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ABSTRACT

I tested the hypothesis that there is a correlation between inundation period and net

primary production (NPP) in estuarine salt marshes through an observational experiment at

South Slough National Estuarine Reserve, Oregon. I estimated primary production and

inundation period for selected monotypic plant communities in (1) a naturally restored

wetland that has restricted circulation with a dike system, and (2) a nearby control wetland

with open circulation over the 1992 growing season.

Carex lyngbyei (Caly) plots in Rhodes Marsh, the site with restricted circulation,

were inundated for 1671 hours, and Distichlis spicata (Disp) plots were inundated for

1004 hours. In Stratigraphy Bay, the site with open circulation, the Caly plots were

inundated for 1057 hours and the Disp plots were inundated for 714 hours. Restricted

circulation Caly plots were inundated 58% longer than open circulation Caly plots.

Restricted circulation Disp plots were inundated 41% longer than open circulation Disp

plots. The drainage time for the two systems was constant regardless of the high-water

elevation. Change in the inundation period with different high-water elevations was caused

by differences in filling time and not draining time.

The Caly community in Rhodes Marsh with restricted circulation had a net above

ground production value of 659 g/m 2/yr. The Disp community had a net above ground

production value of 546 g/m2/yr. The Caly community in Stratigraphy Bay with open

circulation had a net above ground production value of 1210 g/m2/yr. The Disp community

had a net above ground production value of 1197 g/m 2/yr. The Caly plots in the system

with restricted circulation had 54.5% of the net primary production of the Caly plots in the

open circulation system. The restricted circulation Disp plots had 45.6% of the net primary

production of the open circulation Disp plots.

My estimates of inundation periods and above ground net primary productivity of

selected plant communities from a wetland site that has restricted circulation with a dike

system, and from a site with open circulation, supported the hypothesis that inundation



period and net primary productivity are negatively correlated (R 2 = 0.972, slope = -0.90

for Caly fit to a linear regression model, n = 6, R2 = 0.980, slope = -2.24 for Disp fit to a

linear regression model, n = 4). Thus, I confirmed the model-based assumption that

increasing circulation yields an increase in net primary productivity.
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INTRODUCTION

Although there is scattered support for the hypothesis that productivity is

diminished with reduced hydrological exchange, there is inadequate testing of the model-

based assumption that a smaller period of inundation increases net primary productivity in

coastal wetlands. Very few studies test this model particularly in the Pacific Northwest.

Additionally, the results from this study may allow for the economizing of restoration

methods. Appendix F confronts the topic of restoration needs, as it explains why wetland

restoration and enhancement projects are valuable and needed, evaluates the implications of

the results from this project for coastal land use planning, and critiques the attempt by land

use planners to compensate for wetland losses from development with mitigation projects.

The policy of replacing natural wetlands with restored ones is discouraged.

This introduction states the goal and objectives of this study, summarizes the

empirical base on the interrelationship between wetland hydrology and productivity, and

provides background information on the study sites.

Goal and Objectives

The main goal of this project is to test the correlation between inundation period

and coastal wetland net primary productivity. While there is some support for the

hypothesis that coastal wetlands need a tidal connection with unrestricted drainage to have

high productivity, there is inadequate testing of this model to date. Thus, this project is an

observational experiment that tests this model. I attempted to accomplish four objectives to

achieve this goal. My first goal is to estimate net primary productivities and inundation

periods over one growing season for selected plant communities, and to correlate these two

parameters. My second goal is to observe and analyze the changes in below ground

biomass over the growing season to increase the precision of the NPP calculation. My

third objective is to better understand inundation dynamics (filling and draining patterns) in

estuarine wetlands. My final objective is to critique NPP measurement methods.
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Empirical Base

There is a small empirical base dealing with the correlation between wetland

hydrology and productivity. Wetland hydrology determines many physical properties of

estuarine wetlands and greatly influences the chemical and biological components of the

wetland system. Knowledge of wetland hydrology is necessary for the design of wetland

restoration and creation projects. Practical questions need to be answered. Does a small

breach in the dike system sufficiently restore the productivity of the area to that of a natural

wetland with open circulation? Is the productivity of the restricted wetland so much lower

than that of the open circulation wetland that it would be beneficial (that is, there would be

more economical and ecological benefits than costs) to remove the remaining dike system?

How much less productive are wetlands with restricted circulation compared to wetlands

with open circulation? The answers to these questions have implications for wetland

management policy concerning how the restoration of diked wetlands should be conducted.

Hydrologic fluxes of the coastal wetland, such as precipitation, surface runoff,

groundwater, and tides provide energy and nutrients to and from the marsh. The

hydrologic regime determines water depth and duration and frequency of flooding within a

marsh. It also produces other physical characteristics, such as pannes, tidal creeks, marsh

zonation, and sedimentation. The hydrologic regime also influences the biological and

chemical properties of a marsh and directly and indirectly influence wetland primary

productivity. According to Mitsch and Gosselink (p. 167, 1986), "In the absence of

overriding factors, coastal wetland marshes in time reach a stable elevation somewhere

around mean high water" but do not continue to accumulate matter and rise to an elevation

above this level due to the constant flushing by the tides. Thus, one interpretation is that

the hydrological factor of this system maintains a consistent net primary productivity over

time, once it is at a coastal marsh climax.
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The interrelationship of wetland hydrology and productivity is complex because

there are many confounding factors. The openness of a wetland to hydrologic fluxes is one

determinant of primary productivity. The volume of flow-through water influences the

productivity more than does the water level (Mitsch and Gosselink, 1986). A high or low

water level does not influence the net primary productivity in the same way for all wetland

types. For instance, many wetland plants tolerate anaerobic conditions, a condition

prevalent with a high water level. The perennial freshwater marsh grass Sporobolus

virginicus changed its distribution and stature but maintained the same biomass when the

substrate changed from aerobic to anaerobic (Donovan, 1985). But many other wetland

plant species cannot tolerate anaerobic conditions. Also, the flux in of nutrients is more

important than the instantaneous concentration: for example, N may be limiting in inland

marshes but not in streamside marshes because the frequent flushing of the latter yields a

larger total N supply (Gosselink and Turner, 1978) although the instantaneous

concentration of N may be greater in the inland marsh.

Although the water level may not influence net primary productivity, an increase in

the volume of flow-through water and associated nutrients and oxygen increases net

primary productivity (Mitsch and Gosselink, 1986). Wetlands in stagnant or continuously

deep water with a slow renewal rate (or small t- 1 where t- 1 is the ratio of the flux in or out

of the wetland to the average volume in the system, the reciprocal of the residence time)

have low productivities. On the other hand, wetlands in areas with slow flow that are open

to flooding rivers have high productivities. For example, Mitsch and Ewel (1979) reported

that the lowest cypress biomass and tree growth for cypress wetlands with different

hydrologic systems in Florida were found in poorly drained cypress domes, whereas the

highest growth was in well-drained systems. In another study near Coos Bay, Oregon,

Hoffnagle, (1980) noted that a marsh with restricted circulation through a 4-foot culvert

had one-third the production of the most productive of neighboring marshes with open

circulation.
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Additional indirect support for this observation comes from a study of the standing

crop biomass of Spartina alterniflora along the Connecticut coastline of Long Island Sound,

where there was a positive linear correlation of biomass with tidal range (Steever, et al.,

1976). These researchers hypothesized that tides provide an "energy subsidy" to the

marshes, which accounts for the variation in productivity of the salt marsh ecosystem for

different tidal ranges (Steever, et al., 1976).
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Figure 1: Positive correlation between production of intertidal S. alterniflora and mean tidal
range for Atlantic coastal marshes: circles, Long Island Sound (Niering and Warren,
1974); triangles, Long Island Sound (Steever, 1972); squares, Narragansett Bay (Nixon
and Oviatt, 1973); hexagons (1) North Carolina (Williams and Murdoch, 1969), (2) New
Jersey (Good, 1965), (3) Long Island (Udell et al., 1969), (4) Sapelo Island, Georgia,
(mean from De La Cruz, 1973), (5) Sapelo Island, Georgia, (value for intertidal S.

alterniflora, Gallagher, et al., 1972). From Steever, et al., 1976.
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The correlation coefficient for the Long Island Sound data in Figure 1 only for the data

represented by triangles is 0.963, indicating a correlation between standing crop and tidal

range. The only environmental factor that changes for the Long Island Sound is tidal

range. Climatic factors, salinity, and nutrient concentrations are constant along the

Connecticut tidal marshes (Steever, et al., 1976). In this study, a marsh with its tidal prism

restricted by a tide gate was found to have a mean standing crop biomass of 920 g/m2

compared with a mean of 1250 g/m2 for the two Westport marshes without tidal restriction,

a 26% difference in standing crop biomass (Steever, et al., 1976). This further supports

the conclusion that a restriction of the hydrologic regime adversely affects the production of

S. alterniflora.

When and why does the correlation between volume of flow-through water and net

primary production break down? The correlation does not hold over an infinite range

because a point of diminishing returns is reached where the physical stress of higher

turnover rate outweighs benefits, such as in the Bay of Fundy where the tides exceed 10 m

and intertidal S. altemiflora is only 10 to 20 cm in height (Steever, et al., 1976).

Study Sites

I selected two study sites in the South Slough National Estuarine Reserve (SSNER)

(Figures 2 and 3). South Slough is the southwestern-most arm of the Coos Bay estuarine

system located in south-central Oregon, 165 km north of the California border. Tidal

forces dominate throughout the slough in part, due to insufficient upland runoff. The

climate is mild, mid-latitude marine with dry warm summers (averaging 15 degrees C) and

wet, cool winters (averaging 7 degrees C) (Munson, 1984, and Hoffnagle, 1980). The salt

marsh system of SSNER was chosen for study because the estuarine reserve staff is

considering an extensive program of wetland restoration. Most wetlands have been

historically diked for agricultural purposes. Many dikes have not been maintained. The

estuary research staff needs guidance in designing a marsh restoration program.
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Specifically, the staff needs to know whether or not the breaching of a dike will lead to

sufficient tidal exchange to reestablish complete marsh functions or whether it will be

necessary to remove the entire dike.
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Figure 2 : The location of the South Slough National Estuarine Reserve along the Oregon
coast. (Adapted from Munson, 1984).
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Figure 3: The boundary of South Slough, with two study sites, Rhodes Marsh and
Stratigraphy Bay, identified.



The aerial photograph on the following page (figure 4) shows the two sites, Rhodes

Marsh and Stratigraphy Bay marsh. The site to the west, Rhodes Marsh, had been

converted to a pasture through the construction of three dikes (figure 5a). The outer dike

has largely deteriorated from erosion. The central dike has a 6 meter gap and apparently

has only a slight effect on tidal circulation. The inner dike has a 3 meter gap that blocks

circulation. Stadia rods with tide gage attached were located at positions S in figure 5.

Two sets of plots are also shown: Plots dominated by Carex lyngbyei are indicated by C

and plots dominated by Distichlis spicata are indicated by D in Figure 5.

Stratigraphy Bay, the marsh with unrestricted tidal circulation, is shown in Figure

5b. There was no problem in locating Carex lyngbyei plots in this marsh, but there was

only one Distichlis spicata plot.
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Figure 4: Aerial photograph (29 April, 1991) of part of the Winchester Arm of South
Slough showing Rhodes Marsh and Stratigraphy Bay.



KEY
T---tidal creek
Di---dike
S----stadia location
C---Caly plots
D----Disp plots
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Stratigraphy Bay

Figure 5 A and B: Drawing not to scale. Note the presence of the numerous dikes
restricting flow into and out of Rhodes Marsh.



PROCEDURES

This section describes the general procedures used in the field and laboratory to

estimate the inundation periods and net primary productivities for the selected plant

communities in the two study sites. Specific procedures will be given in the results

section. To achieve my goal of testing the hypothesis that increased tidal circulation is

associated with increased net primary productivity, first I selected two study sites, one with

open circulation, and another with restricted circulation. Then I estimated the inundation

period of selected plant communities in both sites through use of a tide gage. Next I

estimated the growing season net primary productivity for these communities through use

of the Smalley method.

Inundation Period

I checked the corrected tide predictions from the published Newport Oregon State

University/Hatfield Marine Science Center Dock tide table (OSU Extension Service, 1991)

for the week of July 13 through 19, 1991 to see how it corresponded to the observed highs

and lows at the tide gage at the Charleston Coast Guard Station. "Coos Bay Entrance",

referred to by the published tide table, is the same place as the Charleston Coast Guard

Station (Pittock, Personal Communication, 1992). It is important to know the error

involved with the predicted high water elevations published in the tide table because these

elevations were used subsequently to calculate periods of inundation for plant communities

at the study sites for the 1992 growing season. Because the error involved was

insignificant and the same procedure was used to estimate the inundatioon periods for all

plant communities, I decided to discontinue looking at errors with the published tide table.

I determined the inundation period for plant community plots at the two sites. I

placed a bubbler tide gage in the center of major tidal creeks at both sites for more than four

consecutive days (Rhodes Marsh: 11 July to 15 July; Stratigraphy Bay: 31 July to 4
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August). On 12 and 31 July, I observed six-hour tidal cycles at Stratigraphy Bay to

determine the water depths on the stadium in the main tidal creek and time at which the Caly

and Disp plots initiated and terminated inundation. I manually checked the water surface

heights and times recorded by the tide gage on a stadium placed in the center of the tidal

creek. The orifice of the tide gage was attached to the stadia. I placed the stadia and tide

gage orifice in the main tidal creeks (lowest points in the marsh) of the sites in order to

ensure that they were at lower elevations than the Caly and Disp plot elevations in the site.

I observed the inundation period of Disp and Caly plots through one tidal cycle to

more precisely measure community inundation than by tide gage. I then correlated this

more precise data with tidal gage data (derived from four consecutive days) to indicate the

community plots' inundation per growing season. From the four-day detailed data, I

determined the number of hours certain elevations were under water per tidal cycle of

known peak high water. The high tide heights in the sites was correlated with the high tide

heights from the tide table. This correlation permitted me to interpolate plot inundation over

the 1992 growing season. I fitted curves to seven data points of high water elevation

versus period of inundation for Rhodes Marsh, and nine data points for Stratigraphy Bay.

I then fitted an equation to these curves to convert high water elevation to inundation

periods for the Disp and Caly plots. I employed logarithmic equations for Rhodes Marsh

plots, and polynomial equations for Stratigraphy Bay plots that best fit the curves to

estimate the period of inundation for the 1992 growing season. I used the tide table

elevations, corrected for Coos Bay entrance by subtracting 1.1', in making these curves to

facilitate the use of the curves to generate unknown inundation periods from tide table high

water values. (The tide table high water values were plugged into the equation that fit the

curve, of high water elevation versus period of inundation, for a given site and plant

community to determine inundation periods. These inundation periods for each high tide

throughout the growing season were added to yield the estimated growing season

inundation period for each community type in both sites). I took growing season dates

14



from Kibby, et al. (1980). For this study, I assumed the Caly community began growth

15 March and ended growth 15 October. I assumed the Disp community began growth 15

April and ended growth 15 October.

