 
via sulfate reduction.  Under a controlled greenhouse experiment, Portnoy (1999) 
measured a 6 to 8 cm decrease in surface elevation in less than two years when vegetated 
marsh cores from a diked, seasonally waterlogged marsh were exposed to seawater.   
Depending on the hydrogeomorphic setting, restoration of tidal exchange could decrease 
the vulnerability of these marshes to submergence from rising sea level through sediment 
introduction, or increase vulnerability to submergence by facilitating export of sediment 
from the marsh and rapid decomposition of marsh peat.     
 
Monitoring questions related to salt marsh restoration initiatives at the Seashore that can 
be addressed with this protocol include: 
 
- What is the extent of the difference in elevation trajectory between hydrologically 

impacted marsh and reference marsh? 
 
- What is the salt marsh elevation response to restoration of hydrologic exchange? 
 

- Are the elevation trajectories of tide-restored and reference marshes 
converging and what is the temporal scale of this convergence? 

 
- What are the principal factors responsible for observed elevation changes 

(e.g., surface or subsurface processes)? 
 
Objective 2:  Understand how salt marsh and pool bottom elevations respond to local sea-

level rise. 
 
The stability of coastal marsh habitats depends on the interactions between 
geomorphology and ecology, and the way in which these interactions are modified by the 
physical forcing factors that impinge on an estuary (e.g., sea-level rise, barrier spit and 
inlet migration).  The long-term stability of the marsh platform can be explained by 
interactions among sea level, land elevation, primary production, and sediment accretion 
that regulate the elevation of the marsh surface towards equilibrium with mean sea level 
(Morris et al., 2002).  Coastal wetland stability is characterized as persistence in the face 
of episodic (e.g. storms) and progressive (e.g. sea-level rise) environmental change.  The 
Coastal Vulnerability Index (CVI) developed by Thieler and Williams (2002) has 
identified the low-lying salt marshes at CACO (e.g., Nauset Marsh, Hatches Harbor, and 
Herring River) as high risk to sea-level rise.  Two critical bird habitats of concern at 
Nauset marsh are vegetated salt marsh surfaces used as nesting and feeding areas by 
several species and permanent pools which provide feeding areas for shore birds at low 
tide when the mud surface is exposed (Erwin et al. 2006).   
 
Monitoring questions related to long-term and large-scale salt marsh habitat stability at 
the Seashore that can be addressed with this protocol include: 
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- Are salt marsh surface and pool bottom elevation trajectories changing over 
time (e.g., decades), and if so, what factors are contributing to observed 
elevation changes (e.g., surface versus subsurface processes)? 

 
- Are salt marsh surface and pool bottom elevation trajectories keeping pace 

with the local rate of sea-level rise?   
 
Meeting Resource Management Goals.  Best management practices based on the best 
available science are needed by Northeast parks to address these issues and ensure the 
long-term sustainability of their threatened salt marsh resources.  Under a scenario of 
rising sea levels and human-induced physical alterations to estuaries and coastal 
watersheds at CACO, the trajectory of salt marsh surface elevation change is a critical 
variable for understanding salt marsh stability in both the short and long-term.  Therefore, 
sedimentation and surface elevation monitoring stations were established at CACO at 
Hatches Harbor and Nauset marshes in 1998, and at Herring River marshes in 2000.  
Surface elevation change is monitored with the surface elevation table (SET) (Boumans 
and Day 1993; Cahoon et al. 2002a,b) and vertical accretion from artificial soil marker 
horizons (Cahoon and Turner 1989).  Using data collected with the SET-marker horizon 
approach (Cahoon et al. 1995), park managers can determine if surface elevation is 
keeping pace with sea-level rise and whether they should manage surface or subsurface 
processes of sediment and organic matter accumulation in order to maintain surface 
elevation in both natural and restored marshes.  Information collected from monitoring 
changes in salt marsh elevation trajectories will be especially useful to interpreting any 
observed long-term changes in salt marsh vegetation and associated fauna.   
 
 
Sampling Design 
 
There are several issues to consider when designing a field program for monitoring salt 
marsh elevation and accretion dynamics, including site selection, spatial sampling 
frequency, the variables being measured, the sampling unit, temporal sampling 
frequency, and sample size.  This section provides justification and supporting 
documentation for various aspects of the protocol related to sampling design.   
 
Rationale for selecting a sampling design.  The monitoring issue being addressed and the 
environmental setting influence the selection of an appropriate sampling design.  If the 
intent of the monitoring is to evaluate impacts (e.g., the effect of dikes on salt marsh 
elevation dynamics), then a reference or control marsh must be monitored in addition to 
the impacted marsh.  Furthermore, if practical, a BACI (before, after, control, impact) or 
modified BACI sampling design is recommended (Stewart et al. 1986, 1992; Underwood 
1992).  Note, however, that the length of time required to accurately represent the 
accretion and elevation trajectories of the before impact treatment needs to be considered.  
Is there sufficient time to collect a meaningful sample (i.e., at least a full year of data that 
incorporates seasonal variability)?   
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If the intent of the monitoring is to describe the elevation dynamics of a salt marsh 
without regard to impacts, then a fully random design can be used.  However, as Roman 
et al (2001) point out in their salt marsh vegetation monitoring protocol for CACO; 
strong environmental gradients often exist in New England tidal salt marshes that must be 
accounted for when designing a field-monitoring program.  There are elevation (flooding) 
and salinity gradients in salt marshes, which run from the tidal creek to the upland and 
the estuary to the upstream areas. Plant community zonation is typically correlated with 
these environmental gradients.  A totally random sampling design may not encompass the 
full range of this variability.  If the intent is to describe the full range of variability, then it 
is appropriate to sample from transects laid out along the full extent of the gradient.  
Lastly, stratified random sampling can be used to compare different parts of the gradient 
to each other (Cochran 1977).  For example, samples can be randomly located along a 
gradient in areas of the marsh with discretely different flooding depths or plant 
community types.   
 
Roman et al. (2001) describe the criteria and caveats for selecting a control marsh.  “It is 
often difficult to find appropriate control sites or reference marshes.  The control site 
should not be influenced by the impact that is being assessed and it should be a site that 
has similar geomorphic/physical features to the impact site (e.g., tidal range, salinity, 
wetland type).  If a control site cannot be located, it would still be valuable to monitor 
changes in the tide-restricted marsh before and after tidal restoration.”   
 
Site selection.  Salt marsh surface elevation monitoring is ongoing at three sites at CACO 
(Figure 2), with a different issue addressed at each site.  An evaluation of the restoration 
of tidal exchange on marsh elevation dynamics is being conducted at Hatches Harbor 
where tidal exchange through a culvert in the dike was restored in 1999.  The impact of 
eliminating tidal exchange by diking on marsh elevation dynamics is being evaluated at 
Herring River, which has been diked continuously for the past century; this system is also 
being considered for tidal restoration.  The elevation trajectories of marsh surfaces and 
adjacent pool bottoms are being determined in Nauset Marsh, where dikes do not affect 
tidal exchange.  A different sampling design is employed at each site.  All monitoring 
was conducted in the Spartina alterniflora zone at each of the three salt marsh sites, 
except for the tide-restricted, upstream portion of Herring River where low salinity and 
fresh species occur.   
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Figure 2.  Map of Cape Cod showing the location of the three marshes where elevation 
monitoring is ongoing: Hatches Harbor, Herring River, and Nauset Marsh. 

Hatches Harbor 

 
 
Hatches Harbor.  Monitoring data from Hatches Harbor is being used to evaluate the 
impact on salt marsh elevation of the restoration of tidal exchange to a diked marsh.  A 
mosquito control dike constructed in 1930 bisects the salt marsh at Hatches Harbor 
(Roman et al. 2001) (Figure 3).  Tidal flow is unrestricted to the 90-ha portion of the salt 
marsh that is down stream of the dike.  Tidal exchange through the dike to the 80-ha 
marsh upstream of the dike was limited through a 0.6 m diameter culvert until 1999 when 
the culvert was replaced with multiple large openings.  Tidal exchange is being gradually 
restored to the marsh by incrementally enlarging the openings in the new culverts.  A 
BACI design is employed with elevation monitoring conducted on the unrestricted 
(control) and tide-restricted marshes before and after installation of the larger culverts.  
Three sampling stations were randomly located along a transect established in the salt 
marsh outside the dike.  Inside the dike, sampling locations were stratified with three 
stations randomly located along a transect established immediately behind the dike and 
three stations randomly located along a second transect established upstream from the 
dike to monitor marsh elevation response to the restored gradient in tidal marsh flooding 
and marine sediment input.  The impact in the BACI design is the restoration of tidal 
flow.  As stated by Roman et al. (2001), this sampling design makes it possible to 
compare, with a degree of statistical certainty, the following: 
 

1. Control marsh vs. tide-restricted marsh before tidal restoration to document the 
degree of difference in elevation and accretion trends 

Herring River 

Nauset Marsh

MA 

RI 
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2. Tide-restricted marsh vs. tide-restored marsh to document the response to tidal 
restoration.   

3. Control marsh before vs. control marsh after tidal restoration.  It is important to 
track elevation trajectories of the control marsh over time.  After tidal restoration, 
if the trajectory of the restored marsh changed but the control marsh did not 
change, then it could be suggested that the changes in the tide-restored marsh 
were due to increased tidal flow and not some other factors.   

4. It is possible to monitor convergence of the elevation trajectories from the control 
and impact marshes by comparing the control vs. tide-restricted, then control vs. 
tide-restored year 1, control vs. tide-restored year 2, etc.  It is generally 
hypothesized that as restoration proceeds, the tide-restored marsh will become 
more similar to, or converge with, the control marsh. 
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Figure 3.  Site map of the salt marsh at Hatches Harbor, Cape Cod, MA.   
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Herring River.  Monitoring at Herring River is addressing the impact of diking on salt 
marsh elevation.  A Control-Impact design is used with sampling stations located in 
marshes both outside and inside the dike to evaluate the effect of tidal restrictions on 
marsh surface elevation dynamics.  Three sampling stations were randomly located along 
a transect established in the salt marsh outside the dike.  Inside the dike, sampling sites 
are stratified with three stations randomly located along a transect established in a 
Phragmites australis zone upstream from the dike and three stations randomly located 
along a transect established in a shrub meadow zone further upstream to evaluate marsh 
elevation response to the gradient in marsh flooding and salinity.  The following 
comparison can be made with this sampling design: 
 
 Control marsh vs. tide-restricted marsh to document the degree of difference in 

elevation and accretion trends.  
 
Nauset Marsh.  Monitoring at Nauset Marsh is evaluating the elevation trajectories of salt 
marsh and pool bottom surfaces with natural hydrology.  A stratified random sampling 
design is used, with paired sampling stations established in adjacent salt marsh and pool 
bottoms, and sampled repeatedly over time to determine marsh elevation trajectories in 
response to sea-level rise.  The marsh elevation trajectories can be compared to local 
trajectories of sea-level rise to evaluate marsh sustainability.   
 
What is being monitored?  The following variables are being measured or calculated 
from measured variables at each salt marsh:  1) direct quantitative estimates of surface 
elevation change, 2) sediment accretion/erosion, and 3) the contribution of subsurface 
processes to surface elevation calculated as accretion minus elevation, which is called 
shallow subsidence.   
 
Sampling frequency and replication.  Long-term monitoring of marsh surface elevation 
change and vertical accretion requires repeated sampling of the marsh surface.  A small 
platform is constructed, either permanently or temporarily, to minimize disruption of the 
marsh surface during sampling.  All elevation and accretion measurements are taken from 
this platform (i.e., sampling station).  One SET benchmark is established in the center of 
the platform and a minimum of 3 artificial soil marker horizons are established around 
the outer perimeter of the platform to provide a minimum of 2 degrees of freedom for 
statistical analyses (Figure 4).   
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Figure 4.  Sampling platforms at Nauset Marsh.  Top:  SET-marker horizon-sampling 
platform in the marsh.  Note that the platform allows for the simultaneous measurement 
of elevation and accretion by a 3-person field crew without disruption of the marsh 
surface.  Bottom:  An SET-marker horizon-sampling platform in a pool.  Note that the 
planks have been removed and the platform is submerged at high tide.   
 
 
 
 
 



Final  13

The experimental unit for the SET is the benchmark to which it attaches.  The SET is 
attached to the benchmark only during sampling and then removed.  It is designed to re-
occupy the same reference plane in space each time it is deployed, thereby measuring the 
same point on the marsh surface during each sampling.  Thus, the SET provides repeated 
measures over time of marsh surface elevation.  The eight sampling positions around the 
benchmark are sub-samples and the readings from the nine measuring pins at each 
sampling position are sub-sub-samples.  Although as many as 72 elevation readings can 
be made from each SET benchmark, from a practical standpoint the investigator often 
must balance sample size with time constraints to measure all pins and positions of 
numerous SET benchmarks in a project.  Typically, the nine pins at four positions equally 
spaced around the benchmark are read at the start of a project.  After the initial sampling, 
the data should be reviewed to determine if variances are within predetermined tolerance 
limits (e.g., CV < 50 % or 75 %).  If variances are high, then additional positions should 
be read, and variances re-evaluated.  If variances are small, and the time it takes to read 
four positions incurs a serious time constraint, then variances should be re-calculated 
using readings from 3, 2, and 1 position to determine the minimum number of positions 
that can be read without causing an increase in variance.  If time constraints demand, this 
same procedure can be applied to pins.   
 
The experimental unit for accretion measures is the sampling station.  Three marker 
horizons, or subsamples, are established around the outside perimeter of each platform at 
the time that initial SET readings are taken.  A single core is collected from each marker 
horizon during each subsequent reading of the SET.  Multiple readings (sub-sub-
samples), up to four, of vertical accretion are collected from all sides of each core.  
Marker horizons often disappear after a few years, so it is good practice not to use all 
available space around the sampling platform for marker horizons at the beginning of 
your project, but to leave some space for establishing new marker horizons in the future.   
 
At CACO, the experimental unit for both elevation and accretion is effectively the 
sampling platform because there is only one SET benchmark per platform.  A statistical 
power test can be used to determine an adequate sample size (i.e., number of platforms) 
to achieve a selected level of statistical certainty (e.g., 90 %) if an estimate of variance in 
elevation as measured by SET exists for the site (Roman et al. 2001).  If an estimate of 
variance is not available, three sampling platforms, at a minimum, should be established 
in each strata of a stratified sampling design or control and impact area of a BACI design 
to provide at least 2 degrees of freedom for the statistical analyses.  Establishing SET-
sampling stations is a labor intensive and expensive process (Cahoon et al. 2002a,b).  
Combined with the labor and travel costs to read the SETs, these factors can further 
constrain sample size.  
 
In 1998, no estimates of variance in elevation existed for the marshes at CACO.  Thus 
three replicate platforms were permanently established in each of three sampling areas at 
Hatches Harbor: outside the dikes, immediately inside the dike, and upstream from the 
dike, for a total of nine benchmarks.  The same sampling design was used at Herring 
River in 2000.  Sample size was also the same at Herring River because the sample size 
at Hatches Harbor was adequate to detect significant differences among the three 
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sampling areas (Roman et al. 2003).  The platforms were established in the interior 
portion of the Spartina alterniflora zone (Roman et al. 2001) behind the streamside levee, 
at least 5 meters from the creek bank, in areas of the marsh selected for uniformity of 
vegetative species composition and cover.  We sampled the interior marsh because 
accretion rates are typically lower in interior areas compared to the streamside marsh.  
Thus the effects of sea-level rise will be apparent first in the interior portions of the 
marsh.  Platform locations were randomly selected from a single transect laid out in the 
selected marsh area.  At each SET benchmark, four equally spaced sampling positions are 
read and all nine measuring pins measured at each sampling position.  The three marker 
horizons established around each platform are cored to determine vertical accretion each 
time that the SET is read.  This sampling regime provides high-resolution measures of 
elevation and accretion adequate to detect significant differences at the P < 0.05 level 
(Roman et al. 2003).   
 
 
At Nauset Marsh, four benchmarks each were established in permanent pools and 
adjacent salt marsh in 1998, for a total of eight benchmarks.  This sample size was the 
greatest number of stations that could be established with the project funding and labor 
constraints.  Only permanent salt marsh pools directly connected to the tidal creek system 
by small tidal channels were considered for study because these pools would provide 
feeding habitat for shorebirds when the pool bottoms were exposed at low tide.  Salt 
marsh sampling plots were randomly selected from a grid (meter tape) laid out on the 
marsh surface within 20 meters of each of the four pools.  Four positions are read around 
each SET benchmark, all nine pins measured at each position, and three marker horizons 
cored during each SET reading.  This sampling regime provides high-resolution measures 
of elevation and accretion adequate to detect significant differences at the P < 0.05 level 
(Erwin et al. 2006).   
 
It is recommended that elevation and accretion measurements be collected seasonally 
because the physical and biological processes influencing marsh surface elevation vary 
seasonally and annually.  However, seasonal sampling may not be feasible at every site 
and for every project because of time and labor constraints.  Yet every attempt should be 
made to collect data seasonally for at least one full year to determine the range of 
seasonal variability in marsh elevation response. Elevation and accretion readings are 
collected in the spring, summer, and fall every year at Hatches Harbor, Herring River, 
and Nauset Marsh.  Readings are not taken during the winter when ice and snow cover 
the marsh surface.   
 
Sources of Variation   
 
Processes that influence wetland soil elevation occur on daily, weekly, seasonal, and 
annual cycles.  Seasonal fluctuations in sediment supply and plant growth can influence 
sediment accretion and soil organic matter accumulation.  Wetland substrates, especially 
organic ones, may shrink-swell in response to groundwater level fluctuations driven by 
evapo-transpiration (Paquette et al. 2004, Cahoon et al. in press), tides (Harrison 1975, 
Nuttle et al. 1990, Cahoon et al. 1999), and seasonal changes in river discharge (Smith 
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and Cahoon 2003, Whelan et al. 2005).  The influence of each of these drivers can vary 
annually depending on annual differences in precipitation, runoff, groundwater flows, 
river discharge, and growing season temperature.  The frequency of major storms is 
another annual source of variation (Cahoon 2003).   
 
To determine if any of these drivers are influencing soil elevation, it is necessary to 
sample at the appropriate frequency.  The effect of evapo-transpiration and tidal action on 
marsh elevation can be detected by taking a series of SET readings throughout a single 
day and over a single tidal cycle.  Only a single SET benchmark from a typical setting 
need be measured for this evaluation.  Sampling seasonally for an entire year and 
developing a multi-year dataset make it possible to detect seasonal and annual influences.  
To control for these sources of variation, one should sample at the same time of day, tidal 
stage, season of the year, and for several consecutive years.  Lastly, these sources of 
variation in soil elevation should be reassessed following any large-scale geomorphic 
changes to the system (e.g., restoration actions or major storms) that could change the 
influence of tides or seasons.   
 
 
 
Field Methods 
 
At CACO, the sampling platforms are permanently installed, the SET benchmark consists 
of 3” diameter aluminum irrigation pipe with a base pipe cemented in the top (Cahoon et 
al. 2002a), and the artificial soil marker horizons are made with powdered white feldspar 
(Cahoon and Turner 1989).  The marker horizons are laid down at the time of the first 
(i.e., time zero) SET readings. Procedures for installing a sampling platform, SET 
benchmark, and artificial soil marker horizon are described in SOP 1 in Part 2 of this 
protocol document.  Note that the SOP provides technical guidance and that methods may 
have to be adapted to site-specific conditions.  A detailed account of how each station 
was installed should be recorded in the Site Descriptions and Log SOP.  In this Field 
Methods section of the protocol, we describe the field equipment used to sample the SET 
benchmark and artificial soil marker horizon, the schedule for sampling, and the field 
sampling methods.   
 
Field season preparations, field schedule, and equipment setup.   
 
Prior to sampling, the sampling platforms should be inspected for structural integrity, 
especially after the winter season when ice and snow may damage the platform.  At 
CACO, sampling is conducted immediately prior to or at the beginning of the growing 
season in the spring, during the summer peak of vegetative growth, and in the fall after 
plant senescence.  Sampling is not conducted during the winter because of the presence 
of ice and snow on the marsh surface.  The time of each sampling should be similar from 
year to year to ensure that the same seasonal processes affecting elevation are sampled 
each season.  If elevation is influenced by evapo-transpiration or tides, then samples 
should be collected at the same time of day or tidal stage.  If it is not possible to sample 



Final  16

all of the stations at the same time of day or tidal stage within a single day, then sampling 
should be conducted over consecutive days until all stations are sampled.   
The Surface Elevation Table (SET) (Cahoon et al. 2002a) is a mechanical leveling device 
that attaches to a benchmark driven into the substrate to refusal and is used to measure 
surface elevation.  Version 3 of the SET is used to measure marsh surface elevation at 
CACO (Cahoon et al. 2002a).  Prior to sampling, the SET should be inspected to ensure 
that all parts are functioning properly.  The SET is deployed on the benchmark only 
during sampling and then is removed.  After sampling, the SET should be cleaned of all 
mud and debris, and all moving parts treated with penetrating lubricant (e.g., WD-40).  
Between samplings, the SET should be kept dry in its storage case.  Important sources of 
variation when reading the SET include leveling the device, interpreting the marsh 
surface, and reading the ruler (Cahoon et al. 2002a, b).  Thus the same person should read 
the SET every time to the maximum extent practicable.   
 
Accretion cores are collected using a cryogenic coring apparatus, which consists of a 15 
L or 25 L liquid nitrogen (LN2) dewar, a flexible stainless steel hose for delivering the 
LN2, and soil probes custom made from copper tubing with a bullet tip (Cahoon et al. 
1996).  The probes are colloquially called bullets.  Prior to sampling, the dewar should be 
filled with LN2 and the entire apparatus checked for leaks.  The bullets should be 
inspected to insure they are straight so as to facilitate removal and reading of the core.  
After sampling, the entire apparatus should be cleaned of all mud and debris and stored in 
a dry place.   
 
Sampling methods.   
 
The purpose of the sampling platform is to diminish the impact of sampling on the marsh 
surface.  Thus it is essential that the platform be approached only from the one direction 
designated as the entry point to the platform.  Otherwise, the marsh surface at the marker 
horizon and SET sampling locations could be directly disrupted by foot traffic.  Both 
elevation and accretion measurements are made during every sampling event.  
 
Vertical accretion.  The surface process of vertical accretion (i.e., sediment deposition 
and erosion) is measured from cores taken through artificial soil marker horizons laid on 
the marsh surface.  During each sampling event, a single cryogenic core is removed from 
every marker horizon at each platform (Figure 5).  First, a bullet is inserted 5-10 cm into 
the marsh soil of a marker horizon plot.  Since each core is a sub-sub-sample, the location 
of the core may be determined either haphazardly or randomly using a grid system (e.g., a 
pair of rulers placed on the borders of the marker horizon plot) and a set of random 
coordinates obtained from a random numbers table.  Once inserted, LN2 is run through 
the bullet until the marsh freezes to it, at which time the bullet is pulled from the 
substrate.  Any loose, unfrozen or partially frozen mud on the outer portion of the core is 
scraped away until only the frozen core remains.  The white marker horizon is located 
within the core and the distance from the top edge of the horizon to the frozen surface of 
the soil is measured with a caliper at four locations around the core.  If the distance has 
increased since the last coring, then material has accreted on the surface.  If the distance 
has decreased, then material has eroded from the surface.  After measuring the distance, 
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the core is returned to the core hole and allowed to thaw, at which time the bullet is 
removed from the marsh substrate.  If it is not practical to collect cryogenic cores, and the 
substrate is firm, then a square soil plug can be cut from the soil surface at low tide when 
the surface is exposed using a long-bladed knife.  Carefully remove the plug from the 
soil, and measure the depth of the marker horizon on all four sides.   
 
If the marker horizon cannot be found, then another core is taken and the number of 
failed cores is recorded.  These data provide a qualitative estimate of the rate of erosion 
or disappearance of the marker horizon.  If the marker horizon is not recovered following 
multiple corings over two or more consecutive sampling events, then it will be necessary 
to establish a new marker horizon.  It is recommended that a full set of three new marker 
horizons be established for every station and that both the old and new set of marker 
horizons be sampled until it is necessary to abandon the original set of horizons.  A new 
time-line for accretion must be initiated for the new set of horizons and two separate 
accretion trajectories calculated.   
 
 

 
 

 
 
 

Figure 5.  Measuring vertical accretion at Nauset Marsh.  Top:  Collecting a cryo-core for 
determination of vertical accretion.  Bottom:  Measuring the depth of the marker horizon 
(white layer) in a cryo-core. 
 
 
Surface elevation.  The SET is attached to the benchmark at one of the eight fixed 
positions (Figure 6).  It is then leveled in all dimensions using a turnbuckle and release 
mechanism.   After the SET is affixed to the benchmark and leveled, the measuring pins 
are lowered to the marsh surface and secured in place with a nametag clip.  The distance 
from the arm to the top of each pin is measured, providing a direct measure of elevation.  
This procedure is repeated for all four positions around the benchmark.  The SET 
reoccupies the same reference plane in space each time it is deployed on the benchmark, 
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and provides repeated measures of soil elevation at the same point on the marsh surface 
relative to the base of the benchmark to which it is attached.   The repeated measurements 
over time provide trends in elevation change.   
 

 
 

 
 
Figure 6.  Reading the SET at Nauset Marsh.  Top: Placing the measuring pins of the 
SET on the marsh surface in preparation for measuring marsh surface elevation.  Bottom:  
Measuring the distance from the table to the top of the measuring pin.   
 
 
 
 



Final  19

It is essential that both accretion and elevation sampling methods measure the same 
marsh surface in order to accurately compare rates of accretion and elevation, and 
calculate shallow subsidence.  Cryo-cores will capture flocculent material suspended in 
overlying water as well as freeze the marsh soil.  So when interpreting the marsh surface 
in a cryo-core, consideration must be given to what surface the SET is measuring.  SET 
measuring pins will pass through any flocculent material.  Thus care must be taken when 
interpreting a cryo-core to measure the surface of the soil matrix, not the surface of the 
flocculum. 
 
Shallow Subsidence.  SET measurements incorporate the surface processes measured 
from the marker horizon plus the subsurface processes occurring between the marker 
horizon and the base of the benchmark (Figure 7).  The comparison of marker horizon 
data with SET data makes it possible to quantitatively estimate the influence on soil 
elevation of the subsurface processes occurring between the marker horizon and the 
bottom of the benchmark to which the SET is attached (Cahoon et al. 1995).  This portion 
of the profile is called the zone of shallow subsidence (Figure 7).  The collective 
influence on soil elevation of the processes occurring in this zone (i.e., root growth and 
decomposition, soil compaction, and shrink/swell from water flux) is called shallow 
subsidence (SS), which is calculated as vertical accretion (A) minus elevation change (E).  
If A = E, subsurface process influences on elevation are negligible and elevation is 
controlled by the surface processes of sediment deposition (if elevation change is 
positive) or erosion (if elevation change is negative).  If A > E or A < E, elevation is 
controlled by subsurface processes, even if A is positive.  Elevation is likely controlled, 
singly or in combination, by soil compaction, organic matter decomposition, and surface 
water flux (shrinkage of the substrate related to drainage) when A > E; and by root 
growth, and surface water flux (swelling of the substrate related to storm rains or 
flooding), when A < E.  Additional process-oriented measurements (e.g., groundwater 
levels and root growth/decomposition) are needed to tease apart the contributions to 
shallow subsidence of individual subsurface processes.   
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Figure 7. Conceptual diagram showing those portions of the soil profile measured by the 
Surface Elevation Table (SET) and soil marker horizon techniques. 
 
 
 
 
Analysis and Reporting 
 
Statistical analyses of sediment accretion and surface elevation change data can be 
divided into two main approaches: Regression and ANOVA.  The selection of the most 
appropriate approach depends on both the research question and the resulting data (Figure 
8).  If the research goal is to evaluate the trajectory of accretion or elevation change over 
time, then the analysis of choice is regression.  This implies that there are no treatment 
factors or treatment levels among which there are comparisons of interest, or no inherent 
comparisons between accretion and elevation.  However, if the research goal is to 
compare accretion with elevation dynamics, or to compare these dynamics among 
different treatment levels, then the analysis is ANOVA. 
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Research Hypothesis 

 
Figure 8.  Decision tree for choosing appropriate analysis of accretion and elevation data.   
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ANOVA encompasses a wide variety of different models and analyses that have been 
applied to sediment accretion and elevation data.  If the research goal is to compare 
accretion and elevation  (and/or among treatments) over discrete sampling intervals, or 
over time-dependent processes, then the ANOVA is based on incremental change data.  If 
the goal is to compare linear trajectories of accretion with those of elevation, or to 
compare these trajectories among treatment levels, then the ANOVA model will not be 
based on the raw data, but rather on individual linear slope estimates calculated from 
regression analyses conducted at the benchmark plot level.  Both ANOVA and regression 
fall under the purview of parametric models, and are therefore subject to distributional 
requirements (Neter et al. 1990). 
 
