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Budget Summary
Nitrogen Transformations in Restoration of Salt Marshes in the San Francisco
Bay Region 

Please provide a detailed budget for each year of requested funds, indicating on the form whether the
indirect costs are based on the Federal overhead rate, State overhead rate, or are independent of fund 
source.

Federal Funds 

Year 1
Task 
No.

Task 
Description

Direct
Labor 
Hours

Salary
(per 
year)

Benefits
(per 
year)

Travel Supplies & 
Expendables

Services or 
Consultants Equipment

Other
Direct 
Costs

Total
Direct 
Costs

Indirect 
Costs

Total 
Cost

1 Stable isotopes 1600 15229.50 2533 1334 1417 25000 11000 334 56847.5 22924 79771.50 

2 N2 fixation & 
denitrification 1200 15229.50 2533 1334 1417 32044 11000 334 63891.5 10423 74314.50 

3
Nitrification &

reduced N 
regeneration

1500 15229 2532 1333 1417 32044 11000 333 63888.0 10422 74310.00 

4

N Fertilization
&

macrovegetation 
productivity

1800 15229 2532 1333 1417 32044 11000 333 63888.0 10422 74310.00 

5 Sediment 
characteristics 1000 15229 2532 1333 1416 32043 11000 333 63886.0 10422 74308.00 

6 Data workup & 
synthesis 2020 15229 2532 1333 1416 32043 11000 333 63886.0 10422 74308.00 

9120 91375.00 15194.00 8000.00 8500.00 185218.00 66000.00 2000.00 376287.00 75035.00 451322.00 

Year 2
Task 
No.

Task 
Description

Direct
Labor 
Hours

Salary
(per 
year)

Benefits
(per 
year)

Travel Supplies & 
Expendables

Services or 
Consultants Equipment

Other
Direct 
Costs

Total
Direct 
Costs

Indirect 
Costs

Total 
Cost

1 Stable isotopes 1600 15991 2659 1384 1500 32413 334 54281.0 10934 65215.00 

2 N2 fixation & 
denitrification 1200 15991 2659 1384 1500 32413 334 54281.0 10934 65215.00 

3
Nitrification &

N 
remineralization

1500 15991 2659 1383 1500 32413 333 54279.0 10933 65212.00 

4
N fertilization &
macrovegetation 

productivity
1800 15991 2659 1383 1500 32413 333 54279.0 10933 65212.00 

5 Sediment 
characteristics 1000 15990 2659 1383 1500 32413 333 54278.0 10933 65211.00 

6 Data workup & 
synthesis 2020 15990 2659 1383 1500 32413 333 54278.0 10932 65210.00 

9120 95944.00 15954.00 8300.00 9000.00 194478.00 0.00 2000.00 325676.00 65599.00 391275.00 
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Task 
No.

Task 
Description

Direct
Labor 
Hours

Salary
(per year)

Benefits
(per 
year)

Travel Supplies & 
Expendables

Services or 
Consultants Equipment

Other
Direct 
Costs

Total
Direct 
Costs

Indirect 
Costs

Total 
Cost

1 Stable isotopes 1600 16791 2792 1434 1584 34034 334 56969.0 11468 68437.00 

2 N2 fixation & 
denitrification 1200 16790 2792 1434 1584 34034 334 56968.0 11467 68435.00 

3
Nitrification &

N 
remineralization

1500 16790 2792 1433 1583 34034 333 56965.0 11466 68431.00 

4
N fertilization &
macrovegetation 

productivity
1800 16790 2792 1433 1583 34034 333 56965.0 11465 68430.00 

5 Sediment 
characteristics 1000 16790 2792 1433 1583 34033 333 56964.0 11465 68429.00 

6 Data workup & 
synthesis 2021 16790 2792 1433 1583 34033 333 56964.0 11465 68429.00 

9121 100741.00 16752.00 8600.00 9500.00 204202.00 0.00 2000.00 341795.00 68796.00 410591.00 

Grand Total=1253188.00

Comments. 