I estimated the relative elevations between the plots from inundation times; The

same community types in the two study sites began and ceased to be inundated at

approximately the same time indicating that proximate plots of the same community type

were at approximately the same elevation (Frenkel, 1981).

Net Primary Productivity Procedures

Field

The two monotypic community types that I sampled were Carex lyngbyei or Caly,

and Distichilis spicata, or Disp. I located ten 1x3 meter macroplots in relatively

homogeneous stands of vegetation representing Disp and Caly plant communities in

Rhodes Marsh and Stratigraphy Bay (locations shown in Appendix D). Rhodes Marsh had

three macroplots each in the Caly stand and Disp stand. In Stratigraphy Bay there were

three macroplots in the Caly stand and one in the Disp stand because there was insufficient

space to locate more Disp macroplots. In locating plots I avoided pannes and freshwater

stream runoff areas. From knowledge of the elevational distribution of the community

types (Hoffnagle, 1980, Eilers, 1975) being studied, I estimated that the elevations of the

same community types in the two sites were going to be within 20 cm.

Within each monotypic macroplot, I designated 30 10 x 20 cm microplots locations

where there were three macroplots per community. Where there was one macroplot (Disp

in Stratigraphy Bay), I designated 40 microplot locations. Microplot locations are shown

in Appendix D. From these microplot locations, I randomly selected three microplots for

harvesting. After I chose a microplot for harvesting, adjacent microplots became ineligible

for harvesting due to the disturbance.
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I harvested microplots three times over the growing season (on 23 May, 27 June,

and 1 August). I randomly selected three microplots for harvesting for each sampling

session for above and below ground biomass.

Above ground, I clipped all living plants at ground level, placed clipped material in

an opaque plastic bag and refrigerated it until sorting. I did not collect plants rooted outside

the plot nor unattached ground litter.

I sampled below ground biomass in the same microplot position as above ground

harvest but after clipping. I inserted a brass coring device, with a 3.65 cm internal diameter

and 30 cm long, fashioned from part of a drain tube, about 27 cm into the substrate, capped

the coring device with a rubber stopper at the top to create suction, and withdrew the coring

tube. (A similar coring device was used by Kibby et al., 1980, and Eilers, 1975). The

typical length of an extracted core was 24 cm.

I pushed the core out of the brass tube by a wooden stick fitted with a rubber

stopper on the end. The cores were pushed out of the corer from the clay end (the deeper

or bottom end) to minimize additional compaction (as clay does not compact very much). I

extracted cores in the field instead of in the lab to avoid corrosion in the coring device and

to reduce further compaction. An arbitrary cut-off depth had to be made, and I chose 23cm

due to the limitations of the coring device. I observed between 2 and 7 cm of compaction

in taking a core, depending on the characteristics of the sediment. I subsequently sliced

cores into three segments at intervals of: surface to 5 cm, 5 cm to 10 cm, and 10 cm to

23cm. I placed the core segments in plastic bags and refrigerated them until processing.

Laboratory

I processed harvested samples in the laboratory within five days of collection to

ensure a minimum of decomposition.

I sorted above ground samples into species fractions and a separate 'combined'

fraction for the dead tissue. I weighed each fraction 'green' and reweighed each after

16



drying at 70 degrees C for about 36 hours until constant dry weight was obtained. I

weighed fractions to the nearest 0.01 gram.

For the Caly community, I discarded any past years litter that was accidentally

collected, (appearing dark black). I placed this years attached dead, cut from the plants, or

any entire non-green culms, into the combined species attached dead fraction. The final

piles of the Caly community consisted of three fractions: attached non-photosynthetic, live

photosynthetic other species besides Caly, and live photosynthetic Caly.

For the Savi, a woody perennial, only the green vegetation and attached dead non-

woody material should be counted as biomass. No green vegetation is visible on Salicornia

at times other than the growing season (for example, no green was observed on Savi plants

in Coos Bay salt marshes before April (Hoffnagle, 1980)). Increases in biomass are

sufficiently estimated by the increase in green and dead non-woody parts. But the tips of

Savi plants do not appear to be woody, and it is difficult to differentiate between new stem

growth and old stem from previous years. Thus, I made an arbitrary decision in sorting; If

a stem had no green photosynthetic material present, I placed it in the attached dead pile. I

made no attempt to discard woody portions. The problem with this is that standing plants

that had not started to grow early in the season were placed into the attached dead pile.

Savi co-occurred with Disp. The final piles of the Disp community consisted of three

fractions: attached non-photosynthetic, live photosynthetic other species besides Disp, and

live photosynthetic Disp.

For below ground samples, I separated live organic root material from dead organic

material and inorganic material (sediment) under a high pressure stream of water and a 1/9

inch mesh screen. Sand, mud, and decomposed organic matter generally passed through

the screen. I picked live roots (appearing white) from the screen. I discarded dead

material. I discarded attached dead, such as the epidermis (bark) attached to the base of the

culm. I saved fine masses of live root material if they had some white roots present,. It

was not possible to separate all the live from dead hair-like root fibers. I compensated for

17



the fine roots that were washed through the screen or thrown out by retaining small clumps

of dead material.

I weighed root material wet and after drying at 70 degrees C for 36 hours to

constant weight. I assumed that the extracted below ground biomass belonged to the major

above ground species in the nearly monotypic communities.
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RESULTS AND ANALYSIS

Inundation Period

The difference between the published tide table for Newport, 98 miles North of

Coos Bay, and the Charleston Coast Guard tide gage data is at a maximum + 37 minutes,

and the greatest difference in elevation is 0.67 feet higher. Because an error in the estimate

of high water creates about the same error in the estimated inundated time for both Rhodes

Marsh and Stratigraphy Bay, such errors are negligible for my purpose of comparing the

two site's estimated growing season inundation periods. Therefore, I discontinued

studying this part of the research.

A National Oceanic and Atmospheric Administration's study (U.S. Department of

Commerce, NOAA, 1988) indicated that Copes Dock (about four miles oceanward and

North of the two sites) had a 7 minute (0.12 of an hour) delay from high tide from the

Coast Guard Station in Charleston (also referred to as the Coos Bay entrance in the Tide

Tables). Hinch Bridge (three miles inland and South than the two sites) had a 15 minute

(0.25 of an hour) delay for high tides from the Coast Guard Station (U.S. Department of

Commerce, NOAA, 1988). Both of the NOAA sites are located at the main tidal creek of

South Slough. Rhodes Marsh and Stratigraphy Bay are located between Copes Dock and

Hinch Bridge, but are located upland of the main tidal creek. The average delay that I

observed between the study sites and tide table predicted high tide was 15.5 minutes

(standard deviation = 4.7, n = 16).

I measured the inundation period for the plant community plots over one tidal cycle.

On 11 July in Rhodes Marsh, I determined the length of time the Caly and Disp plots were

inundated, and the elevation at which the plots initiated and terminated inundation. The

Caly plots began to be inundated when the water level at the stadia reached 3.4', and were

no longer inundated when the water level at the stadia reaches 2.9'. The Disp plots began
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to be inundated when the water level at the stadia reaches 3.8', and inundation ceased when

the water level at the stadia dropped to 3.5'. Rhodes Marsh is shown at a typical high and

low tide in the next figure.
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Figure 6 a and b: Rhodes marsh at high and low tide, 11 July, 1992, taken from the North
East corner of the marsh. Note the hummocky terrain of Rhodes Marsh. Both the dikes
and the hummocky terrain contribute to the long period of inundation of this site.



I measured the period of inundation for the plant community plots over one tidal

cycle. On 12 July in Stratigraphy Bay, I determined the length of time the Caly and Disp

plots were inundated, and the elevation at which the plots initiated and terminated

inundation. The Stratigraphy Bay Caly plots began to be inundated when the water level at

the stadia reached 1.6', and began to cease inundation when the water level at the stadia

dropped below 1.6' again. The Disp plots began to be inundated when the water level at

the stadia reached 1.9', inundation cessation began when the water level at the stadia

dropped below 1.9'. Stratigraphy Bay is shown at a typical high and low tide in figure 7.
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Figure 7 a and b: Stratigraphy Bay at high and low tide, 12 July, 1992. The stadia is in
the center of each picture. The Caly plots are at the lower left and right of the photographs,
and the Disp plot is at the upper far right of the photos.
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The Rhodes Marsh and Stratigraphy Bay tide gage data is included in Appendix B.

This data was used to create the graphs below which show the relation between high water

reported in the Newport tide table and inundation period for Disp plots in Rhodes Marsh

(Figure 8a) and Caly plots in Rhodes Marsh (Figure 8b). A logarithmic equation fit the 7

data points best (it had an excellent correlation: an R-value closest to one, and the lowest p-

value) for both the Disp and Caly plots in Rhodes Marsh. In Stratigraphy Bay, a

polynomial equation provided the best fit for the 9 data points for both the Disp and Caly

plots (Figure 9a and 9b). The error bars indicate standard error. I used these curves later

as models to estimate the period of inundation for the entire 1992 growing season.
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Figure 8 a: Period of inundation versus high water elevation for Disp plots tide gage data
fit to a logarithmic equation for Rhodes Marsh.
Figure 8 b: Period of inundation versus high water elevation for Caly plots tide gage data
fit to a logarithmic equation for Rhodes Marsh.

Figure 9 a: Period of inundation versus high water elevation for Disp plots tide gage data
fit to a polynomial equation for Stratigraphy Bay.
Figure 9 b: Period of inundation versus high water elevation for Caly plots tide gage data
fit to a polynomial equation for Stratigraphy Bay.



I applied a multiple linear regression analysis of variance to the four models (in

Figures 8 and 9) for the Rhodes Marsh and Stratigraphy Bay tide gage data. With p-values

= 0.000 and R-values close to one, I was able to reject the null hypothesis that the model

where the dependent variable, the inundation period, equals a constant, is acceptable. A

simpler model was not used because I found that a residual plot for the simpler model of

the form y = Bo + B ix was inadequate because it did not meet the model's assumptions of

equal variability and normal distributions. On the other hand, the residual plots for the

data's fit to the more complex models did meet the normality and equal spread

assumptions.

It is possible that the data points are serially dependent (they were collected on

consecutive days). For instance, the influence of wind patterns for the specific week when

the data was collected may have caused the water to either pile up in the sites, creating

unusually long inundation times. Furthermore, these models are used to predict a few

inundation periods slightly beyond the observed high water range. Extrapolating beyond

the model's observed range is unwise. But because the models are used to compare the

two site's growing season inundation periods, and because the study does not use the

absolute value of inundation periods per se, the extrapolations and possible serial

dependence can be ignored.

The logarithmic equations for Rhodes Marsh plots, and the polynomial equations

for Stratigraphy Bay plots that best fit the above curves were used to estimate the period of

inundation for the entire 1992 growing season for the Caly and Disp community plots.

Based on these relationships, the period of inundation for the 1992 growing season for the

Caly plots in Rhodes Marsh was 1671 hours and for the Caly plots in Stratigraphy Bay

was 1057 hours (Appendix C). Caly plots in Stratigraphy Bay, the system with open

circulation, were inundated only 63% of the time that the Caly plots in Rhodes Marsh with

restricted circulation were inundated during the 1992 growing season. Rhodes Marsh Disp

plots were inundated for 1004 hours. The Stratigraphy Bay Disp plots were inundated for
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714 hours (Appendix C). The Disp plots in Stratigraphy Bay with open circulation were

inundated only 71% of the time that the Disp plots in Rhodes Marsh with restricted

circulation were inundated during the 1992 growing season.

I also used data collected by a temporarily installed tide gage data to interpret the

general drainage patterns of the two sites. For Rhodes Marsh, the tide gage chart printout

provided information on the time it takes the marsh to fill up and drain with different

amplitudes of high water (Table 1 and 2). Filling times in both sites increased with

increasing high water, filling times ranging from 180 to 300 minutes for the seven

observed high waters in Rhodes Marsh (standard deviation of 59.9) (Table 1), and from 80

to 175 minutes for the nine observed high waters in Stratigraphy Bay (standard deviation of

29.3) (Table 2). But draining times were relatively constant, with a range of 270 to 300

minutes for Rhodes Marsh (standard deviation of 10.4), and 180 to 215 minutes for

Stratigraphy Bay (standard deviation of 11.4) for the observed tidal cycles.
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Table 1. Rhodes Marsh draining and filling.

Date	 Peak Water Depth at Stadia
(feet)

Filling Time
(minutes)

Lowering Time
(minutes)

7-11	 3.5 195 270
7-11/12 5.4 300 285
7-12 3.9 180 285
7-12/13 5.7 300 285
7-13 3.9 180 300
7-14 4.1 180 285
7-14/15 5.4 285 300

Table 2. Stratigraphy Bay draining and filling.

Date Peak Water Depth at Stadia
(feet)

Filling Time
(minutes)

Lowering Time
(minutes)

7-30 3.0 105 195
7-30/31 4.4 175 215
7-31 3.4 130 192
8-1 3.8 155 205
8-1 3.7 150 200
8-2 3.2 115 190
8-2 3.9 150 210
8-3 2.7 80 180
8-3 3.9 145 210
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Net Primary Production and Below Ground Biomass

Statistics

I conducted permutation tests on the biomass data and net primary productivity

estimates (Table 3). The null hypothesis, Ho, is that the observed results occurred at

random or that there is no difference in biomass and primary productivity between Rhodes

Marsh with restricted circulation and Stratigraphy Bay with open circulation. The

alternative hypothesis, Ha, is that there is less than a 15%© chance that the observed

Stratigraphy Bay biomass and NPP means were greater than the observed Rhodes Marsh

biomass and NPP means by chance.

29



Table 3. Permutation test results for biomass and net primary productivity data in
Stratigraphy Bay and Rhodes Marsh.

Aboveground Alive Biomass
Date Community	 1-sided	 Degrees of Reject the Null

Type	 p-value Freedom Hypothesis?

5-23-92 Caly	 0.15 4 Yes
6-27-92 Caly	 0.05 4 Yes
8-1-92 Caly	 0.05 4 Yes
5-23-92 Disp	 0.95 4 No
6-27-92 Disp	 0.50 4 No
8-1-92 Disp	 0.10 4 Yes

Aboveground Attached Dead Biomass
Date Community	 1-sided	 Degrees of	 Reject the Null

Type	 p-value	 Freedom	 Hypothesis?