Most studies of elevation dynamics use both SET and marker horizon technologies to 
partition different processes affecting surface elevation.  Using both techniques together 
allows for the calculation of shallow subsidence, defined as the summation of all 
subsurface processes, to the depth of the SET benchmark, leading to changes in elevation, 
and calculated as vertical accretion minus elevation change (Cahoon et al. 1995).  
Accretion, shallow subsidence, and the resulting change in elevation give important 
insights into processes affecting marsh stability over time.  For this reason, most studies 
explicitly compare accretion to elevation change.  ANOVA is an appropriate tool to make 
these comparisons among rates of accretion and elevation change. 
 
Many SET and marker horizon studies also test the effects of different processes on 
surface elevation trajectories.  For example, at Nauset Marsh, SET benchmark plots were 
established to compare accretion and elevation trajectories between marsh surfaces and 
adjacent pool bottoms.  At Hatches Harbor, sediment elevation dynamics were compared 
on either side of a dike with a culvert that had recently been enlarged, increasing 
hydrological connection with the upstream marsh.  ANOVA is an appropriate tool to 
make these comparisons among different habitats or treatment effects.   
 
Serial Correlation and Experimental Unit 
 
Elevation data obtained from the SET represent repeated measures over time.  Indeed, the 
SET was designed so that the exact same soil surface could be measured repeatedly, 
thereby avoiding variation due to measuring different soil surfaces.  Repeated measures 
result in observations that are potentially correlated over time: in other words, the 
measurements of accretion or elevation are possibly non-independent over time, which 
would create a correlation structure within the analysis (Littell et al. 1996).  This serial 
correlation is more likely to occur within cumulative data, since the value of an 
observation at time tn is somewhat related to its value at the preceding time tn-1.  Serial 
correlation may create biases in both the estimates and probability statements from a 
statistical analysis, and must therefore be either removed or explained.  An approach to 
remove serial correlation is to run linear regressions at the level at which it exists: the 
benchmark (SET data) or the platform (marker horizon data; see “Regression,” below).  
An approach to explain serial correlation is to model the variance-covariance matrix 
structures (See “ANOVA,” below). 
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Elevation change data does not necessarily always exhibit serial correlation.  Experience 
has shown that if soil elevation has significant variability over the time scale that 
measurements are taken, serial correlation might be essentially non-existent.  This is the 
case, for example, where seasonality exerts a strong influence over the surface elevation: 
soil elevation may be responding to a combination of factors affecting climate, rainfall, 
local primary production, and so forth, factors which act essentially independently from 
one year to the next.  Even if elevation does not show much variability over time, 
expressing data as incremental changes from one time period to the next may reduce the 
amount of serial correlation within the dataset. 
 
Both elevation (SET) and accretion data (marker horizons) involve sub-samples and even 
sub-sub-samples, often giving rise to confusion over the definition of the experimental 
unit.  As stated in Boumans and Day 1993, the experimental unit for the SET is the 
benchmark, since it is the unit that is placed at random in an area of interest (e.g., a 
treatment area).  Once the benchmark is secured, an overall area of 5.35m2 is defined as 
the benchmark plot.  All subsequent four to eight positions, and nine pins per position, 
are all sub-samples and sub-sub-samples of this larger defined area.  The same concept 
applies to marker horizons: each of the several surfaces are established within the 
randomly-chosen platform; at each sampling interval, at least one core is taken from each 
surface, and numerous readings are obtained from each core.  For this reason, the 
benchmark or platform is considered the experimental unit for all ANOVA models. 
 
 
Regression 
 
Regression is appropriate when the investigator wishes to estimate the trajectory of 
cumulative accretion or cumulative elevation change over the length of a study period.  
Regression is the best analysis to use when there is no reason to contrast accretion and 
elevation change, and there are no classification variables (treatments) among which 
these processes are to be compared.   
 
An important assumption of regression analysis is that deviations from the regression line 
(errors) are uncorrelated over time (Neter et al. 1990).  Although the SET benchmark is 
considered the experimental unit for statistical analyses of elevation data, an overall 
regression analysis using benchmarks as experimental units will likely have correlated 
errors over time, since exactly the same soil surfaces within a benchmark are measured 
repeatedly.  The solution to this problem is to remove serial correlation by running 
separate regressions at the level at which this correlation occurs: the individual SET 
benchmark.  In doing so, the correlation at the benchmark level will effectively be 
modeled, or explained, by the regression.   
 
Since accretion measurements are taken from different sediment cores over time, marker 
horizon data will generally show less serial correlation than SET data.  However, some 
correlation may occur since the same 0.25 m2 marker plots within each platform are 
sampled repeatedly.  For this reason, it is suggested that marker horizon data be analyzed 
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in the same manner as SET data, and that separate regressions be run for each replicate 
platform. 
 
Another assumption of least squares regression is that independent samples are taken at 
each time period, since the regression line will fit the sample distribution at each time 
point (Neter et al. 1990).  Sampling positions around the SET benchmark are considered 
independent within the benchmark, so regressions conducted at the benchmark level can 
use positions as samples.  Serial correlation will have less of an impact on the regression 
estimates at this level because positions usually show less spatial variation than the 
benchmarks.  Similarly for marker horizons, individual marker surfaces within a platform 
can be used as replicate samples at the platform level within a regression analysis.   
 
As with other parametric statistics, an assumption of least squares regression is that 
variances are homogenous, in this case, over time (Neter et al. 1990).  However, when 
cumulative accretion or elevation change data are calculated, the baseline (time 0) data is 
always set to zero, and has zero variance: all subsequent time periods have non-zero 
variance.  An easy way to avoid this problem of heterogeneous variances would be to 
omit the baseline (time 0) data from the regression analyses.  However, removing 
baseline values might remove a very important data point defining the overall elevation 
or accretion trajectory.  For small datasets, this might also remove a large fraction of the 
data.  In this protocol, only the slope estimates for each benchmark or platform are of 
interest, and not necessarily their significance levels.  Therefore, the effect of 
heterogeneous variance may be minimal.  The investigator may decide to remove or 
retain the baseline data in regression analysis, depending on whether or not significance 
levels at the benchmark/platform level are of interest, and how important baseline data 
are in the overall dataset.   
 
As Figure 8 suggests, caution should be used in applying regression analysis to situations 
where the cumulative accretion or elevation data do not show linear or easily interpreted 
curvilinear trends (e.g. hyperbolic, logarithmic).  In cases where some trajectory shift is 
evident, it might be possible to divide the dataset into separate linear segments.  If 
seasonal or other cyclic trends are evident, it might be possible to model the cyclical 
trend in a first regression, then fit the underlying linear trend to the residuals.  Otherwise, 
if regression does not lead to an easily interpreted function, an ANOVA model would be 
recommended, with “time” as an explanatory variable.   
 
A final caution regards the influence of the last observations.  For example, in data with a 
strong seasonal signal, the season of the last observation will exert strong influence on 
the regression estimates.  If the last observation is very influential, interpretations of the 
regression results need to take this influence into consideration.  For example, one might 
want to run a regression on data without the last observation, and compare it to the 
regression on the full dataset, as maximum and minimum estimates of the true, time-
integrated trend. 
 
Cumulative change data are calculated from the raw data and averaged over the nine pins 
per position (SET), or the multiple readings per marker horizon surface.  If four SET 
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positions are read, the regression for a SET benchmark will have n = 4 samples at each 
time period.  If three marker horizon surfaces are sampled, a regression for an accretion 
platform will have n = 3 samples at each time period.  In the case of Herring River, Cape 
Cod, 3 SET benchmarks were established in September of 2000, and measured over three 
time intervals over an almost two-year period.  Four positions were read for each 
benchmark, yielding 16 observations for each benchmark regression (baseline data 
retained).  Typically, accretion and elevation data are expressed in millimeters, and time 
is expressed in years, so the slope of the linear trajectory will be in conventional units of 
mm yr-1.   
 
The result of the regression analyses run at the benchmark or platform level will be a set 
of regression parameters.  In the case of linear regression, there will be as many linear 
slope estimates as benchmarks/ platforms.  For Herring River, three slopes correspond to 
the elevation trajectories of each replicate benchmark (Table 1).  As Figure 8 suggests, 
the investigator may then take the average of these slopes, compute a standard error, and 
possibly compare the average to zero (0) or some known value, such as local sea-level 
rise (Table 1). 
 
 
Table 1.  Linear slope estimates of cumulative elevation change for each replicate SET 
benchmark at Herring River, Cape Cod, USA. 
 

Benchmark Slope 
(mm yr-1) 

Standard Error 
(mm yr-1) 

Student’s t Prob > |t| 

     
1 1.1 2.6 0.41 0.688 
2 7.5 2.9 2.60 0.021 
3 6.4 3.7 1.72 0.107 
     
Average Slope 5.0 2.0 2.51 0.086 
Compared to local 
sea-level rise 

2.6  1.21 0.175 

     
     
 
 
ANOVA 
 
ANOVA (analysis of variance) is the appropriate tool for answering the question “Are 
accretion or elevation dynamics different among different areas or treatment effects?” 
In an ANOVA framework, the emphasis is on comparing different processes (e.g. 
accretion vs. elevation change) or different treatments (e.g. managed wetland vs. 
reference) acting over time.  It is often desirable to relate observed changes in accretion 
and/or elevation to the environmental factors operating over a given time interval, to 
which accretion and/or elevation respond (such as groundwater levels, flooding, drought, 
storms, etc.).  
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Within an ANOVA framework, both accretion and elevation change are considered 
repeated measures, because essentially the same soil surface is measured over time.  
Three approaches are suggested to analyze SET and marker horizon data within an 
ANOVA, taking into consideration this time dependency.  The first approach entails 
conducting simple linear regressions for each replicate benchmark or platform over time 
(see “Regression,” above).  This approach is only possible, however, if the trajectories of 
cumulative accretion and elevation change are well approximated by a linear trend over 
time (Fig. 8).  If not, then it may be possible to break up the time series into a small 
number of consecutive segments over which trajectories are roughly linear.  Separate 
analyses (regressions) would be run for each time segment.  If no consecutive linear 
series are possible, then the second approach is an ANOVA based on incremental change 
data (tn-tn-1).  Incremental change data will show less serial correlation than cumulative 
data, and will allow time-dependent processes to be tested within the ANOVA model.  
There may be situations under which the investigator may want to test treatment or time 
effects on cumulative data.  The third approach would therefore be to run an ANOVA on 
cumulative data, with careful specification of the variance-covariance matrix to take into 
account the repeated measures nature of the cumulative data.   
 
 
ANOVA on rates from simple linear regressions 
 
If the trajectories of cumulative accretion and elevation change are well approximated by 
a linear trend over time (or if the dataset can be broken up into several linear segments), 
then separate linear regressions are run on cumulative change data, for each individual 
benchmark or platform over time (Figure 8).  Accretion analyses are kept separate from 
elevation analyses.  Serial correlation, the lack of independence of observations over 
time, is essentially removed by running regressions at the level at which the correlation 
exists: the benchmark/platform level (see “Regression,” above).  Furthermore, a result of 
these regressions is a set of linear slope estimates, one for each benchmark/platform, 
which is the experimental unit for the eventual ANOVA.  In the case of Nauset Marsh, 
for example, such a scenario would mean running separate linear regressions on each of 
the four replicate benchmark plots in each environment, for a total of eight benchmark 
plots, yielding sixteen slope estimates: eight for accretion and eight for elevation change. 
Table 2 gives the output from all sixteen regressions for marsh surfaces and pool bottoms 
at Nauset marsh. Baseline (time 0) data was omitted in the regressions.  Please refer to 
the “Regression” section above for guidance on conducting regression analyses at the 
benchmark/platform level. 
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Table 2. Summary output of simple linear regressions for each replicate 
benchmark/platform at Nauset, Massachusetts (1990 – 2002). 
 
Habitat Process Benchmark/

Platform 
Slope 

(mm/yr) 
SE 

(mm/yr) 
Student’s  

t 
 

Prob > 0 
       
Marsh Elevation 1 3.56 0.94 3.78 0.0005 
  2 0.30 0.67 0.45 0.656 
  3 3.41 0.72 4.74 < 0.0001 
  4 3.59 1.06 3.4 0.0016 
 Accretion 1 2.93 0.48 6.04 < 0.0001 
  2 2.59 0.45 5.76 < 0.0001 
  3 2.76 0.49 5.69 < 0.0001 
  4 3.15 0.68 4.61 < 0.0001 
Pool Elevation 1 5.96 0.79 7.52 < 0.0001 
  2 1.99 0.63 3.14 0.0042 
  3 1.92 1.19 1.62 0.117 
  4 7.86 1.64 4.81 < 0.0001 
 Accretion 1 -0.25 0.38 -0.66 0.522 
  2 0.32 0.44 0.71 0.495 
  3 0.67 0.31 2.15 0.05 
  4 1.38 0.29 4.76 0.0031 
       
 
 
The slope estimates from simple linear regressions conducted at the benchmark/platform 
plot level become the data on which the ANOVA for this analysis is based.  In the Nauset 
example, the study was designed as a factorial, comparing sediment surface dynamics 
among habitat types (marsh surfaces vs. pool bottoms), among processes (accretion vs. 
elevation change), and across the interaction of habitat type and process.  The model 
factors and degrees of freedom are given in Table 3. 
 
 
Table 3.  Factors and degrees of freedom in an ANOVA for Nauset marsh, 
Massachusetts. 
 
Factor Degrees of Freedom 
  
        Habitat 1 
        Process 1 
        Habitat  Process 1 
        Benchmark(Habitat  Process) 12 
  
Total 15 
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The results of the ANOVA based on slope estimates is given in Table 4.  As the table 
shows, there was a significant interaction between habitat and process (P = 0.037), driven 
by the highly significant difference between accretion and elevation change in pool 
bottoms (P = 0.008).  Marsh surfaces, on the other hand, showed no difference between 
these two processes (P = 0.91).  
 
 
Table 4.  Results of an ANOVA on linear slope estimates of accretion and elevation 
change across marsh surfaces and pool bottoms at Nauset Marsh, Cape Cod. 
 
Source df F Pr > F 
    
Habitat 1 0.13 0.729 
Process 1 4.75 0.050 
Habitat  Process 1 5.50 0.037 
    
    
    
 
ANOVA using incremental change data 
 
If linear slopes are not representative of accretion or elevation trajectories, then the 
comparisons among accretion and elevation change, and/or among various treatment 
factors and levels are made with an ANOVA analysis based on incremental change data.  
Incremental change is obtained by taking an individual measurement at a given time 
period (tn), and subtracting from it the value of the corresponding measurement in the 
previous time period (tn-1).  Incremental change offers some useful characteristics within 
an ANOVA, for example, the ability to test for time-dependent processes, and the 
lessening of the effects of serial correlation. 
 
Incremental change data reflect changes caused by a variety of factors acting on sediment 
dynamics within a specific time frame.  Since the interaction of these factors may be 
independent over time, incremental data should be less prone to serial correlation than 
cumulative data, as mentioned above.  Since the experimental unit in the ANOVA model 
is the benchmark/platform, the researcher may want to average incremental data over the 
sub-samples.  For SET data, this would mean averaging over the pins and positions, 
yielding one value of incremental change for each replicate benchmark over time.  For 
accretion data, this would mean averaging over the cores and marker surfaces, also 
yielding one value of incremental change for each replicate platform over time.  
Otherwise, if sub-sample or sub-sub-sample level data are included in the analysis, then 
the ANOVA model will be a mixed model with a nested error structure (Littell et al. 
1996).  In either case, there still may be some amount of serial correlation present within 
the data, regardless of the level at which the data are included in the model (pins, 
positions, or benchmark), and the researcher may want to look at residual plots or other 
tests of this correlation over time. 
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The ANOVA model will reflect the experimental design of the study.  In the example of 
Nauset Marsh, the study was designed as a factorial, testing the main effects of habitat, 
process, and their interaction.  However, this factorial is repeated over time, so the time 
factor needs to be modeled as well.  Time in and of itself may or may not be a variable of 
specific interest in the analysis.  For example, time may be considered a source of 
replication, allowing the comparisons of interest to be repeated over both space (the 
replicate benchmarks) and time.  Time may be of specific interest if it encompasses a 
known seasonality or other cyclical phenomena (e.g. El Niño years).  In either event, time 
can be modeled as a block within a split-plot framework (Littell et al. 1996).  In the 
example of Nauset Marsh, the factorial treatment structure would exist at the split plot 
level, with time and the interaction of time with the factorial at the main plot level.  A 
generic example is given below: 
 
 
Y =  Treatments   Split Plot Factor 
 Plots(Treatments)  Split Plot Error 
 Time    Main Plot Factor 
 Time  Treatments  Main Plot Interaction Factor 
 Time  Plots(Treatments) Main Plot Error 
 
 
Given appropriate software (e.g. SAS®, versions  6.0), the correlation over time incurred 
by the repeated nature of accretion and elevation change data can be modeled within the 
variance-covariance matrix (e.g. the “Repeated” statement in SAS®, Littell et al. 1996).  
It is important to model this covariance; otherwise, the analysis might violate the 
assumption of independence among split-plot errors, and the model might suffer from 
increased Type I error (Littell et al. 1996). 
 
 
ANOVA using cumulative change data  
 
Using cumulative data within an ANOVA runs a heightened risk of incurring serial 
correlation.  For this reason, it is imperative to model the covariance structure resulting 
from the repeated measures-nature of the data.  Appropriate statistical software (e.g. 
SAS®, versions  6.0) is required to both model the covariance structure, and evaluate the 
model goodness of fit.  If the wrong covariance structure is used, the analysis might 
violate the assumption of independence among split-plot errors, and the model might 
suffer from increased Type I error (Littell et al. 1996). 
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PART 2.  STANDARD OPERATING PROCEDURES 
 
 

SOP 1  
 

Site Selection, Sample Location, and  
Establishing Permanent Sampling Stations 

 
Site Selection 
 
The marsh of interest should be defined and boundaries delineated.  The monitoring 
question being addressed will determine the sampling design employed (e.g., random, 
stratified random, or BACI – before, after, control, impact), which in turn will influence 
overall site selection.   In a random design, such as used at Nauset Marsh, no reference 
(i.e., control) marsh area is needed.  In a stratified-random design, such as used at Herring 
River, different regions of the marsh (e.g., upstream and downstream portions of the tide-
restricted marsh) need to be delineated for sampling.  A reference site (tide-unrestricted) 
was also selected at Herring River for comparison to the tide-restricted marsh.  In a BACI 
design, such as used at Hatches Harbor, both a reference marsh (tide unrestricted) and 
stratified portions of the impacted marsh (tide-restricted) need to be delineated for 
sampling.   
 
Sample Location 
 
Sampling station locations need to be selected randomly for the three sampling designs 
described above to meet the assumptions of analysis of variance.  At Hatches Harbor and 
Herring River, the sampling platforms were established in the interior portion of the 
Spartina alterniflora marsh at least 5 meters from the creek bank in areas of marsh 
selected for uniformity of vegetative species composition and cover.  Platform locations 
were selected from a sampling grid (meter tape) laid out in the selected marsh area using 
randomly generated coordinates.  At Nauset Marsh, sampling was conducted in the 
central portion of the lagoon on a salt marsh island selected for its uniformity of 
vegetative cover and health, and that represented typical intertidal, estuarine conditions of 
the lagoon.  Sampling station locations were selected with a restricted-randomized 
design.  Only permanent pools directly connected to the tidal creek system by small tidal 
channels and readily accessible by boat were considered for study.  From this restricted 
population, four pools were randomly selected from an aerial photograph.  A salt marsh 
sampling station was selected within 20 m of each pool from a grid (meter tape) laid out 
in the salt marsh and using randomly generated coordinates.   
 
Establishing Permanent Sampling Stations 
 
This SOP provides detailed instructions for installing (A) sampling platforms, (B) SET 
benchmarks, and (C) artificial soil marker horizons. 
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A: Installation of Sampling Platforms 
Because the SET measures elevation change of soft, unconsolidated wetland sediments, 
you need to minimize your impact to the immediate area around the benchmark pipe that 
is installed. This is usually accomplished by constructing a wooden sampling platform. 
 
The platforms we constructed at CACO are "permanent" and remain at the study site 
indefinitely (Figure 10), although the planks are removed after each sampling. There may 
be situations where you are unable to construct a permanent platform or site managers 
may not allow them. In these circumstances, a portable platform can be used. A portable 
platform consists of sets of planks with "milk crates" or "step stools" attached to the 
bottom to elevate the planks above the marsh surface. These two platform components 
are carried to the site, along with a 3rd plank to drop across them, for sampling and are 
removed when sampling is complete. This makes for a lot of work when you have to 
sample but it will minimize your impact in the sampling area.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Top:  Permanent sampling platform in the marsh at Nauset Marsh.  Middle: 
Permanent sampling platform in a pool at Nauset Marsh.  Bottom:  Temporary sampling 
platform in salt marsh at Barn Island, CT. 
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When circumstances necessitate, you can forego constructing a platform. We have not 
used platforms in areas where it's very difficult logistically to transport the lumber and 
build them, and in other sites where a highly visible platform could attract curious 
onlookers who would accidentally trample the site. For this approach to be successful, the 
site has to have relatively firm sediments. You need to be very careful and consistent in 
how you approach the SET pipe and where you stand when sampling. 
 
Supplies Needed 
Platforms are usually constructed out of treated lumber consisting of 2 planks (2" x 10" x 
8' or 2" x 10" x 10') supported by 2 “teeth” which are pounded into the ground (Figure 
11). Each tooth is constructed with two legs (2” x 4” boards) bolted to a 32" crosspiece 
using 5/8” carriage bolts with a 9/16” nut and washer. The crosspiece is made out of 2” x 
4” or 2” x 6” lumber. 

 

 
 
Figure11.  Construction design of a sampling platform.  The platform is supported by 
teeth made from wooden legs connected by a wooden crosspiece. 
 
 
Tooth Design specifications 
The length of the legs on the teeth will vary depending on the soil strength of the 
substrate. In shallow pools or in unconsolidated sediments, you will likely need 8' long 
legs. You may also need to add a second crosspiece to the tooth 1’ to 2’ below the top 
one to stop it sinking completely into the substrate. In firm or very firm marshes, you will 
likely need legs 4' or less. Attach the top crosspiece a few inches below the top of each 
leg. This design will keep the planks from sliding off the tooth. 
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Sampling Platform Layout 
The layout of a sampling platform is presented in Figure 12.  The 2 planks on a platform 
are spaced about 8 feet apart. The platform is laid out with the SET sampling positions 
located between the two planks. Marker horizons are located around the outside of the 
platform.  A third plank (10' is ideal) is laid across the other 2 planks to access the area 
around the SET benchmark pipe.  
 

 
Figure 12.  A sampling platform consists of four teeth connected by planks.  The SET 
benchmark is established in the middle of the platform.  The marker horizons are located 
around the outer perimeter of the platform.   
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Procedures for installing a sampling platform 
The purpose of the sampling platform is to minimize disruption of the marsh surface 
during sampling.  Thus it is essential that the platform be approached from only one 
direction during construction and subsequent sampling events to avoid trampling the 
marsh where the elevation and accretion measures will be made.  No one should walk on 
the marsh surface beyond where the two front teeth are installed (Step 1 below) during 
construction or subsequent sampling.   
 
Step 1:  Insert the front two teeth (Figure 13 A). They will be about 6-8 feet apart. Use a 
sledgehammer to knock them into the substrate. Crosspieces should be about 1-2 feet 
above the surface, possibly higher if you are in a pool.  Remember, always approach the 
platform from this side and do not walk on the marsh surface beyond these teeth.   
 
Step 2: Lay planks on each tooth (Figure 13 B). The far end of the plank will be lying on 
the marsh (or on the pool bottom). Make sure they are perpendicular to the tooth. 
 
Step 3: Install the remaining two teeth at the end of the planks (Figure 13 C).  Walk out 
onto the plank with a tooth in your hands ready to install. Be careful not to slip. Have 
another person steady the board you are walking on. This same person can pass you the 
sledgehammer once you're at the end of the plank. While standing on the plank, knock 
the far tooth into the ground. Do the same for the other side. All four teeth are now in the 
ground. 
 
Step 4: Walk back to the end of the plank and step off. Pull the board back and lay it on 
top of the far tooth (Figure 13 D). Tighten the bolts on the crosspieces. If you are leaving 
the planks on the platform, you should consider nailing them down. This will keep them 
from floating away during high tides.    
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Figure 13.  Sampling platform construction.  A: Step 1 of platform construction.  B: Step 
2 of platform construction.  C: Step 3 of platform construction.  D:  Step 4 of platform 
construction.  See text for details. 
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B: SET Benchmark Installation 
After the platform is built, you will need to install the benchmark pipe, to which the SET 
instrument attaches. For installation it's good to have 2 planks as crosspieces since you 
will normally have two people standing on the platform (more if you're vibracoring).   
Supplies Needed 
1) SET - the instrument (including carrying case) 
2) BENCHMARK PIPE - 20' long, 3" diameter aluminum irrigation pipe. We typically 
purchase this from an irrigation company. Be sure to order it without flared ends or 
couplings. These pipes are quite light. You can get pipes in varying lengths. We 
commonly use 20' lengths. Pipes longer than 30’ are difficult to transport and handle. 
3) CEMENT – 40 or 80 lb bags of Mortar mix. Amount used depends on how deep you 
sink the benchmark pipe and how much void space is in the pipe.  Use mortar mix 
without stones. 
4) BASE PIPE - 2' long, 2" diameter, schedule 40 aluminum pipe with 4 or 8 notches cut 
into it. This pipe receives the SET during the measurement of elevation.  Base pipes have 
an interior metal plate to prevent cement from rising up inside.  These pipes are custom 
built by a machine shop. 
5) Hacksaw for cutting the aluminum benchmark pipe. 
6) Cement trowels and bucket, paper towels, duct tape, wide mouthed funnel. 
7) Vibracorer or Pounder - used for sinking the benchmark pipe into the substrate. 
8) Marker Horizon- We use feldspar clay in most circumstances. 
9) ½" pvc pipe - for marking the borders of the marker horizon plots 
 
 
Procedures for installing a SET benchmark pipe 
Drive the pipe into the marsh or pool using the pounder or vibracorer (see below). It's 
important to install the pipe as deep as possible, until it stops moving, because it needs to 
be a stable base for the SET. In many environments, the 20’ pipe will stop moving well 
before it gets that deep.  However, a 20' pipe will only go in at most 18-19' because of the 
equipment that attaches to it when sinking it into the ground.  So if you know the pipe 
will go deeper than 18-19’, then use a 25’ or 30’ pipe.  If you think the benchmark will 
go deeper than 30’, we recommend you use the Deep Rod SET (Cahoon et al. 2002).  
After the pipe stops moving, cut it about 12-15" above the marsh surface. If you are in a 
pool the cut is typically 12-24" high (depends on the water depth of the pool). 
 
Driving the benchmark pipe.  There are two methods used to drive the 3” diameter 
benchmark pipe into the ground – the vibracorer and the pipe pounder.  Both methods are 
effective at driving the benchmark pipe, and each has advantages and limitations.   
 
Vibracorer.  The vibracorer is a gasoline powered concrete vibrator used to remove air 
bubbles from concrete forms. We have them modified to attach to the 3" aluminum 
benchmark pipes. The vibration momentarily liquefies the soil and helps drive the pipe 
into the ground.  The pipe is driven down until it no longer moves, at which time the 
vibracorer is turned off and the liquefied soil settles around the pipe, securing it in place.  
It is recommended to wait at least 1 to 2 weeks before reading the SET on a benchmark, 
to allow for settling, if any, that may occur.   
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Most vibracorers consist of the following components (Figure 14): 
 
1) Gas powered 3-10 HP engine.  
 
2) A 14', shafted cable that attaches to the engine on one end. This is about as short as 
you can get the cable. You can also get them in 22' lengths. 
 
3) A 2-2.5" diameter vibrating head which attaches to the other end of the cable. This is a 
large (heavy) piece of metal. This is what "vibrates" when the engine is running. 
 
4) Pipe attachment assembly. The vibrating head is attached to the benchmark pipe by a 
custom built piece. This piece is constructed out of steel and is intentionally very heavy 
to aid in driving the pipe into the ground.  
 