5-23-92 Caly 0.15 4 Yes
6-27-92 Caly 0.05 4 Yes
8-1-92 Caly 0.05 4 Yes
5-23-92 Disp 0.10 4 Yes
6-27-92 Disp 0.40 4 No
8-1-92 Disp 0.05 4 Yes

30

Sum of Aboveground Alive Biomass
Date	 Community 1-sided

Type	 p-value

and Attached Dead Biomass
Degrees of Reject the Null
Freedom	 Hypothesis? 

5-23-92 Caly 0.15 4 Yes
6-27-92 Caly 0.05 4 Yes
8-1-92 Caly 0.05 4 Yes
5-23-92 Disp 0.20 4 No
6-27-92 Disp 0.50 4 No
8-1-92 Disp 0.05 4 Yes

Net Primary Production
Community
Type

1-sided
p-value

Degrees of	 Reject the Null
Freedom	 Hypothesis?

Caly
Disp

0.05
0.25*

4
2

Yes
Yes

* There are only four possible randomizations so that the most extreme arrangement
possible is p = 0.25. Thus, because there are so few data, the null hypothesis at p = 0.25
for n = 4 is rejected.



The 1-sided p-value (Table 3) represents the chance that the observed results

occurred at random. The 1-sided p-value tests the chance that a result could be as extreme

or more extreme in having the observed means of biomass and net primary productivity in

Stratigraphy Bay greater than those of Rhodes Marsh. The null hypothesis that there was

no difference between the site with open circulation and the site with restricted circulation

was rejected when there was 85% confidence (1-sided p-value = 0.15). Most of the

biomass observations lead to the rejection of the null hypothesis.

With only six data collections per group, the best (or most extreme) 1-sided p-value

that can be obtained is 0.05 because there are only 20 possible randomizations possible. If

there were more data, the p-values could indicate a larger magnitude of difference between

the two groups. If the null hypothesis were rejected, the conclusion that the observed

results are associated with an underlying difference between the two populations was

made.

The permutation test showed that the 27 June Disp alive and attached dead biomass

data is anomalous. This anomaly can be explained in part, by the phenology of Disp;

because this species has the bulk of its growth late in the season, there is not a large change

in biomass over the month from May to June in either site. Furthermore, because there

was only one Disp plot established in Stratigraphy Bay, compared to the three plots located

in Rhodes Marsh, the ability to randomly sample was diminished, resulting in the low n-

value of four. The observed Disp permutation result for the June data is reasonable

because I did not expect a large difference in biomass this early in the season. I did expect

different NPP's for the Disp in the two sites, and the 1-sided p-value of 0.25 is suggestive

that the two site's NPP's are different due to some reason other than chance.
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(b) Alive Disp
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Figure 10: Average aboveground dry biomass and NPP at Stratigraphy Bay and Rhodes
Marsh. Both the actual biomass and means are plotted for each harvest date. (a) alive
Caly, (b) alive Disp, (c) dead Caly, (d) dead Disp, (e) sum of Caly alive and dead, (f) sum
of Disp alive and dead, (g) Caly NPP, and (h) Disp NPP. Continued on next page.
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Figure 10 continued: Average aboveground dry biomass and NPP at Stratigraphy Bay and
Rhodes Marsh. Both the actual biomass and means are plotted for each harvest date. (e)
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Figure 10 shows that Stratigraphy Bay has a greater average biomass and NPP than

Rhodes Marsh. Figure 10 also shows that Stratigraphy Bay, the site with open circulation,

has a larger biomass and NPP than Rhodes Marsh, the site with restricted circulation. The

data are generally consistent with the model prediction that Stratigraphy Bay has a higher

biomass and NPP than Rhodes Marsh. The strength of this observation is especially true

as the season progresses. Also, the variability of biomass in Stratigraphy Bay is

consistently greater than that in Rhodes Marsh, because there is a greater biomass in

Stratigraphy Bay than in Rhodes Marsh.

Detailed Methods

Figure 11 shows the average alive dry biomass (in grams per square meter) by

month for Caly and Disp in Stratigraphy Bay and Rhodes Marsh for the 1992 growing

season. Appendix E provides the data used to make these scatter plots. Figure 12 shows

the average alive dry and attached dead dry Caly and Disp biomass for the three harvest

times, and the sum of these two components (alive and attached dead) versus harvest date.

All of these figures show increased harvested biomass with progression of the growing

season.

Since I only had three measurements of biomass accumulation I first had to

determine the seasonal pattern of biomass accumulation. I did this by using the biomass

accumulation curves published by Kibby, et al., (1980) in which seasonal biomass

accumulation patterns are plotted for Disp and Caly. Kibby et al., (1980) Caly data was

collected from Siletz Bay, Oregon (140 miles North of South Slough) and the Disp data

was collected at Netarts Bay, Oregon (175 miles North of South Slough) (Gallagher,

Personal communication, 9 March, 1993). The procedure that I used for each species was

to first plot the Kibby data showing alive biomass versus month. Second, on the same

graph, I plotted the local biomass data collected at Stratigraphy Bay and Rhodes Marsh. I

assumed the same growing season shown by Kibby, et al., (1980), such as the same
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beginning and ending points on the abcissa. I also assumed the same time for maximum

biomass production reported by Kibby, et al., (1980).

Figure 13 shows seasonal Kibby et al., (1980) biomass curves and my curves for

Caly and Disp in Rhodes Marsh (13 a and 13 b) and Stratigraphy Bay (13 c and 13 d)

respectively. In all cases the Kibby et al., (1980) biomass curves were greater those that I

found in South Slough, but these differences were not consistent between South Slough

sites or between species.

Once I determined the seasonal pattern of biomass accumulation, net primary

productivity estimates were calculated using the standard approach provided by Boss

(1983) and Eilers (1975), who adapted the Smalley and Weigert methods.

Because the communities sampled in this study are almost pure stands of Carex and

Distichlis, (verified by percent estimated cover and percent dry weight), there was no need

to modify the Smalley method to account for different times of peak biomass for various

species present in the community stand. The Smalley method computes net aerial

productivity (NPa) for intervals between harvests by considering changes in live and dead

biomass over time, and then sums the intervals over the growing season. One interval NPa

is calculated according to the following rules, where AL indicates the change in living

material biomass, and AD indicates the change in dead material biomass:
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if AL is positive and AD is positive, then NPa = AL + AD.
if AL is positive and AD is negative, then NPa = AL.
if AL is negative, and AD is negative, then NPa = 0.
if AL is negative and AD is positive, and

(AL + AD) is positive, then NPa = AL + AD.
but if (AL + AD) is negative, then NPa = 0.

(Boss, 1983, Stroud, 1969, Turner, 1976).

The intervals that I used for the Caly plots were: 1) from the estimated start of the

growth season, 15 March, until the first harvest, 23 May. 2) The second interval was

from the first harvest, 23 May, until the second harvest, 27 June. 3) The third interval

was from the second harvest, 27 June, until the estimated peak biomass on 15 July. 4)



The fourth interval was from the estimated peak biomass on 15 July until the third harvest

on 1 August. 5) The final interval is from the third harvest, 1 August, until the estimated

end of the Caly growing season on 15 October. These are shown in Figure 13a and Figure

13c.

The intervals that I used for the Disp plots were: 1) from the estimated start of the

growing season, 15 April, until the first harvest, 23 May. 2) The second interval was

from the first harvest, 23 May, until the second harvest, 27 June. 3) The third interval

was from the second harvest, 27 June, until the estimated peak biomass and the third

harvest on 1 August. 4) The final interval is from the third harvest and estimated peak

biomass, 1 August, until the estimated end of the Disp growing season on 15 October.

These are shown in Figure 13b and Figure 13d.

A second method that I experimented with for calculating net aerial productivity

(NPa) is to use the formula:

NPa = PB + a,

where NPa is net aerial production, PB is peak biomass (calculated as the mean of the

several macroplot peak biomasses), and a is the addition to the litter from death from the

current season. The value of 'a' was estimated as being the end of the growing season

attached dead biomass except for the Disp plots in Rhodes Marsh. For the Rhodes Disp

community, which appears to have decreased in attached dead biomass with time after 27

June, the value of the attached dead biomass at the recorded peak on 27 June was used for

the value of 'a'. I found this method to be less accurate than the Modified Smalley method,

and thus decided not to use it.

Below ground biomass distribution with depth is shown in Figures 14, 15, 16 and

17 for the three harvest dates.
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Net Primary Productivity Calculation

Growing season biomass curves (Figure 13) were produced (from the biomass data

in Appendix E). I extrapolated the peak date for Caly communities to be at 15 July, from

Kibby, et al.(1980), and from the three observed points, I estimated the biomass value at

the peak by using the mode of the Kibby et al., (1980) curve. The Disp peak biomass is

estimated to be at 1 August, which coincides with the second sampling date of this

research. Error bars indicate standard error.
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Figure 11 a: Average Caly alive dry biomass by month for Rhodes Marsh.
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Figure 11 b: Average Disp alive dry biomass by month for Rhodes Marsh.
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Figure 13 a: Growing season biomasses from average Caly alive dry biomass estimated
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from Kibby curve for Rhodes Marsh.

42



1111111111111111111111111111111111111111a
•

■

•

11111111•1/111011111111111111:11111'

x = Caly from Kibby curve (Siletz Bay, Oregon)
0= Strat. Caly alive average

43

1400.00

1200.00

1000.00

ci 800.00
0
ca 600.00

400.00

200.00

0.00
3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00

Date (month)

Figure 13 c: Growing season biomasses from average Caly alive dry biomass estimated
from Kibby curve for Stratigraphy Bay

—x— Disp Biomass from Kibby Curve (Netarts Bay, Oregon)
o	 Stratig. Disp Alive Average Dry Biomass

1200.00

1000.00

-&) 800.00

c§ 600.00

E 400.00

200.00

0.00

11 111 1111 111 1111 11 11111 111 1111 1111 1I IIII N

•

1.•
1.•	 a

/1111111111	 II I 1111.'w

Figure 13 d: Growing season biomasses from average Disp alive dry biomass estimated
from Kibby curve for Stratigraphy Bay



I calculated net primary aboveground productivity (NPa) by following both the

Smalley method and an adapted Smalley method calculated as the sum of the peak biomass

and the addition to the litter from death from the current season (PB + a). The Rhodes

Marsh Caly NPa using the Smalley method was 658.9 g/m 2, and using the adapted method

was 764 g/m2. The Stratigraphy Bay Caly NPa using the Smalley method was 1210.0

g/m2 and 1520 g/m2 using the adapted method. The Rhodes Marsh Disp NPa using the

Smalley method was 546.3 g/m2, and was 966.3 g/m2 using the adapted method. The

Stratigraphy Bay Disp NPa was 1196.9 g/m2 using the Smalley method, and was 1851.1

g/m2 using the adapted method. The Caly plots in the Rhodes Marsh system with restricted

circulation had a net primary production value 54.5% of the Caly plots in the Stratigraphy

Bay system with open circulation. The Disp plots in the Rhodes Marsh system with

restricted circulation had a net primary production value 45.6% of the Disp plots in the

Stratigraphy Bay system with open circulation.

Below Ground Changes in Biomass

My measurements of below ground root biomass indicated that the Caly community

characteristically has a root and rhizome mat in the top 0-5 cm (Figure 14 and 16). Below

this is an undifferentiated peat layer. The Disp community has a clearer and deeper root

zone than the Caly community. The Disp does not have near surface accumulation as the

Caly did (Figure 15 and 17). The top five cm is never the heaviest biomass as with the

Caly, but the biomass is concentrated deeper for this species. For the Disp community root

biomass extends below 23 cm. However, because of the limitations of the coring device,

root biomass was not collected below 23 cm. Below ground biomass data is in Table 4 and

Appendix E.
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Figure 14: Average below ground biomass distribution of Caly in Rhodes Marsh for the
three harvest dates: (a) 23 May 1992, (b) 27 June, 1992, and (c) 1 August 1992. Depth
not shown to scale.
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Figure 15: Average below ground biomass distribution of Disp in Rhodes Marsh for the
three harvest dates: (a) 23 May 1992, (b) 27 June, 1992, and (c) 1 August 1992. Depth
not shown to scale.
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Figure 16: Average below ground biomass distribution of Caly in Stratigraphy Bay for the
three harvest dates: (a) 23 May 1992, (b) 27 June, 1992, and (c) 1 August 1992. Depth
not shown to scale.
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Figure 17: Average below ground biomass distribution of Disp in Stratigraphy Bay for the
three harvest dates: (a) 23 May 1992, (b) 27 June, 1992, and (c) 1 August 1992. Depth
not shown to scale.
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Table 4. Change in average root biomass by date, site and species.

Date Rhodes Marsh Caly Strat. Bay Caly 	 Rhodes Marsh Disp Strat. Bay Disp
(g/m2)	 (g/m2)	 (g/m2)	 (g/m2) 

5/23/92 1759.0 1038.8 2792.9 1714.4

6/27/92 997.4 930.5 2727.8 1319.3

8/1/92 920.9 834.9 2100.0 1233.2

Table 5. Change in average shoot biomass by date, site and species.

Date Rhodes Marsh Caly Strat. Bay Caly 	 Rhodes Marsh Disp Strat. Bay Disp
(g/m2)	 (g/m2)	 (g/m2)	 (g/m2) 

5/23/92 319.2 410.0 461.0 394.0

6/27/92 402.7 860.0 604.7 604.0

8/1/92 588.3 1071.0 729.7 982.3

49



Dr. Donald B. Zobel, Professor of Botany, Oregon State University (personal

communication, 1993), helped me interpret root biomass results. The root to shoot ratio

decreases with time for both community types, and in each wetland site (Figure 14, 25, 26

and 17, and Tables 4 and 5). This ratio is a factor of the aboveground component, and not

the below ground component. The below ground component does not have a substantial

change in biomass from 23 May to 1 August; The average decrease in the below ground

component for both species was 26% (standard deviation = 17.6). There was substantial

increases in the aboveground component; The average increase in the aboveground dry

alive component for both species from 23 May until 1 August was 114% (standard

deviation = 50.0). (See Tables 4 and 5).

Inundation and Production

The Caly and Disp communities at the two study sites were inundated for different

periods. At Rhodes Marsh with restricted circulation Caly plots were estimated to be

inundated for 1671 hours over the growing season and the Disp plots were estimated to be

inundated for 1004 hours over the growing season. This difference was simply because

the Caly plots were at a lower elevation. Likewise, the Stratigraphy Bay Caly plots were

estimated to be under water 1057 hours compared with 714 hours for the Disp plots.

Comparing the inundation period for the same species at the two sites, Caly plots in

Rhodes Marsh with restricted circulation were flooded 1671 hours compared with

Stratigraphy Bay Caly plots that were flooded for 1057 hours. Likewise, for the Disp plots

in Rhodes Marsh, flooding extended for 1004 hours compared with 741 hours for the

Stratigraphy Bay Disp plots. These differences in inundation between the two sites are due

to differences in restriction of circulation. Rhodes Marsh with restricted circulation has

between 35 and 58% longer inundation period than Stratigraphy Bay with open circulation.

The community with a lower elevational position, the Caly community, has the greater

inundation percentage.
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The differences in inundation period are reflected by differences in NPP as

illustrated in Figure 18 and 19. Rhode Marsh Caly plots with restricted circulation were

inundated for 1671 hours, and had an average NPP of 658.9 g/m 2. Stratigraphy Bay Caly

plots with open circulation were inundated for 1057 hours, and had an average NPP of

1210.0 g/m2 (Figure 18). Likewise, Rhode Marsh Disp plots were inundated for 1004

hours, and had an average NPP of 546.3 g/m 2 and the Stratigraphy Bay Disp plots were

inundated for 714 hours, and had an average NPP of 1196.9 g/m2 (Figure 19). It appears

that the marsh with open circulation, Stratigraphy Bay, has a greater NPP than the marsh

with restricted circulation, Rhodes Marsh.
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Figure 18: Caly plots Period of Inundation (hours) versus Net Primary Production
calculated by the Smalley method (g/m2) in Stratigraphy Bay and Rhodes Marsh fit to a

simple linear regression.

Figure 19: Disp plots Period of Inundation (hours) versus Net Primary Production
calculated by the Smalley method (g/m 2) in Stratigraphy Bay and Rhodes Marsh fit to a
simple linear regression.



DISCUSSION

NOAA Results

The National Oceanic and Atmospheric Administration's study (U.S. Department of

Commerce, NOAA, 1988) indicates that the time of high tide in the Winchester arm of

South Slough, the main tidal creek between Stratigraphy Bay and Rhodes Marsh, is

delayed between 7 and 15 minutes from the time of high tide at the Charleston Coast Guard

Station. My study sites are at higher elevations than the main tidal creek, so I expected

delays greater than 7 to 15 minutes. Wind direction is an additional determinant of tidal

cycle periodicity. When the wind is from the north, both sites would have longer

inundation times; when the wind is from the south, inundation times would be less for both

sites. For the 16 high waters observed by tide gage for the two sites, the average delay

from high tide predicted by the tide table was 15.5 minutes (standard deviation = 4.7).

This delay agreed with the results of the NOAA study (U.S. Department of Commerce,

NOAA, 1988).

Inundation Period Measurements

The initiation and ending dates of the 1992 growing season for Disp and Caly were

estimated from the seasonal pattern of biomass published by Kibby, et al. (1980).

However, the growing season is season-specific, changing from year to year. Based on

my observations, the 1992 growing season began relatively early. Because the same dates

were used for both study sites and the published study, the difference between predicted

growing season and actual growing season was assumed to not be a significant factor in

comparing the two sites. An additional problem relates to the geographical separation of

the published data from the study sites (Siletz Bay and Netarts Bay are over 100 miles from

South Slough). I was unable to evaluate this problem. The two sites also differed in

microtopography which would also affect inundation time. Compared with Rhodes Marsh,
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Stratigraphy Bay is not hummocky. Thus, inflow and outflow of water would not be as

retarded in Stratigraphy Bay as in Rhodes Marsh independent of the dike construction. The

difference in period of inundation between the two sites was readily seen. Filling time is

faster than the draining time at both sites. Water is impeded from draining out of the

vegetated high marsh in Rhodes Marsh because of microtopographic complexity and dike

construction, causing a significant delay in drainage compared to Stratigraphy Bay.

Table 1, showing the filling and draining time for Rhodes Marsh (from the tide

gage), indicates that the time it takes for Rhodes Marsh to drain does not correlate with the

height of the high water; the drainage time for the seven cycles measured remains

consistently around 287 +1- 17 minutes over a tidal height variation of 3.5 to 5.7 feet. This

suggests that draining time is not a function of high water height, but instead the draining

time is determined by topographic features such as porosity, tidal creek circuity and dike

construction . However, Rhodes Marsh takes longer to fill up with a higher tidal

amplitude. Just as was the case with Rhodes Marsh, Stratigraphy Bay also has no

correlation between high water height and drainage time. For the nine cycles observed,

drainage time remains consistently around 200 +I- 20 minutes. The site however, takes

longer to fill up with a higher tidal amplitude, as was the case in Rhodes Marsh. Because

the wind was predominantly from the north during the growing season, and because north-

blowing wind would increase the draining time and decrease the fill time of both sites, the

wind factor does not explain this phenomenon. Perhaps the shape of Coos Bay causes this

pattern. The fill time for the same water height is slower with the diked site (Rhodes

Marsh) than with the site with open circulation (Stratigraphy Bay). This may be due to the

restricted entry into the marsh and the more circuitous tidal creeks and non-uniform,

hummocky surface in Rhodes Marsh compared with Stratigraphy Bay where the surface is

relatively flat. The prediction of drainage being slower in Rhodes Marsh than in

Stratigraphy Bay is not shown by the tide gage data at the opening of Rhodes Marsh. The

conclusion that there is a correlation between period of inundation and NPP is not effected
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by this observation, but it is interesting to note that the change in the period of inundation

with different high water elevations is due to the fill time and not the drain time.

Although the relative elevations of the community plots in Rhodes Marsh and

Stratigraphy Bay were estimated as being within a few centimeters of each other by

simultaneous observation of high tides, it would have been useful to survey tidal and

geodetic elevations for these plots. It is assumed that specific community types grow

approximately within a defined elevational range (Frenkel, et al., 1981); nevertheless, it

would have been appropriate to check this assumption with other reported data in the

literature.

The Caly and Disp plots in the site with restricted circulation (Rhodes Marsh) were

inundated about 50% longer than the site with open circulation (Stratigraphy Bay).

Without knowing the difference in period of inundation between several wetland sites, and

without determining the causal relation between inundation period and NPP, it is not

known if this 50% difference in period of inundation is the major factor in causing the

difference in NPP between the two sites. But it is reasonable to conjecture that a 50%

increase in the period of inundation of a site would produce a large decrease in the NPP

(Steever et al., 1976, Hoffnagle, 1980, Mitsch and Gosselink, 1986, Gosselink and

Turner, 1978). It is reasonable to assume that the difference in periods of inundation

between the study site and control site is enough to be a major contributor towards creating

the difference in NPP despite the existence of several confounding factors such as salinity,

soil anoxia, different nutrient availability, etc. One other perhaps major confounding factor

may be that the two sites are different ages: Rhodes Marsh was recently restored, and has

had tidal influence for less than 100 years, while Stratigraphy Bay has never been

disturbed.
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NPP Harvest

In the above ground harvesting procedure, I assumed that the accumulation of litter

throughout the growing season would remain attached. Collecting and determining the

origin of the unattached litter would have involved much error, as it was impossible to

separate current years' litter from previous years'. Also, organic material drifted into the

plot and was difficult to separate out from the unattached in situ litter. Thus, measurement

of the unattached litter component is imprecise.

In processing the aboveground samples, a few factors contributed additional error.

Mud often was stuck to the base of the culms, algae and attached inorganic sediment

deposits were often mixed-in with the live components, and certain microplots contained

plants with more sediment deposits than others. Also, it was sometimes difficult to

separate all of the litter from the attached dead component. These problems were remedied

to the best extent possible in the separation process, but they did contribute to error. I was

unable to estimate this error. Savi, although having a woody core, did not appear to be

woody; therefore, it was difficult to differentiate between new stem growth and old stem

from previous years. An arbitrary decision was made; If a culm had no green

photosynthetic material present, it was placed in the attached dead pile. No attempt was

made to discard woody portions. The problem with this is that standing plants that had not

started to grow in May were sorted as attached dead material.

The below ground harvesting method was also subject to error. An arbitrary cut-

off depth had to be made at 23 cm due to the limitations of the coring device. Extracted

cores compacted between 2 and 7 cm, the amount of compaction depending on the

characteristics of the sediment.

In processing the below ground samples, a factor contributing to error was that fine

masses of roots, whether dead or alive, were saved as live material if they had some white

roots present. However, fine roots that were washed through the screen or thrown out

with small clumps of dead material were potentially compensated for by the dead material
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included in these fine masses. Also, it was assumed that the below ground biomass in the

core belonged to the major aboveground species, but there was no confirmation of this

assumption.

Below Ground Change in Biomass Distribution

For the Caly plots, the near surface below ground component decreases

significantly over the time period (Figure 14, 16). We do not know where this biomass is

going. More points in time are needed to determine if the decrease in biomass is due to

carbohydrate translocation or not. Hoffnagle (1980) claimed that the decline of root

biomass as the growth season progresses and the accompanying increases in aerial growth

was because roots and rhizomes may act as a storehouse for aerial growth. As the growing

season progresses, inorganic materials are used and replaced by organic materials in the

roots (Hoffnagle, 1980). Hoffnagle (1980) also observed an absolute decrease in root

weight over the growth season. For this study, the harvests began too late in the growing

season to see much translocation, and die back did not begin by the last harvest, so we do

not see large changes in the below ground biomass (Zobel, personal communication,

1993).

NPP Calculation

I used the Smalley method to calculate net production for the 1992 growing season.

Because sampled communities approximated monospecific stands of Carex and Distichlis,

there was no need to modify the Smalley method in order to account for different times of

peak biomass for various species.

NPP curves (Figures 11, 12 and 13) involved major assumptions. Since peak

biomass dates for Caly and Disp were not known, extrapolations from the Kibby, et al.

(1980) NPP curves were made to determine peak biomass dates and start and end dates of

the 1992 growing season. These extrapolations may involve errors, decreasing the merit of
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NPP estimates. Since the NPP's in this study were used only for their relation to the

period of inundation, I discounted the importance of these errors. NPP for the two study

sites was derived through the same procedures.

In general, estimates of primary productivity are low because they do not include

data on growing season mortality, herbivore consumption, and below ground production

(Keefe, 1972). These three parameters were not considered in estimating NPP in this

study as well. In the South Slough area, large herbivores are rarely present, and small

herbivores, such as the deer mouse Peromyscus maniculata, are not abundant enough in

daily inundated habitats to cause significant grazing pressures. Insects may be the largest

herbivore in the salt marsh (Hoffnagle, 1980). A study by Shragg (1976) of the Coos Bay

Estuary found that the terrestrial arthropod Cicadellidae, a leafhopper, was consuming

7.27% of the total production of Distichlis spicata. (Hoffnagle, 1980). A complete

estimate of production would include the accumulated mortality of green plants before the

peak biomass is attained, and growth which occurs after the peak biomass is attained, as

well as biomass lost to herbivory, and root production. The Smalley method does estimate

the loss of dead weight prior to the peak biomass. But decomposition and loss due to tidal

removal and movement throughout the marsh due to tidal action are ignored. Also,

shedding and herbivory are not accounted for, and are assumed to be insignificant.

Because only attached dead litter was sampled in this study, there is no need to consider the

complexity associated with litter remaining in the site from past seasons. Thus, all of the

attached dead material present in the samples is assumed to be the result of the current

season's production.

For this study, net aerial production is used to estimate net primary production.

Ideally, the below ground production (NPb) would be considered in the estimate of total

production. Because NPb decreases over the growing season, this component will act to

decrease NP. This makes sense, as below ground energy and materials are transferred to

aboveground components over the course of the growing season, producing an increase in
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aboveground aerial biomass. But this transfer should not be counted as net production, as

it is simply a relocation of biomass, and not production from photosynthesis. The net

aboveground productivity is an overestimate of NP because below ground matter which

was transferred to the aboveground component during the growing season still needs to be

subtracted from NPa to yield NP.

Permutation tests were conducted on the biomass data and net primary productivity

estimates. The 1-sided p-value represents the chance that the observed results occurred at

random. The 1-sided p-value tests the chance that a result could be as extreme or more

extreme in having the Stratigraphy Bay biomass or net primary productivity observed

means being greater than the Rhodes Marsh biomass or net primary productivity observed

means. A cut-off of p = 0.15 leads me to reject the null hypothesis in most cases. Due to

the small number of data, this relaxed cut-off (rather than the more stringent p = 0.05) was

used.

While harvesting is an accepted technique for estimating NPP by the scientific

community, it is useful to note the deficiencies of this method. Problems in estimating

NPP for an entire marsh community arise because: (a) rates depend on the frequency of

clippings (I only clipped three times), (b) unaccounted losses of organic production occur

between sampling periods, (c) all plant parts are seldom accounted for, particularly roots,

(d) translocation of organic matter occurs between above and below ground plant parts, (e)

there was limited spatial sampling in both Rhodes Marsh and Stratigraphy Bay and (f)

productivity is assumed to be zero between the end and the beginning of the growth season

(Brinson, et al., 1981).

Confirming the Model

These observed estimates of inundation periods and net primary productivity of

selected monospecific plant communities from a wetland site with restricted circulation with

a dike system, and from a site with open circulation, support my original hypothesis that
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these two parameters are correlated (R2 = 0.972, slope = -0.90 for Caly fit to a linear

regression model, n = 6; and R2 = 0.980, slope = -2.24 for Disp fit to a linear regression

model, n = 4) as shown in Figures 18 and 19. Therefore, the results of this observational

experiment support the model that an increase in tidal influence is associated with an

increase in net primary productivity. Some of the possible confounding factors are

differences in soil anoxia, age of the sites, sunlight exposure, rainfall, etc.

Kibby Method for Calculating NPP

Although I used the Kibby et al., (1980) method to determine the seasonal pattern

of biomass accumulation, I also considered the Kibby method as a means of estimating

NPP. NPP estimated by the Kibby, et al., (1980) method was compared with the

Smalley/Eilers NPP calculation. The annual NPP using the Kibby method for Caly at the

Rhodes Marsh site was 536.5g/m2/yr, compared to the result for this research for Caly in

Rhodes Marsh using the interval method of Smalley/Eilers of an NPP of 658.9g/m2/yr.

For the Rhodes Marsh Disp community using the 8-1-92 biomass (assumed date of peak

biomass of Disp) the Kibby method NPP estimate is 832.0 g/m2/yr. Using the interval

method of Smalley/Eilers, the NPP for the Disp community in Rhodes Marsh was

546.3g/m2/yr.

The Kibby method NPP estimate for the Caly community in Stratigraphy Bay using

the 6-27-92 biomass (assumed peak biomass) was 370.0 g/m2/yr, compared to the

Stratigraphy Bay Caly NPP of 1210.0g/m2/yr from this study. The Kibby method NPP

estimate for the Disp community in Stratigraphy Bay is 1118.0 g/m2/yr, compared to the

result from this study for Stratigraphy Bay Disp NPP of 1196.9g/m2/yr.