All four of these components are HEAVY! You will also need some rope and other gear 
(gloves) to try to minimize your exposure to the vibrating pipe.  There are smaller 
backpack vibrators available that can also be used.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Vibracorer components include engine, cable with vibrator head, and pipe 
attachment assembly.  Note that we bring two of every component of the vibracorer 
apparatus in case a part fails.  Other items shown in the photograph are cement, SET base 
pipes, and sledgehammers.   
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Installing the benchmark pipe with the vibracorer (Figure 15): 
 

1) You will need to work on the platform for the installation. It is helpful to have 2 
cross-planks to stand on.  Be aware that you will need at least 3 people (4 or 5 is 
best) to operate the vibracorer: one person to operate the engine and the others to 
support the pipe as it is driven into the ground. 

2) Attach the coupling end of the cable to the gasoline engine. 
3) Attach the pipe attachment assembly to the vibrator head at the opposite end of 

the cable by sliding it over the head and tightening the bolts. Be aware that the 
pipe attachment assembly will be very heavy after the vibrator head is connected 
to it. 

4) Position the benchmark pipe where it’s going to be driven into the ground. It’s 
best to have a cross-plank on either side of the pipe to provide adequate space for 
people to support the pipe. 

5) Attach the pipe attachment assembly to the benchmark pipe at shoulder height, 
which may be about 5-7’ above the ground.  The pipe attachment assembly 
typically has a hinged door that will close around the pipe and is secured by bolts 
or a slip-chain mechanism. Be sure the assembly is securely connected to the 
pipe. It should not slide up and down or twist if attached properly. 

6) Have the operator start the engine at the lowest speed. Once started, the entire 
pipe and pipe attachment assembly will start to vibrate. 

7) When the engine speed is increased the entire assembly will strongly vibrate. You 
absolutely need to wear gloves to give you a sure grip while supporting the pipe. 
Ropes can be attached to the pipe or pipe assembly to decrease direct contact with 
the vibrating pipe and to steady the pipe. 

8) The vibrations and heavy weight of the assembly will cause the pipe to slowly 
sink into the marsh or pool bottom.  Apply your weight to the assembly to help 
the pipe sink faster. Be sure to keep the pipe vertical as it starts into the ground. 
Once it is in the ground a few feet, you will not be able to make any adjustments 
to the vertical angle at which the pipe is entering the ground. 

9) As the pipe sinks, the pipe attachment assembly will get lower to the ground. At 
some point it may be possible for someone on the platform to stand on the pipe 
assembly to add weight. If this is possible, make sure someone else can steady 
and support this person. 

10) Slow the engine to the lowest speed as the pipe attachment assembly gets within a 
foot or two from the marsh or water surface. 

11)  Loosen the mechanism holding the pipe attachment assembly to the pipe. You 
may be able to do this with the engine running at low speed, otherwise turn off the 
engine. 

12) Slide the entire pipe attachment assembly back to shoulder height and tighten it to 
the pipe. 

13) Continue sinking the pipe and moving the pipe attachment assembly as needed 
until the pipe will go no further into the ground.   

14)  Cut off the remaining pipe with a hacksaw about 12” to 18” above the marsh 
surface.  
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Figure 15.  Vibracoring a SET benchmark pipe at McFaddin NWR, Texas.  Note that all 
work is performed on the sampling platform.  Left:  Setting up the vibracoring gear.  
Right: Driving the benchmark pipe.   
 
Pipe Pounder.  The pipe pounder is a custom built piece of equipment that consists of two 
parts: 
 

a) Collar - The collar consists of two pieces of steel that are clamped to the 
benchmark pipe (Figure 16). There are four bolts that hold the two pieces to the 
pipe. This piece is about 8.5" in height and weighs 15 lbs. 
 

 

 
Collar - Top View    Collar - Side view                           

Figure 16.  The SET benchmark pipe pounder collar shown in side (left) and top (right) 
view.   
 
b) Pounder - This is a single piece of open-ended pipe with handles (Figure 17). It slides 
over the benchmark pipe and pounds the collar, which is clamped to the pipe. This piece 
is about 12" in length and weighs 20 lbs. 
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Pounder 

Figure 17.  Open-ended pounder with handles that slides over the benchmark pipe and is 
used to pound the collar (Figure 16).   
 
Installing the benchmark pipe with the Pipe Pounder (Figure 18): 
 

1) You will need to work on the platform for the benchmark installation. It is best to 
have a cross plank on either side of the pipe to provide adequate space to 
maneuver.  You will need at least two people to operate the pounder.   

2) Always wear gloves and hearing protection while pounding pipe.   
3) Before mounting the platform, lay the benchmark pipe on the ground away from 

the platform.  Attach the collar to the benchmark pipe about 6 to 8 feet above the 
bottom of the pipe.  There are 4 bolts that need to be tightened.  Be sure to tighten 
the bolts evenly so as not to crimp the pipe.  Any crimp or crease made in the pipe 
by the collar could become a weak point that could buckle under the force of the 
pounding, thereby destroying the benchmark.  Suggestion: tighten the bolts in a 
criss-cross pattern (e.g., lower left, then upper right, then upper left, then lower 
right) being sure to keep the decreasing distance between the two halves of the 
collar uniform on both sides. 

4) Slide the pounder over the opposite end of the pipe.   
5) Carry the benchmark pipe onto the platform and position it where it will be driven 

into the ground.  With a twisting motion, pull/push the pipe into the mud, being 
sure to keep it vertical.  When the pipe stops moving, commence pounding the 
collar with the pounder, again being sure to keep the pipe vertical.   

6) Pound the pipe until the collar is a foot or two above the marsh or water surface.  
At this point, you will need to raise the collar so that pounding can continue.   

7) While one person holds the pounder above the collar, the other person loosens the 
four bolts on the collar and slides it up the pipe to about shoulder level.  The 
collar should slide up without removing the bolts but in some instances you may 
have to remove the collar and reposition it on the pipe.   

8) Tighten the bolts evenly, see step #3 above.  Continue pounding the pipe into the 
ground.  Repeat this process until the pipe no longer moves.   

9) For safety reasons, do not continue pounding when there is less than 18” of pipe 
extending above the collar because the pounder could very easily come off the 
pipe and injure someone.  With a 20’ pipe, you would have to stop pounding 
when the pipe is about 18’ into the ground.   
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10)  When the pipe will no longer move, cut off the remaining pipe with a hacksaw 
about 12” to 18” above the marsh surface.   

 

 
 
Figure 18.  Pounding a SET benchmark pipe into the marsh at Hatches Harbor, Cape Cod 
National Seashore using the pipe pounder. 
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Pros and Cons of the Vibracorer and the Pipe Pounder. 
 

Pipe Pounder: 

Pros  

 Lightweight and portable (relative to the Vibracorer).  
 Easy operation and use, very reliable.  
 Fewer workers needed to install the benchmark.  
 Less damage to the study area than with a vibracorer.  
 You can get away without having a platform (if necessary). 

Cons 
 Hard physical work. 
 Very noisy. You will need hearing protection. 

Vibracorer: 
Pros  Less physically tiring to install pipe than pounding. 

Cons 

 The vibracorer and associated gear is bulky and heavy. Many pieces to 
carry into the marsh  

 Requires at least 3 people. One to operate the engine and two (or more) 
others to support the pipe and help drive it in. 

 Tough on the hands! Wear glove protection. 
 Need Hearing protection  
 Can be more destructive to the surrounding marsh because of all the 

additional gear and people. 
 Definitely need a platform to minimize impact. 

  
 
Installing benchmarks with either of these devices is a strenuous operation. We used the 
Pipe Pounder at CACO because it is small, lightweight and easier to carry around in the 
marsh. In substrates with a lot of clay, it is typically easier to use the vibracorer.  
 
Cementing the Base Pipe into the Benchmark Pipe.  As either the Pipe Pounder or 
Vibracorer drives the pipe into the substrate, the soil within the pipe will compact 
creating void space.  The amount of void space created varies with the type of substrate. 
For example, in unconsolidated sediments there may be 8- 10' of void created. However, 
in very firm substrates there may only be a foot or two.  Fill the void space in the pipe 
with cement to strengthen the benchmark and attach the base pipe that receives the SET. 
We recommend using "ready-mix" mortar mix without stones.   
 
The base pipe is 2’ long, with notches in the top to accommodate the SET (Figure 19).  
When the cement is 6” to 12” from the top of the benchmark pipe, push the base pipe into 
the top of the pipe and displace the cement up and around the outside of the base pipe 
(Figure 20). Tap the outside of the benchmark pipe to displace any air bubbles in the 
cement and help settle the base pipe in place. It is important to use cement without stones 
because the space between the benchmark pipe and the base pipe is only ¼”.  The 
presence of stones in the mix will weaken the cement bond in this narrow space.   
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Figure 19.  SET base pipe.  Top:  View looking inside the base pipe from the top showing 
the notches and the interior plate that prevents cement from rising up inside the pipe.  
Bottom:  Side view of the 2’ long base pipe showing the notches in the top (left) and 
holes drilled in the bottom below the interior plate to increase contact with the cement. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20.  Cementing the base pipe into the benchmark pipe.   
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Use paper towels to clean off the top of the base pipe. Make sure the notches of the base 
pipe are free of cement. Make sure you have the notches aligned properly for sampling 
while the cement is still fluid. The directions (compass bearings) of the SET deployment 
will be permanent once the cement sets.  The use of a torpedo level will help level the top 
of the base pipe in the compass bearing directions.  Use duct tape to secure the base pipe 
in place. It will tend to float up and out of the benchmark pipe if you don't tape it in place 
until the cement sets. 
 
Let the pipe sit for at least 1 - 2 weeks before taking the first SET readings (called the 
baseline reading). This may not be logistically feasible in some situations, but it is good 
to let the pipe and cement settle before sampling, if possible. 
 
C: Establishing Marker Horizons 
It is very important that the marker horizon plots are established when you take your first 
(baseline) SET readings. 
 
Supplies Needed 
1) Marker Horizon - There are many materials which you can use for a marker horizon. 
Brick dust, Grog, Sand, Kaolin, glitter and varieties of feldspar clay are all suitable for 
marker horizons. For most situations, we have settled on using G-200 feldspar clay from 
the Feldspar Corporation (Figure 21). It comes in 50 LB bags and we typically get about 
6 feldspar plots (50cm x 50 cm) from a single bag.  This is a brilliant white material that 
forms a nice cohesive layer once it gets wet and is easily distinguishable from the 
surrounding sediment. 

 

  
Feldspar G200 

 
Figure 21.  Marker horizons are often made from feldspar clay, which comes in 50 lb. 
bags. 
 
 
Feldspar clay will work in most environmental settings. As with all marker horizons you 
will have the most problems in high-energy areas (marker gets washed away) and in very 
low energy areas (marker never gets buried and washes away). Bioturbation by crabs or 
burrowing shrimp may also be a problem. In some instances a larger grain size material 
like sand may work better than the smaller particles in feldspar. Trial and error will be the 
only way to find the best marker for a given situation. Be aware that in almost all 
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situations, the marker horizon will disappear over time. This is about the only certainty 
with this technique. You may need to add additional plots in the future. 
 
2) 1/2" PVC stakes – Used to mark the boundaries of the plot containing the marker 
horizon. The stakes are about 3' in length. You may need longer stakes if you are working 
in a pool or very tall grasses. 
 
3) Respirator – The feldspar material should not be inhaled so a high quality respirator is 
recommended when establishing the marker horizons.  
 
 
 
Procedures for Establishing the Marker Horizons  
  
1) Three or four feldspar plots are usually deployed on a given sampling platform (Figure 
12). We have typically used 3 per platform. This leaves plenty of room to add additional 
plots in the future if the initial plots disappear. 
 
2) Select where you want to put the marker horizon plot. Don't make it too far from the 
platform or else it will be difficult to sample the plot in the future (Figure 22). 
 

 
Figure 22.  Dimensions and layout of a typical marker horizon plot. 
 
 
3) Make a wire (or PVC) frame to approximate the size of the marker horizon plot. We 
typically make our plots 50 cm x 50 cm. Lay the frame on the marsh. 
 
If you are laying feldspar in a pool or on a flooded marsh, use a plastic trashcan with the 
bottom cut off to define the borders of the marker horizon plot and aid in establishing the 
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horizon. It helps to push the trashcan into the surface a small amount to keep the feldspar 
from leaking out the sides. This is very difficult if you are working on a flooded marsh 
surface. Regardless, try to minimize leaking of the feldspar. 
 
4) Using a small cup, sprinkle the feldspar on the marsh surface (Figures 23 and 24) to a 
thickness of no more than 1 cm. A 50 LB bag of feldspar will yield about 6 plots (50 cm 
x 50 cm).  
 

 
 
Figure 23.  Laying feldspar on the marsh surface to establish an artificial soil marker 
horizon.  Note the edges of the marker horizon plot are marked with small PVC stakes.   
 
 

  
Anacostia Park NPS, DC USA.   Fire Island NS, NY USA  

 
Figure 24.  New artificial soil marker horizons established on a dry surface. 
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If using a trashcan, you will need to wait at least 10-15 minutes (or longer) to allow the 
feldspar inside to settle to the bottom before carefully and slowly removing the trashcan 
(Figures 25 and 26). 
 

 
 
Figure 25. Establishing a feldspar marker horizon in an open water site using a trashcan 
with the bottom cut off to contain the material.   
 

  
Delta NWR, LA     Delta NWR, LA 

 
Figure 26.  New artificial soil marker horizons established on a wet surface. 
 
 
5) Mark the plots with 2 (or 4) PVC stakes. If the plot is vegetated use the PVC stake to 
knock the feldspar off the plants.  The marker horizon will hopefully get buried over 
time, so you will need these stakes to find the plot in the future. If the site is periodically 
burned, you might want to consider using rebar or fireproof PVC to mark the plots. For 
shallow water stations, the stakes should be put some distance (e.g., 10 cm) from the plot 
to minimize the effects of scour on the soil surface.   
 
6) Draw a map in your data book showing the relative locations of the feldspar plots in 
case the PVC stakes are lost. 
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Sampling Station Coordinates  
 
See Appendix 1. 
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SOP 2 
 

Spatial Accuracy and Validation Procedures  
 

The SET is designed to re-occupy the same reference plane in space and thereby 
repeatedly sample the same point on the marsh surface.  To ensure data quality, it is 
essential that the benchmark be re-located for each sampling event and that the elevation 
of the benchmark and orientation of the SET arm positions are accurately determined and 
confirmed at regular intervals.  At the time of sampling station installation, an accurate 
GPS reading should be taken and recorded in the data book to facilitate relocating each 
sampling station during future sampling events.  The elevation of each SET benchmark 
should be determined shortly after installation by standard survey methods, tied into a 
local benchmark if available, re-surveyed one year later, and every 2 to 3 years 
subsequently, to detect any changes that could influence the SET readings.  If the 
benchmark is sinking at the same rate as local subsidence (available in the literature) then 
it is stable relative to the marsh surface.  If the benchmark is sinking faster than the local 
subsidence rate, it is not stable relative to the marsh surface.  All SET measurements 
made from an unstable benchmark will have to be corrected by the measured amount of 
sinking.  Unstable benchmarks are extremely rare and sinking typically occurs in the first 
year and then stops.  The orientation of the SET arm positions should be measured with a 
compass and the bearing recorded in the data book when the station is installed.  The 
compass bearings should be checked during each subsequent sampling event.  In northern 
climes the benchmark can be moved or twisted by frost heave or ice pressure.  
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SOP 3 

 
Field Crew Training Procedures 

 
Although a single individual could sample a SET-marker horizon platform, the ideal size 
of a field crew for sampling a SET-marker horizon platform is 3 trained individuals 
because of the time and logistics required to read four positions of the SET, record each 
of nine measuring pin readings from each position of the SET, core the 3-4 marker 
horizons, and record the caliper readings from each cryogenic soil core.  With a crew of 
three trained individuals, one reads the SET, one cores the marker horizons and measures 
the cores, and one records the data.  If the crew consists of only one individual, sampling 
time increases substantially, which may require more days to complete the sampling.  
Sampling over many days can possibly introduce variability related to different stages of 
the tide and weather events (i.e., flooding depositional or erosional events) that occur 
during sampling.  If at all possible, sampling of a single site or comparison of sites should 
be completed in the same day.   
 
It is essential that both accretion and elevation sampling methods measure the same 
marsh surface in order to accurately compare rates of accretion and elevation, and 
calculate shallow subsidence.  To this end, the individual crewmembers reading the SET 
and coring the marker horizon must agree beforehand on their interpretation of the marsh 
surface.  For example, cryo-cores will capture flocculent material suspended in overlying 
water as well as freeze the marsh soil.  So when interpreting the marsh surface in a cryo-
core, consideration must be given to what surface the SET is measuring.  SET measuring 
pins will pass through any flocculent material.  Thus care must be taken when 
interpreting a cryo-core to measure the surface of the soil matrix, the same surface that 
the SET operator is interpreting, not the surface of the flocculum.  In addition, if SET 
measuring pins with feet are being used to measure the elevation of a water bottom, the 
pins are typically released and allowed to seek their own level because the mud surface 
cannot be observed through the water from above.  Thus, these pins will typically sink a 
few millimeters into the soft mud.  This bias in the elevation reading must be taken into 
consideration when comparing it to accretion readings where no compression of the 
surface has occurred.  In this case, calculations of shallow subsidence would be biased 
toward an increase in shallow subsidence.   
 
From the discussions above, it can be seen that training of the field crew is essential and 
that each crewmember must understand how the other crewmembers are interpreting the 
marsh surface.  Training is also essential to minimize error when reading the SET.  
Operator error is a major source of variation in SET elevation data (Cahoon et al. 2002 b, 
c).  Thus SET operators must be adequately trained in order to minimize errors and 
maintain a high quality of elevation data.  To further minimize errors, it is strongly 
recommended that one SET operator be assigned to a project and that operator is the only 
crewmember to read the SET.  If a SET operator must be replaced, the old and new SET 
operators should both read the SET during the same sampling event (i.e., double read 
each SET) so that the old operator’s data set ends on the same day that the new operator’s 
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data set begins.  This double-reading approach avoids confounding the biases of separate 
operators.  Double reading should also be used when replacing measuring pins.   
 
Training in collecting SET elevation data and marker horizon accretion data should be 
conducted by instructors fully trained in the use of SET and cryogenic coring gear.  A 
SET operator who is leaving a project should train his/her replacement, taking particular 
care to impart their interpretation of the marsh surface to the new operator.  The same is 
true for a coring operator; particular care should be taken to impart their interpretation of 
the contact point between flocculum and the marsh surface to the new coring operator.  
Equipment needed for this training is the SET and the cryogenic coring apparatus.  
Training in the establishment of new sampling platforms, SET benchmarks, and marker 
horizons should be provided as on-the-job training by experienced field crewmembers 
whenever new plots are established.   
 
Qualifications.  Field crewmembers will be required to conduct field work during 
extremes of weather conditions (i.e., heat, cold precipitation), carry heavy gear long 
distances across the marsh, make highly precise, fine resolution adjustments to 
mechanical field gear (e.g., SET and cryogenic coring apparatus), read the fine gradation 
markings of rulers and calibers, and properly record data in a field book.   
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SOP 4  
 

Field Preparation  
(Scheduling and Equipment Preparation) 

 
The SET and cryogenic-coring gear are portable devices, which are deployed only during 
sampling, and placed in storage between sampling events.  In this standard operating 
procedure we describe the tasks related to sampling schedule, staffing requirements, and 
equipment preparation.   
 
Staffing requirements and sampling schedule 
 
The ideal field crew consists of three trained individuals who divide the labor of reading 
the SET, collecting and reading soil cores, and recording the data.  A field crew of one or 
two individuals can conduct the monitoring, but the monitoring will take considerably 
longer, which may lead to some problems with data quality.  See SOP #2 above for a full 
explanation.   
 
It is recommended that elevation and accretion measurements be collected seasonally for 
at least one year, and at the same time of day or stage of tide if evapotranspiration or tides 
influence elevation (see Sources of Variation in the Protocol Narrative).  At CACO, 
sampling is conducted immediately prior to or at the beginning of the growing season in 
the spring, during the summer peak of vegetative growth, and in the fall after plant 
senescence.  Sampling is not conducted during the winter because of the presence of ice 
and snow on the marsh surface.  The time of each sampling should be similar from year 
to year to ensure that the same seasonal processes affecting elevation are sampled each 
season.   
 
Equipment and material checklists 
 
Platforms.  Prior to sampling, the sampling platforms should be inspected for structural 
integrity, especially after the winter season when ice and snow may damage the platform.  
Implement any necessary repairs before sampling. 
 
Benchmark.  Upon arriving at the sampling station and prior to sampling, inspect the 
benchmark to ensure that it is undamaged and stable.   
 
SET.  Prior to each sampling event, the SET should be inspected to ensure that all parts 
are functioning properly.  After sampling, the SET should be cleaned of all mud and 
debris, and all moving parts treated with penetrating lubricant (e.g., WD-40).  Between 
samplings, the SET should be kept dry in its storage case.   
 
Cryogenic-coring gear.  Prior to sampling, the dewar should be filled with LN2 and the 
entire apparatus (e.g., dewar, all connectors, stainless steel hose) checked for leaks.  The 
bullets should be inspected to insure they are straight so as to facilitate removal and 
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reading of the core.  After sampling, the entire apparatus should be cleaned of all mud 
and debris and stored in a dry place. 
 
Monitoring marsh surface elevation dynamics, including subsurface process influences 
on elevation, requires the equipment and materials listed in Table 5. 
 
  Table 5 Field-sampling equipment and materials checklist. 
Field data book (waterproof) with pencil/permanent marker to record data and notes 
Field map showing locations of sampling stations 
SET see SET equipment checklist below 
Cryo-coring gear see cryo-coring gear checklist below 
Camera to record marsh conditions at the time of sampling 
Tools hammer, nails, miscellaneous tools for repairing the 

sampling platform 
Planks to place across the platform and access the SET benchmark 
Temporary platform if there is no permanent sampling platform 
 
Before each sampling event, check the SET equipment to ensure that all items listed in 
Table 6 are present.  
 
 Table 6 SET equipment checklist.   
SET storage case store and transport the SET to the field in this case 
SET device including vertical arm, horizontal arm, connecting bolt and cotter 

pin, turnbuckle 
Measuring pins (9) bring extra sets (e.g., with feet) if needed 
Name tag clips (12) you need 9, but bring a few extra in case some are lost 
Penetrating lubricant for lubricating and protecting the threads of the turnbuckle 
Compass to take compass bearings and verify SET-sampling positions 

Metal ruler with mm gradations, and the zero mark at the very end of the ruler 
[In some rulers, the zero mark is several mm from the end of the 
ruler.  If you use this type of ruler you must correct each reading 
by the distance between the end of the ruler and the zero mark.  It 
is simpler to use a ruler where the zero mark is on the very end of 
the ruler.] 

 
 
 
 
Before each sampling event, check the cryo-coring equipment to ensure that all items 
listed in Table 7 are present.  
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 Table 7 Cryo-coring equipment checklist.   
Dewar, 15 L full of liquid nitrogen, extra LN2 can be carried in additional 

dewars 
Stainless Steel hose 
(2) 

bring a spare in case one develops a leak 

Cryo-probe inner 
sleeve (2) 

¼” copper tube, attaches to the SS hose, bring spare 
 

Cryo-probes (i.e., 
bullets) (7) 

slides over inner sleeve, bring several different lengths to 
accommodate a range of water depths and allow for continued 
sampling while earlier cryo-cores are thawing 

Gloves to protect your hands while handling the frozen SS hose and cryo-
cores 

Knife for shaving (i.e., removing) the unfrozen outer portions of each 
cryo-core 

Calipers with mm gradations, for measuring the thickness of sediment 
above the marker 

Tools /supplies wrenches and spare connectors, for assembling and repairing the 
cryo-apparatus 
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SOP 5 
 

Using a GPS 
 
The National Park Service will develop this standard operating procedure.   
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SOP 6  
 

Sampling Procedures 
 
 
This section provides detailed instructions for making measurements of wetland surface 
elevation with a SET and vertical accretion from marker horizon plots with a cryo-coring 
apparatus.  
 
SET sampling procedures 
 
Remove the SET components from the carrying case and assemble the instrument before 
entering the marsh.  Bring the SET and ruler to the sampling platform, being sure to 
approach the platform from the proper direction.  Mount the platform and position 
yourself on the crosspiece above the benchmark pipe.   
 
Step 1 - Choose your sampling direction (compass bearing)   
From a single SET benchmark pipe you will normally have a choice of 8 directions from 
which to sample unless you have a base pipe with only 4 notches (Figure 27). We 
normally take readings at 4 of the 8 possible directions. Typically, the 4 directions are 
chosen so they are 90 degrees from each other, although other spatial patterns may be 
required for a particular site or experiment.  For example, we would use directions 1, 3, 5 
and 7 or 2, 4, 6 and 8 for the SET readings. Having extra directions is helpful should a 
problem arise. For example, suppose you accidentally step in one of the sampling 
positions and there is now a footprint. You could start another baseline using one of the 
four remaining directions.  Once the directions are selected, a compass bearing is taken of 
each and recorded in the field book.  The compass bearing is used to relocate each of the 
four directions around the SET benchmark during each sampling event.  Make a drawing 
of the sampling layout (i.e., positions around the benchmark) and record the compass 
bearings in the data book. 
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Figure 27. A planar view diagram showing the 8 potential directions at which the SET 
measurements can be made at an SET benchmark.    
 
 
Step 2 - Place instrument on benchmark  
Insert the vertical arm of the SET into the base pipe being sure that the two pins on 
opposite sides of the vertical arm are seated firmly in the notches of the base pipe in the 
direction you want to sample (Figure 28). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28.  A photograph showing how 
the SET couples with the benchmark 
pipe.  The lower portion of the SET is 
lowered into the base pipe until the two 
pins on the SET are seated snugly in the 
notches on the base pipe.   
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Step 3 – Level the SET  
You must level the instrument prior to reading each position around the benchmark 
(Figure 29).  All SETs have a bubble level on them. The arm of the SET is raised or 
lowered by turning the turnbuckle.  The arm is leveled in the horizontal plane by 
releasing the setscrew on the top and rotating the arm in either direction.   
 

 
Figure 29. A photograph showing the mechanisms on the SET for leveling the horizontal 
arm:  turnbuckle, set screws, and bubble level. 
 
Step 4 - Lower the measuring pins to the surface 
The pins are held in place by badge clips. Unclip a pin and lower it until it touches the 
surface (Figure 30). Place the clip back on the pin to hold it in place and keep it from 
sinking into the substrate. Repeat this for the other 8 pins.  It is very important not to lean 
on the SET plate when lowering the pins because any vertical movement can affect the 
position of the pins relative to the soil surface. 
 
Placing the pins on a dry surface is mainly accomplished visually.  At most marsh sites 
you may have to push the vegetation aside while placing pins on the soil surface. In 
addition, some sites will undoubtedly have detritus, leaves and other materials on the 
surface. You will need to make a decision on what to temporarily move aside and what to 
leave in place.  We normally move aside any materials that are not attached to or 
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incorporated into the sediment. For example, we would push aside dead leaves and twigs 
that are loose on top of the soil surface, and return them after sampling. We would not 
remove something like a mussel shell or branch that is buried in the sediment. If a pin 
rests on an unusual surface, such as a branch or crab hole, make a note in the data book. 
 

 
Figure 30.  Carefully placing the measuring pins of the SET on the marsh surface at 
Nauset Marsh, after leveling the SET.   
 
 
If the surface is underwater, you may have to place the pins by feel (i.e. resistance).  If 
the site is flooded most of the time so that you cannot see the sediment surface when 
placing the pins, it’s best to use pins with feet (Figure 31a). The feet help pin placement 
by keeping the pin from "piercing" the sediment (Figure 31b).  
 
Once a protocol for interpreting the soil surface is established, it should be recorded in 
the data book.   
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Figure 31. Left:  Placing measuring pins with feet on open water bottom, after leveling 
the SET.  Note:  The investigator is standing on a submerged platform plank, not on the 
pool bottom.  Right: A close-up view of the feet on measuring pins deployed in an open 
water habitat.   
 
 

Where's the surface? 
 
Determining the actual sediment surface can be a subjective call, depending on the 
environment in which you are working.  
 
In general, tidal, saline wetlands (Spartina alterniflora, Spartina patens, Juncus 
roemerianus, mangrove forests) and more mineral sediment sites are straightforward 
and easier for pin placement. Sites with more organic sediments (fresh and brackish 
marshes) can be more difficult for pin placement due to the uneven nature of the 
surface. Shallow pools or waterways are generally easy since you have the "feet" on 
the pin and the bottom is relatively uniform. 
  
Regardless of the environment in which you are working, it's important that you are 
consistent from sampling to sampling in how you determine pin placement. Establish 
a protocol and follow it. 