Because the method of calculating NPP in this study relied heavily on peak biomass

and growing season information derived from Kibby et al., (1980) (Figure 13 a, b, c and

d), it is surprising that the NPP estimates from the Kibby method are not in agreement with

the estimates from this study.
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A major deficiency with the Kibby, et al. publication is that it neglects to note at

what elevation the sampling for the selected species standing crop biomass curves were

taken. Because of the zonation in wetlands, certain species are most productive at specific

elevations (or inundations), making elevations at which primary productivity is measured

for a specific species an important consideration. It is also important to realize that the

measurements of selected community primary productivities taken from Kibby, et al.,

(1980) can not be used to indicate the NPP for an entire wetland, because an entire wetland

will have heterogeneous species composition, while data reported in Kibby, et al, (1980)

are based on monospecific stands. Also, the ratio of a specific community's primary

productivity to the entire wetland's NPP of one site will not likely equal that of any other

site; a wetland that is located in a different place than the sites where Kibby, et al., (1980)

collected data will have different degrees of salinity, rainfall, soil anoxia, etc. Also,

physical parameters change from year to year so that even if a standing crop biomass were

taken from a site that was used to produce the Kibby, et al., (1980) curves, the NPP

estimate would not likely be good.

Reported NPP for Pacific Northwest Caly and Disp Stands

The Caly studied in this research was from a community of almost pure Caly

(greater than 95% dry weight). The Caly in Stratigraphy Bay was "tall" form, and the Caly

from Rhodes Marsh was "short" form. The Disp studied was also from a community

composed almost entirely of Disp (greater than 95% dry weight).

Eilers (1975), measured aboveground NPP in Nehalem Bay salt marshes, Oregon

by employing a modified Smalley method with three harvests along transects in May, July

and September. "Short" form Caly was reported as having a NPa ranging from 533 to

1051 g/m2/yr, with a mean of 875 g/m2/yr. The "tall" form Caly was reported as having a

NPa ranging from 1276 to 2629 g/m2/yr with a mean of 1746 g/m2/yr.



The Coos Bay study by Hoffnagle et al., (1980) measured NPa in a South Slough

marsh with a Caly, Disp, Trma, and Savi community of 1081 g/m 2/yr. Hoffnagle's study

site was within one mile of the sites used for this paper.

For the Pacific Northwest, Hutchinson (1986) reports that streamside, "tall" form

Caly NPP ranges from 1322 to 2000 g/m2/yr, while backmarsh, "short" form Caly NPP

ranges from 687 to 1423 g/m2/yr.

Kibby, et al., (1980) published a Caly NPP of 1849 g/m 2/yr, and a Disp NPP of

1300 g/m2/yr for Oregon wetlands. The NPP for the Caly did not specify whether this was

for "tall" or "short" form.

The NPa of the "short" form Caly for Rhodes Marsh of 659 g/m 2/yr is close to

Eilers' observed mean, and is slightly below Hutchinson's lowest observation. Thus, the

Caly in Rhodes Marsh is within the other NPa values estimated in the Pacific Northwest.

The Disp in Rhodes Marsh had a NPa value of 546.3 g/m 2/yr. This value is less

than one half of the value reported by Kibby, et al., (1980).

The tall form Caly in Stratigraphy Bay had a NPa of 1210.0 g/m2/yr. This fits

within the low end of the literature review estimates.

The Disp in Stratigraphy Bay had a NPa of 1196.9 g/m2/yr . This is close to the

NPa of the marsh studied by Hoffnagle (1980), and is slightly below the value reported by

Kibby, et al.
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SUMMARY AND CONCLUSIONS

Summary

I hypothesized that coastal salt marshes with open tidal circulation had higher net

primary productivity (NPP) than marshes with restricted circulation. I tested this

hypothesis by comparing two nearby marsh systems in South Slough National Estuarine

Reserve, Oregon. Stratigraphy Bay, having never been diked, has open circulation.

Rhodes Marsh, formerly diked but with breaches in the dike, has restricted circulation. I

evaluated the hypothesis by measuring inundation time and NPP in monospecific stands of

Carex lyngbyei (Caly) and Distichlis spicata (Disp).

Rhodes Disp plots were inundated 41% longer than. the Stratigraphjy Disp plots.

The Rhodes Caly plots were inundated 58% longer than the Stratigraphy Caly plots. The

Caly plots in the system with restricted circulation had an average net primary production

value of 659 g/m2/yr or 54.5% of the Caly plots in Stratigraphy Bay, the system with open

circulation where NPP was 1210 g/m2/yr. The Disp plots in Rhodes Marsh, the system

with restricted circulation, had a NPP of 546 g/m2/yr or 45.6% of the Disp plots in

Stratigraphy Bay, the system with open circulation in which Disp NPP was 1197 g/m2/yr.

Aboveground NPP was determined by three biomass measurements during the

growing season fitted to seasonal biomass curves published by Kibby et al. (1980). I also

measured below ground biomass (fine and coarse root material) at the same time that I

collected above ground biomass. Below ground biomass decreased during the season and

above ground biomass increased. The average decrease in below ground Caly in the two

sites was 37% and the decrease in the below ground Disp in the two sites was 26%. The

average increase in above ground Caly in the two sites was 128% and the increase in

aboveground Disp in the two sites was 101%. Most of the below ground biomass was in

the upper 25 cm. For Caly there was a seasonal shift in biomass from the upper 5 cm to

depths from 10-25 cm. There was also seasonal shifts in below ground Disp biomass but I

was unable to determine the nature of these shifts because my coring device was too short.
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Mean root to shoot ratio based on three measurements of late May, late June, and early

August were 2.4 for Caly and 3.5 for Disp.

Inundation period was measured based on seasonal tide table predictions measured

at Newport, Oregon and Charleston Bay Entrance, and related to locally measured tidal

fluctuations measured at the two study sites. Caly plots in Rhodes Marsh, the site with

restricted circulation, were inundated for 1671 hours, and Disp plots were inundated for

1004 hours. In Stratigraphy Bay, the site with open circulation, the Caly plots were

inundated for 1057 hours and the Disp plots were inundated for 714 hours. Restricted

circulation Caly plots were inundated 58% longer than open circulation Caly plots.

Restricted circulation Disp plots were inundated 41% longer than open circulation Disp

plots. Time to tidally fill both sites depended on tidal height, but time to drain remained

constant, independent of tidal height.

I found a strong correlation between the period of inundation and the NPP for these

two sites. My observed estimates of inundation periods and NPP of monospecific Caly

and Disp communities from Rhodes Marsh with restricted circulation with a dike system,

and from Stratigraphy Bay with open circulation, supported the hypothesis that NPP and

inundation period are correlated (R2 = 0.972, slope = -0.90 for Caly fit to a linear

regression model; n = 6, R 2 = 0.980, slope = -2.24 for Disp fit to a linear regression

model, n = 4). The degree of circulation is assumed to be sufficiently represented by the

consistent measurement of the period of inundation of the plant communities studied for

production. The duration of inundation is a direct indication of drainage/filling time and

circulation. NPP is one parameter of marsh health, but its meaning is not explicit.

Conclusions

I showed that the period of inundation and NPP from Rhodes Marsh and

Stratigraphy Bay were positively correlated. There is a need for more research and an

extended study to obtain more precise calculations of NPP. There is a need for a larger
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number of plot samples, and more frequent harvests throughout the growing season.

There is a need to account for underground biomass changes over the growing season.

However, the NPP's purpose in this study was solely for a comparison between two sites.

The lack of a precise absolute value for the NPP's does not invalidate the conclusion that

there is an association between the inundation period and NPP for Rhodes Marsh and

Stratigraphy Bay.

In the future, to elaborate on the association between drainage and healthiness,

more direct parameters indicative of drainage and marsh health should be used. For

instance, a redox measurement could be used to indicate anaerobisis related to the degree of

drainage instead of, or in addition to, a measurement of the duration of inundation. Low

oxygen levels may be caused by restricted access to tidal inputs, ponding, excessive

organic matter decomposition, etc. Instead of NPP, the degree of marsh health could be

represented by measurements of nutrient exchange (of inorganic matter such as nitrogen,

phosphorous and potassium) between the watershed (stream input to the marsh), the

marsh, and the estuary.

Results from this study have implications for wetland mitigation policy related to

how diked wetlands should be restored. The study tests the model-based assumption that

restricted hydrological circulation and a lengthened duration of inundation from diking

diminishes primary production. The implication that the results of this observational

experiment have for compensatory mitigation is that restoration and enhancement projects

should be designed so as to increase tidal circulation to the maximum extent possible.

However, a cause and effect inference cannot be made from an observational experiment

because there are too many confounding factors that could explain the observation. For

instance, the differing amounts of net primary productivity for the plant communities

studied between the two wetlands observed could be due to differing amounts of sunlight,

salinity, toxic contamination, rainfall, substrate, circulation, age of communities, etc. But a
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model-based assumption can be made. The model is that the greater the tidal exchange in a

tidal wetland, the higher the net primary productivity and other valued functions.

My study tested and confirmed this model-based assumption. Thus, mitigation

plans should attempt to maximize circulation. From a practical standpoint, the question of

whether a small breach in the dike system is sufficient to restore a diked area to a healthy

wetland with the normal range of primary production can now be answered. A cost-benefit

analysis could be performed that weighs the economic cost (of either making a small breach

versus the total removal of a dike system) with the environmental benefit (of increased

wetland values from either making a small breach in the dike or from removing the entire

dike system).
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Appendix A

Draining and Filling Times

Rhodes Marsh draining and filling.

Peak Water Depth at Stadia
Date	 (feet)

Filling Time
(minutes)

Lowering Time
(minutes)

7-11	 3.5 195 270
7-11/12 5.4 300 285
7-12 3.9 180 285
7-12/13 5.7 300 285
7-13 3.9 180 300
7-14 4.1 180 285
7-14/15 5.4 285 300

Stratigraphy Bay draining and filling.

Date
Peak Water Depth at Stadia

(feet)
Filling Time
(minutes)

Lowering Time
(minutes)

7-30 3.0 105 195
7-30/31 4.4 175 215
7-31 3.4 130 192
8-1 3.8 155 205
8-1 3.7 150 200
8-2 3.2 115 190
8-2 3.9 150 210
8-3 2.7 80 180
8-3 3.9 145 210
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Appendix B

Tide gage data for Rhodes Marsh and Stratigraphy Bay

Rhodes Marsh: The tide gage ran for four days from 10:00 AM, Pacific Daylight Time

(PDT), 7-11-92, until 10:00 AM, 7-15-92. The Caly plots begin to be inundated at 3.4'

height of the water at the stadia, and ceased to be inundated at 2.9'. The Disp plots begin

to be inundated at 3.8' real height, and cease to be inundated at 3.5'.
For the uncorrected tide gage data for Rhodes Marsh, a constant of 0.9' is added to

all elevations above -0.5' (this uncorrected data corresponds to the surface elevation as read

from the stadia), because the 0.0' mark on the stadia is 0.9' above the sediment. The tide
gage read only to a minimum surface elevation of 0.4' real elevation, (or -0.5' on the

stadia) as the orifice was placed 0.4' above the sediment. The orifice was at -0.5' on the

tape on the stadia.
For the uncorrected tide gage data for Stratigraphy Bay a constant need not be

added because the 0.0' mark on the stadia is 0.0' above the sediment. The orifice is 0.2'

above the sediment, and is thus also at 0.2' on the tape on the stadia.
The tables below summarize the tide gage data and indicate Disp and Caly periods

of inundation for observed high waters as published in the tide tables.

Rhodes Marsh tide gage data.

High Water (feet)	 Caly Inundation (minutes) 	 Disp Inundation (minutes)

	

5.0	 105	 0

	

5.3	 150	 55

	

5.5	 180	 80

	

5.7	 170	 90

	

7.2	 320	 265

	

7.3	 335	 280

	

7.3	 335	 275 

Stratigraphy Bay tide gage data.

High Water (feet)	 Caly Inundation (minutes)	 Disp Inundation (minutes)

	

6.0	 120	 90

	

6.8	 175	 145

	

7.0	 190	 165

	

7.2	 200	 185

	

7.5	 240	 220

	

7.6	 250	 225

	

7.6	 245	 225

	

7.7	 255	 235

	

8.1	 290	 270 
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Appendix C

Method For Determining Growing Season Inundation Period

The method for extrapolating from the tide gage recorded periods of inundation to a period

of inundation for the 1992 growing season is explained below.

Entries were derived from inputs of high water as listed in the tide table into an

equation fit to a curve that fit the data points derived from the tide gage data shown in

Appendix B. The start and end points of the 1992 growth season were derived from the

Kibby, et al., 1980 Distichlis spicata and Carex lyngbyei standing crop biomass versus dry

weight curves for Oregon. For this study, the Caly community is assumed to begin its

growing season on 15 March, and end on 15 October. The Disp community is assumed to

begin its growing season on 15 April, and end on 15 October. The equation used to

calculate the Rhodes Marsh Caly period of inundation over the growing season is the

logarithmic equation

T = -837.27 + 1354.77*log(H)

where T stands for time in minutes, and H stands for high water in feet. The equation used

to calculate the Rhodes Marsh Disp period of inundation is the logarithmic equation

T = -1147.93 + 1649.97*log(H)

The equation used to calculate the Stratigraphy Bay Caly plots period of inundation is the

polynomial equation

T = 105.61 + -57.92(H) + 10.02(H)2

The equation used to calculate the Stratigraphy Bay Disp plots period of inundation is the

polynomial equation

T = -46.28 + -26.92(H) + 8.21(H)2

7 5



Appendix D

Biomass Harvest Data and Plot Locations

Refer to the plot diagram to locate the randomly chosen microplots. Figure 5

identifies the locations of the plots in the sites. The codes used to indicate the microplot

locations use the following key: The first letter refers to the marsh, where R indicates

Rhodes Marsh, and S indicates Stratigraphy Bay. The second letter refers to the

community type, where a C indicates Caly, or Carex lyngbyei, and a D indicates Disp, or

Distichlis spicata. After these two letters is the fast number, which refers to the macroplot

number. The locations of the macroplots are shown on the map of the two sites. The

second number refers to the microplot number/location within the macroplot. These

microplot locations are indicated in the figures below. For instance, RC1,15 refers to

Rhodes Marsh, Caly macroplot 1, microplot 15.

N —>

3m

Macroplot locations within Rhodes Marsh, and potential microplot locations within the

macroplots: Diagram of a macroplot with numbered microplot locations labeled. A 6' PVC

pole is located at the northwestern corner of microplot 1. A 4' PVC pipe is located at the

northeastern corner of microplot 5. This diagram applies to all of the Rhodes Marsh

macroplots: RC1, RC2, RC3, RD1, RD2, and RD3.
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Location of Rhodes Marsh Caly macroplot 1 (RC1): Bearing: 41° from the

Northwest corner of the macroplot to #3East (a rebar marker). Distance: 12.97m between

Northwest corner of macroplot to #3East.