 
 
Step 5 - Read the nine measuring pins and record the values 
A portion of each measuring pin will remain above the aluminum plate or arm on the 
SET instrument (Figure 32). You will need to measure the distance from the plate or arm 
to the top of the measuring pin (Figure 33).  Again, be very careful not to exert any 
downward pressure on the plate when measuring the pins because this could bias the pin 
readings.   
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Figure 32.  A side-view of the table of the SET showing the measuring pins.  Elevation is 
determined by measuring the distance from the table to the top of each measuring pin.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33. Measuring the distance from the table to the top of the measuring pin with a 
ruler at Nauset Marsh.   
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Table 8 shows how to organize the data book (Four directions from a single benchmark 
pipe). Values are in millimeters. 
 

Table 8 Sample page from field data book showing SET data. 
 

Marsh Site 1 – Pipe 1 – February 14, 2003 
Direction Position 1 Position 2 Position 3 Position 4 
Bearing NE 40 ° SE 130 ° SW 220 ° NW 310 ° 

Pin 1 121mm 132 122 134 
Pin 2 120 129 140 121 
Pin 3 120 133 125 119 
Pin 4 123 133 122 128 
Pin 5 125 132 141 115 
Pin 6 119 126 139 149 shell 
Pin 7 128 101 hole 133 119 
Pin 8 131 122 126 125 
Pin 9 130 121 123 128  

SET read by: Jim Lynch, SET ID# = 2002-1 
 
It's important to record any specific information on individual pins (Figure 34). It's very 
useful to record if a pin falls in a hole, on a mussel shell, on a tree root (in a mangrove 
forest), etc. Some of these values may not be used in calculations based on this 
information so it's important to document these occurrences as you take the readings (see 
below scan from a data book). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 34.  A view of a typical page 
from a field data book showing how 
the elevation and accretion data are 
organized, including a map of the 
sampling platform.  
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Step 6 - Repeat procedure for the remaining directions (compass bearings) 
Don't forget to level the instrument prior to placing the measuring pins at each of the 
positions. 
 
The first set of measurements with the SET is called the "baseline" reading, which is 
subtracted from all subsequent readings. 
 
 

Who reads the SET? 
 
We recommend that the same person read the SET from sampling to sampling. 
This approach will maintain a consistent sampling protocol when taking the 
readings and minimize sampling errors. 
 
Double Reading the SET: 
 
If you need to switch SET operators, we recommend that you "double-read" the 
SET during one of the samplings. For example, suppose SET READER #1 has 
been reading the data since the project started, but is leaving for a new job. SET 
READER #2 is going to replace him/her. The best situation would be for both 
readers to go and sample the site together. READER #1 would take their final 
set of readings with the SET. Then READER #2 would take a repeat set of 
readings. 
 
You should also double read if you are switching measuring pins. For example, 
if you wanted to swap out measuring pins for longer ones with feet you should 
double read the plot with both sets of measuring pins - a final reading with the 
original pins and a baseline reading with the new pins.   
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Marker horizon sampling procedures 
 
Marker horizons should be established when taking your baseline SET readings so that 
both elevation and accretion measures have the same starting date (see SOP 1). During 
subsequent sampling events, every marker horizon needs to be cored without disturbing a 
large area of the marker horizon plot.  To accomplish this, we have developed a coring 
method that uses a small self-pressurized liquid nitrogen dewar to take a small diameter 
frozen core from the marker horizon plots (Cahoon et al. 1996).  This technique is 
especially well suited for coring loose, unconsolidated sediments such as water bottom 
mud.  In firmer substrates, small cores can be collected by cutting plugs from the 
substrate with a knife.  The procedures for both coring methods are outlined below.   
 
Cryo-coring of marker horizon plots 
Cryogenic coring has several advantages over traditional coring techniques because it 
allows you to collect a small-diameter core that can be immediately evaluated and 
measured in the field, and then returned to the core hole (Cahoon et al. 1996).   
 
Description of Cryogenic Coring Apparatus.  The following materials and equipment are 
used when cryo-coring.   
 
1) 15 L Self pressurized dewar (Figure 35) 
Here are some of the specifications for the dewars we use (Figure 32): 

a) stainless steel construction (better with salt environments) 
b) self-pressurized (low pressure unit, 22 psi) 
c) halo ring handle on top for handling and protection 
d) handles on the side for easy transportation in the field (no wheels) 
e) top-mounted fill port 

 
The liquid fill and vent valves that come with the dewar use screw type valves which 
require about 3 or more turns to completely close or open the valve. We recommend 
replacing these valves with 90-degree ball valves, which allow for faster control over the 
flow of liquid nitrogen.  Also, with repeated coring in a short time frame, screw type 
valves sometimes will freeze, rendering them impossible to open or close.  
 
  
 
 
 
 
 
 
 
 
 

Figure 35. A 15 L stainless steel dewar for 
transporting and delivering LN2 to the marsh surface.   
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2) Stainless steel flexible hose (Figure 36) 
The hose is constructed of 1/2" diameter x 6' long stainless steel flexible hose (LW21-1) 
with 3/8" FJIC connections at each end. The hose is covered with a stainless steel mesh to 
protect the hose.   
 
 

  
Figure 36. A fully assembled cryo-coring apparatus, including the flexible, stainless steel 
hose and cryo-probe with inner sleeve and outer bullet.   
 
 
3) Fittings - The LN2 tank and hose use hydraulic fittings for connections. The ball valve 
on the tank and the connection for the copper bullet use pipefittings. You will need to 
make sure you have the necessary fittings to connect the flexible hose to your tank and 
the copper bullet. See the below drawing which lists the appropriate fittings to use.  
 
4) Copper bullets for taking accretion cores (Figure 36)  
Bullets are made out of copper tubing. The outer sleeve is 3/8" copper tubing and, has a 
30-caliber bullet (full metal jacket) soldered to the end. The inner sleeve is 1/8" copper 
tubing with holes drilled at the bottom for aiding the flow of LN2. 
 
The full design of the dewar is shown diagrammatically in Figure 37.   
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Image from: Cahoon, D. R., J. C. Lynch, and R. M. Knaus. 1996. Improved cryogenic coring device for sampling wetland soils. 
Journal of Sedimentary Research 66:1025-1027. 

 
Figure 37.  A diagram of the cryo-coring apparatus showing all of the component parts, 
from Cahoon et al. (1996).  
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Dewar Facts:  
The 15 L cryo tank weighs about 35 lb. empty and about 55-60 lb. full. A 25 L tanks 
weighs about 100 lb. full.  
 
A full 15 L tank can take from 15-40 cryo cores before you will need to refill it. The 
actual number of cores will depend on the temperature (both air and water), the depth 
of the core and how long you leave the valve open. It will take trial and error to 
determine the best procedure for a given situation. 
 
Dewars are self-pressurized tanks that will build an internal pressure of about 22 psi. 
A full dewar sitting in your lab will eventually go empty after a number of days as a 
result of vaporization.  This is normal. Fill your dewar just before your field-
sampling trip to minimize the loss that occurs.  
 
A LN2 dewar will always emit a slight hissing noise when at pressure. This is the 
excess pressure bleeding off and is completely normal. 
 
These dewars also have a pressure-building coil, which will allow them to build 
pressure right after they are filled. 
SAFETY: You need to be very careful when working with liquid nitrogen. It is very 
cold (-320° F, -196° C) and can easily burn your skin if you are not careful. Wear 
gloves and goggles to protect your skin from getting in contact with the liquid. Keep 
the dewar vertical at all times. If you have it in a vehicle, make sure it is properly 
secured and that there is proper ventilation for the occupants. Keep a window open.  
In some states, carrying of pressurized tanks of gases or liquids in enclosed vehicles 
is illegal, and is not advised if it is legal.   

 
Filling the dewar.   You will first need to fill your dewar with liquid nitrogen. The dewars 
we use are low-pressure vessels. They only build about 22 psi of pressure. Make sure that 
you are filling your dewar from another low pressure dewar. Some of the larger dewars 
are set to build a pressure of 250 psi (high pressure tank). We do not recommend using a 
tank with this pressure to fill a dewar. It could be very dangerous.  
 
Your options for filling the dewar are: 
 

1) Take your 15 L tank to a compressed gas company and have them fill it. This is 
the easiest solution but also the most expensive. The costs to fill a 15 L tank can 
vary widely. You will also need to call ahead and make sure they have LN2 in 
stock. Some smaller companies only carry a small amount at their office. You will 
need to make sure you have the correct fittings to couple with the tank you are 
filling from. Investigate this in advance so you have the right equipment. 

 
2) Order a large tank from the gas company and have it delivered to your facility 
or lab. These tanks are typically 160 liters and can last for over a week. You 
would use this tank to fill your smaller tank as needed. Do not order a large tank if 
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you are not taking many cores. This can be the most economical method for 
obtaining LN2 if you need a lot of it.  

 
How can I get liquid nitrogen at a remote study site?  
You could try to find a gas company that can deliver a large dewar to a facility 
near your sampling sites. This is not always feasible. The best solution is to 
have multiple smaller tanks, which you take with you. For example, we have 
numerous 15 L and 25 L tanks that we would fill at our laboratory and bring 
with us in the field. We would use the 25 L tank to fill the smaller tanks. 

 
Steps to fill the a 15 L or 25 L dewar from a larger "low pressure" dewar: 
These instructions assume you have the correct fittings to connect your stainless 
steel hose from the larger dewar to the smaller dewar. Check with the gas 
company to find out the exact type of fittings you will need.  
 
a) Open both valves (Liquid and Vent) on an empty 15 L dewar to remove any 
internal pressure. Leave the valves open! 
b) Connect stainless steel hose to "Liquid" side valve on the 15 L dewar. 
c) Connect the other end of the SS hose to the valve coming from the large 
dewar. The smaller dewar should now be directly coupled to the larger dewar 
via the hose. NOTE: Depending on your equipment, you may need some 
additional fittings to make this connection. 
e) Open the valve on the larger tank and start the flow of LN2. If it's a low-
pressure tank (about 22 psi) you can pretty much open the valve wide open. 
f) The dewar will get heavier as it fills. This is the only way to easily gauge 
how fast it is filling up. Gas will be continually venting from the Vent valve. 
This is normal. 
g) When the 15 L tank is full you will start to see liquid spurting from the vent 
valve. 
h) Shut off LN2 from big tank. 
i) Shut off both valves on the 15 L dewar. 
j) Using a wrench, crack the connection in the hose so the pressure inside can 
be released. You can wait till it warms up before removing the hose entirely. 
 

 
Collecting a cryo-core.  Here are the steps for collecting a cryo-core (Figure 38).  
 
1) Connect the hose and bullet to the "Liquid" valve on the 15 L dewar. 
 
2) Push bullet into the marsh. Unless you believe the maker horizon is very deep, try not 
to push the bullet too far into the substrate. It may be difficult to remove. Three to four 
inches is usually deep enough. 
 
3) Open the valve on the dewar and start the flow of LN2. You may have to steady the 
bullet in place with your hands (wear gloves) until it starts freezing. You will hear the 
nitrogen exhaust coming from the top of the bullet. 
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4) Your first core may take a while since the entire hose needs to cool down before the 
bullet gets cold enough to begin freezing the marsh. Subsequent cores shouldn't take as 
long to freeze.  
 
Continue freezing the core until you start seeing a white cloud of vapor coming out of the 
top of the bullet. This usually indicates that the entire hose and bullet are frozen so you 
can stop pumping the LN2 soon after this cloud forms.  If you freeze for too long, the 
core can become very large and could be difficult to remove from the substrate. If you 
don't freeze the core long enough, it may come off the bullet when you pull it out or t
clean it up with the knife. 

ry to 

 
 

 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
  

Figure 38.  Collecting a cryo-core for determination of vertical accretion.   
 

5) Turn off the LN2 valve. 
 
6) Grab the top of the bullet (wear gloves!) and pull the core and hose out of the marsh.  
  
7) Remove the outer bullet sleeve from the inner sleeve (the part with the frozen core on 
it is attached to outer sleeve). Be sure to put an empty bullet (outer sleeve) on the inner 
sleeve to keep it from getting dirty. 
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8) Scrape excess soil and roots off the core with a knife. 
 
9) Read the distance from the feldspar to the top of the soil surface in millimeters (Figure 
39). This distance will vary in a single core, so we try to take 3 or 4 readings, if possible. 
Some parts of the core may not produce a reading so you will normally get from 1 to 4 
numbers from a single core. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39.  Measuring the depth of the marker horizon (white layer) in a cryo-core with 
calipers at Nauset Marsh. 
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Recording the Data: 
 
It is helpful to describe the quality of the marker horizon in the data book. You 
should record how many cores it took to find the feldspar and mention the 
quality of the layer, if found. We will typically write "Poor Layer", "Good 
Layer", or something similar when recording the data from cores. This will help 
to determine the quality of the marker horizon and may help in determining 
when to establish new markers in the future. 
 
If the feldspar is visible on the surface it may not be necessary to core the plot. 
You can enter zero's for the value. Do NOT enter zero's in the data book if you 
can't find  
the marker 
horizon. In 
this 
situation 
you do not 
record any 
values at all 
though you 
should 
make a note that you didn't find the layer. 

Sample Data book entries - Date: 11/2/02 Site: Platform 1 & 2 
Plot Readings(mm) #cores Quality/Notes 
Core 1a 4, 2, 2, 3 1 good layer 
Core 1b 1, 1, 2, 1 1 good layer 
Core 1c 4, 3, 4, 6 2 poor layer 
Core 2a 0, 0, 1, 0 1 feldspar at surface 
Core 2b no data 3 could not find marker 
Core 2c 1, 2, 2, 2 1 good layer 

 
10) If you did not recover the marker horizon, take another core in a different part of the 
plot. Before continuing to the next plot, make notes of core quality, number of misses, 
quality of marker, etc. 
 
Cutting plugs from marker horizon plots 
Use a sharp knife to cut small soil plugs from the marker horizon plot. This will work 
only if: 
 

1) The sediments are quite firm and maintain their structure when cut and removed 
from the soil.  

2) The surface is dry and free from standing water. 
3) The marker horizon is not too deep. 

 
In general, tidal, saline marshes with more mineral sediments work very well for cutting 
plugs.  
 
1) Cut a small four-sided plug (about 3 cm x 3 cm) from within a marker horizon plot. If 
there are extensive roots, it helps to have a sharp knife. 
 
2) Pry the plug out of the ground from one of the sides. The plug will be about 3 cm x 3 
cm x 6 cm in size (Figure 40). You need to make sure the core is deep enough to include 
the marker horizon. The depth is also related to the length of your knife blade.  
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Figure 40.  Measuring the depth of the white feldspar layer in a cut plug with a ruler. 
 
3) You should be able to see a marker layer right away. If you do not see a marker layer, 
try cutting the plug into smaller pieces being sure to maintain the proper orientation of 
the core.   
 
4) We try to get 4 readings from a single plug, one representative reading from each side 
of the plug. 
 
5) Put the plug back into the ground. 
 
6) Move on to your next marker plot and repeat the above steps. 
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SOP 7 
 

Site Description and Log Procedures 
 

The primary record of sampling station descriptions, including site number and 
designations (e.g., treatment type), location, installation and maintenance history, layout 
and maps, depth of benchmark, general site conditions, and all data collected, is the field 
data book.  Other descriptive information typically not recorded in the field data book 
includes photographs and any GIS analyses conducted for the project site.  Field data 
books and other descriptive information should be stored in a secure and protected place 
(e.g., fireproof file cabinet), with backup copies (photocopies, digital photos/data on disk) 
stored in a separate, off-site location.   
 
SET benchmarks will ideally last for several decades, providing a long-term data record 
on marsh elevation dynamics.  To ensure that a complete history of the site conditions 
and maintenance actions for each station is maintained and readily available to present 
and future field staff, a general description of each station and a log of station 
maintenance and conditions may be appended to this protocol.   The station description 
will include: site name, sampling code, site map, GPS coordinates, photos, schematic 
drawings indicating the relative locations of the platform teeth, benchmark, SET arm 
positions, marker horizons, and approach path to the platform, and notes on any 
adaptations of protocol methods required by unique site conditions.  A log of site 
maintenance activities should describe addition of new marker horizons, site disturbance, 
benchmark damage, maintenance and repair of sampling platforms, or other unusual 
conditions or changes observed at the site.  This site description and log will serve as an 
additional backup to the field data book.   
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SOP 8 
 

Completion of Field Operations: 
Procedures and Equipment Storage 

 
The following procedures should be used for maintaining and storing the SET and cryo-
coring apparatus.  Because SET and marker horizon sampling often occur year-round, 
except during winter in the more northern latitudes when snow and ice cover the marsh, 
these procedures should be implemented after each seasonal sampling event.   
 
Procedure for inventorying equipment   
 
After reading the SET and collecting the cryo-cores but prior to leaving each sampling 
platform, be sure that all components of both sets of equipment have been accounted for 
and are properly stowed for transit to the next sampling location.  For the SET 
equipment, one person should carry the SET and ruler.  For the cryo-coring gear, much of 
the equipment and supplies are carried loose in a large bucket.  It is very easy to loose 
track of the bullets because you leave them in the ground to thaw while continuing to 
core the next marker horizon plot.  Be sure that you return to all marker horizon plots and 
retrieve all bullets, and that you have all of your equipment and supplies.  This inventory 
procedure should be repeated a final time at the end of the day prior to leaving the marsh.   
 
Repair, cleaning and storage of equipment 
 
Prior to placing the gear in storage in the lab, clean all mud and debris from the 
equipment with water and a clean rag.  Check for broken items (e.g., stainless steel hoses, 
bullets) that may need repair.  Let the clean equipment air dry and spray the turnbuckle of 
the SET with penetrating lubricant (e.g., WD-40) before placing in storage.  Both the 
SET and cryo-coring gear should have their own designated storage area where the 
equipment will be kept dry and away from heavily trafficked areas where the equipment 
could get damaged.   
 
Field sheets   
 
All field data should be collected in a waterproof field book.  Upon return to the lab, 
make photocopies of the field data.  Store the field book in a secure, preferably fireproof, 
location.   Keep a photocopy of the data at your desk for data entry and keep a second 
photocopy off-site in case the original records are lost or destroyed in a fire.   
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SOP 9 

 
Safety Procedures 
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SOP 10  
 

Data Management 
 
The National Park Service will develop this standard operating procedure.   
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SOP 11  
 

Data Analysis 
 
Statistical analyses of sediment accretion and surface elevation change data can be 
divided into two main approaches: Regression and ANOVA.  The selection of the most 
appropriate approach depends on both the research question and the resulting data.  The 
selected approach then determines the specific analysis protocol and the form of the data 
used.  A decision tree is presented in Figure 8 to guide the selection process. 
 
Regression 
 
Regression is appropriate when the investigator wishes to estimate the trajectory of 
cumulative accretion or cumulative elevation change over the length of a study period.  
Regression is the best analysis to use when there is no reason to contrast accretion and 
elevation change, and there are no classification variables (treatments) among which 
these processes are to be compared.   
 
An important assumption of regression analysis is that deviations from the regression line 
(errors) are uncorrelated over time (Neter et al. 1990).  Although the SET benchmark is 
considered the experimental unit for statistical analyses of elevation data, an overall 
regression analysis using benchmarks as experimental units will likely have correlated 
errors over time, since exactly the same soil surfaces within a benchmark are measured 
repeatedly.  The solution to this problem is to run separate regressions at the level of each 
individual benchmark.  Positions within a benchmark can be used as replicates of the 
benchmark within the regression analysis.  Serial correlation will have less of an impact 
on the regression estimates at this level because positions usually show less spatial 
variation than the benchmarks.   
 
Since accretion measurements are taken from different sediment cores over time, marker 
horizon data will generally show less serial correlation than SET data.  However, some 
correlation may occur because the same 0.25 m2 marker plot within a platform is sampled 
repeatedly.  For this reason, it is suggested that marker horizon data be analyzed in the 
same manner as SET data, and that separate regressions be run for each platform. 
 
The investigator may wish to omit the baseline (time 0) data from the regression analyses 
to avoid the problem of heterogeneous variance over time (Neter et al. 1990).  However, 
removing baseline values might remove a very important data point defining the overall 
elevation or accretion trajectory.  For small datasets, this might also remove a large 
fraction of the data.  In this protocol, only the slope estimates for each benchmark or 
platform are of interest, and not necessarily their significance levels.  Therefore, the 
effect of heterogeneous variance may be minimal.  The investigator may decide to 
remove or retain the baseline data in regression analysis, depending on whether or not 
significance levels at the benchmark/platform level are of interest, and how important 
baseline data are in the overall dataset.    
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As Figure 8 suggests, caution should be used in applying regression analysis to situations 
where the cumulative data do not show linear or easily interpreted curvilinear trends (e.g. 
hyperbolic, logarithmic).  In cases where some trajectory shift is evident, it might be 
possible to divide the dataset into separate linear segments.  If seasonal or other cyclic 
trends are evident, it might be possible to model the cyclical trend in a first regression, 
then fit the underlying linear trend to the residuals.  Otherwise, if regression does not lead 
to an easily interpreted function, an ANOVA model would be recommended, with “time” 
as an explanatory variable.  A final caution regards the influence of the last observations.  
If the last observation is very influential, interpretations of the regression results need to 
take this influence into consideration.   
 
The result of the regression analyses run at the benchmark/platform level will be a set of 
regression parameters.  In the case of linear regression, there will be as many linear slope 
estimates as benchmark plots.  As Figure 8 suggests, the investigator may then take the 
average of these slopes, compute a standard error, and possibly compare the average to 
zero (0) or some known value, such as local sea-level rise. 
 
 
ANOVA 
 
ANOVA is the appropriate tool for answering the question “Are accretionary or elevation 
dynamics different among different areas or treatment effects?” 
 
In an ANOVA framework, the emphasis is on comparing different processes (e.g. 
accretion vs. elevation change) or different treatments (e.g. managed wetland vs. 
reference) acting over time (Figure 8).  It is often desirable to relate observed changes in 
accretion and/or elevation to the environmental factors operating over a given time 
interval, to which accretion and/or elevation respond (such as groundwater levels, 
flooding, drought, storms, etc.).   
 
Within an ANOVA framework, both accretion and elevation change are considered 
repeated measures, since essentially the same soil surface is measured over time.  Three 
approaches are suggested to analyze SET and marker horizon data within an ANOVA, 
taking into consideration this time dependency.  The first approach entails conducting 
simple linear regressions for each replicate benchmark (SET data) or platform (marker 
horizon data) over time (see “Regression,” above).  Of course, this is feasible only if the 
elevation or accretion trajectories for each benchmark or platform are roughly linear.  
Positions within a SET benchmark (elevation data) or marker horizon surfaces within the 
platform (accretion data) can be used as the replicates within each regression.  The result 
of these regressions is a series of slope estimates, one for each benchmark or platform.  
These slope estimates are used as the dependent variable within the ANOVA. 
 
If the trajectories of accretion or elevation change do not approximate a straight line, a 
second option is to convert the raw data into incremental change data (tn-tn-1), which 
helps reduce the serial correlation present in the data (Neter et al. 1990).  In this case, a 
variable expressing “time” or a time-dependent trend needs to be included in the 
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ANOVA model (e.g. seasonality).  A typical way of including time in the model is 
through a split plot design.  The treatment design would be specified as the split plot, 
whereas time or its surrogate would represent the main plot.  The interaction of the time 
with the treatments would also be at the main plot level.  Time may or may not be a 
variable of interest to the investigator, and so may be considered fixed or random, 
accordingly.  Since the experimental unit in the ANOVA model is the 
benchmark/platform, the researcher may want to average incremental data over the sub-
samples.  Otherwise, if sub-sample or sub-sub-sample level data are included in the 
analysis, then the ANOVA model will be a mixed model with a nested error structure 
(Littell et al. 1996).  In either case, there still may be some amount of serial correlation 
present within the data.  The presence of this correlation may result in an increased Type 
I error rate (Littell et al. 1996).  To avoid this error, one may attempt to model different 
covariance structures with an appropriate statistical software (e.g. SAS®, versions  6.0).  
Otherwise, the researcher may want to look at residual plots or specific tests of serial 
correlation, to determine if this correlation is affecting the results of the analysis. 
 
Finally, there may be conditions under which the investigator wishes to conduct an 
ANOVA on cumulative data.  Using cumulative data within an ANOVA runs a 
heightened risk of biases due to serial correlation.  For this reason, it is imperative to 
model the covariance structure resulting from the repeated measures nature of the data.  
Appropriate statistical software (e.g. SAS®, versions  6.0) is required to both model the 
covariance structure, and evaluate the model goodness of fit.  If the wrong covariance 
structure is used, the analysis might violate the assumption of independence among split-
plot errors, and the model might suffer from increased Type I error (Littell et al. 1996). 
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SOP 12 
 

Reporting 
 
The National Park Service will develop this standard operating procedure. 
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SOP 13  

 
Revising the Protocol or SOP 

 
The National Park Service will develop this standard operating procedure.   
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Appendices 
 
Appendix 1 Locations of SET – Marker Horizon Stations at Cape Cod National Seashore 
 

ID Description Number Longitude Latitude 
Hatches Harbor 
SETHH01R Restricted 1 W070˚  14’  01.03" N42˚  04’  05.5" 

SETHH02R Restricted 2 W070˚  14’  00.89" N42˚  04’  05.27" 

SETHH03R Restricted 3 W070˚  14’  03.99" N42˚  04’  01.51" 

SETHH04R Restricted 4 W070˚  14’  06.33" N42˚  03’  58.5" 

SETHH05R Restricted 5 W070˚  14’  06.76" N42˚  03’  58.34" 

SETHH06R Restricted 6 W070˚  14’  05.39" N42˚  03’  57.15" 

SETHH07UR Unrestricted 7 W070˚  14’  15.03" N42˚  03’  49.59" 

SETHH08UR Unrestricted 8 W070˚  14’  16.42" N42˚  03’  49.22" 

SETHH09UR Unrestricted 9 W070˚  14’  16.3" N42˚  03’  47.79" 
Herring River 
SETHR01UR Unrestricted 1 W070˚  04’  17.13" N41˚  55’  41.77" 

SETHR02UR Unrestricted 2 W070˚  04’  17.27" N41˚  55’  40.08" 

SETHR03UR Unrestricted 3 W070˚  04’  17.06" N41˚  55’  37.45" 

SETHR04HT High Toss 4 W070˚  02’  59.67" N41˚  56’  42.89" 

SETHR05HT High Toss 5 W070˚  03’  00.27" N41˚  56’  39.38" 

SETHR06HT High Toss 6 W070˚  03’  03.3" N41˚  56’  39.19" 

SETHR07R Restricted 7 W070˚  03’  17.1" N41˚  56’  20.16" 

SETHR08R Restricted 8 W070˚  03’  28.25" N41˚  56’  16.56" 

SETHR09R Restricted 9 W070˚  03’  26.04" N41˚  56’  17.13" 
Nauset 

SETNA01P Pool 1 W069˚  57’  47.01" N41˚  49’  29.26" 

SETNA01S Marsh 1 W069˚  57’  47.33" N41˚  49’  30.36" 

SETNA02P Pool 2 W069˚  57’  45.36" N41˚  49’  26.36" 

SETNA02S Marsh 2 W069˚  57’  44.1" N41˚  49’  26.34" 

SETNA03P Pool 3 W069˚  57’  28.81" N41˚  49’  26.95" 

SETNA03S Marsh 3 W069˚  57’  28.16" N41˚  49’  26.86" 

SETNA04P Pool 4 W069˚  57’  25.8" N41˚  49’  10.93" 

SETNA04S Marsh 4 W069˚  57’  25.21" N41˚  49’  11.94" 
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INTRODUCTION


Stability of tidal salt marsh during periods of sea-level rise depends on the marsh remaining at an intertidal elevation suitable for plant growth through vertical soil development from mineral sediment deposition and soil organic matter accumulation.  A few centimeters change in soil elevation can result in a large percentage change in the frequency, duration, and depth of flooding of the marsh surface with direct consequences for plant growth (Reed and Cahoon 1992), sedimentation (Cahoon and Reed 1995), and marsh sustainability (Morris et al. 2002).  If soil elevation change lags behind sea-level rise, eventually the plants will drown and die, and the marsh will convert to subtidal shallow open water habitat through soil subsidence and erosion.  Thus it is critical for wetland managers to obtain high-resolution measures of soil elevation change relative to sea level rise to determine marsh vulnerability to submergence.  


High-resolution methods used to survey upland habitats (e.g., theodolite, total station) are poorly suited for use in the soft, unconsolidated soils of tidal salt marshes.  To obtain high-resolution measures of wetland soil elevations, Boumans and Day (1993) developed the sedimentation-erosion table (SET), a portable, mechanical device that attaches to a benchmark driven into the wetland soil.  This device has an accuracy of 1.5 mm and can be used to determine elevation trends in any wetland setting.  Cahoon et al. (1995) used the SET in conjunction with marker horizons (SET – MH) to measure both vertical accretion and elevation trends, and to calculate subsurface process influences such as compaction and soil organic matter accumulation on elevation trends.  Cahoon et al. (2002a and b) renamed the SET the surface elevation table and developed numerous refinements to the technology to improve its accuracy and applicability.  The SET-MH method is currently used in 19 countries around the world to monitor coastal wetland elevation dynamics.  A detailed explanation of the methodology, a list of the scientists using it, and the locations where it is being used are posted on the following U. S. Geological Survey (USGS) web site: www.pwrc.usgs.gov/set.


USGS scientists have used the SET – MH method to measure wetland elevation dynamics in numerous coastal parks and national wildlife refuges within the Department of the Interior (DOI).  Investigations of wetland elevation dynamics have occurred or are ongoing on the following National Park Service (NPS) properties:  Cape Cod National Seashore, Big Thicket National Monument, Fire Island National Seashore, Gateway National Recreation Area (Jamaica Bay and Sandy Hook units), Everglades National Park, National Capital Parks East (Kenilworth Park – Anacostia River), George Washington Memorial Parkway (Dyke Marsh).  This salt marsh elevation monitoring protocol has two objectives: to provide generic guidance for all parks interested in using this technology to monitor wetland elevation dynamics, and to describe the monitoring procedures used at Cape Cod National Seashore (CACO), a prototype park in the NPS Long-Term Ecological Monitoring Program.  Part I presents generic considerations and recommendations for use of the SET – MH technology, with examples from CACO.  Part II presents site-specific detailed methods, or the standard operating procedures (SOP), relevant to the salt marsh environments and settings at CACO.  


PART 1.  THE PROTOCOL NARRATIVE


Background and Objectives


Rationale.  Tidal salt marshes are major ecosystem components of coastal park units throughout the northeast and are considered critical coastal resources by managers at Cape Cod National Seashore (CACO) (Roman and Barrett 1999).  Tidal salt marshes provide essential nursery habitat for fisheries species, habitat for migratory shorebird and waterbird populations, traps for nutrients and sediments running off adjacent uplands, and buffers for coastal erosion and storm impacts (Mitsch and Gosselink 2000).  CACO is implementing salt marsh vegetation and nekton monitoring protocols (Roman et al. 2001, Raposa and Roman 2001) to be used in its long-term monitoring program of these critical resources.  Roman et al. (2001) recognized that the long-term sustainability of these ecosystems is threatened by predicted acceleration in the rate of sea-level rise (Church et al. 2001) if the marshes cannot build vertically at a similarly accelerated rate.  Salt marsh integrity and the ability of salt marshes to build vertically as sea level rises are further impacted by human activities, such as dikes, which can contribute to loss of salt marsh habitat.  


Loss of coastal salt marsh is occurring throughout many regions of southern New England in spite of 30-years of regulations reducing the amount of direct human impacts.  Much of the current loss is conversion of natural marsh to open water suggesting sea-level rise and sediment deficit are contributing to marsh submergence.  For example, 50% of the land surface of salt marsh islands at Jamaica Bay, New York in Gateway National Recreation Area has been lost since 1900 (Gornitz et al 2002) and the rate of loss accelerated during the 1990’s (Hartig et al. 2002) without dredge and fill impacts.  Shifts in plant species composition over a 50-year period in a Connecticut salt marsh indicate gradual drowning related to sea-level rise (Warren and Neiring 1993).  Similarly, changes in plant species composition at Nauset Marsh (CACO) indicate that it is gradually submerging (Roman et al. 1997), although historic sedimentation rates suggest that it is keeping pace with the current rate of sea-level rise.  The Coastal Vulnerability Index assessment of CACO coastal resources conducted by Thieler and Williams (2002) ranks salt marsh habitats as high risk to sea-level rise.  The rise in sea level is predicted to accelerate and increase by 48 cm, on average, during the next 100 years (Church et al. 2001), which is a three-fold increase over the current rate of 15 cm per century.  Thus understanding the relationship among salt marsh accretion, elevation change, accelerating sea level rise, and human-induced alterations of the estuary and watershed is critical to determining long-term sustainability of the salt marsh resources at CACO and other Northeast parks (Figure 1).  
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 Figure 1.  A conceptual diagram showing the linkages among threats or agents of change (top row), environmental stressors (middle row), and salt marsh ecosystem responses (bottom row).  

History of Protocol Development.  The development of best management practices for maintaining marsh surface elevation requires an understanding of how management activities affect both surface and subsurface soil processes.  A long-term field monitoring technique is needed that will provide not only direct measures of surface elevation, but also quantitative estimates of the separate contributions of surface processes (e.g., sediment deposition and erosion) and subsurface processes (e.g., compaction, root growth and decomposition, shrink-swell) to surface elevation (Cahoon et al. 1995, Cahoon et al. 1999).  Traditional methods for measuring historic rates of marsh sedimentation, such as cesium-137, lead-210, and carbon-14, provide neither direct estimates of surface elevation nor the separate contribution to surface elevation of surface and subsurface processes.  These accretion methods integrate surface and subsurface processes over decades, centuries, and millennia and assume that elevation change is equivalent to sediment accretion.  But this assumption has been reported to lead to serious overestimation of the vulnerability of some tidal, saline wetlands to the current rate of sea-level rise (Cahoon and Lynch 1997).  Conversely, methods for measuring recent marsh sedimentation, such as artificial soil marker horizons (Cahoon and Turner 1989), provide a good estimate of the surface processes of sediment deposition and erosion but typically overestimate elevation change and the ability of the marsh to keep pace with sea-level rise because they do not integrate subsurface processes (e.g., compaction).  Consequently, the most suitable approach to address wetland vulnerability to sea-level rise involves the simultaneous measurement of both surface elevation from a surface elevation table (SET) and recent marsh sedimentation from artificial marker horizons (Cahoon et al. 1995, Cahoon et al. 2002a, b).  This proven approach provides direct quantitative estimates of surface elevation change, sediment accretion/erosion, and the contribution of subsurface processes to surface elevation calculated as accretion minus elevation, which is called shallow subsidence.  


Monitoring Objectives and Questions.  Figure 1 shows many of the linkages among human-induced and natural environmental stressors, altered salt marsh physical processes, and associated responses of salt marsh plant communities and ecosystems.  At CACO, there are two important management issues regarding critical salt marsh habitats, 1) habitat restoration, primarily restoring tidal exchange to diked salt marshes (Godfrey et al. 1999), and 2) long-term changes in areal extent and spatial distribution related to sea-level rise (Thieler and Williams 2002).  

Objective 1:  Understand how the elevation of diked salt marshes responds to restoration of tidal exchange.


Tidal exchange has been severely or completely restricted for a substantial portion of the tidal salt marsh at the CACO (e.g., Hatches Harbor and Herring River) as a result of dike construction in the early 1900s.  The hydrologic alterations induced by diking lead to substantial ecosystem changes for those marshes landward of the dike (Roman et al. 2001).  Marine sediment transport to and from the marsh is restricted or eliminated.  Prior to diking, the marsh could have been a sink for marine sediments if flood-dominated tides resulted in a net delivery of sediment to the marsh.  Conversely, the marsh could have been a source of sediment for the estuary if ebb-dominated tides resulted in a net export of sediment from the marsh.  After diking, upland sediment introduced through runoff is more readily trapped behind the dike.  Freshwater draining from the uplands is also trapped behind the dike, causing a freshening of the marsh sediments and a shift in vegetation composition from saline to low salinity and fresh species.  Salt marsh restoration, including restoring tidal exchange to diked salt marshes, is a major resource management goal at the CACO (Godfrey et al. 1999).  Restoration of tidal exchange was initiated at Hatches Harbor in 1999, in East Harbor in 2001, and is under consideration at Herring River.  Although restored tidal exchange through a culvert may bring in marine sediments that help offset the flooding effects of sea-level rise, recent research indicates that restoration of tidal exchange to these fresh marshes may also result in a rapid decrease in surface elevation (Portnoy and Giblin 1997, Portnoy 1999).  Compared to the salt marsh substrate outside the dike, a seasonally flooded fresh marsh peat develops inside the dike, which is low in porewater sulfides and is slower to decompose because it is waterlogged (Portnoy 1999).  Reintroduction of sulfate-containing seawater through restoration of tidal exchange could lead to rapid decomposition of the fresh marsh peat via sulfate reduction.  Under a controlled greenhouse experiment, Portnoy (1999) measured a 6 to 8 cm decrease in surface elevation in less than two years when vegetated marsh cores from a diked, seasonally waterlogged marsh were exposed to seawater.   Depending on the hydrogeomorphic setting, restoration of tidal exchange could decrease the vulnerability of these marshes to submergence from rising sea level through sediment introduction, or increase vulnerability to submergence by facilitating export of sediment from the marsh and rapid decomposition of marsh peat.    


Monitoring questions related to salt marsh restoration initiatives at the Seashore that can be addressed with this protocol include:


-
What is the extent of the difference in elevation trajectory between hydrologically impacted marsh and reference marsh?


-
What is the salt marsh elevation response to restoration of hydrologic exchange?


· Are the elevation trajectories of tide-restored and reference marshes converging and what is the temporal scale of this convergence?


· What are the principal factors responsible for observed elevation changes (e.g., surface or subsurface processes)?


Objective 2:  Understand how salt marsh and pool bottom elevations respond to local sea-level rise.


The stability of coastal marsh habitats depends on the interactions between geomorphology and ecology, and the way in which these interactions are modified by the physical forcing factors that impinge on an estuary (e.g., sea-level rise, barrier spit and inlet migration).  The long-term stability of the marsh platform can be explained by interactions among sea level, land elevation, primary production, and sediment accretion that regulate the elevation of the marsh surface towards equilibrium with mean sea level (Morris et al., 2002).  Coastal wetland stability is characterized as persistence in the face of episodic (e.g. storms) and progressive (e.g. sea-level rise) environmental change.  The Coastal Vulnerability Index (CVI) developed by Thieler and Williams (2002) has identified the low-lying salt marshes at CACO (e.g., Nauset Marsh, Hatches Harbor, and Herring River) as high risk to sea-level rise.  Two critical bird habitats of concern at Nauset marsh are vegetated salt marsh surfaces used as nesting and feeding areas by several species and permanent pools which provide feeding areas for shore birds at low tide when the mud surface is exposed (Erwin et al. 2006).  


Monitoring questions related to long-term and large-scale salt marsh habitat stability at the Seashore that can be addressed with this protocol include:


· Are salt marsh surface and pool bottom elevation trajectories changing over time (e.g., decades), and if so, what factors are contributing to observed elevation changes (e.g., surface versus subsurface processes)?


· Are salt marsh surface and pool bottom elevation trajectories keeping pace with the local rate of sea-level rise?  


Meeting Resource Management Goals.  Best management practices based on the best available science are needed by Northeast parks to address these issues and ensure the long-term sustainability of their threatened salt marsh resources.  Under a scenario of rising sea levels and human-induced physical alterations to estuaries and coastal watersheds at CACO, the trajectory of salt marsh surface elevation change is a critical variable for understanding salt marsh stability in both the short and long-term.  Therefore, sedimentation and surface elevation monitoring stations were established at CACO at Hatches Harbor and Nauset marshes in 1998, and at Herring River marshes in 2000.  Surface elevation change is monitored with the surface elevation table (SET) (Boumans and Day 1993; Cahoon et al. 2002a,b) and vertical accretion from artificial soil marker horizons (Cahoon and Turner 1989).  Using data collected with the SET-marker horizon approach (Cahoon et al. 1995), park managers can determine if surface elevation is keeping pace with sea-level rise and whether they should manage surface or subsurface processes of sediment and organic matter accumulation in order to maintain surface elevation in both natural and restored marshes.  Information collected from monitoring changes in salt marsh elevation trajectories will be especially useful to interpreting any observed long-term changes in salt marsh vegetation and associated fauna.  

Sampling Design


There are several issues to consider when designing a field program for monitoring salt marsh elevation and accretion dynamics, including site selection, spatial sampling frequency, the variables being measured, the sampling unit, temporal sampling frequency, and sample size.  This section provides justification and supporting documentation for various aspects of the protocol related to sampling design.  


Rationale for selecting a sampling design.  The monitoring issue being addressed and the environmental setting influence the selection of an appropriate sampling design.  If the intent of the monitoring is to evaluate impacts (e.g., the effect of dikes on salt marsh elevation dynamics), then a reference or control marsh must be monitored in addition to the impacted marsh.  Furthermore, if practical, a BACI (before, after, control, impact) or modified BACI sampling design is recommended (Stewart et al. 1986, 1992; Underwood 1992).  Note, however, that the length of time required to accurately represent the accretion and elevation trajectories of the before impact treatment needs to be considered.  Is there sufficient time to collect a meaningful sample (i.e., at least a full year of data that incorporates seasonal variability)?  


If the intent of the monitoring is to describe the elevation dynamics of a salt marsh without regard to impacts, then a fully random design can be used.  However, as Roman et al (2001) point out in their salt marsh vegetation monitoring protocol for CACO; strong environmental gradients often exist in New England tidal salt marshes that must be accounted for when designing a field-monitoring program.  There are elevation (flooding) and salinity gradients in salt marshes, which run from the tidal creek to the upland and the estuary to the upstream areas. Plant community zonation is typically correlated with these environmental gradients.  A totally random sampling design may not encompass the full range of this variability.  If the intent is to describe the full range of variability, then it is appropriate to sample from transects laid out along the full extent of the gradient.  Lastly, stratified random sampling can be used to compare different parts of the gradient to each other (Cochran 1977).  For example, samples can be randomly located along a gradient in areas of the marsh with discretely different flooding depths or plant community types.  


Roman et al. (2001) describe the criteria and caveats for selecting a control marsh.  “It is often difficult to find appropriate control sites or reference marshes.  The control site should not be influenced by the impact that is being assessed and it should be a site that has similar geomorphic/physical features to the impact site (e.g., tidal range, salinity, wetland type).  If a control site cannot be located, it would still be valuable to monitor changes in the tide-restricted marsh before and after tidal restoration.”  


Site selection.  Salt marsh surface elevation monitoring is ongoing at three sites at CACO (Figure 2), with a different issue addressed at each site.  An evaluation of the restoration of tidal exchange on marsh elevation dynamics is being conducted at Hatches Harbor where tidal exchange through a culvert in the dike was restored in 1999.  The impact of eliminating tidal exchange by diking on marsh elevation dynamics is being evaluated at Herring River, which has been diked continuously for the past century; this system is also being considered for tidal restoration.  The elevation trajectories of marsh surfaces and adjacent pool bottoms are being determined in Nauset Marsh, where dikes do not affect tidal exchange.  A different sampling design is employed at each site.  All monitoring was conducted in the Spartina alterniflora zone at each of the three salt marsh sites, except for the tide-restricted, upstream portion of Herring River where low salinity and fresh species occur.  
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Figure 2.  Map of Cape Cod showing the location of the three marshes where elevation monitoring is ongoing: Hatches Harbor, Herring River, and Nauset Marsh.


Hatches Harbor.  Monitoring data from Hatches Harbor is being used to evaluate the impact on salt marsh elevation of the restoration of tidal exchange to a diked marsh.  A mosquito control dike constructed in 1930 bisects the salt marsh at Hatches Harbor (Roman et al. 2001) (Figure 3).  Tidal flow is unrestricted to the 90-ha portion of the salt marsh that is down stream of the dike.  Tidal exchange through the dike to the 80-ha marsh upstream of the dike was limited through a 0.6 m diameter culvert until 1999 when the culvert was replaced with multiple large openings.  Tidal exchange is being gradually restored to the marsh by incrementally enlarging the openings in the new culverts.  A BACI design is employed with elevation monitoring conducted on the unrestricted (control) and tide-restricted marshes before and after installation of the larger culverts.  Three sampling stations were randomly located along a transect established in the salt marsh outside the dike.  Inside the dike, sampling locations were stratified with three stations randomly located along a transect established immediately behind the dike and three stations randomly located along a second transect established upstream from the dike to monitor marsh elevation response to the restored gradient in tidal marsh flooding and marine sediment input.  The impact in the BACI design is the restoration of tidal flow.  As stated by Roman et al. (2001), this sampling design makes it possible to compare, with a degree of statistical certainty, the following:


1. Control marsh vs. tide-restricted marsh before tidal restoration to document the degree of difference in elevation and accretion trends


2. Tide-restricted marsh vs. tide-restored marsh to document the response to tidal restoration.  


3. Control marsh before vs. control marsh after tidal restoration.  It is important to track elevation trajectories of the control marsh over time.  After tidal restoration, if the trajectory of the restored marsh changed but the control marsh did not change, then it could be suggested that the changes in the tide-restored marsh were due to increased tidal flow and not some other factors.  
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It is possible to monitor convergence of the elevation trajectories from the control and impact marshes by comparing the control vs. tide-restricted, then control vs. tide-restored year 1, control vs. tide-restored year 2, etc.  It is generally hypothesized that as restoration proceeds, the tide-restored marsh will become more similar to, or converge with, the control marsh.

Figure 3.  Site map of the salt marsh at Hatches Harbor, Cape Cod, MA.  


Herring River.  Monitoring at Herring River is addressing the impact of diking on salt marsh elevation.  A Control-Impact design is used with sampling stations located in marshes both outside and inside the dike to evaluate the effect of tidal restrictions on marsh surface elevation dynamics.  Three sampling stations were randomly located along a transect established in the salt marsh outside the dike.  Inside the dike, sampling sites are stratified with three stations randomly located along a transect established in a Phragmites australis zone upstream from the dike and three stations randomly located along a transect established in a shrub meadow zone further upstream to evaluate marsh elevation response to the gradient in marsh flooding and salinity.  The following comparison can be made with this sampling design:



Control marsh vs. tide-restricted marsh to document the degree of difference in elevation and accretion trends. 


Nauset Marsh.  Monitoring at Nauset Marsh is evaluating the elevation trajectories of salt marsh and pool bottom surfaces with natural hydrology.  A stratified random sampling design is used, with paired sampling stations established in adjacent salt marsh and pool bottoms, and sampled repeatedly over time to determine marsh elevation trajectories in response to sea-level rise.  The marsh elevation trajectories can be compared to local trajectories of sea-level rise to evaluate marsh sustainability.  


What is being monitored?  The following variables are being measured or calculated from measured variables at each salt marsh:  1) direct quantitative estimates of surface elevation change, 2) sediment accretion/erosion, and 3) the contribution of subsurface processes to surface elevation calculated as accretion minus elevation, which is called shallow subsidence.  


Sampling frequency and replication.  Long-term monitoring of marsh surface elevation change and vertical accretion requires repeated sampling of the marsh surface.  A small platform is constructed, either permanently or temporarily, to minimize disruption of the marsh surface during sampling.  All elevation and accretion measurements are taken from this platform (i.e., sampling station).  One SET benchmark is established in the center of the platform and a minimum of 3 artificial soil marker horizons are established around the outer perimeter of the platform to provide a minimum of 2 degrees of freedom for statistical analyses (Figure 4).  
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Figure 4.  Sampling platforms at Nauset Marsh.  Top:  SET-marker horizon-sampling platform in the marsh.  Note that the platform allows for the simultaneous measurement of elevation and accretion by a 3-person field crew without disruption of the marsh surface.  Bottom:  An SET-marker horizon-sampling platform in a pool.  Note that the planks have been removed and the platform is submerged at high tide.  


The experimental unit for the SET is the benchmark to which it attaches.  The SET is attached to the benchmark only during sampling and then removed.  It is designed to re-occupy the same reference plane in space each time it is deployed, thereby measuring the same point on the marsh surface during each sampling.  Thus, the SET provides repeated measures over time of marsh surface elevation.  The eight sampling positions around the benchmark are sub-samples and the readings from the nine measuring pins at each sampling position are sub-sub-samples.  Although as many as 72 elevation readings can be made from each SET benchmark, from a practical standpoint the investigator often must balance sample size with time constraints to measure all pins and positions of numerous SET benchmarks in a project.  Typically, the nine pins at four positions equally spaced around the benchmark are read at the start of a project.  After the initial sampling, the data should be reviewed to determine if variances are within predetermined tolerance limits (e.g., CV < 50 % or 75 %).  If variances are high, then additional positions should be read, and variances re-evaluated.  If variances are small, and the time it takes to read four positions incurs a serious time constraint, then variances should be re-calculated using readings from 3, 2, and 1 position to determine the minimum number of positions that can be read without causing an increase in variance.  If time constraints demand, this same procedure can be applied to pins.  


The experimental unit for accretion measures is the sampling station.  Three marker horizons, or subsamples, are established around the outside perimeter of each platform at the time that initial SET readings are taken.  A single core is collected from each marker horizon during each subsequent reading of the SET.  Multiple readings (sub-sub-samples), up to four, of vertical accretion are collected from all sides of each core.  Marker horizons often disappear after a few years, so it is good practice not to use all available space around the sampling platform for marker horizons at the beginning of your project, but to leave some space for establishing new marker horizons in the future.  


At CACO, the experimental unit for both elevation and accretion is effectively the sampling platform because there is only one SET benchmark per platform.  A statistical power test can be used to determine an adequate sample size (i.e., number of platforms) to achieve a selected level of statistical certainty (e.g., 90 %) if an estimate of variance in elevation as measured by SET exists for the site (Roman et al. 2001).  If an estimate of variance is not available, three sampling platforms, at a minimum, should be established in each strata of a stratified sampling design or control and impact area of a BACI design to provide at least 2 degrees of freedom for the statistical analyses.  Establishing SET-sampling stations is a labor intensive and expensive process (Cahoon et al. 2002a,b).  Combined with the labor and travel costs to read the SETs, these factors can further constrain sample size. 


In 1998, no estimates of variance in elevation existed for the marshes at CACO.  Thus three replicate platforms were permanently established in each of three sampling areas at Hatches Harbor: outside the dikes, immediately inside the dike, and upstream from the dike, for a total of nine benchmarks.  The same sampling design was used at Herring River in 2000.  Sample size was also the same at Herring River because the sample size at Hatches Harbor was adequate to detect significant differences among the three sampling areas (Roman et al. 2003).  The platforms were established in the interior portion of the Spartina alterniflora zone (Roman et al. 2001) behind the streamside levee, at least 5 meters from the creek bank, in areas of the marsh selected for uniformity of vegetative species composition and cover.  We sampled the interior marsh because accretion rates are typically lower in interior areas compared to the streamside marsh.  Thus the effects of sea-level rise will be apparent first in the interior portions of the marsh.  Platform locations were randomly selected from a single transect laid out in the selected marsh area.  At each SET benchmark, four equally spaced sampling positions are read and all nine measuring pins measured at each sampling position.  The three marker horizons established around each platform are cored to determine vertical accretion each time that the SET is read.  This sampling regime provides high-resolution measures of elevation and accretion adequate to detect significant differences at the P < 0.05 level (Roman et al. 2003).  


At Nauset Marsh, four benchmarks each were established in permanent pools and adjacent salt marsh in 1998, for a total of eight benchmarks.  This sample size was the greatest number of stations that could be established with the project funding and labor constraints.  Only permanent salt marsh pools directly connected to the tidal creek system by small tidal channels were considered for study because these pools would provide feeding habitat for shorebirds when the pool bottoms were exposed at low tide.  Salt marsh sampling plots were randomly selected from a grid (meter tape) laid out on the marsh surface within 20 meters of each of the four pools.  Four positions are read around each SET benchmark, all nine pins measured at each position, and three marker horizons cored during each SET reading.  This sampling regime provides high-resolution measures of elevation and accretion adequate to detect significant differences at the P < 0.05 level (Erwin et al. 2006).  


It is recommended that elevation and accretion measurements be collected seasonally because the physical and biological processes influencing marsh surface elevation vary seasonally and annually.  However, seasonal sampling may not be feasible at every site and for every project because of time and labor constraints.  Yet every attempt should be made to collect data seasonally for at least one full year to determine the range of seasonal variability in marsh elevation response. Elevation and accretion readings are collected in the spring, summer, and fall every year at Hatches Harbor, Herring River, and Nauset Marsh.  Readings are not taken during the winter when ice and snow cover the marsh surface.  


Sources of Variation  


Processes that influence wetland soil elevation occur on daily, weekly, seasonal, and annual cycles.  Seasonal fluctuations in sediment supply and plant growth can influence sediment accretion and soil organic matter accumulation.  Wetland substrates, especially organic ones, may shrink-swell in response to groundwater level fluctuations driven by evapo-transpiration (Paquette et al. 2004, Cahoon et al. in press), tides (Harrison 1975, Nuttle et al. 1990, Cahoon et al. 1999), and seasonal changes in river discharge (Smith and Cahoon 2003, Whelan et al. 2005).  The influence of each of these drivers can vary annually depending on annual differences in precipitation, runoff, groundwater flows, river discharge, and growing season temperature.  The frequency of major storms is another annual source of variation (Cahoon 2003).  


To determine if any of these drivers are influencing soil elevation, it is necessary to sample at the appropriate frequency.  The effect of evapo-transpiration and tidal action on marsh elevation can be detected by taking a series of SET readings throughout a single day and over a single tidal cycle.  Only a single SET benchmark from a typical setting need be measured for this evaluation.  Sampling seasonally for an entire year and developing a multi-year dataset make it possible to detect seasonal and annual influences.  To control for these sources of variation, one should sample at the same time of day, tidal stage, season of the year, and for several consecutive years.  Lastly, these sources of variation in soil elevation should be reassessed following any large-scale geomorphic changes to the system (e.g., restoration actions or major storms) that could change the influence of tides or seasons.  


Field Methods


At CACO, the sampling platforms are permanently installed, the SET benchmark consists of 3” diameter aluminum irrigation pipe with a base pipe cemented in the top (Cahoon et al. 2002a), and the artificial soil marker horizons are made with powdered white feldspar (Cahoon and Turner 1989).  The marker horizons are laid down at the time of the first (i.e., time zero) SET readings. Procedures for installing a sampling platform, SET benchmark, and artificial soil marker horizon are described in SOP 1 in Part 2 of this protocol document.  Note that the SOP provides technical guidance and that methods may have to be adapted to site-specific conditions.  A detailed account of how each station was installed should be recorded in the Site Descriptions and Log SOP.  In this Field Methods section of the protocol, we describe the field equipment used to sample the SET benchmark and artificial soil marker horizon, the schedule for sampling, and the field sampling methods.  


Field season preparations, field schedule, and equipment setup.  


Prior to sampling, the sampling platforms should be inspected for structural integrity, especially after the winter season when ice and snow may damage the platform.  At CACO, sampling is conducted immediately prior to or at the beginning of the growing season in the spring, during the summer peak of vegetative growth, and in the fall after plant senescence.  Sampling is not conducted during the winter because of the presence of ice and snow on the marsh surface.  The time of each sampling should be similar from year to year to ensure that the same seasonal processes affecting elevation are sampled each season.  If elevation is influenced by evapo-transpiration or tides, then samples should be collected at the same time of day or tidal stage.  If it is not possible to sample all of the stations at the same time of day or tidal stage within a single day, then sampling should be conducted over consecutive days until all stations are sampled.  


The Surface Elevation Table (SET) (Cahoon et al. 2002a) is a mechanical leveling device that attaches to a benchmark driven into the substrate to refusal and is used to measure surface elevation.  Version 3 of the SET is used to measure marsh surface elevation at CACO (Cahoon et al. 2002a).  Prior to sampling, the SET should be inspected to ensure that all parts are functioning properly.  The SET is deployed on the benchmark only during sampling and then is removed.  After sampling, the SET should be cleaned of all mud and debris, and all moving parts treated with penetrating lubricant (e.g., WD-40).  Between samplings, the SET should be kept dry in its storage case.  Important sources of variation when reading the SET include leveling the device, interpreting the marsh surface, and reading the ruler (Cahoon et al. 2002a, b).  Thus the same person should read the SET every time to the maximum extent practicable.  


Accretion cores are collected using a cryogenic coring apparatus, which consists of a 15 L or 25 L liquid nitrogen (LN2) dewar, a flexible stainless steel hose for delivering the LN2, and soil probes custom made from copper tubing with a bullet tip (Cahoon et al. 1996).  The probes are colloquially called bullets.  Prior to sampling, the dewar should be filled with LN2 and the entire apparatus checked for leaks.  The bullets should be inspected to insure they are straight so as to facilitate removal and reading of the core.  After sampling, the entire apparatus should be cleaned of all mud and debris and stored in a dry place.  


Sampling methods.  


The purpose of the sampling platform is to diminish the impact of sampling on the marsh surface.  Thus it is essential that the platform be approached only from the one direction designated as the entry point to the platform.  Otherwise, the marsh surface at the marker horizon and SET sampling locations could be directly disrupted by foot traffic.  Both elevation and accretion measurements are made during every sampling event. 