Location of Rhodes Marsh Caly macroplot 2 (RC2): Bearing: 352.5° from

northwest corner of macroplot RC2 to Northwest corner of macroplot RC1. 21.5° from

northwest corner of RC2 to #3East. Distance: 21.75m from RC2 northwest corner to

#3East. 10.50m from RC2 northwest corner to #3East.

Location of Rhodes Marsh Caly macroplot 3 (RC3): Bearing: 154° from RC3

northwest corner to #3 East.

Location of Rhodes Marsh Disp macroplot 2 (RD2): Bearing: 222° from RD1

northwest corner to 3 west (rebar marker).

Location of Rhodes Marsh disp macroplot 2 (RD2): Bearing: 224° from RD2

northwest corner to #3West. 34° from RD2 northwest corner to RD1 northwest corner.

Distance: 12.85m from RD1 to RD2 northwest corners.

Location of Rhodes Marsh Disp macroplot 3 (RD3): Bearing: 238° from RD3

northwest corner to #3West. 3.5° from RD3 to RD2 northwest corners. Distance:

23.95m between RD2 and RD3 northwest corners.
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This is a diagram of a macroplot with the numbered locations of microplots. It applies to

macroplot SC1, a Caly macroplot in Stratigraphy Bay.



Location of Stratigraphy Bay Caly Macroplot 1 (SC1): Bearing: 110.5° SC1

northwest corner to #2East (rebar marker used in the contour measurements). Distance:

11.62m between SC1 northwest corner and #2East.
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This is a diagram of a macroplot with the numbered locations of microplots. It applies to

macroplot SC2, a Caly macroplot in Stratigraphy Bay.

Location of Stratigraphy Bay Caly Macroplot 2 (SC2): Bearing: 137° from SC2

northwest corner to #2East. Distance: 17.56m between SC2 northwest corner and #2East.
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This is a diagram of a macroplot with the numbered locations of microplots. It applies to

macroplot SC3, a Caly macroplot in Stratigraphy Bay.

Location of Stratigraphy Bay Caly Macroplot 3 (SC3): Bearing: 352° from corner

(a benchmark in the ground) to SC3 Northwest corner. Distance: 5.05m between the

corner and SC3 Northwest corner.
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This figure represents the macroplot called SD (the Disp plot in Stratigraphy Bay). The

numbered microplots are designated. This macroplot is 4.5m2.

Location of Stratigraphy Bay Disp Macroplot (SD): Bearing: 24.5° from SD1

northwest corner to #1 West (rebar marker used in the contour measurements). Distance:

11.63m from SD1 northwest corner to #1West.



Appendix E

Biomass Data andThe NPP Calculation

Aboveground Alive Dry Biomass in g/m2

Site. Species. Macroplot 23 May 27 June 1 August
Rhodes Caly 1 271.2 370 535.5
Rhodes Caly 2 356.5 454.8 704.5
Rhodes Caly 3 330.0 382.6 524.6
Rhodes Caly Average 319.2 402.5 588.2
Strat Caly 1 517.5 1042.6 1187.5
Strat Caly 2 308.2 602.4 953.5
Strat Caly 3
Strat Caly Average

403.9
409.9

935.0
860.0

1072.5
1071.2

Rhodes Disp 1 467.0 501.9 621.4
Rhodes Disp 2 508.0 739.6 868.3
Rhodes Disp 3 408.2 571.9 699.5
Rhodes Disp Average 461.1 604.5 729.7
Strat Disp 1 404.9 618.9 845.4
Strat Disp 2 395.5 583.0 1053.7
Strat Disp 3 376.7 610.3 1048.1
Strat Disp Average 392.4 604.1 1051.1

Attached Dead Dry Biomass in g/0.1m2

Site. Species. Macroplot 23 May 27 June 1 August
Rhodes Caly 1 35.4 54.7 72.7
Rhodes Caly 2 103.2 75.8 76.2
Rhodes Caly 3 78.2 67.9 61.2
Rhodes Caly Average 72.3 66.1 70.0
Strat Caly 1 157.1 264.2 494.1
Strat Caly 2 73.2 112.2 172.1
Strat Caly 3 403.9 267.9 115.2
Strat Caly Average 211.4 214.8 260.5
Rhodes Disp 1 132.8 45.4 38.2
Rhodes Disp 2 278.2 420.3 245.1
Rhodes Disp 3 45.2 244.2 136.1
Rhodes Disp Average 152.1 236.6 139.8
Strat Disp 1 279.9 290.5 384.1
Strat Disp 2 438.1 185.9 367.6
Strat Disp 3 231.1 291.6 453.8
Strat Disp Average 316.4 256.0 401.8
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Smalley Method to calculate production using biomass data in previous tables: all units are

in g/m2.

Caly community intervals:	 1: 15 March through 23 May
2: 23 May through 27 June
3: 27 June through 15 July
4: 15 July through 1 August
5: 1 August through 15 October

Disp community intervals 	 1: 15 March through 23 May
2: 23 May through 27 June
3: 27 June through 1 August
4: 1 August through 15 October
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Interval 1 Rhodes Marsh Caly 

AL = 221.9 AD = -22.7

NPal = AL = 221.9

Interval 3 Rhodes Marsh Caly 

AL = 345.6 AD = 1.9

NPa3 = AL + AD = 347.5

Interval 2 Rhodes Marsh Caly

AL = 89.5	 AD = -6.2

NPa2 = AL = 89.5

Interval 4 Rhodes Marsh Caly

AL = -163.8 AD = 2.0

NPa4 = 0.0

Interval 5 Rhodes Marsh Caly

AL = -518.2 OD= 12.0

NPa5 = 0.0

Rhodes Caly NPa = NPa1 + NPa2 + NPa3 + NPa4 + NPa5 = 658.9

orNPa=PB+a= 682 + 82 = 764

Interval 1 Stratigraphy Bay Caly 
	

Interval 2 Stratigraphy Bay Caly

AL = 409.9 AD = 21.4
	

AL = 450.1 AD = 3.3

NPal = AL + AD = 431.3
	

NPa2 = AL + AD = 453.5

Interval 3 Stratigraphy Bay Caly 
	

Interval 4 Stratigraphy Bay Caly

AL = 300.0 AD = 25.2
	

AL = -88.8 AD = 20.5

NPa3 = AL + AD = 325.2
	

NPa4 = 0.0

Interval 5 Stratigraphy Bay Caly 



AL = 1006.2 AD = 99.5

NPa5 = 0.0

Stratigraphy Caly NPa = NPa1 + NPa2 + NPa3 + NPa4 + NPa5 = 1210.0

or NPa = PB + a = 1160.0 + 360 = 1520.0
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Interval 1 Rhodes Marsh Disp

AL = 41.1	 OD= 152.1

NPa1 = AL + AD = 193.2

Interval 3 Rhodes Marsh Disp 

AL= 125.1 AD = -96.8

NPa3 = AL = 125.2

Interval 2 Rhodes Marsh Disp

AL = 143.4 AD = 84.5

NPa2 = AL + AD = 227.9

Interval 4 Rhodes Marsh Disp

AL = -104.7 AD = -139.8

NPa4 = 0.0

Rhodes Disp NPa = NPa1 + NPa2 + NPa3 + NPa4 = 546.3
or NPa = PB + a = 729.7 + 276.6 = 966.3

Interval 1 Stratigraphy Bay Disp

AL = 392.4 AD = -133.6

NPal = AL = 392.4

Interval 3 Stratigraphy Bay Disp 

AL = 447.0 OD= 145.8

NPa3 = AL + AD = 592.8

Interval 2 Stratigraphy Bay Disp

AL =211.7 AD = -60.4

NPa2 = AL = 211.7

Interval 4 Stratigraphy Bay Disp

AL = -801.1 AD = 398.2

NPa4 = 0.0

Stratigraphy Disp NPa = NPa1 + NPa2 + NPa3 + NPa4 = 1196.9

or NPa = PB + a = 1051.1 + 800 = 1851.1

Root to Shoot Ratio

The root to shoot ratio (listed below) is calculated by summing the total root dry

weight biomass (from the surface to a depth of 23cm) and extrapolating this weight to an

area of 0.1m2, which is the area of the microplot and aboveground sample (20cm X

50Cm). This weight is divided by the sum of the dry weights of all of the alive

aboveground components found in the microplot. The radius of the corer is 1.825cm (or

0.01825m), and thus the surface area sampled by the core is (a=nr 2) 10.46cm2 or



0.001046m2. In order to convert the dry weight of the root material to an area of 0.1m2

from 0.001046m2, multiply the dry weight of the root material by 95.60 (0.1m 2 4-

0.001046m2).

DW(g) 4- 0.001046m2 = X(g) 4- 0.1m2

X(g) = 95.60 x DW(g)

DW(g) = actual dry weight root biomass from 0 to 23 cm depth collected by the corer.

0.001046m2 = the area of the core opening.

0.1m2 = the area desired.

X(g) = the extrapolated dry weight of belowground material for a 0.1m 2 area to a depth

of 23cm.

The underlined number in the root:shoot column is the aboveground live dry biomass per

0.1m2.

Site Aboveground Wet Weight Dry Weight Root:Shoot
Community Component or (grams) (grams) (method
Macroplot # Belowground explained above)
Microplot # Depth Range (cm)

5-23-92
Rhodes Marsh:

RC1,15 Attached Dead 9.52 3.54 8.00
RC1,15 Caly 94.72 27.12 (217.01 + 27.12)
RC1,15 0-5 10.03 1.27
RC1,15 5-10 14.03 0.94
RC1,15 10-23 0.94 0.06

RC2,22 Attached Dead 25.81 10.32 4.72
RC2,22 Caly 119.50 35.49 (168.264-35.65)
RC2,22 Disp 0.80 0.16
RC2,22 0-5 13.10 1.06
RC2,22 5-10 7.72 0.61
RC2,22 10-23 0.70 0.09

RC3,4 Attached Dead 19.57 7.82 4.32
RC3,4 Caly 111.34 33.00 (142.44+33.00)
RC3,4 0-5 6.49 0.61
RC3,4 5-10 13.67 0.59
RC3,4 10-23 12.16 0.29

RD1,16 Attached Dead 23.44 13.28 2.33
RD1,16 Disp 85.96 39.48 (108.98+46.70)
RD1,16 Savi 42.14 7.22
RD1,16 0-5 5.57 0.35
RD1,16 5-10 2.73 0.34
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RD1,16	 10-23 4.91 0.45

RD2,10	 Attached Dead 41.02 27.82 8.49
RD2,10	 Disp 83.32 50.80 (431.16+50.80)
RD2,10	 0-5 18.32 0.99
RD2,10	 5-10 28.19 1.91
RD2,10	 10-23 44.58 1.61

RD3,4	 Attached Dead 8.66 4.52 7.33
RD3,4	 Disp 93.84 40.82 (299.23+40.82)
RD3,4	 0-5 13.66 0.58
RD3,4	 5-10 17.40 0.98
RD3,4	 10-23 12.30 1.57

5-23-92
Stratigraphy Bay

Site	 Aboveground Wet Weight Dry Weight Root:Shoot
Community	 Component or (grams) (grams) (method
Macroplot #	 Belowground explained above)
Microplot #	 Depth Range (cm)

SC1,11	 Attached Dead 35.57 15.71 1.81
SC1,11	 Caly 201.06 51.75 (93.69+51.75)
SC1,11	 0-5 3.20 0.09
SC1,11	 5-10 6.32 0.65
SC1,11	 10-23 5.62 0.24

SC2,8	 Attached Dead 17.82 7.32 1.99
SC2,8	 Caly 114.77 30.82 (61.18+30.82)
SC2,8	 0-5 5.81 0.42
SC2,8	 5-10 3.07 0.09
SC2,8	 10-23 3.19 0.13

SC3,29	 Attached Dead 17.71 6.43 3.88
SC3,29	 Caly 119.25 35.19 (156.78+40.39)
SC3,29	 Disp 14.11 5.01
SC3,29	 Trma 4.04 0.19
SC3,29	 0-5 8.05 1.04
SC3,29	 5-10 7.89 0.37
SC3,29	 10-24 7.80 0.23

SD7	 Attached Dead 49.73 27.99 3.07
SD7	 Disp 87.72 40.49 (124.28+40.49)
SD7	 0-5 4.72 0.35
SD7	 5-10 7.52 0.36
SD7	 10-23 10.39 0.59

SD16	 Attached Dead 77.52 43.81 2.83
SD16	 Disp 69.05 29.43 (111.85+39.55)
SD16	 Savi 52.70 9.93
SD16	 Caly 1.66 0.19
SD16	 0-5 5.02 0.24
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5-10
10-25

Attached Dead
Disp
Jaca
Savi
0-5
5-10
10-23

7.68	 0.48
8.14	 0.45

39.01	 23.11	 7.39
71.47	 34.53	 (278.20=37.67)
2.06	 0.05
18.76	 3.09
12.69	 0.87
11.39	 1.03
16.08	 1.01

SD16
SD16

SD34
SD34
SD34
SD34
SD34
SD34
SD34

The second sampling results follow: 

Aboveground
Component or
Belowground
Depth Range (cm)

Wet Weight Dry Weight Root:Shoot
(grams)	 (grams) (method

explained above)

Site
Community
Macroplot #
Microplot #

6-27-92
Rhodes Marsh: 

3.54
(130.974-37.00)

RC1,29	 Attached Dead	 18.62	 5.47
RC1,29	 Caly	 104.63	 34.91
RC1,29	 Trma	 11.34	 2.09
RC1,29	 0-5	 3.82	 0.50
RC1,29	 5-10	 7.64	 0.84
RC1,29	 10-23	 0.91	 0.03

RC2,4	 Attached Dead	 25.50	 7.58
RC2,4	 Caly	 134.78	 45.48
RC2,4	 0-5	 3.95	 0.36
RC2,4	 5-10	 5.18	 0.72
RC2,4	 10-23	 2.08	 0.13

RC3,15	 Attached Dead	 25.48	 6.79
RC3,15	 Caly	 113.72	 38.26
RC3,15	 0-5	 1.03	 0.19
RC3,15	 5-10	 3.21	 0.33
RC3,15	 10-23	 0.20	 0.03

RD1,6	 Attached Dead	 12.81	 4.54
RD1,6	 Disp	 79.79	 45.58
RD1,6	 Savi	 20.39	 4.60
RD1,6	 Jaca	 3.10	 0.01
RD1,6	 0-5	 4.34	 0.29
RD1,6	 5-10	 3.54	 0.42
RD1,6	 10-23	 4.51	 0.50