Vertical accretion.  The surface process of vertical accretion (i.e., sediment deposition and erosion) is measured from cores taken through artificial soil marker horizons laid on the marsh surface.  During each sampling event, a single cryogenic core is removed from every marker horizon at each platform (Figure 5).  First, a bullet is inserted 5-10 cm into the marsh soil of a marker horizon plot.  Since each core is a sub-sub-sample, the location of the core may be determined either haphazardly or randomly using a grid system (e.g., a pair of rulers placed on the borders of the marker horizon plot) and a set of random coordinates obtained from a random numbers table.  Once inserted, LN2 is run through the bullet until the marsh freezes to it, at which time the bullet is pulled from the substrate.  Any loose, unfrozen or partially frozen mud on the outer portion of the core is scraped away until only the frozen core remains.  The white marker horizon is located within the core and the distance from the top edge of the horizon to the frozen surface of the soil is measured with a caliper at four locations around the core.  If the distance has increased since the last coring, then material has accreted on the surface.  If the distance has decreased, then material has eroded from the surface.  After measuring the distance, the core is returned to the core hole and allowed to thaw, at which time the bullet is removed from the marsh substrate.  If it is not practical to collect cryogenic cores, and the substrate is firm, then a square soil plug can be cut from the soil surface at low tide when the surface is exposed using a long-bladed knife.  Carefully remove the plug from the soil, and measure the depth of the marker horizon on all four sides.  


If the marker horizon cannot be found, then another core is taken and the number of failed cores is recorded.  These data provide a qualitative estimate of the rate of erosion or disappearance of the marker horizon.  If the marker horizon is not recovered following multiple corings over two or more consecutive sampling events, then it will be necessary to establish a new marker horizon.  It is recommended that a full set of three new marker horizons be established for every station and that both the old and new set of marker horizons be sampled until it is necessary to abandon the original set of horizons.  A new time-line for accretion must be initiated for the new set of horizons and two separate accretion trajectories calculated.  
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Figure 5.  Measuring vertical accretion at Nauset Marsh.  Top:  Collecting a cryo-core for determination of vertical accretion.  Bottom:  Measuring the depth of the marker horizon (white layer) in a cryo-core.


Surface elevation.  The SET is attached to the benchmark at one of the eight fixed positions (Figure 6).  It is then leveled in all dimensions using a turnbuckle and release mechanism.   After the SET is affixed to the benchmark and leveled, the measuring pins are lowered to the marsh surface and secured in place with a nametag clip.  The distance from the arm to the top of each pin is measured, providing a direct measure of elevation.  This procedure is repeated for all four positions around the benchmark.  The SET reoccupies the same reference plane in space each time it is deployed on the benchmark, and provides repeated measures of soil elevation at the same point on the marsh surface relative to the base of the benchmark to which it is attached.   The repeated measurements over time provide trends in elevation change.  
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Figure 6.  Reading the SET at Nauset Marsh.  Top: Placing the measuring pins of the SET on the marsh surface in preparation for measuring marsh surface elevation.  Bottom:  Measuring the distance from the table to the top of the measuring pin.  


It is essential that both accretion and elevation sampling methods measure the same marsh surface in order to accurately compare rates of accretion and elevation, and calculate shallow subsidence.  Cryo-cores will capture flocculent material suspended in overlying water as well as freeze the marsh soil.  So when interpreting the marsh surface in a cryo-core, consideration must be given to what surface the SET is measuring.  SET measuring pins will pass through any flocculent material.  Thus care must be taken when interpreting a cryo-core to measure the surface of the soil matrix, not the surface of the flocculum.


Shallow Subsidence.  SET measurements incorporate the surface processes measured from the marker horizon plus the subsurface processes occurring between the marker horizon and the base of the benchmark (Figure 7).  The comparison of marker horizon data with SET data makes it possible to quantitatively estimate the influence on soil elevation of the subsurface processes occurring between the marker horizon and the bottom of the benchmark to which the SET is attached (Cahoon et al. 1995).  This portion of the profile is called the zone of shallow subsidence (Figure 7).  The collective influence on soil elevation of the processes occurring in this zone (i.e., root growth and decomposition, soil compaction, and shrink/swell from water flux) is called shallow subsidence (SS), which is calculated as vertical accretion (A) minus elevation change (E).  If A = E, subsurface process influences on elevation are negligible and elevation is controlled by the surface processes of sediment deposition (if elevation change is positive) or erosion (if elevation change is negative).  If A > E or A < E, elevation is controlled by subsurface processes, even if A is positive.  Elevation is likely controlled, singly or in combination, by soil compaction, organic matter decomposition, and surface water flux (shrinkage of the substrate related to drainage) when A > E; and by root growth, and surface water flux (swelling of the substrate related to storm rains or flooding), when A < E.  Additional process-oriented measurements (e.g., groundwater levels and root growth/decomposition) are needed to tease apart the contributions to shallow subsidence of individual subsurface processes.  
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Figure 7. Conceptual diagram showing those portions of the soil profile measured by the Surface Elevation Table (SET) and soil marker horizon techniques.

Analysis and Reporting


Statistical analyses of sediment accretion and surface elevation change data can be divided into two main approaches: Regression and ANOVA.  The selection of the most appropriate approach depends on both the research question and the resulting data (Figure 8).  If the research goal is to evaluate the trajectory of accretion or elevation change over time, then the analysis of choice is regression.  This implies that there are no treatment factors or treatment levels among which there are comparisons of interest, or no inherent comparisons between accretion and elevation.  However, if the research goal is to compare accretion with elevation dynamics, or to compare these dynamics among different treatment levels, then the analysis is ANOVA.
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Figure 8.  Decision tree for choosing appropriate analysis of accretion and elevation data.  


ANOVA encompasses a wide variety of different models and analyses that have been applied to sediment accretion and elevation data.  If the research goal is to compare accretion and elevation  (and/or among treatments) over discrete sampling intervals, or over time-dependent processes, then the ANOVA is based on incremental change data.  If the goal is to compare linear trajectories of accretion with those of elevation, or to compare these trajectories among treatment levels, then the ANOVA model will not be based on the raw data, but rather on individual linear slope estimates calculated from regression analyses conducted at the benchmark plot level.  Both ANOVA and regression fall under the purview of parametric models, and are therefore subject to distributional requirements (Neter et al. 1990).


Most studies of elevation dynamics use both SET and marker horizon technologies to partition different processes affecting surface elevation.  Using both techniques together allows for the calculation of shallow subsidence, defined as the summation of all subsurface processes, to the depth of the SET benchmark, leading to changes in elevation, and calculated as vertical accretion minus elevation change (Cahoon et al. 1995).  Accretion, shallow subsidence, and the resulting change in elevation give important insights into processes affecting marsh stability over time.  For this reason, most studies explicitly compare accretion to elevation change.  ANOVA is an appropriate tool to make these comparisons among rates of accretion and elevation change.


Many SET and marker horizon studies also test the effects of different processes on surface elevation trajectories.  For example, at Nauset Marsh, SET benchmark plots were established to compare accretion and elevation trajectories between marsh surfaces and adjacent pool bottoms.  At Hatches Harbor, sediment elevation dynamics were compared on either side of a dike with a culvert that had recently been enlarged, increasing hydrological connection with the upstream marsh.  ANOVA is an appropriate tool to make these comparisons among different habitats or treatment effects.  


Serial Correlation and Experimental Unit


Elevation data obtained from the SET represent repeated measures over time.  Indeed, the SET was designed so that the exact same soil surface could be measured repeatedly, thereby avoiding variation due to measuring different soil surfaces.  Repeated measures result in observations that are potentially correlated over time: in other words, the measurements of accretion or elevation are possibly non-independent over time, which would create a correlation structure within the analysis (Littell et al. 1996).  This serial correlation is more likely to occur within cumulative data, since the value of an observation at time tn is somewhat related to its value at the preceding time tn-1.  Serial correlation may create biases in both the estimates and probability statements from a statistical analysis, and must therefore be either removed or explained.  An approach to remove serial correlation is to run linear regressions at the level at which it exists: the benchmark (SET data) or the platform (marker horizon data; see “Regression,” below).  An approach to explain serial correlation is to model the variance-covariance matrix structures (See “ANOVA,” below).


Elevation change data does not necessarily always exhibit serial correlation.  Experience has shown that if soil elevation has significant variability over the time scale that measurements are taken, serial correlation might be essentially non-existent.  This is the case, for example, where seasonality exerts a strong influence over the surface elevation: soil elevation may be responding to a combination of factors affecting climate, rainfall, local primary production, and so forth, factors which act essentially independently from one year to the next.  Even if elevation does not show much variability over time, expressing data as incremental changes from one time period to the next may reduce the amount of serial correlation within the dataset.


Both elevation (SET) and accretion data (marker horizons) involve sub-samples and even sub-sub-samples, often giving rise to confusion over the definition of the experimental unit.  As stated in Boumans and Day 1993, the experimental unit for the SET is the benchmark, since it is the unit that is placed at random in an area of interest (e.g., a treatment area).  Once the benchmark is secured, an overall area of 5.35m2 is defined as the benchmark plot.  All subsequent four to eight positions, and nine pins per position, are all sub-samples and sub-sub-samples of this larger defined area.  The same concept applies to marker horizons: each of the several surfaces are established within the randomly-chosen platform; at each sampling interval, at least one core is taken from each surface, and numerous readings are obtained from each core.  For this reason, the benchmark or platform is considered the experimental unit for all ANOVA models.


Regression


Regression is appropriate when the investigator wishes to estimate the trajectory of cumulative accretion or cumulative elevation change over the length of a study period.  Regression is the best analysis to use when there is no reason to contrast accretion and elevation change, and there are no classification variables (treatments) among which these processes are to be compared.  


An important assumption of regression analysis is that deviations from the regression line (errors) are uncorrelated over time (Neter et al. 1990).  Although the SET benchmark is considered the experimental unit for statistical analyses of elevation data, an overall regression analysis using benchmarks as experimental units will likely have correlated errors over time, since exactly the same soil surfaces within a benchmark are measured repeatedly.  The solution to this problem is to remove serial correlation by running separate regressions at the level at which this correlation occurs: the individual SET benchmark.  In doing so, the correlation at the benchmark level will effectively be modeled, or explained, by the regression.  


Since accretion measurements are taken from different sediment cores over time, marker horizon data will generally show less serial correlation than SET data.  However, some correlation may occur since the same 0.25 m2 marker plots within each platform are sampled repeatedly.  For this reason, it is suggested that marker horizon data be analyzed in the same manner as SET data, and that separate regressions be run for each replicate platform.


Another assumption of least squares regression is that independent samples are taken at each time period, since the regression line will fit the sample distribution at each time point (Neter et al. 1990).  Sampling positions around the SET benchmark are considered independent within the benchmark, so regressions conducted at the benchmark level can use positions as samples.  Serial correlation will have less of an impact on the regression estimates at this level because positions usually show less spatial variation than the benchmarks.  Similarly for marker horizons, individual marker surfaces within a platform can be used as replicate samples at the platform level within a regression analysis.  


As with other parametric statistics, an assumption of least squares regression is that variances are homogenous, in this case, over time (Neter et al. 1990).  However, when cumulative accretion or elevation change data are calculated, the baseline (time 0) data is always set to zero, and has zero variance: all subsequent time periods have non-zero variance.  An easy way to avoid this problem of heterogeneous variances would be to omit the baseline (time 0) data from the regression analyses.  However, removing baseline values might remove a very important data point defining the overall elevation or accretion trajectory.  For small datasets, this might also remove a large fraction of the data.  In this protocol, only the slope estimates for each benchmark or platform are of interest, and not necessarily their significance levels.  Therefore, the effect of heterogeneous variance may be minimal.  The investigator may decide to remove or retain the baseline data in regression analysis, depending on whether or not significance levels at the benchmark/platform level are of interest, and how important baseline data are in the overall dataset.  


As Figure 8 suggests, caution should be used in applying regression analysis to situations where the cumulative accretion or elevation data do not show linear or easily interpreted curvilinear trends (e.g. hyperbolic, logarithmic).  In cases where some trajectory shift is evident, it might be possible to divide the dataset into separate linear segments.  If seasonal or other cyclic trends are evident, it might be possible to model the cyclical trend in a first regression, then fit the underlying linear trend to the residuals.  Otherwise, if regression does not lead to an easily interpreted function, an ANOVA model would be recommended, with “time” as an explanatory variable.  


A final caution regards the influence of the last observations.  For example, in data with a strong seasonal signal, the season of the last observation will exert strong influence on the regression estimates.  If the last observation is very influential, interpretations of the regression results need to take this influence into consideration.  For example, one might want to run a regression on data without the last observation, and compare it to the regression on the full dataset, as maximum and minimum estimates of the true, time-integrated trend.


Cumulative change data are calculated from the raw data and averaged over the nine pins per position (SET), or the multiple readings per marker horizon surface.  If four SET positions are read, the regression for a SET benchmark will have n = 4 samples at each time period.  If three marker horizon surfaces are sampled, a regression for an accretion platform will have n = 3 samples at each time period.  In the case of Herring River, Cape Cod, 3 SET benchmarks were established in September of 2000, and measured over three time intervals over an almost two-year period.  Four positions were read for each benchmark, yielding 16 observations for each benchmark regression (baseline data retained).  Typically, accretion and elevation data are expressed in millimeters, and time is expressed in years, so the slope of the linear trajectory will be in conventional units of mm yr-1.  


The result of the regression analyses run at the benchmark or platform level will be a set of regression parameters.  In the case of linear regression, there will be as many linear slope estimates as benchmarks/ platforms.  For Herring River, three slopes correspond to the elevation trajectories of each replicate benchmark (Table 1).  As Figure 8 suggests, the investigator may then take the average of these slopes, compute a standard error, and possibly compare the average to zero (0) or some known value, such as local sea-level rise (Table 1).


Table 1.  Linear slope estimates of cumulative elevation change for each replicate SET benchmark at Herring River, Cape Cod, USA.


		Benchmark

		Slope


(mm yr-1)

		Standard Error (mm yr-1)

		Student’s t

		Prob > |t|



		

		

		

		

		



		1

		1.1

		2.6

		0.41

		0.688



		2

		7.5

		2.9

		2.60

		0.021



		3

		6.4

		3.7

		1.72

		0.107



		

		

		

		

		



		Average Slope

		5.0

		2.0

		2.51

		0.086



		Compared to local sea-level rise

		2.6

		

		1.21

		0.175



		

		

		

		

		



		

		

		

		

		





ANOVA


ANOVA (analysis of variance) is the appropriate tool for answering the question “Are accretion or elevation dynamics different among different areas or treatment effects?”


In an ANOVA framework, the emphasis is on comparing different processes (e.g. accretion vs. elevation change) or different treatments (e.g. managed wetland vs. reference) acting over time.  It is often desirable to relate observed changes in accretion and/or elevation to the environmental factors operating over a given time interval, to which accretion and/or elevation respond (such as groundwater levels, flooding, drought, storms, etc.). 


Within an ANOVA framework, both accretion and elevation change are considered repeated measures, because essentially the same soil surface is measured over time.  Three approaches are suggested to analyze SET and marker horizon data within an ANOVA, taking into consideration this time dependency.  The first approach entails conducting simple linear regressions for each replicate benchmark or platform over time (see “Regression,” above).  This approach is only possible, however, if the trajectories of cumulative accretion and elevation change are well approximated by a linear trend over time (Fig. 8).  If not, then it may be possible to break up the time series into a small number of consecutive segments over which trajectories are roughly linear.  Separate analyses (regressions) would be run for each time segment.  If no consecutive linear series are possible, then the second approach is an ANOVA based on incremental change data (tn-tn-1).  Incremental change data will show less serial correlation than cumulative data, and will allow time-dependent processes to be tested within the ANOVA model.  There may be situations under which the investigator may want to test treatment or time effects on cumulative data.  The third approach would therefore be to run an ANOVA on cumulative data, with careful specification of the variance-covariance matrix to take into account the repeated measures nature of the cumulative data.  


ANOVA on rates from simple linear regressions


If the trajectories of cumulative accretion and elevation change are well approximated by a linear trend over time (or if the dataset can be broken up into several linear segments), then separate linear regressions are run on cumulative change data, for each individual benchmark or platform over time (Figure 8).  Accretion analyses are kept separate from elevation analyses.  Serial correlation, the lack of independence of observations over time, is essentially removed by running regressions at the level at which the correlation exists: the benchmark/platform level (see “Regression,” above).  Furthermore, a result of these regressions is a set of linear slope estimates, one for each benchmark/platform, which is the experimental unit for the eventual ANOVA.  In the case of Nauset Marsh, for example, such a scenario would mean running separate linear regressions on each of the four replicate benchmark plots in each environment, for a total of eight benchmark plots, yielding sixteen slope estimates: eight for accretion and eight for elevation change. Table 2 gives the output from all sixteen regressions for marsh surfaces and pool bottoms at Nauset marsh. Baseline (time 0) data was omitted in the regressions.  Please refer to the “Regression” section above for guidance on conducting regression analyses at the benchmark/platform level.


Table 2. Summary output of simple linear regressions for each replicate benchmark/platform at Nauset, Massachusetts (1990 – 2002).


		Habitat

		Process

		Benchmark/


Platform

		Slope (mm/yr)

		SE (mm/yr)

		Student’s  t

		Prob > 0



		

		

		

		

		

		

		



		Marsh

		Elevation

		1

		3.56

		0.94

		3.78

		0.0005



		

		

		2

		0.30

		0.67

		0.45

		0.656



		

		

		3

		3.41

		0.72

		4.74

		< 0.0001



		

		

		4

		3.59

		1.06

		3.4

		0.0016



		

		Accretion

		1

		2.93

		0.48

		6.04

		< 0.0001



		

		

		2

		2.59

		0.45

		5.76

		< 0.0001



		

		

		3

		2.76

		0.49

		5.69

		< 0.0001



		

		

		4

		3.15

		0.68

		4.61

		< 0.0001



		Pool

		Elevation

		1

		5.96

		0.79

		7.52

		< 0.0001



		

		

		2

		1.99

		0.63

		3.14

		0.0042



		

		

		3

		1.92

		1.19

		1.62

		0.117



		

		

		4

		7.86

		1.64

		4.81

		< 0.0001



		

		Accretion

		1

		-0.25

		0.38

		-0.66

		0.522



		

		

		2

		0.32

		0.44

		0.71

		0.495



		

		

		3

		0.67

		0.31

		2.15

		0.05



		

		

		4

		1.38

		0.29

		4.76

		0.0031



		

		

		

		

		

		

		





The slope estimates from simple linear regressions conducted at the benchmark/platform plot level become the data on which the ANOVA for this analysis is based.  In the Nauset example, the study was designed as a factorial, comparing sediment surface dynamics among habitat types (marsh surfaces vs. pool bottoms), among processes (accretion vs. elevation change), and across the interaction of habitat type and process.  The model factors and degrees of freedom are given in Table 3.


Table 3.  Factors and degrees of freedom in an ANOVA for Nauset marsh, Massachusetts.


		Factor

		Degrees of Freedom



		

		



		        Habitat

		1



		        Process

		1



		        Habitat ( Process

		1



		        Benchmark(Habitat ( Process)

		12



		

		



		Total

		15



		

		





The results of the ANOVA based on slope estimates is given in Table 4.  As the table shows, there was a significant interaction between habitat and process (P = 0.037), driven by the highly significant difference between accretion and elevation change in pool bottoms (P = 0.008).  Marsh surfaces, on the other hand, showed no difference between these two processes (P = 0.91). 


Table 4.  Results of an ANOVA on linear slope estimates of accretion and elevation change across marsh surfaces and pool bottoms at Nauset Marsh, Cape Cod.


		Source

		df

		F

		Pr > F



		

		

		

		



		Habitat

		1

		0.13

		0.729



		Process

		1

		4.75

		0.050



		Habitat ( Process

		1

		5.50

		0.037



		

		

		

		



		

		

		

		



		

		

		

		





ANOVA using incremental change data


If linear slopes are not representative of accretion or elevation trajectories, then the comparisons among accretion and elevation change, and/or among various treatment factors and levels are made with an ANOVA analysis based on incremental change data.  Incremental change is obtained by taking an individual measurement at a given time period (tn), and subtracting from it the value of the corresponding measurement in the previous time period (tn-1).  Incremental change offers some useful characteristics within an ANOVA, for example, the ability to test for time-dependent processes, and the lessening of the effects of serial correlation.


Incremental change data reflect changes caused by a variety of factors acting on sediment dynamics within a specific time frame.  Since the interaction of these factors may be independent over time, incremental data should be less prone to serial correlation than cumulative data, as mentioned above.  Since the experimental unit in the ANOVA model is the benchmark/platform, the researcher may want to average incremental data over the sub-samples.  For SET data, this would mean averaging over the pins and positions, yielding one value of incremental change for each replicate benchmark over time.  For accretion data, this would mean averaging over the cores and marker surfaces, also yielding one value of incremental change for each replicate platform over time.  Otherwise, if sub-sample or sub-sub-sample level data are included in the analysis, then the ANOVA model will be a mixed model with a nested error structure (Littell et al. 1996).  In either case, there still may be some amount of serial correlation present within the data, regardless of the level at which the data are included in the model (pins, positions, or benchmark), and the researcher may want to look at residual plots or other tests of this correlation over time.


The ANOVA model will reflect the experimental design of the study.  In the example of Nauset Marsh, the study was designed as a factorial, testing the main effects of habitat, process, and their interaction.  However, this factorial is repeated over time, so the time factor needs to be modeled as well.  Time in and of itself may or may not be a variable of specific interest in the analysis.  For example, time may be considered a source of replication, allowing the comparisons of interest to be repeated over both space (the replicate benchmarks) and time.  Time may be of specific interest if it encompasses a known seasonality or other cyclical phenomena (e.g. El Niño years).  In either event, time can be modeled as a block within a split-plot framework (Littell et al. 1996).  In the example of Nauset Marsh, the factorial treatment structure would exist at the split plot level, with time and the interaction of time with the factorial at the main plot level.  A generic example is given below:


Y = 
Treatments


Split Plot Factor



Plots(Treatments)

Split Plot Error



Time



Main Plot Factor



Time ( Treatments

Main Plot Interaction Factor



Time ( Plots(Treatments)
Main Plot Error


Given appropriate software (e.g. SAS®, versions ( 6.0), the correlation over time incurred by the repeated nature of accretion and elevation change data can be modeled within the variance-covariance matrix (e.g. the “Repeated” statement in SAS®, Littell et al. 1996).  It is important to model this covariance; otherwise, the analysis might violate the assumption of independence among split-plot errors, and the model might suffer from increased Type I error (Littell et al. 1996).


ANOVA using cumulative change data 


Using cumulative data within an ANOVA runs a heightened risk of incurring serial correlation.  For this reason, it is imperative to model the covariance structure resulting from the repeated measures-nature of the data.  Appropriate statistical software (e.g. SAS®, versions ( 6.0) is required to both model the covariance structure, and evaluate the model goodness of fit.  If the wrong covariance structure is used, the analysis might violate the assumption of independence among split-plot errors, and the model might suffer from increased Type I error (Littell et al. 1996).
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PART 2.  STANDARD OPERATING PROCEDURES


SOP 1 


Site Selection, Sample Location, and 


Establishing Permanent Sampling Stations


Site Selection


The marsh of interest should be defined and boundaries delineated.  The monitoring question being addressed will determine the sampling design employed (e.g., random, stratified random, or BACI – before, after, control, impact), which in turn will influence overall site selection.   In a random design, such as used at Nauset Marsh, no reference (i.e., control) marsh area is needed.  In a stratified-random design, such as used at Herring River, different regions of the marsh (e.g., upstream and downstream portions of the tide-restricted marsh) need to be delineated for sampling.  A reference site (tide-unrestricted) was also selected at Herring River for comparison to the tide-restricted marsh.  In a BACI design, such as used at Hatches Harbor, both a reference marsh (tide unrestricted) and stratified portions of the impacted marsh (tide-restricted) need to be delineated for sampling.  


Sample Location


Sampling station locations need to be selected randomly for the three sampling designs described above to meet the assumptions of analysis of variance.  At Hatches Harbor and Herring River, the sampling platforms were established in the interior portion of the Spartina alterniflora marsh at least 5 meters from the creek bank in areas of marsh selected for uniformity of vegetative species composition and cover.  Platform locations were selected from a sampling grid (meter tape) laid out in the selected marsh area using randomly generated coordinates.  At Nauset Marsh, sampling was conducted in the central portion of the lagoon on a salt marsh island selected for its uniformity of vegetative cover and health, and that represented typical intertidal, estuarine conditions of the lagoon.  Sampling station locations were selected with a restricted-randomized design.  Only permanent pools directly connected to the tidal creek system by small tidal channels and readily accessible by boat were considered for study.  From this restricted population, four pools were randomly selected from an aerial photograph.  A salt marsh sampling station was selected within 20 m of each pool from a grid (meter tape) laid out in the salt marsh and using randomly generated coordinates.  


Establishing Permanent Sampling Stations


This SOP provides detailed instructions for installing (A) sampling platforms, (B) SET benchmarks, and (C) artificial soil marker horizons.


A: Installation of Sampling Platforms
Because the SET measures elevation change of soft, unconsolidated wetland sediments, you need to minimize your impact to the immediate area around the benchmark pipe that is installed. This is usually accomplished by constructing a wooden sampling platform.


The platforms we constructed at CACO are "permanent" and remain at the study site indefinitely (Figure 10), although the planks are removed after each sampling. There may be situations where you are unable to construct a permanent platform or site managers may not allow them. In these circumstances, a portable platform can be used. A portable platform consists of sets of planks with "milk crates" or "step stools" attached to the bottom to elevate the planks above the marsh surface. These two platform components are carried to the site, along with a 3rd plank to drop across them, for sampling and are removed when sampling is complete. This makes for a lot of work when you have to sample but it will minimize your impact in the sampling area. 
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Figure 10.  Top:  Permanent sampling platform in the marsh at Nauset Marsh.  Middle: Permanent sampling platform in a pool at Nauset Marsh.  Bottom:  Temporary sampling platform in salt marsh at Barn Island, CT.


When circumstances necessitate, you can forego constructing a platform. We have not used platforms in areas where it's very difficult logistically to transport the lumber and build them, and in other sites where a highly visible platform could attract curious onlookers who would accidentally trample the site. For this approach to be successful, the site has to have relatively firm sediments. You need to be very careful and consistent in how you approach the SET pipe and where you stand when sampling.


Supplies Needed


Platforms are usually constructed out of treated lumber consisting of 2 planks (2" x 10" x 8' or 2" x 10" x 10') supported by 2 “teeth” which are pounded into the ground (Figure 11). Each tooth is constructed with two legs (2” x 4” boards) bolted to a 32" crosspiece using 5/8” carriage bolts with a 9/16” nut and washer. The crosspiece is made out of 2” x 4” or 2” x 6” lumber.
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Figure11.  Construction design of a sampling platform.  The platform is supported by teeth made from wooden legs connected by a wooden crosspiece.


Tooth Design specifications


The length of the legs on the teeth will vary depending on the soil strength of the substrate. In shallow pools or in unconsolidated sediments, you will likely need 8' long legs. You may also need to add a second crosspiece to the tooth 1’ to 2’ below the top one to stop it sinking completely into the substrate. In firm or very firm marshes, you will likely need legs 4' or less. Attach the top crosspiece a few inches below the top of each leg. This design will keep the planks from sliding off the tooth.


Sampling Platform Layout


The layout of a sampling platform is presented in Figure 12.  The 2 planks on a platform are spaced about 8 feet apart. The platform is laid out with the SET sampling positions located between the two planks. Marker horizons are located around the outside of the platform.  A third plank (10' is ideal) is laid across the other 2 planks to access the area around the SET benchmark pipe. 
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Figure 12.  A sampling platform consists of four teeth connected by planks.  The SET benchmark is established in the middle of the platform.  The marker horizons are located around the outer perimeter of the platform.  


Procedures for installing a sampling platform


The purpose of the sampling platform is to minimize disruption of the marsh surface during sampling.  Thus it is essential that the platform be approached from only one direction during construction and subsequent sampling events to avoid trampling the marsh where the elevation and accretion measures will be made.  No one should walk on the marsh surface beyond where the two front teeth are installed (Step 1 below) during construction or subsequent sampling.  


Step 1:  Insert the front two teeth (Figure 13 A). They will be about 6-8 feet apart. Use a sledgehammer to knock them into the substrate. Crosspieces should be about 1-2 feet above the surface, possibly higher if you are in a pool.  Remember, always approach the platform from this side and do not walk on the marsh surface beyond these teeth.  


Step 2: Lay planks on each tooth (Figure 13 B). The far end of the plank will be lying on the marsh (or on the pool bottom). Make sure they are perpendicular to the tooth.


Step 3: Install the remaining two teeth at the end of the planks (Figure 13 C).  Walk out onto the plank with a tooth in your hands ready to install. Be careful not to slip. Have another person steady the board you are walking on. This same person can pass you the sledgehammer once you're at the end of the plank. While standing on the plank, knock the far tooth into the ground. Do the same for the other side. All four teeth are now in the ground.


Step 4: Walk back to the end of the plank and step off. Pull the board back and lay it on top of the far tooth (Figure 13 D). Tighten the bolts on the crosspieces. If you are leaving the planks on the platform, you should consider nailing them down. This will keep them from floating away during high tides.   
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Figure 13.  Sampling platform construction.  A: Step 1 of platform construction.  B: Step 2 of platform construction.  C: Step 3 of platform construction.  D:  Step 4 of platform construction.  See text for details.


B: SET Benchmark Installation


After the platform is built, you will need to install the benchmark pipe, to which the SET instrument attaches. For installation it's good to have 2 planks as crosspieces since you will normally have two people standing on the platform (more if you're vibracoring).  


Supplies Needed


1) SET - the instrument (including carrying case)


2) BENCHMARK PIPE - 20' long, 3" diameter aluminum irrigation pipe. We typically purchase this from an irrigation company. Be sure to order it without flared ends or couplings. These pipes are quite light. You can get pipes in varying lengths. We commonly use 20' lengths. Pipes longer than 30’ are difficult to transport and handle.


3) CEMENT – 40 or 80 lb bags of Mortar mix. Amount used depends on how deep you sink the benchmark pipe and how much void space is in the pipe.  Use mortar mix without stones.


4) BASE PIPE - 2' long, 2" diameter, schedule 40 aluminum pipe with 4 or 8 notches cut into it. This pipe receives the SET during the measurement of elevation.  Base pipes have an interior metal plate to prevent cement from rising up inside.  These pipes are custom built by a machine shop.


5) Hacksaw for cutting the aluminum benchmark pipe.


6) Cement trowels and bucket, paper towels, duct tape, wide mouthed funnel.


7) Vibracorer or Pounder - used for sinking the benchmark pipe into the substrate.


8) Marker Horizon- We use feldspar clay in most circumstances.


9) ½" pvc pipe - for marking the borders of the marker horizon plots
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Procedures for installing a SET benchmark pipe


Drive the pipe into the marsh or pool using the pounder or vibracorer (see below). It's important to install the pipe as deep as possible, until it stops moving, because it needs to be a stable base for the SET. In many environments, the 20’ pipe will stop moving well before it gets that deep.  However, a 20' pipe will only go in at most 18-19' because of the equipment that attaches to it when sinking it into the ground.  So if you know the pipe will go deeper than 18-19’, then use a 25’ or 30’ pipe.  If you think the benchmark will go deeper than 30’, we recommend you use the Deep Rod SET (Cahoon et al. 2002).  After the pipe stops moving, cut it about 12-15" above the marsh surface. If you are in a pool the cut is typically 12-24" high (depends on the water depth of the pool).


Driving the benchmark pipe.  There are two methods used to drive the 3” diameter benchmark pipe into the ground – the vibracorer and the pipe pounder.  Both methods are effective at driving the benchmark pipe, and each has advantages and limitations.  


Vibracorer.  The vibracorer is a gasoline powered concrete vibrator used to remove air bubbles from concrete forms. We have them modified to attach to the 3" aluminum benchmark pipes. The vibration momentarily liquefies the soil and helps drive the pipe into the ground.  The pipe is driven down until it no longer moves, at which time the vibracorer is turned off and the liquefied soil settles around the pipe, securing it in place.  It is recommended to wait at least 1 to 2 weeks before reading the SET on a benchmark, to allow for settling, if any, that may occur.  


Most vibracorers consist of the following components (Figure 14):


1) Gas powered 3-10 HP engine. 


2) A 14', shafted cable that attaches to the engine on one end. This is about as short as you can get the cable. You can also get them in 22' lengths.


3) A 2-2.5" diameter vibrating head which attaches to the other end of the cable. This is a large (heavy) piece of metal. This is what "vibrates" when the engine is running.


4) Pipe attachment assembly. The vibrating head is attached to the benchmark pipe by a custom built piece. This piece is constructed out of steel and is intentionally very heavy to aid in driving the pipe into the ground. 


All four of these components are HEAVY! You will also need some rope and other gear (gloves) to try to minimize your exposure to the vibrating pipe.  There are smaller backpack vibrators available that can also be used.  
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Figure 14.  Vibracorer components include engine, cable with vibrator head, and pipe attachment assembly.  Note that we bring two of every component of the vibracorer apparatus in case a part fails.  Other items shown in the photograph are cement, SET base pipes, and sledgehammers.  


Installing the benchmark pipe with the vibracorer (Figure 15):


1) You will need to work on the platform for the installation. It is helpful to have 2 cross-planks to stand on.  Be aware that you will need at least 3 people (4 or 5 is best) to operate the vibracorer: one person to operate the engine and the others to support the pipe as it is driven into the ground.


2) Attach the coupling end of the cable to the gasoline engine.


3) Attach the pipe attachment assembly to the vibrator head at the opposite end of the cable by sliding it over the head and tightening the bolts. Be aware that the pipe attachment assembly will be very heavy after the vibrator head is connected to it.


4) Position the benchmark pipe where it’s going to be driven into the ground. It’s best to have a cross-plank on either side of the pipe to provide adequate space for people to support the pipe.


5) Attach the pipe attachment assembly to the benchmark pipe at shoulder height, which may be about 5-7’ above the ground.  The pipe attachment assembly typically has a hinged door that will close around the pipe and is secured by bolts or a slip-chain mechanism. Be sure the assembly is securely connected to the pipe. It should not slide up and down or twist if attached properly.


6) Have the operator start the engine at the lowest speed. Once started, the entire pipe and pipe attachment assembly will start to vibrate.


7) When the engine speed is increased the entire assembly will strongly vibrate. You absolutely need to wear gloves to give you a sure grip while supporting the pipe. Ropes can be attached to the pipe or pipe assembly to decrease direct contact with the vibrating pipe and to steady the pipe.


8) The vibrations and heavy weight of the assembly will cause the pipe to slowly sink into the marsh or pool bottom.  Apply your weight to the assembly to help the pipe sink faster. Be sure to keep the pipe vertical as it starts into the ground. Once it is in the ground a few feet, you will not be able to make any adjustments to the vertical angle at which the pipe is entering the ground.


9) As the pipe sinks, the pipe attachment assembly will get lower to the ground. At some point it may be possible for someone on the platform to stand on the pipe assembly to add weight. If this is possible, make sure someone else can steady and support this person.


10) Slow the engine to the lowest speed as the pipe attachment assembly gets within a foot or two from the marsh or water surface.


11)  Loosen the mechanism holding the pipe attachment assembly to the pipe. You may be able to do this with the engine running at low speed, otherwise turn off the engine.


12) Slide the entire pipe attachment assembly back to shoulder height and tighten it to the pipe.


13) Continue sinking the pipe and moving the pipe attachment assembly as needed until the pipe will go no further into the ground.  


14)  Cut off the remaining pipe with a hacksaw about 12” to 18” above the marsh surface. 
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Figure 15.  Vibracoring a SET benchmark pipe at McFaddin NWR, Texas.  Note that all work is performed on the sampling platform.  Left:  Setting up the vibracoring gear.  Right: Driving the benchmark pipe.  


Pipe Pounder.  The pipe pounder is a custom built piece of equipment that consists of two parts:


a) Collar - The collar consists of two pieces of steel that are clamped to the benchmark pipe (Figure 16). There are four bolts that hold the two pieces to the pipe. This piece is about 8.5" in height and weighs 15 lbs.
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Collar - Top View 


Collar - Side view

                        


Figure 16.  The SET benchmark pipe pounder collar shown in side (left) and top (right) view.  


b) Pounder - This is a single piece of open-ended pipe with handles (Figure 17). It slides over the benchmark pipe and pounds the collar, which is clamped to the pipe. This piece is about 12" in length and weighs 20 lbs.
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Pounder

Figure 17.  Open-ended pounder with handles that slides over the benchmark pipe and is used to pound the collar (Figure 16).  


Installing the benchmark pipe with the Pipe Pounder (Figure 18):


1) You will need to work on the platform for the benchmark installation. It is best to have a cross plank on either side of the pipe to provide adequate space to maneuver.  You will need at least two people to operate the pounder.  


2) Always wear gloves and hearing protection while pounding pipe.  


3) Before mounting the platform, lay the benchmark pipe on the ground away from the platform.  Attach the collar to the benchmark pipe about 6 to 8 feet above the bottom of the pipe.  There are 4 bolts that need to be tightened.  Be sure to tighten the bolts evenly so as not to crimp the pipe.  Any crimp or crease made in the pipe by the collar could become a weak point that could buckle under the force of the pounding, thereby destroying the benchmark.  Suggestion: tighten the bolts in a criss-cross pattern (e.g., lower left, then upper right, then upper left, then lower right) being sure to keep the decreasing distance between the two halves of the collar uniform on both sides.


4) Slide the pounder over the opposite end of the pipe.  


5) Carry the benchmark pipe onto the platform and position it where it will be driven into the ground.  With a twisting motion, pull/push the pipe into the mud, being sure to keep it vertical.  When the pipe stops moving, commence pounding the collar with the pounder, again being sure to keep the pipe vertical.  


6) Pound the pipe until the collar is a foot or two above the marsh or water surface.  At this point, you will need to raise the collar so that pounding can continue.  


7) While one person holds the pounder above the collar, the other person loosens the four bolts on the collar and slides it up the pipe to about shoulder level.  The collar should slide up without removing the bolts but in some instances you may have to remove the collar and reposition it on the pipe.  


8) Tighten the bolts evenly, see step #3 above.  Continue pounding the pipe into the ground.  Repeat this process until the pipe no longer moves.  


9) For safety reasons, do not continue pounding when there is less than 18” of pipe extending above the collar because the pounder could very easily come off the pipe and injure someone.  With a 20’ pipe, you would have to stop pounding when the pipe is about 18’ into the ground.  


10)  When the pipe will no longer move, cut off the remaining pipe with a hacksaw about 12” to 18” above the marsh surface.  
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Figure 18.  Pounding a SET benchmark pipe into the marsh at Hatches Harbor, Cape Cod National Seashore using the pipe pounder.


Pros and Cons of the Vibracorer and the Pipe Pounder.


		Pipe Pounder:



		Pros


		· Lightweight and portable (relative to the Vibracorer). 


· Easy operation and use, very reliable. 


· Fewer workers needed to install the benchmark. 


· Less damage to the study area than with a vibracorer. 


· You can get away without having a platform (if necessary).



		Cons

		· Hard physical work.


· Very noisy. You will need hearing protection.



		Vibracorer:



		Pros

		· Less physically tiring to install pipe than pounding.



		Cons

		· The vibracorer and associated gear is bulky and heavy. Many pieces to carry into the marsh 


· Requires at least 3 people. One to operate the engine and two (or more) others to support the pipe and help drive it in.


· Tough on the hands! Wear glove protection.


· Need Hearing protection 


· Can be more destructive to the surrounding marsh because of all the additional gear and people.


· Definitely need a platform to minimize impact.



		

		





Installing benchmarks with either of these devices is a strenuous operation. We used the Pipe Pounder at CACO because it is small, lightweight and easier to carry around in the marsh. In substrates with a lot of clay, it is typically easier to use the vibracorer. 



Cementing the Base Pipe into the Benchmark Pipe.  As either the Pipe Pounder or Vibracorer drives the pipe into the substrate, the soil within the pipe will compact creating void space.  The amount of void space created varies with the type of substrate. For example, in unconsolidated sediments there may be 8- 10' of void created. However, in very firm substrates there may only be a foot or two.  Fill the void space in the pipe with cement to strengthen the benchmark and attach the base pipe that receives the SET. We recommend using "ready-mix" mortar mix without stones.  


The base pipe is 2’ long, with notches in the top to accommodate the SET (Figure 19).  When the cement is 6” to 12” from the top of the benchmark pipe, push the base pipe into the top of the pipe and displace the cement up and around the outside of the base pipe (Figure 20). Tap the outside of the benchmark pipe to displace any air bubbles in the cement and help settle the base pipe in place. It is important to use cement without stones because the space between the benchmark pipe and the base pipe is only ¼”.  The presence of stones in the mix will weaken the cement bond in this narrow space.  
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Figure 19.  SET base pipe.  Top:  View looking inside the base pipe from the top showing the notches and the interior plate that prevents cement from rising up inside the pipe.  Bottom:  Side view of the 2’ long base pipe showing the notches in the top (left) and holes drilled in the bottom below the interior plate to increase contact with the cement.
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Figure 20.  Cementing the base pipe into the benchmark pipe.  


Use paper towels to clean off the top of the base pipe. Make sure the notches of the base pipe are free of cement. Make sure you have the notches aligned properly for sampling while the cement is still fluid. The directions (compass bearings) of the SET deployment will be permanent once the cement sets.  The use of a torpedo level will help level the top of the base pipe in the compass bearing directions.  Use duct tape to secure the base pipe in place. It will tend to float up and out of the benchmark pipe if you don't tape it in place until the cement sets.


Let the pipe sit for at least 1 - 2 weeks before taking the first SET readings (called the baseline reading). This may not be logistically feasible in some situations, but it is good to let the pipe and cement settle before sampling, if possible.


C: Establishing Marker Horizons

It is very important that the marker horizon plots are established when you take your first (baseline) SET readings.


Supplies Needed


1) Marker Horizon - There are many materials which you can use for a marker horizon. Brick dust, Grog, Sand, Kaolin, glitter and varieties of feldspar clay are all suitable for marker horizons. For most situations, we have settled on using G-200 feldspar clay from the Feldspar Corporation (Figure 21). It comes in 50 LB bags and we typically get about 6 feldspar plots (50cm x 50 cm) from a single bag.  This is a brilliant white material that forms a nice cohesive layer once it gets wet and is easily distinguishable from the surrounding sediment.
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Feldspar G200


Figure 21.  Marker horizons are often made from feldspar clay, which comes in 50 lb. bags.


Feldspar clay will work in most environmental settings. As with all marker horizons you will have the most problems in high-energy areas (marker gets washed away) and in very low energy areas (marker never gets buried and washes away). Bioturbation by crabs or burrowing shrimp may also be a problem. In some instances a larger grain size material like sand may work better than the smaller particles in feldspar. Trial and error will be the only way to find the best marker for a given situation. Be aware that in almost all situations, the marker horizon will disappear over time. This is about the only certainty with this technique. You may need to add additional plots in the future.


2) 1/2" PVC stakes – Used to mark the boundaries of the plot containing the marker horizon. The stakes are about 3' in length. You may need longer stakes if you are working in a pool or very tall grasses.


3) Respirator – The feldspar material should not be inhaled so a high quality respirator is recommended when establishing the marker horizons. 


Procedures for Establishing the Marker Horizons 


1) Three or four feldspar plots are usually deployed on a given sampling platform (Figure 12). We have typically used 3 per platform. This leaves plenty of room to add additional plots in the future if the initial plots disappear.


2) Select where you want to put the marker horizon plot. Don't make it too far from the platform or else it will be difficult to sample the plot in the future (Figure 22).
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Figure 22.  Dimensions and layout of a typical marker horizon plot.

3) Make a wire (or PVC) frame to approximate the size of the marker horizon plot. We typically make our plots 50 cm x 50 cm. Lay the frame on the marsh.


If you are laying feldspar in a pool or on a flooded marsh, use a plastic trashcan with the bottom cut off to define the borders of the marker horizon plot and aid in establishing the horizon. It helps to push the trashcan into the surface a small amount to keep the feldspar from leaking out the sides. This is very difficult if you are working on a flooded marsh surface. Regardless, try to minimize leaking of the feldspar.


4) Using a small cup, sprinkle the feldspar on the marsh surface (Figures 23 and 24) to a thickness of no more than 1 cm. A 50 LB bag of feldspar will yield about 6 plots (50 cm x 50 cm). 
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Figure 23.  Laying feldspar on the marsh surface to establish an artificial soil marker horizon.  Note the edges of the marker horizon plot are marked with small PVC stakes.  
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Anacostia Park NPS, DC USA.


Fire Island NS, NY USA 


Figure 24.  New artificial soil marker horizons established on a dry surface.


If using a trashcan, you will need to wait at least 10-15 minutes (or longer) to allow the feldspar inside to settle to the bottom before carefully and slowly removing the trashcan (Figures 25 and 26).
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Figure 25. Establishing a feldspar marker horizon in an open water site using a trashcan with the bottom cut off to contain the material.  
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Delta NWR, LA




Delta NWR, LA

Figure 26.  New artificial soil marker horizons established on a wet surface.


5) Mark the plots with 2 (or 4) PVC stakes. If the plot is vegetated use the PVC stake to knock the feldspar off the plants.  The marker horizon will hopefully get buried over time, so you will need these stakes to find the plot in the future. If the site is periodically burned, you might want to consider using rebar or fireproof PVC to mark the plots. For shallow water stations, the stakes should be put some distance (e.g., 10 cm) from the plot to minimize the effects of scour on the soil surface.  


6) Draw a map in your data book showing the relative locations of the feldspar plots in case the PVC stakes are lost.


Sampling Station Coordinates 


See Appendix 1.


SOP 2


Spatial Accuracy and Validation Procedures 


The SET is designed to re-occupy the same reference plane in space and thereby repeatedly sample the same point on the marsh surface.  To ensure data quality, it is essential that the benchmark be re-located for each sampling event and that the elevation of the benchmark and orientation of the SET arm positions are accurately determined and confirmed at regular intervals.  At the time of sampling station installation, an accurate GPS reading should be taken and recorded in the data book to facilitate relocating each sampling station during future sampling events.  The elevation of each SET benchmark should be determined shortly after installation by standard survey methods, tied into a local benchmark if available, re-surveyed one year later, and every 2 to 3 years subsequently, to detect any changes that could influence the SET readings.  If the benchmark is sinking at the same rate as local subsidence (available in the literature) then it is stable relative to the marsh surface.  If the benchmark is sinking faster than the local subsidence rate, it is not stable relative to the marsh surface.  All SET measurements made from an unstable benchmark will have to be corrected by the measured amount of sinking.  Unstable benchmarks are extremely rare and sinking typically occurs in the first year and then stops.  The orientation of the SET arm positions should be measured with a compass and the bearing recorded in the data book when the station is installed.  The compass bearings should be checked during each subsequent sampling event.  In northern climes the benchmark can be moved or twisted by frost heave or ice pressure.  


SOP 3


Field Crew Training Procedures


Although a single individual could sample a SET-marker horizon platform, the ideal size of a field crew for sampling a SET-marker horizon platform is 3 trained individuals because of the time and logistics required to read four positions of the SET, record each of nine measuring pin readings from each position of the SET, core the 3-4 marker horizons, and record the caliper readings from each cryogenic soil core.  With a crew of three trained individuals, one reads the SET, one cores the marker horizons and measures the cores, and one records the data.  If the crew consists of only one individual, sampling time increases substantially, which may require more days to complete the sampling.  Sampling over many days can possibly introduce variability related to different stages of the tide and weather events (i.e., flooding depositional or erosional events) that occur during sampling.  If at all possible, sampling of a single site or comparison of sites should be completed in the same day.  


It is essential that both accretion and elevation sampling methods measure the same marsh surface in order to accurately compare rates of accretion and elevation, and calculate shallow subsidence.  To this end, the individual crewmembers reading the SET and coring the marker horizon must agree beforehand on their interpretation of the marsh surface.  For example, cryo-cores will capture flocculent material suspended in overlying water as well as freeze the marsh soil.  So when interpreting the marsh surface in a cryo-core, consideration must be given to what surface the SET is measuring.  SET measuring pins will pass through any flocculent material.  Thus care must be taken when interpreting a cryo-core to measure the surface of the soil matrix, the same surface that the SET operator is interpreting, not the surface of the flocculum.  In addition, if SET measuring pins with feet are being used to measure the elevation of a water bottom, the pins are typically released and allowed to seek their own level because the mud surface cannot be observed through the water from above.  Thus, these pins will typically sink a few millimeters into the soft mud.  This bias in the elevation reading must be taken into consideration when comparing it to accretion readings where no compression of the surface has occurred.  In this case, calculations of shallow subsidence would be biased toward an increase in shallow subsidence.  


From the discussions above, it can be seen that training of the field crew is essential and that each crewmember must understand how the other crewmembers are interpreting the marsh surface.  Training is also essential to minimize error when reading the SET.  Operator error is a major source of variation in SET elevation data (Cahoon et al. 2002 b, c).  Thus SET operators must be adequately trained in order to minimize errors and maintain a high quality of elevation data.  To further minimize errors, it is strongly recommended that one SET operator be assigned to a project and that operator is the only crewmember to read the SET.  If a SET operator must be replaced, the old and new SET operators should both read the SET during the same sampling event (i.e., double read each SET) so that the old operator’s data set ends on the same day that the new operator’s data set begins.  This double-reading approach avoids confounding the biases of separate operators.  Double reading should also be used when replacing measuring pins.  


Training in collecting SET elevation data and marker horizon accretion data should be conducted by instructors fully trained in the use of SET and cryogenic coring gear.  A SET operator who is leaving a project should train his/her replacement, taking particular care to impart their interpretation of the marsh surface to the new operator.  The same is true for a coring operator; particular care should be taken to impart their interpretation of the contact point between flocculum and the marsh surface to the new coring operator.  Equipment needed for this training is the SET and the cryogenic coring apparatus.  Training in the establishment of new sampling platforms, SET benchmarks, and marker horizons should be provided as on-the-job training by experienced field crewmembers whenever new plots are established.  


Qualifications.  Field crewmembers will be required to conduct field work during extremes of weather conditions (i.e., heat, cold precipitation), carry heavy gear long distances across the marsh, make highly precise, fine resolution adjustments to mechanical field gear (e.g., SET and cryogenic coring apparatus), read the fine gradation markings of rulers and calibers, and properly record data in a field book.  


SOP 4 


Field Preparation 


(Scheduling and Equipment Preparation)


The SET and cryogenic-coring gear are portable devices, which are deployed only during sampling, and placed in storage between sampling events.  In this standard operating procedure we describe the tasks related to sampling schedule, staffing requirements, and equipment preparation.  


Staffing requirements and sampling schedule


The ideal field crew consists of three trained individuals who divide the labor of reading the SET, collecting and reading soil cores, and recording the data.  A field crew of one or two individuals can conduct the monitoring, but the monitoring will take considerably longer, which may lead to some problems with data quality.  See SOP #2 above for a full explanation.  


It is recommended that elevation and accretion measurements be collected seasonally for at least one year, and at the same time of day or stage of tide if evapotranspiration or tides influence elevation (see Sources of Variation in the Protocol Narrative).  At CACO, sampling is conducted immediately prior to or at the beginning of the growing season in the spring, during the summer peak of vegetative growth, and in the fall after plant senescence.  Sampling is not conducted during the winter because of the presence of ice and snow on the marsh surface.  The time of each sampling should be similar from year to year to ensure that the same seasonal processes affecting elevation are sampled each season.  


Equipment and material checklists


Platforms.  Prior to sampling, the sampling platforms should be inspected for structural integrity, especially after the winter season when ice and snow may damage the platform.  Implement any necessary repairs before sampling.


Benchmark.  Upon arriving at the sampling station and prior to sampling, inspect the benchmark to ensure that it is undamaged and stable.  


SET.  Prior to each sampling event, the SET should be inspected to ensure that all parts are functioning properly.  After sampling, the SET should be cleaned of all mud and debris, and all moving parts treated with penetrating lubricant (e.g., WD-40).  Between samplings, the SET should be kept dry in its storage case.  


Cryogenic-coring gear.  Prior to sampling, the dewar should be filled with LN2 and the entire apparatus (e.g., dewar, all connectors, stainless steel hose) checked for leaks.  The bullets should be inspected to insure they are straight so as to facilitate removal and reading of the core.  After sampling, the entire apparatus should be cleaned of all mud and debris and stored in a dry place.


Monitoring marsh surface elevation dynamics, including subsurface process influences on elevation, requires the equipment and materials listed in Table 5.


  Table 5 Field-sampling equipment and materials checklist.


		Field data book (waterproof)

		with pencil/permanent marker to record data and notes



		Field map

		showing locations of sampling stations



		SET

		see SET equipment checklist below



		Cryo-coring gear

		see cryo-coring gear checklist below



		Camera

		to record marsh conditions at the time of sampling



		Tools

		hammer, nails, miscellaneous tools for repairing the sampling platform



		Planks

		to place across the platform and access the SET benchmark



		Temporary platform

		if there is no permanent sampling platform





Before each sampling event, check the SET equipment to ensure that all items listed in Table 6 are present. 


 Table 6 SET equipment checklist.  


		SET storage case

		store and transport the SET to the field in this case



		SET device

		including vertical arm, horizontal arm, connecting bolt and cotter pin, turnbuckle



		Measuring pins (9)

		bring extra sets (e.g., with feet) if needed



		Name tag clips (12)

		you need 9, but bring a few extra in case some are lost



		Penetrating lubricant

		for lubricating and protecting the threads of the turnbuckle



		Compass

		to take compass bearings and verify SET-sampling positions



		Metal ruler

		with mm gradations, and the zero mark at the very end of the ruler 


[In some rulers, the zero mark is several mm from the end of the ruler.  If you use this type of ruler you must correct each reading by the distance between the end of the ruler and the zero mark.  It is simpler to use a ruler where the zero mark is on the very end of the ruler.]





Before each sampling event, check the cryo-coring equipment to ensure that all items listed in Table 7 are present. 


 Table 7 Cryo-coring equipment checklist.  


		Dewar, 15 L

		full of liquid nitrogen, extra LN2 can be carried in additional dewars



		Stainless Steel hose (2)

		bring a spare in case one develops a leak



		Cryo-probe inner sleeve (2)

		¼” copper tube, attaches to the SS hose, bring spare






		Cryo-probes (i.e., bullets) (7)

		slides over inner sleeve, bring several different lengths to accommodate a range of water depths and allow for continued sampling while earlier cryo-cores are thawing



		Gloves

		to protect your hands while handling the frozen SS hose and cryo-cores



		Knife

		for shaving (i.e., removing) the unfrozen outer portions of each cryo-core



		Calipers

		with mm gradations, for measuring the thickness of sediment above the marker



		Tools /supplies

		wrenches and spare connectors, for assembling and repairing the cryo-apparatus





SOP 5


Using a GPS


The National Park Service will develop this standard operating procedure.  


SOP 6 


Sampling Procedures


This section provides detailed instructions for making measurements of wetland surface elevation with a SET and vertical accretion from marker horizon plots with a cryo-coring apparatus. 


SET sampling procedures

Remove the SET components from the carrying case and assemble the instrument before entering the marsh.  Bring the SET and ruler to the sampling platform, being sure to approach the platform from the proper direction.  Mount the platform and position yourself on the crosspiece above the benchmark pipe.  


Step 1 - Choose your sampling direction (compass bearing)  


From a single SET benchmark pipe you will normally have a choice of 8 directions from which to sample unless you have a base pipe with only 4 notches (Figure 27). We normally take readings at 4 of the 8 possible directions. Typically, the 4 directions are chosen so they are 90 degrees from each other, although other spatial patterns may be required for a particular site or experiment.  For example, we would use directions 1, 3, 5 and 7 or 2, 4, 6 and 8 for the SET readings. Having extra directions is helpful should a problem arise. For example, suppose you accidentally step in one of the sampling positions and there is now a footprint. You could start another baseline using one of the four remaining directions.  Once the directions are selected, a compass bearing is taken of each and recorded in the field book.  The compass bearing is used to relocate each of the four directions around the SET benchmark during each sampling event.  Make a drawing of the sampling layout (i.e., positions around the benchmark) and record the compass bearings in the data book.
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Figure 27. A planar view diagram showing the 8 potential directions at which the SET measurements can be made at an SET benchmark.   


Step 2 - Place instrument on benchmark 


Insert the vertical arm of the SET into the base pipe being sure that the two pins on opposite sides of the vertical arm are seated firmly in the notches of the base pipe in the direction you want to sample (Figure 28).
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Figure 28.  A photograph showing how the SET couples with the benchmark pipe.  The lower portion of the SET is lowered into the base pipe until the two pins on the SET are seated snugly in the notches on the base pipe.  