RD2,22	 Attached Dead	 168.35	 42.03
RD2,22	 Disp	 151.95	 73.96
RD2,22	 0-5	 14.93	 0.91
RD2,22	 5-10	 12.64	 2.01

2.54
(115.68=45.48)

1.37
(52.58=38.26)

2.30
(115.68=50.19)

5.67
(419.68=73.96)
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RD2,22	 10-23 15.68 1.47

RD3,30	 Attached Dead 74.27 24.42 4.95
RD3,30	 Disp 140.37 57.19 (282.98+57.19)
RD3,30	 0-5 7.44 0.53
RD3,30	 5-10 5.71 0.64
RD3,30	 10-23 13.36 1.79

6-27-92
Stratigraphy Bay

Site	 Aboveground Wet Weight Dry Weight Root:Shoot
Community	 Component or (grams) (grams) (method
Macroplot #	 Belowground explained above)
Microplot #	 Depth Range (cm)

SC1,29	 Attached Dead 53.02 26.42 0.95
SC1,29	 Caly 318.82 104.26 (99.42+104.26)
SC1,29	 0-5 3.62 0.09
SC1,29	 5-10 11.01 0.73
SC1,29	 10-23 3.19 0.22

SC2,2	 Attached Dead 30.89 11.22 0.54
SC2,2	 Caly 180.61 60.24 (32.50+60.24)
SC2,2	 0-5 1.16 0.08
SC2,2	 5-10 4.00 0.12
SC2,2	 10-23 3.89 0.14

SC3,15	 Attached Dead 82.09 26.79 1.57
SC3,15	 Caly 331.30 93.50 (147.22+93.50)
SC3,15	 0-5 11.87 0.53
SC3,15	 5-10 5.79 0.89
SC3,15	 10-23 5.45 0.12

SD4	 Attached Dead 70.28 29.05 1.92
SD4	 Disp 128.32 58.35 (118.54+61.89)
SD4	 Jaca 21.29 3.54
SD4	 0-5 4.50 0.21
SD4	 5-10 4.99 0.22
SD4	 10-23 11.43 0.81

SD24	 Attached Dead 40.85 18.59 2.07
SD24	 Disp 75.27 44.23 (120.46+58.30)
SD24	 Savi 23.60 5.14
SD24	 Caly 3.36 1.88
SD24	 Jaca 32.26 7.05
SD24	 0-5 10.66 0.41
SD24	 5-10 6.63 0.73
SD24	 10-23 5.40 0.12

SD30	 Attached Dead 65.91 29.16 2.57
SD30	 Disp 107.58 52.94 (156.78+61.03)



SD30 Jaca 13.28 1.82
SD30 Savi 11.12 2.55
SD30 Caly 7.60 3.72
SD30 0-5 9.58 0.75
SD30 5-10 8.13 0.37
SD30 10-23 16.24 0.52

The third and final sampling results follow:

Site
Community
Macroplot #
Microplot #

Aboveground
Component or
Belowground
Depth Range (cm)

Wet Weight
(grams)

Dry Weight
(grams)

Root:Shoot
(method
explained above)

8-1-92
Rhodes Marsh:

RC1,27 Attached Dead 33.81 7.27 2.98
RC1,27 Caly 174.08 53.55 (159.65+53.55)
RC1,27 0-5 8.93 0.78
RC1,27 5-10 7.51 0.72
RC1,27 10-23 4.70 0.17

RC2,9 Attached Dead 40.32 7.62 1.48
RC2,9 Caly 211.17 67.74 (104.20+70.45)
RC2,9 Disp 6.25 2.71
RC2,9 0-5 3.74 0.29
RC2,9 5-10 6.61 0.69
RC2,9 10-23 2.73 0.11

RC3,9 Attached Dead 20.52 6.12 0.24
RC3,9 Caly 150.48 52.46 (12.43+52.46)
RC3,9 0-5 1.45 0.13
RC3,9 5-10 0.00 0.00
RC3,9 10-23 0.00 0.00

RD1,21 Attached Dead 11.43 3.82 1.31
RD1,21 Disp 115.31 54.51 (81.26+62.14)
RD1,21 Savi 18.12 3.81
RD1,21 0-5 4.99 0.23
RD1,21 5-10 5.61 0.39
RD1,21 10-23 6.71 0.23

RD2,2 Attached Dead 108.71 24.51 3.51
RD2,2 Disp 185.91 88.63 (304.96+86.83)
RD2,2 0-5 8.55 1.14
RD2,2 5-10 14.41 1.65
RD2,2 10-23 5.51 0.40

RD3,21 Attached Dead 42.61 13.61 3.49
RD3,21 Disp 148.45 69.95 (243.78+69.95)
RD3,21 0-5 2.31 0.19

87



88

RD3,21	 5-10
RD3,21	 10-23

8-1-92
Stratigraphy Bay

6.41
14.41

0.88
1.48

Site Aboveground Wet Weight Dry Weight Root:Shoot
Community Component or (grams) (grams) (method
Macroplot # Belowground explained above)
Microplot # Depth Range (cm)

SC1,4 Attached Dead 98.81 49.41 0.69
SC1,4 Caly 394.21 118.75 (82.22+118.75)
SC1,4 0-5 4.42 0.39
SC1,4 5-10 3.99 0.33
SC1,4 10-23 4.56 0.14

SC2,20 Attached Dead 51.03 17.21 0.74
SC2,20 Caly 327.54 95.35 (70.74+95.35)
SC2,20 0-5 3.66 0.42
SC2,20 5-10 3.55 0.14
SC2,20 10-23 11.24 0.18

SC3,19 Attached Dead 42.06 11.52 0.91
SC3,19 Caly 297.65 106.53 (97.51+107.25)
SC3, 19 Disp 2.73 0.72
SC3,19 0-5 2.14 0.12
SC3,19 5-10 1.53 0.41
SC3,19 10-23 8.13 0.49

SD9 Attached Dead 96.59 38.41 0.89
SD9 Disp 172.35 83.93 (75.52+84.54)
SD9 Savi 3.21 0.61
SD9 0-5 3.12 0.23
SD9 5-10 1.10 0.31
SD9 10-23 3.32 0.25

SD20 Attached Dead 63.57 36.76 0.66
SD20 Disp 214.31 102.07 (69.79+105.37)
SD20 Caly 4.21 1.42
SD20 Jaca 5.72 1.88
SD20 0-5 6.01 0.28
SD20 5-10 9.71 0.33
SD20 10-23 5.40 0.12

SD40 Attached Dead 62.15 45.38 2.14
SD40 Disp 210.51 98.05 (224.66+104.81)
SD40 Jaca 12.62 4.31
SD40 Savi 10.44 1.38
SD40 Caly 3.28 1.07
SD40 0-5 7.81 0.59
SD40 5-10 10.20 0.63



SD40	 10-23	 17.31	 1.13
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Appendix F

Coastal Wetland Restoration and Enhancement: Implications for Land Use

Planning

In this appendix I will: (1) explain why wetland restoration and enhancement

projects are valuable and needed, (2) evaluate the implications of the results from this

project for coastal land use planning, and (3) critique the attempt by land use planners to

compensate for wetland losses from development with mitigation projects. First, I define

the relevant terminology of mitigation and discuss the need for coastal wetland restoration

and enhancement. Second, I present the goals of restoration and enhancement projects,

and methods for measuring success. The use of resource evaluation methods to solve

problems with measuring the success of these projects is discussed. Third, I present

general restoration and enhancement methods and case examples. In conclusion I explain

that the implications of the results of this project for restoration and enhancement

methodology is to increase circulation to the maximum extent possible. Also, while it is

valuabe to restore and enhance wetlands, because these wetlands do not duplicate natural

wetlands, they should not be accepted as replacements for natural wetlands. Mitigation

should be discouraged as a land use planning practice and avoidance should be the

preferred strategy.

Need for Restoration and Enhancement

A few definitions which I adapt from Lewis (1990) are needed to discuss the needs

for wetland restoration and enhancement. 'Mitigation' is the restoration, creation or

enhancement of wetlands performed in an attempt to compensate for permitted wetland

losses. 'Mitigation banking' is mitigation undertaken for the purpose of replacing wetlands

that will be destroyed by future development. 'Restoration' is the returning of a wetland
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from a disturbed or totally altered condition to a previously existing natural or altered

condition. Restoration does not necessarily require the return of the site to a pristine

condition. 'Enhancement' is the increase in one or more values of all or a portion of an

existing wetland, often associated with a decline in other values. For instance, an emergent

wetland may be diked in order to create an open water habitat for ducks. Values of the

emergent wetland, such as habitat for shrimp and emergent vegetation, are lost. 'Creation'

is the conversion of a persistent non-wetland area into a wetland.

People perceive a need to protect coastal wetlands through restoration and

enhancement projects because they value this ecosystem. Wetlands are valued by society

because the existence of wetlands may be necessary for human survival. Wetlands are

valued because: (1) wetlands feed the coastal water's shellfish, finfish and waterfowl (The

Connecticut Arboretum, 1961). (2) Coastal wetlands supply detritus (food) to the

neighboring estuary. (3) Tidal marshes are one of the most productive ecosystems in the

world, almost as high as in subsidized agriculture (Mitsch and Gosselink, 1986). (4) The

tidal marshes interact with other coastal environments. For example, the life cycles of all

organisms in coastal areas depend on the marshes for nutrients. Also, adjacent areas

(headland, bluff, beach, or tidal mudflat) are affected by changes in the marsh,

(Connecticut Coastal Area Management Program, 1977) directly such as by changed

sediment input rates, or indirectly such as by an altered biota due to a decrease in nutrient

availability. (5) Wetlands spread flood waters over a wide flat area underlain by porous

soils, reducing flood peaks, and lengthening the duration of the flood (Carter, 1986). (6)

Wetlands act as natural filters for removing pollutants from the water. (7) The tidal marsh

is a competitive environment where life possibly evolves (Easterbrook, 1989). It contains

a large pool of species and genes making it a likely place for new species to evolve that can

survive changes in the environment. (8) Wetlands provide habitat for endangered and rare

species (PERL, 1990). Finally, (9) coastal wetlands have aesthetic and use value. They
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are used for recreation, teaching, and research. Wetlands are often locations for the

hunting of ducks, geese, and pigeons. They are also used for bird-watching, and the

gathering of clams, oysters, and crabs. Unique wildlife and visual experiences are

available in coastal wetlands (Akins and Jefferson, 1973).

Restored and enhanced wetlands are valuable because they help to counteract

wetland losses from past and present anthropogenic abuses of this ecosystem. Abuses

included: (1) grazing by cattle, sheep, and geese, (2) strip or open cast mining for clay,

gravel, or turf, (3) land reclamation/improvement for agriculture through the use of dikes

and embankments, (4) ditching and ponding for mosquito control, (5) the construction of

canals by gas and oil companies to transport equipment (a large use in Louisiana), (6)

sewage disposal and waste treatment (Daiber, 1986), (7) recreation, (8) scientific studies,

and (9) filling for development purposes such as industrial or urban citing (Shisler, 1990).

Prior to the early 1970's, these abuses were common. But since this time, federal land use

and water quality regulations (discussed below) were passed which together comprise the

United State's wetland regulation system. The purpose of these regulations is to prevent

the destruction of wetlands. The U.S. Fish and Wildlife Service estimates that 30-40% of

the original wetlands in the U.S. have been lost and that destruction continues at 300-

400,000 acres per year (Kusler and Kentula, 1990). Restoration and enhancement projects

are thus needed to diminish the effect of this large destruction of wetlands of the past,

present, and future.

There is a need for wetland restoration and enhancement to help counteract the

erosion of coastal wetlands by the rising sea-level. The sea level is rising (Titus, 1989) due

to the effects of these natural and anthropogenic factors: (1) global warming due to

"greenhouse" gases and astronomical cycles, (2) rising mid-oceanic ridges, (3) polar ice

sheet melting, and (4) thermal expansion of the oceans. Presently used human technology
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used to prevent the erosion of upland caused by the rising sea exacerbates the degradation

of coastal wetlands.

With a rising sea level, coastal wetlands migrate inland. Marsh aggradation along

coasts experiencing a relative rise in sea level will keep pace with the local submergence

rates only if an adequate sediment supply is available, and as long as there are no human

barriers in the path of the migrating wetland (De Laune, et al., 1983).

Therefore, the natural impact of a rising sea is the inland migration of the entire

ecosystem. The net change in wetland acreage depends on the slopes of the marsh and the

lowlands; If the land has a constant slope throughout the wetlands and adjacent uplands,

there is no net loss of wetland area. But in most areas the slope above the wetlands is

steeper than that of the wetlands, so that a rise in sea level causes a net loss of wetland

acreage (Titus, 1989).

Protecting land with barriers that is in the path of migrating marshes destroys

wetlands. According to Professor Peter Patton of Wesleyan University, in situations

where the marshes naturally cannot keep up with the rising sea level, the marshes maintain

a fringe of growth along the intertidal zone. This fringe will eventually spread into a new

marsh when the sedimentation rate and sea-level rise rate equalize. But if barriers are

constructed to prevent rising waters from inundating presently existing development, this

marsh fringe will not be able to form, and the marshes will be destroyed (Patton, 1989).

The situation is already naturally bleak for the survival of wetlands as the area above the sea

level available for wetland creation is smaller than the area of wetlands that would be lost.

Thus, restoration projects are needed to help offset wetland losses from sea-level rise.

National, state and local regulations protecting wetlands include wetland mitigation

requirements. In the early 1970's the values of wetlands began to be understood by the

general public (Mitsch and Gosselink, 1986). It has become common practice for

government agencies to condition permits for development that degrade wetlands by
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requiring mitigation projects. There is no single national wetland law in the present legal

framework. Instead, wetland management results from a combination of many indirect

uses of laws intended for other purposes. Wetlands are managed through land use and

water quality regulations and not a comprehensive wetland policy. Wetland jurisdiction is

spread over several agencies so that federal policy continually changes without inter-agency

coordination (Mitsch and Gosselink, 1986). The major regulations follow.

Section 404 of the Federal Water Pollution Control Act (FWPCA) Amendments of

1972 (PL 92-500) and the 1977 Amendments (known as the Clean Water Act), the Dredge

and Fill Permit Program, has become the government's primary indirect tool for protecting

wetlands (Mitsch and Gosselink, 1986). Section 404 gives authority to the Corps of

Engineers to establish a permit system to regulate the discharge of material in "waters of the

U.S.", where the definition of waters has been interpreted by the courts to include wetlands

and navigable waters (Mitsch and Gosselink, 1986). In 1975, the Corps issued revised

regulations for the 404 program, stating that, "...the unnecessary alteration or destruction

of [wetlands]...should be discouraged as contrary to the public interest." (Federal Register,

July 25, 1975) The U.S. Environmental Protection Agency, the U.S. Fish and Wildlife

Service, and state agencies assist the Corps with the administration of the Section 404

permit system.