Step 3 – Level the SET 


You must level the instrument prior to reading each position around the benchmark (Figure 29).  All SETs have a bubble level on them. The arm of the SET is raised or lowered by turning the turnbuckle.  The arm is leveled in the horizontal plane by releasing the setscrew on the top and rotating the arm in either direction.  
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Figure 29. A photograph showing the mechanisms on the SET for leveling the horizontal arm:  turnbuckle, set screws, and bubble level.


Step 4 - Lower the measuring pins to the surface


The pins are held in place by badge clips. Unclip a pin and lower it until it touches the surface (Figure 30). Place the clip back on the pin to hold it in place and keep it from sinking into the substrate. Repeat this for the other 8 pins.  It is very important not to lean on the SET plate when lowering the pins because any vertical movement can affect the position of the pins relative to the soil surface.


Placing the pins on a dry surface is mainly accomplished visually.  At most marsh sites you may have to push the vegetation aside while placing pins on the soil surface. In addition, some sites will undoubtedly have detritus, leaves and other materials on the surface. You will need to make a decision on what to temporarily move aside and what to leave in place.  We normally move aside any materials that are not attached to or incorporated into the sediment. For example, we would push aside dead leaves and twigs that are loose on top of the soil surface, and return them after sampling. We would not remove something like a mussel shell or branch that is buried in the sediment. If a pin rests on an unusual surface, such as a branch or crab hole, make a note in the data book.
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Figure 30.  Carefully placing the measuring pins of the SET on the marsh surface at Nauset Marsh, after leveling the SET.  


If the surface is underwater, you may have to place the pins by feel (i.e. resistance).  If the site is flooded most of the time so that you cannot see the sediment surface when placing the pins, it’s best to use pins with feet (Figure 31a). The feet help pin placement by keeping the pin from "piercing" the sediment (Figure 31b). 


Once a protocol for interpreting the soil surface is established, it should be recorded in the data book.  
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Figure 31. Left:  Placing measuring pins with feet on open water bottom, after leveling the SET.  Note:  The investigator is standing on a submerged platform plank, not on the pool bottom.  Right: A close-up view of the feet on measuring pins deployed in an open water habitat.  


		Where's the surface?


Determining the actual sediment surface can be a subjective call, depending on the environment in which you are working. 


In general, tidal, saline wetlands (Spartina alterniflora, Spartina patens, Juncus roemerianus, mangrove forests) and more mineral sediment sites are straightforward and easier for pin placement. Sites with more organic sediments (fresh and brackish marshes) can be more difficult for pin placement due to the uneven nature of the surface. Shallow pools or waterways are generally easy since you have the "feet" on the pin and the bottom is relatively uniform.


Regardless of the environment in which you are working, it's important that you are consistent from sampling to sampling in how you determine pin placement. Establish a protocol and follow it.





Step 5 - Read the nine measuring pins and record the values


A portion of each measuring pin will remain above the aluminum plate or arm on the SET instrument (Figure 32). You will need to measure the distance from the plate or arm to the top of the measuring pin (Figure 33).  Again, be very careful not to exert any downward pressure on the plate when measuring the pins because this could bias the pin readings.  
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Figure 32.  A side-view of the table of the SET showing the measuring pins.  Elevation is determined by measuring the distance from the table to the top of each measuring pin.  


Figure 33. Measuring the distance from the table to the top of the measuring pin with a ruler at Nauset Marsh.  


Table 8 shows how to organize the data book (Four directions from a single benchmark pipe). Values are in millimeters.


Table 8 Sample page from field data book showing SET data.


		Marsh Site 1 – Pipe 1 – February 14, 2003



		Direction

		Position 1

		Position 2

		Position 3

		Position 4



		Bearing

		NE 40 °

		SE 130 °

		SW 220 °

		NW 310 °



		Pin 1

		121mm

		132

		122

		134



		Pin 2

		120

		129

		140

		121



		Pin 3

		120

		133

		125

		119



		Pin 4

		123

		133

		122

		128



		Pin 5

		125

		132

		141

		115



		Pin 6

		119

		126

		139

		149 shell



		Pin 7

		128

		101 hole

		133

		119



		Pin 8

		131

		122

		126

		125



		Pin 9

		130

		121

		123

		128 



		SET read by: Jim Lynch, SET ID# = 2002-1





It's important to record any specific information on individual pins (Figure 34). It's very useful to record if a pin falls in a hole, on a mussel shell, on a tree root (in a mangrove forest), etc. Some of these values may not be used in calculations based on this information so it's important to document these occurrences as you take the readings (see below scan from a data book).




Figure 34.  A view of a typical page from a field data book showing how the elevation and accretion data are organized, including a map of the sampling platform. 


Step 6 - Repeat procedure for the remaining directions (compass bearings)


Don't forget to level the instrument prior to placing the measuring pins at each of the positions.


The first set of measurements with the SET is called the "baseline" reading, which is subtracted from all subsequent readings.

		Who reads the SET?


We recommend that the same person read the SET from sampling to sampling. This approach will maintain a consistent sampling protocol when taking the readings and minimize sampling errors.


Double Reading the SET:


If you need to switch SET operators, we recommend that you "double-read" the SET during one of the samplings. For example, suppose SET READER #1 has been reading the data since the project started, but is leaving for a new job. SET READER #2 is going to replace him/her. The best situation would be for both readers to go and sample the site together. READER #1 would take their final set of readings with the SET. Then READER #2 would take a repeat set of readings.


You should also double read if you are switching measuring pins. For example, if you wanted to swap out measuring pins for longer ones with feet you should double read the plot with both sets of measuring pins - a final reading with the original pins and a baseline reading with the new pins.  








Marker horizon sampling procedures


Marker horizons should be established when taking your baseline SET readings so that both elevation and accretion measures have the same starting date (see SOP 1). During subsequent sampling events, every marker horizon needs to be cored without disturbing a large area of the marker horizon plot.  To accomplish this, we have developed a coring method that uses a small self-pressurized liquid nitrogen dewar to take a small diameter frozen core from the marker horizon plots (Cahoon et al. 1996).  This technique is especially well suited for coring loose, unconsolidated sediments such as water bottom mud.  In firmer substrates, small cores can be collected by cutting plugs from the substrate with a knife.  The procedures for both coring methods are outlined below.  

Cryo-coring of marker horizon plots


Cryogenic coring has several advantages over traditional coring techniques because it allows you to collect a small-diameter core that can be immediately evaluated and measured in the field, and then returned to the core hole (Cahoon et al. 1996).  


Description of Cryogenic Coring Apparatus.  The following materials and equipment are used when cryo-coring.  


1) 15 L Self pressurized dewar (Figure 35)


Here are some of the specifications for the dewars we use (Figure 32):


a) stainless steel construction (better with salt environments)


b) self-pressurized (low pressure unit, 22 psi)


c) halo ring handle on top for handling and protection


d) handles on the side for easy transportation in the field (no wheels)


e) top-mounted fill port


The liquid fill and vent valves that come with the dewar use screw type valves which require about 3 or more turns to completely close or open the valve. We recommend replacing these valves with 90-degree ball valves, which allow for faster control over the flow of liquid nitrogen.  Also, with repeated coring in a short time frame, screw type valves sometimes will freeze, rendering them impossible to open or close. 




Figure 35. A 15 L stainless steel dewar for transporting and delivering LN2 to the marsh surface.  


2) Stainless steel flexible hose (Figure 36)


The hose is constructed of 1/2" diameter x 6' long stainless steel flexible hose (LW21-1) with 3/8" FJIC connections at each end. The hose is covered with a stainless steel mesh to protect the hose. 
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Figure 36. A fully assembled cryo-coring apparatus, including the flexible, stainless steel hose and cryo-probe with inner sleeve and outer bullet.  


3) Fittings - The LN2 tank and hose use hydraulic fittings for connections. The ball valve on the tank and the connection for the copper bullet use pipefittings. You will need to make sure you have the necessary fittings to connect the flexible hose to your tank and the copper bullet. See the below drawing which lists the appropriate fittings to use. 


4) Copper bullets for taking accretion cores (Figure 36) 


Bullets are made out of copper tubing. The outer sleeve is 3/8" copper tubing and, has a 30-caliber bullet (full metal jacket) soldered to the end. The inner sleeve is 1/8" copper tubing with holes drilled at the bottom for aiding the flow of LN2.


The full design of the dewar is shown diagrammatically in Figure 37.  




Image from: Cahoon, D. R., J. C. Lynch, and R. M. Knaus. 1996. Improved cryogenic coring device for sampling wetland soils.


Journal of Sedimentary Research 66:1025-1027.

Figure 37.  A diagram of the cryo-coring apparatus showing all of the component parts, from Cahoon et al. (1996). 


		Dewar Facts: 

The 15 L cryo tank weighs about 35 lb. empty and about 55-60 lb. full. A 25 L tanks weighs about 100 lb. full. 


A full 15 L tank can take from 15-40 cryo cores before you will need to refill it. The actual number of cores will depend on the temperature (both air and water), the depth of the core and how long you leave the valve open. It will take trial and error to determine the best procedure for a given situation.


Dewars are self-pressurized tanks that will build an internal pressure of about 22 psi. A full dewar sitting in your lab will eventually go empty after a number of days as a result of vaporization.  This is normal. Fill your dewar just before your field-sampling trip to minimize the loss that occurs. 


A LN2 dewar will always emit a slight hissing noise when at pressure. This is the excess pressure bleeding off and is completely normal.


These dewars also have a pressure-building coil, which will allow them to build pressure right after they are filled.



		SAFETY: You need to be very careful when working with liquid nitrogen. It is very cold (-320° F, -196° C) and can easily burn your skin if you are not careful. Wear gloves and goggles to protect your skin from getting in contact with the liquid. Keep the dewar vertical at all times. If you have it in a vehicle, make sure it is properly secured and that there is proper ventilation for the occupants. Keep a window open.  In some states, carrying of pressurized tanks of gases or liquids in enclosed vehicles is illegal, and is not advised if it is legal.  





Filling the dewar.   You will first need to fill your dewar with liquid nitrogen. The dewars we use are low-pressure vessels. They only build about 22 psi of pressure. Make sure that you are filling your dewar from another low pressure dewar. Some of the larger dewars are set to build a pressure of 250 psi (high pressure tank). We do not recommend using a tank with this pressure to fill a dewar. It could be very dangerous. 


Your options for filling the dewar are:


1) Take your 15 L tank to a compressed gas company and have them fill it. This is the easiest solution but also the most expensive. The costs to fill a 15 L tank can vary widely. You will also need to call ahead and make sure they have LN2 in stock. Some smaller companies only carry a small amount at their office. You will need to make sure you have the correct fittings to couple with the tank you are filling from. Investigate this in advance so you have the right equipment.


2) Order a large tank from the gas company and have it delivered to your facility or lab. These tanks are typically 160 liters and can last for over a week. You would use this tank to fill your smaller tank as needed. Do not order a large tank if you are not taking many cores. This can be the most economical method for obtaining LN2 if you need a lot of it. 


		How can I get liquid nitrogen at a remote study site? 


You could try to find a gas company that can deliver a large dewar to a facility near your sampling sites. This is not always feasible. The best solution is to have multiple smaller tanks, which you take with you. For example, we have numerous 15 L and 25 L tanks that we would fill at our laboratory and bring with us in the field. We would use the 25 L tank to fill the smaller tanks.





		Steps to fill the a 15 L or 25 L dewar from a larger "low pressure" dewar:



		These instructions assume you have the correct fittings to connect your stainless steel hose from the larger dewar to the smaller dewar. Check with the gas company to find out the exact type of fittings you will need. 


a) Open both valves (Liquid and Vent) on an empty 15 L dewar to remove any internal pressure. Leave the valves open!


b) Connect stainless steel hose to "Liquid" side valve on the 15 L dewar.


c) Connect the other end of the SS hose to the valve coming from the large dewar. The smaller dewar should now be directly coupled to the larger dewar via the hose. NOTE: Depending on your equipment, you may need some additional fittings to make this connection.


e) Open the valve on the larger tank and start the flow of LN2. If it's a low-pressure tank (about 22 psi) you can pretty much open the valve wide open.


f) The dewar will get heavier as it fills. This is the only way to easily gauge how fast it is filling up. Gas will be continually venting from the Vent valve. This is normal.


g) When the 15 L tank is full you will start to see liquid spurting from the vent valve.


h) Shut off LN2 from big tank.


i) Shut off both valves on the 15 L dewar.


j) Using a wrench, crack the connection in the hose so the pressure inside can be released. You can wait till it warms up before removing the hose entirely.



		





Collecting a cryo-core.  Here are the steps for collecting a cryo-core (Figure 38). 


1) Connect the hose and bullet to the "Liquid" valve on the 15 L dewar.


2) Push bullet into the marsh. Unless you believe the maker horizon is very deep, try not to push the bullet too far into the substrate. It may be difficult to remove. Three to four inches is usually deep enough.


3) Open the valve on the dewar and start the flow of LN2. You may have to steady the bullet in place with your hands (wear gloves) until it starts freezing. You will hear the nitrogen exhaust coming from the top of the bullet.


4) Your first core may take a while since the entire hose needs to cool down before the bullet gets cold enough to begin freezing the marsh. Subsequent cores shouldn't take as long to freeze. 


Continue freezing the core until you start seeing a white cloud of vapor coming out of the top of the bullet. This usually indicates that the entire hose and bullet are frozen so you can stop pumping the LN2 soon after this cloud forms.  If you freeze for too long, the core can become very large and could be difficult to remove from the substrate. If you don't freeze the core long enough, it may come off the bullet when you pull it out or try to clean it up with the knife.




Figure 38.  Collecting a cryo-core for determination of vertical accretion.  


5) Turn off the LN2 valve.


6) Grab the top of the bullet (wear gloves!) and pull the core and hose out of the marsh. 


7) Remove the outer bullet sleeve from the inner sleeve (the part with the frozen core on it is attached to outer sleeve). Be sure to put an empty bullet (outer sleeve) on the inner sleeve to keep it from getting dirty.


8) Scrape excess soil and roots off the core with a knife.


9) Read the distance from the feldspar to the top of the soil surface in millimeters (Figure 39). This distance will vary in a single core, so we try to take 3 or 4 readings, if possible. Some parts of the core may not produce a reading so you will normally get from 1 to 4 numbers from a single core.




Figure 39.  Measuring the depth of the marker horizon (white layer) in a cryo-core with calipers at Nauset Marsh.


		Recording the Data:


It is helpful to describe the quality of the marker horizon in the data book. You should record how many cores it took to find the feldspar and mention the quality of the layer, if found. We will typically write "Poor Layer", "Good Layer", or something similar when recording the data from cores. This will help to determine the quality of the marker horizon and may help in determining when to establish new markers in the future.


Sample Data book entries - Date: 11/2/02 Site: Platform 1 & 2


Plot


Readings(mm)


#cores


Quality/Notes


Core 1a


4, 2, 2, 3


1


good layer


Core 1b


1, 1, 2, 1


1


good layer


Core 1c


4, 3, 4, 6


2


poor layer


Core 2a


0, 0, 1, 0


1


feldspar at surface


Core 2b


no data


3


could not find marker


Core 2c


1, 2, 2, 2


1


good layer


If the feldspar is visible on the surface it may not be necessary to core the plot. You can enter zero's for the value. Do NOT enter zero's in the data book if you can't find 


the marker horizon. In this situation you do not record any values at all though you should make a note that you didn't find the layer.





10) If you did not recover the marker horizon, take another core in a different part of the plot. Before continuing to the next plot, make notes of core quality, number of misses, quality of marker, etc.


Cutting plugs from marker horizon plots

Use a sharp knife to cut small soil plugs from the marker horizon plot. This will work only if:


1) The sediments are quite firm and maintain their structure when cut and removed from the soil. 


2) The surface is dry and free from standing water.


3) The marker horizon is not too deep.


In general, tidal, saline marshes with more mineral sediments work very well for cutting plugs. 


1) Cut a small four-sided plug (about 3 cm x 3 cm) from within a marker horizon plot. If there are extensive roots, it helps to have a sharp knife.


2) Pry the plug out of the ground from one of the sides. The plug will be about 3 cm x 3 cm x 6 cm in size (Figure 40). You need to make sure the core is deep enough to include the marker horizon. The depth is also related to the length of your knife blade. 




Figure 40.  Measuring the depth of the white feldspar layer in a cut plug with a ruler.


3) You should be able to see a marker layer right away. If you do not see a marker layer, try cutting the plug into smaller pieces being sure to maintain the proper orientation of the core.  


4) We try to get 4 readings from a single plug, one representative reading from each side of the plug.


5) Put the plug back into the ground.


6) Move on to your next marker plot and repeat the above steps.

SOP 7


Site Description and Log Procedures


The primary record of sampling station descriptions, including site number and designations (e.g., treatment type), location, installation and maintenance history, layout and maps, depth of benchmark, general site conditions, and all data collected, is the field data book.  Other descriptive information typically not recorded in the field data book includes photographs and any GIS analyses conducted for the project site.  Field data books and other descriptive information should be stored in a secure and protected place (e.g., fireproof file cabinet), with backup copies (photocopies, digital photos/data on disk) stored in a separate, off-site location.  


SET benchmarks will ideally last for several decades, providing a long-term data record on marsh elevation dynamics.  To ensure that a complete history of the site conditions and maintenance actions for each station is maintained and readily available to present and future field staff, a general description of each station and a log of station maintenance and conditions may be appended to this protocol.   The station description will include: site name, sampling code, site map, GPS coordinates, photos, schematic drawings indicating the relative locations of the platform teeth, benchmark, SET arm positions, marker horizons, and approach path to the platform, and notes on any adaptations of protocol methods required by unique site conditions.  A log of site maintenance activities should describe addition of new marker horizons, site disturbance, benchmark damage, maintenance and repair of sampling platforms, or other unusual conditions or changes observed at the site.  This site description and log will serve as an additional backup to the field data book.  


SOP 8


Completion of Field Operations:


Procedures and Equipment Storage


The following procedures should be used for maintaining and storing the SET and cryo-coring apparatus.  Because SET and marker horizon sampling often occur year-round, except during winter in the more northern latitudes when snow and ice cover the marsh, these procedures should be implemented after each seasonal sampling event.  


Procedure for inventorying equipment  


After reading the SET and collecting the cryo-cores but prior to leaving each sampling platform, be sure that all components of both sets of equipment have been accounted for and are properly stowed for transit to the next sampling location.  For the SET equipment, one person should carry the SET and ruler.  For the cryo-coring gear, much of the equipment and supplies are carried loose in a large bucket.  It is very easy to loose track of the bullets because you leave them in the ground to thaw while continuing to core the next marker horizon plot.  Be sure that you return to all marker horizon plots and retrieve all bullets, and that you have all of your equipment and supplies.  This inventory procedure should be repeated a final time at the end of the day prior to leaving the marsh.  


Repair, cleaning and storage of equipment


Prior to placing the gear in storage in the lab, clean all mud and debris from the equipment with water and a clean rag.  Check for broken items (e.g., stainless steel hoses, bullets) that may need repair.  Let the clean equipment air dry and spray the turnbuckle of the SET with penetrating lubricant (e.g., WD-40) before placing in storage.  Both the SET and cryo-coring gear should have their own designated storage area where the equipment will be kept dry and away from heavily trafficked areas where the equipment could get damaged.  


Field sheets  


All field data should be collected in a waterproof field book.  Upon return to the lab, make photocopies of the field data.  Store the field book in a secure, preferably fireproof, location.   Keep a photocopy of the data at your desk for data entry and keep a second photocopy off-site in case the original records are lost or destroyed in a fire.  


SOP 9


Safety Procedures


SOP 10 


Data Management


The National Park Service will develop this standard operating procedure.  


SOP 11 

Data Analysis

Statistical analyses of sediment accretion and surface elevation change data can be divided into two main approaches: Regression and ANOVA.  The selection of the most appropriate approach depends on both the research question and the resulting data.  The selected approach then determines the specific analysis protocol and the form of the data used.  A decision tree is presented in Figure 8 to guide the selection process.


Regression


Regression is appropriate when the investigator wishes to estimate the trajectory of cumulative accretion or cumulative elevation change over the length of a study period.  Regression is the best analysis to use when there is no reason to contrast accretion and elevation change, and there are no classification variables (treatments) among which these processes are to be compared.  


An important assumption of regression analysis is that deviations from the regression line (errors) are uncorrelated over time (Neter et al. 1990).  Although the SET benchmark is considered the experimental unit for statistical analyses of elevation data, an overall regression analysis using benchmarks as experimental units will likely have correlated errors over time, since exactly the same soil surfaces within a benchmark are measured repeatedly.  The solution to this problem is to run separate regressions at the level of each individual benchmark.  Positions within a benchmark can be used as replicates of the benchmark within the regression analysis.  Serial correlation will have less of an impact on the regression estimates at this level because positions usually show less spatial variation than the benchmarks.  


Since accretion measurements are taken from different sediment cores over time, marker horizon data will generally show less serial correlation than SET data.  However, some correlation may occur because the same 0.25 m2 marker plot within a platform is sampled repeatedly.  For this reason, it is suggested that marker horizon data be analyzed in the same manner as SET data, and that separate regressions be run for each platform.


The investigator may wish to omit the baseline (time 0) data from the regression analyses to avoid the problem of heterogeneous variance over time (Neter et al. 1990).  However, removing baseline values might remove a very important data point defining the overall elevation or accretion trajectory.  For small datasets, this might also remove a large fraction of the data.  In this protocol, only the slope estimates for each benchmark or platform are of interest, and not necessarily their significance levels.  Therefore, the effect of heterogeneous variance may be minimal.  The investigator may decide to remove or retain the baseline data in regression analysis, depending on whether or not significance levels at the benchmark/platform level are of interest, and how important baseline data are in the overall dataset.   


As Figure 8 suggests, caution should be used in applying regression analysis to situations where the cumulative data do not show linear or easily interpreted curvilinear trends (e.g. hyperbolic, logarithmic).  In cases where some trajectory shift is evident, it might be possible to divide the dataset into separate linear segments.  If seasonal or other cyclic trends are evident, it might be possible to model the cyclical trend in a first regression, then fit the underlying linear trend to the residuals.  Otherwise, if regression does not lead to an easily interpreted function, an ANOVA model would be recommended, with “time” as an explanatory variable.  A final caution regards the influence of the last observations.  If the last observation is very influential, interpretations of the regression results need to take this influence into consideration.  


The result of the regression analyses run at the benchmark/platform level will be a set of regression parameters.  In the case of linear regression, there will be as many linear slope estimates as benchmark plots.  As Figure 8 suggests, the investigator may then take the average of these slopes, compute a standard error, and possibly compare the average to zero (0) or some known value, such as local sea-level rise.


ANOVA


ANOVA is the appropriate tool for answering the question “Are accretionary or elevation dynamics different among different areas or treatment effects?”


In an ANOVA framework, the emphasis is on comparing different processes (e.g. accretion vs. elevation change) or different treatments (e.g. managed wetland vs. reference) acting over time (Figure 8).  It is often desirable to relate observed changes in accretion and/or elevation to the environmental factors operating over a given time interval, to which accretion and/or elevation respond (such as groundwater levels, flooding, drought, storms, etc.).  


Within an ANOVA framework, both accretion and elevation change are considered repeated measures, since essentially the same soil surface is measured over time.  Three approaches are suggested to analyze SET and marker horizon data within an ANOVA, taking into consideration this time dependency.  The first approach entails conducting simple linear regressions for each replicate benchmark (SET data) or platform (marker horizon data) over time (see “Regression,” above).  Of course, this is feasible only if the elevation or accretion trajectories for each benchmark or platform are roughly linear.  Positions within a SET benchmark (elevation data) or marker horizon surfaces within the platform (accretion data) can be used as the replicates within each regression.  The result of these regressions is a series of slope estimates, one for each benchmark or platform.  These slope estimates are used as the dependent variable within the ANOVA.


If the trajectories of accretion or elevation change do not approximate a straight line, a second option is to convert the raw data into incremental change data (tn-tn-1), which helps reduce the serial correlation present in the data (Neter et al. 1990).  In this case, a variable expressing “time” or a time-dependent trend needs to be included in the ANOVA model (e.g. seasonality).  A typical way of including time in the model is through a split plot design.  The treatment design would be specified as the split plot, whereas time or its surrogate would represent the main plot.  The interaction of the time with the treatments would also be at the main plot level.  Time may or may not be a variable of interest to the investigator, and so may be considered fixed or random, accordingly.  Since the experimental unit in the ANOVA model is the benchmark/platform, the researcher may want to average incremental data over the sub-samples.  Otherwise, if sub-sample or sub-sub-sample level data are included in the analysis, then the ANOVA model will be a mixed model with a nested error structure (Littell et al. 1996).  In either case, there still may be some amount of serial correlation present within the data.  The presence of this correlation may result in an increased Type I error rate (Littell et al. 1996).  To avoid this error, one may attempt to model different covariance structures with an appropriate statistical software (e.g. SAS®, versions ( 6.0).  Otherwise, the researcher may want to look at residual plots or specific tests of serial correlation, to determine if this correlation is affecting the results of the analysis.


Finally, there may be conditions under which the investigator wishes to conduct an ANOVA on cumulative data.  Using cumulative data within an ANOVA runs a heightened risk of biases due to serial correlation.  For this reason, it is imperative to model the covariance structure resulting from the repeated measures nature of the data.  Appropriate statistical software (e.g. SAS®, versions ( 6.0) is required to both model the covariance structure, and evaluate the model goodness of fit.  If the wrong covariance structure is used, the analysis might violate the assumption of independence among split-plot errors, and the model might suffer from increased Type I error (Littell et al. 1996).


SOP 12


Reporting


The National Park Service will develop this standard operating procedure. 


SOP 13 


Revising the Protocol or SOP


The National Park Service will develop this standard operating procedure.  
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Appendices


Appendix 1 Locations of SET – Marker Horizon Stations at Cape Cod National Seashore


		ID

		Description

		Number

		Longitude

		Latitude



		Hatches Harbor



		SETHH01R

		Restricted

		1

		W070˚  14’  01.03"

		N42˚  04’  05.5"



		SETHH02R

		Restricted

		2

		W070˚  14’  00.89"

		N42˚  04’  05.27"



		SETHH03R

		Restricted

		3

		W070˚  14’  03.99"

		N42˚  04’  01.51"



		SETHH04R

		Restricted

		4

		W070˚  14’  06.33"

		N42˚  03’  58.5"



		SETHH05R

		Restricted

		5

		W070˚  14’  06.76"

		N42˚  03’  58.34"



		SETHH06R

		Restricted

		6

		W070˚  14’  05.39"

		N42˚  03’  57.15"



		SETHH07UR

		Unrestricted

		7

		W070˚  14’  15.03"

		N42˚  03’  49.59"



		SETHH08UR

		Unrestricted

		8

		W070˚  14’  16.42"

		N42˚  03’  49.22"



		SETHH09UR

		Unrestricted

		9

		W070˚  14’  16.3"

		N42˚  03’  47.79"



		Herring River



		SETHR01UR

		Unrestricted

		1

		W070˚  04’  17.13"

		N41˚  55’  41.77"



		SETHR02UR

		Unrestricted

		2

		W070˚  04’  17.27"

		N41˚  55’  40.08"



		SETHR03UR

		Unrestricted

		3

		W070˚  04’  17.06"

		N41˚  55’  37.45"



		SETHR04HT

		High Toss

		4

		W070˚  02’  59.67"

		N41˚  56’  42.89"



		SETHR05HT

		High Toss

		5

		W070˚  03’  00.27"

		N41˚  56’  39.38"



		SETHR06HT

		High Toss

		6

		W070˚  03’  03.3"

		N41˚  56’  39.19"



		SETHR07R

		Restricted

		7

		W070˚  03’  17.1"

		N41˚  56’  20.16"



		SETHR08R

		Restricted

		8

		W070˚  03’  28.25"

		N41˚  56’  16.56"



		SETHR09R

		Restricted

		9

		W070˚  03’  26.04"

		N41˚  56’  17.13"



		Nauset



		SETNA01P

		Pool

		1

		W069˚  57’  47.01"

		N41˚  49’  29.26"



		SETNA01S

		Marsh

		1

		W069˚  57’  47.33"

		N41˚  49’  30.36"



		SETNA02P

		Pool

		2

		W069˚  57’  45.36"

		N41˚  49’  26.36"



		SETNA02S

		Marsh

		2

		W069˚  57’  44.1"

		N41˚  49’  26.34"



		SETNA03P

		Pool

		3

		W069˚  57’  28.81"

		N41˚  49’  26.95"



		SETNA03S

		Marsh

		3

		W069˚  57’  28.16"

		N41˚  49’  26.86"



		SETNA04P

		Pool

		4

		W069˚  57’  25.8"

		N41˚  49’  10.93"



		SETNA04S

		Marsh

		4

		W069˚  57’  25.21"

		N41˚  49’  11.94"
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