The Coastal Zone Management Program, established by the Federal Coastal Zone

Management Act (CZMA) of 1972, had provided up to 80% matching funding grants to

states to develop plans for coastal management, in which wetland protection is given high

priority. But by 1989 this was reduced to a 50% match (Giompa, 1988). Under the

provision of "consistency", state laws are the main structure for carrying out the national

coastal management system. Federal agencies with programs affecting the coastal zone are

required by the consistency clause in the CZMA of 1972 to ensure consistency with state

plans (Coastal Zone Management Advisory Committee, 1978). The content of each state's

coastal management act varies, but each state with a program has established planning and
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regulatory mechanisms to guide land use (Brower and Carol, 1984). Most states allow the

municipalities to lead the planning and implementation of policies within their jurisdiction,

but the state reviews permits passed by the towns (Connecticut Coastal Area Management

Program, 1979).

The National Environmental Policy Act (NEPA) of 1969 was passed to protect and

enhance the quality of human environment (U.S. EPA, 1978). It requires federal level

agencies to consider environmental impacts in their planning and decision-making

practices. Thus, if a proposed project is going to have significant impacts on wetland

environments, the relevant federal agency must prepare an Environmental Impact Statement

(Section 102C) in which alternative actions are researched and presented. The intention is

that the agency will be forced to consider the environmental effects (as well as social and

economic impacts) in the decision making process (Bardach and Pugliaresi, 1977).

There is no federal policy related to protecting coastal wetlands in the face of sea-

level rise and wetland migration. The construction of erosion-control bathers by private

land owners requires a permit from the federally approved state Coastal Zone Management

Program, and may also require a federal Army Corps permit. Most states are lenient about

issuing permits for the purpose of protecting private property from erosion. There is no

consideration of the long-term problem of wetland migration in the permit-issuance

process. Perhaps this is because there is not a large understanding of the causes and rates

of sea-level rise and wetland responses, and thus people do not see the rising sea as a

legitimate problem. (Gilman, 1990).

Therefore, the protection of coastal wetlands through national, state and local permit

programs calls for the mitigation of wetlands. But because the legal protection framework

is disjointed, wetlands are not stringently protected. Various court cases dealing with the

takings issue may also jeopardize wetland legal protection through permit programs in the

future.
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There are several recent court cases which involve the denial of a permit for the

development of private land that would alter wetlands being claimed to be a taking of

private property without just compensation as mandated by the Fourteenth and Fifth

Amendments to the U.S. Constitution. In a very recent federal Supreme Court case of

Lucas v. South Carolina Coastal Council, U.S._(1992), the current definition for

determining what is a taking was clarified. The court ruled that a state regulation

(Beachfront Management Act) may be a taking under the Fourteenth Amendment to the

U.S. Constitution in preventing the plaintiff from building homes on two coastal-front lots.

The federal court ruled that this may entail a taking because the regulation possibly takes

away all of the economic value/use of the land, and remanded the case to the state court to

decide if it is or is not a taking. The federal Supreme Court opinion reversed the State

Supreme Court's prior decision that the Act did not constitute a taking because it prevented

a public nuisance. In footnote seven of this case, Justice Scalia indicates that the removal

of viable economic use of a part of private property also constitutes a taking (Kalo, et al.,

1992). The court did not consider the fact that the plaintiff could use the coastal front land

for other economic viable uses besides constructing homes, such as using it as a

campground. Thus, while the Supreme Court did not decide whether of not the Lucas

circumstances constituted a taking, the court did state that a regulation can cause a taking if

it removes all of a properties' or all of a part of a properties' economic value and use.

In Deltona Corp. v. United States, 455 U.S. 1017 (1982) the U.S. Army Corps of

Engineers (Corps) denied a Section 404 permit (of the Clean Water Act) for the plaintiff to

dredge/fill littoral land containing mangroves. The federal Second Court of Appeals ruled

that this did not constitute an unconstitutional taking by the Corps just because the

proposed development project by the plaintiff would have been the "best use of the land",

as was claimed by Deltona Corp. Furthermore, because all of the economic value of the

land parcel in question was not taken (the upland portion of the property was already

developed), the court ruled that the denial of the permit was not a taking of private property
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for public use without just compensation. (Kalo, et al., 1992). The Lucas court may have

called this a taking because there is the expectation to develop, and because the context of

this case falls under Footnote seven's definition of a taking.

In Florida Rock Industries. Inc. v. United States, 479 U.S. 1053 (1987), the

plaintiff in 1972 bought 1,560 acres of land, consisting of wetlands overlying limestone,

with the intent of mining the land at some later date. In 1978 the Corps denied the plaintiff

a Clean Water Act permit to dredge 98 acres of the land. On remand, the federal Second

Court of Appeals ruled that the Corp's denial of the permit constituted a taking because the

owner of the land was left with no viable economic use for the 98 acres. The court also

cited that the plaintiff had reasonable expectations to dredge the wetlands. The plaintiff had

been offered $4000 per acre after the permit denial by a speculator, but the court still ruled

that the permit denial was a taking. (Kalo, et al., 1992). Perhaps if the Corps had applied

the permit to the total 1,560 acres, and set aside some of this land for conservation, this

would have avoided the taking claim. Or perhaps Footnote Seven of Lucas would uphold

this taking decision.

In Loveladies Harbor. Inc. v. United States, 21 Cl. Ct. 153 (1990), a New Jersey

developer was denied a Section 404 Clean Water Act permit to fill wetlands on land that

was purchased before the enactment of the Clean Water Act. The court ruled that there was

no basis in terms of state interest to deny the permit, so this permit denial constituted a

taking. The fact that 199 of 250 acres were already filled did not help the Corps to prevent

the taking decision of the permit denial to fill 12.5 more acres (Kalo, et al., 1992). This is

consistent with the Lucas footnote seven decision.

If the Lucas taking definition remains the rule used by the courts, federal, state and

local laws and regulations protecting wetlands may not be upheld in court if the regulation

prevents a private land owner from developing all or part of the property. Thus, the

doctrine of taking promises to be used in the future as a legal means for deflecting wetland

protection laws from preventing wetland conversion (Want, 1988).
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Land use planners may get around the taking claim through the use of a technique

called 'Transfer of Development Rights'. One of the bundle of rights of real property

owners is the right to develop the land surface. This right can be separated and sold or

transferred (Furuseth and Pierce, 1982). The development rights of the property could be

sold to another private entity to increase their lands' density allotment, or to the public

agency, (a technique called Purchase of Development Rights). If the land use

comprehensive plan allows for the use of this technique, then the denial by an agency of a

permit for a private development would not remove all of the economic use of the property,

and the owner could not claim a taking had occurred.

Goals and Measuring the Success of Restoration and Enhancement Projects

Now that we know why there is a need to restore and enhance coastal wetlands,

what specific goals are attempted to be accomplished by these projects? Most projects

occur because mitigation is required for the destruction of another wetland. The goal of

mitigation projects is to relieve the destruction or adverse impact on natural wetlands.

Some projects may attempt to maintain a region's biodiversity, and thus provide habitat for

native species to persist in perpetuity (PERL, 1990). Other typical goals are dredged

material enhancement of marsh habitat, shoreline erosion control, and research (Broome,

1990).

It is difficult to determine whether a restoration or enhancement project is

'successful' even when explicit goals are specified. Goals are either not specified or are

too vague to judge if a project is a success. For instance, the goal of 'replacing natural

functional values' is too complex to be identified in detail in a construction contract, and is

therefore difficult to evaluate (Zedler and Weller, 1990). In addition, evaluation methods

used for mitigation projects are inconsistent. For instance, some evaluations use general
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and undefined criteria such as vegetation establishment or functional capabilities. Other

evaluations simply consider if the project has been completed or not (Josselyn, et al.,

1990). There must be a quantitative and systematic way to evaluate a restored site to

determine if the project was a success. This is the only way to minimize subjectivity.

Resource evaluation methods should be employed to measure the success of

restoration projects. These methods measure functions of wetlands, such as ground-water

recharge/discharge, flood flow alteration, sediment/toxicant retention, nutrient retention,

shoreline anchoring, fish/wildlife habitat, production export, resilience to disturbances,

accommodating sea-level rise (what is the sedimentation rate, and is there upland

development/barriers in the path of the migrating wetland?) and recreation. These functions

of the pre-impact wetland can be compared to those of the replacement wetland (Adamus,

1988; PERL, 1990). For instance, the U.S. Fish and Wildlife Service's HEP (Habitat

Evaluation Procedure) is most often used to test a replacement wetland for functional

sufficiency of wildlife values. Or the U.S. Army Corps of Engineers' WET (Wetland

Evaluation Technique) is a good method to assess a site's relative wetland value because it

prevents tradeoffs. For instance, a low-functioning large wetland cannot be replaced by a

high-functioning small wetland. Nor does WET allow the destruction of several small

wetlands to be compensated by one large wetland (Adamus, 1988). The reason such

tradeoffs should be discouraged in mitigation regulations is because different size and

functioning wetlands are used and valued for different reasons, so that one site cannot be

simply replaced with, for instance, the same acreage lost.

There is a need for long-term monitoring to determine if the restored/enhanced

project site will develop natural ecosystem functions. This is because it is not known how

long (if ever) it takes for a mitigation site to obtain natural characteristics (PERL, 1990).
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The design of any wetland mitigation project should have defined objectives. For

instance, the type of wetland to be restored/created/enhanced, and the hydrologic regime

associated with this type of wetland, must be defined. Also, the function(s) and value(s),

such as habitat for an endangered species, or acreage of Salicomia wetlands, that are

desired to be obtained must be defined.

Wetlands associated with estuaries and coastal embayments cover the largest

acreage along the Pacific coast of the U.S. (Josselyn, 1990). Mitigation projects in

estuarine areas usually involve the restoration of former tidal wetlands that have been

diked. Diked areas undergo subsidence due to several factors such as the oxidation of

organic matter, drying and compaction of soils, and the erosion of soil during farming

(Josselyn, 1990). Thus, one problem in restoring diked areas is re-establishing elevations

necessary for marsh plants. This can be done through: (1) the placement of dredged

material, (2) gradation, (3) control of water levels, or (4) allowing natural sedimentation

(which can delay marsh establishment for 10 to 20 years) (Josselyn, 1990). A second

problem associated with the restoration of a diked tidal wetland is that areas that have

received human-made fill need to have much of this fill removed. This is because, if left,

organic debris may decompose and create water quality problems (Josselyn, 1990).

Finally, a third problem associated with the restoration of diked tidal wetlands is that

dredged material placement and grading of formerly submerged muds can create acidic soils

or cation-rich soils. Liming can resolve this problem (Josselyn, 1989).

Other general techniques used in restoration and enhancement projects are to

fertilize the vegetation, plant/re-vegetate (of field-dug or pot-grown seedlings), and change

the hydroperiod of the site (Broome, 1990). Plant establishment can be accelerated by

artificial re-vegetation. It could take from two to four years for tidal wetland vegetation to

re-colonize the site without artificial planting (Josselyn, 1990). Ideally, plants could be

salvaged from the development site. Artificial re-vegetation helps prevent invasive and/or

exotic species colonization as the planted species have a competitive edge (Josselyn, 1990).
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Some examples of restoration and enhancement projects follow, demonstrating a

wide gamut of techniques. A tidal marsh in Agua Hedionda Creek and Lagoon, Carlsbad,

California was enhanced. The project was implemented by: (1) constructing openings in

dikes adjacent to upland area to facilitate tidal flushing, (2) lowering and re-contouring fill

areas to create salt marsh habitat and increase tidal action, (3) re-vegetate the re-contoured

intertidal and transitional areas, (4) extend and widen the tidal channels to increase the

intertidal habitat and increase tidal influence to the salt marsh, and (5) re-vegetate the

channel banks (Josselyn, 1990).

A diked ten acre tidal marsh in Fairfield, Connecticut was restored. In 1983 the

dike was opened, and after three years of tidal inundation, the marsh was colonized by

marsh vegetation typical of the area (Shisler, 1990).

The 30 hectare Hayward Area Recreational District Marsh on San Francisco Bay

was restored. Ponds had been used for salt production in the past, with tide gates blocking

tidal flow. The biological objectives for the project were to: (1) restore habitat for

shorebirds and migratory waterfowl, and (2) maintain pickleweed (which requires a 0.3 m

tidal range). MPOND, a hydrologic routing model, was used to select elevations and

dimensions of weirs and culverts to create the desired tidal amplitude. New culverts and

weirs were installed, and a new slough channel was excavated between the marsh and the

bay (Coats and Williams, 1990).

Conclusion: Significance of Results and Message for Land Use Planning

The implication that the results of this observational experiment have for land use

planning is that restoration and enhancement projects should attempt to increase the

circulation to the maximum extent possible. A cause and effect inference cannot be made

from an observational experiment because there are too many confounding factors that
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could explain the observation. For instance, the differing amounts of net primary

productivity for the plant communities studied between the two wetlands observed could be

due to differing amounts of sunlight, salinity, toxic contamination, rainfall, substrate,

circulation, difference in age of the wetlands, etc. But a model-based assumption can be

made. The model is that the more circulation a wetland obtains, the higher the net primary

productivity and other valued functions the site will have. This model is not based on

randomized experiments, but rests on numerous documented observations. My project

tested and confirmed this model-based assumption. Thus, mitigation plans should attempt

to maximize circulation.

Most state land use agencies do not have sufficient personnel, money or time to

develop or implement complex evaluation systems for proposed projects and project sites.

Ideally, agencies would assess the value of all proposed development sites containing

wetlands, and would have a threshold such that if a wetland surpassed this threshold, the

agency would not permit its degradation. If wetland degradation is allowed, conditions

included in the permit should contain details of: (1) the mitigation for the destroyed site

should be conducted sufficiently prior to the destruction so that the success of the

mitigation project is more definite, (2) explicit goals for the project, (3) the construction

plan, (4) specifications to facilitate verification that the mitigation project has been

conducted according to the plans, (5) criteria by which to ensure that a project site is

maintained and monitored (Garbisch, 1990), (6) call for the use of a standardized and

quantitative wetland evaluation method after a set period of time to determine if the

mitigation project has been successful in accomplishing the stated goals, and (7) if the

evaluation finds that the mitigation project falls short of achieving all of the stated goals, the

developer must take action to correct the project site, or restore/create/enhance a new site.

Mitigation should be considered by public agencies when reviewing permit applications for

development projects only after avoidance has been considered because of the substantial

losses of wetlands in the past and present, and because mitigation projects are potentially
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not effective in replacing natural sites. Thus, restored and enhanced wetlands are valuable,

but should not be used to replace natural wetlands by land use planners.
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