Budget Justification
Nitrogen Transformations in Restoration of Salt Marshes in the San Francisco
Bay Region 

Direct Labor Hours. Provide estimated hours proposed for each individual. 

Edward J. Carpenter Yr 1 160 hr yr 2 160 hr Postdoctoral Investigator RTC Yr 1 2080 hr Yr 2 2080 hr
Yr 3 2080 hr Graduate Student RTC Yr 1 2080 hr Yr 2 2080 hr Yr 3 2080 hr Undergraduate Aide RTC
Yr 1 480 hr Yr 2 480 hr Yr 3 480 hr D.G. Capone USC Yr 1 160 hr Yr 2 160 hr yr 3 160 hr
Postdoctoral Associate USC Yr 1 1040 hr Yr 2 1040 hr Yr 3 1040 hr Research Assistant USC Yr 1
1040 hr Yr 2 1040 hr Yr 3 1040 hr Graduate Student USC Yr 1 2080 hr Yr 2 2080 hr Yr 3 2080 hr 

Salary. Provide estimated rate of compensation proposed for each individual. 

Edward J. carpenter Yr 1 $84.35/hr Yr 2 $87.50/hr Yr 3 $90.63/hr Postdoctoral Investigator RTC Yr 1
$19.23/hr Yr 2 $20.19/hr Yr 3 $21.15/hr Graduate Student RTC Yr 1 $11.06/hr Yr 2 $11.54/hr Yr 3
$12.01/hr Undergraduate Aide RTC Yr 1 $8.85/hr Yr 2 $9.17/hr Yr 3 $9.58/hr D.G. Capone USC Yr 1
$93.75/hr Yr 2 $98.44/hr Yr 3 $103.36/hr Postdoctoral Investigator USC Yr 1 $18.52/hr Yr 2 $19.44/hr
Yr 3 $20.42/hr Research Assistant USC Yr 1 $16.67 Yr 2 $17.50/hr Yr 3 $18.38/hr Graduate Student
USC Yr 1 $9.61/hr Yr 2 $10.10/hr Yr 3 $10.60/hr 

Benefits. Provide the overall benefit rate applicable to each category of employee proposed in the
project. 

Romberg Tiburon Center Benefit rate for the PI is 12%, for the Research Assistant 37%% and for the
Graduate Student 1.5% University of Southern California Benefit rate for all is 32.5% 

Travel. Provide purpose and estimate costs for all non-local travel. 

Romberg Tiburon Center Only Local travel is budgeted and this is to trailer the boat to sample site boat
launching ramps. University of Southern California has travel to come up to San Francisco to sample in
the study. 

Supplies & Expendables. Indicate separately the amounts proposed for office, laboratory, computing,
and field supplies. 

Romberg Tiburon Center Year 1: Office $250, Lab $5000, Computing $500, Field $2750 Year 2:
Office $300, Lab $5500, Computing $500, Field $2700 Year 3: Office $300, Lab $5750, Computing
$600, Field $2850 University of Southern California Year 1: Office $500, Lab $8000, Computing
$500, Field $1000 Year 2: Office $500, Lab $8500, Computing $500, Field $1000 Year 3: Office $500,
Lab $9025, Computing $500, Field $1000 

Services or Consultants. Identify the specific tasks for which these services would be used. Estimate
amount of time required and the hourly or daily rate. 

None 

Equipment. Identify non-expendable personal property having a useful life of more than one (1) year
and an acquisition cost of more than $5,000 per unit. If fabrication of equipment is proposed, list parts
and materials required for each, and show costs separately from the other items. 



Romberg Tiburon Center Shimadzu Electron Capture Gas Chromatograph for denitrification
Measurements $$26,000 Boston Whaler 19 ft Guardian with 75 hp engine and trailer $40,000
University of Southern California None 

Project Management. Describe the specific costs associated with insuring accomplishment of a
specific project, such as inspection of work in progress, validation of costs, report preparation, giving
presentatons, reponse to project specific questions and necessary costs directly associated with specific
project oversight. 

We estimate that Project Management accounts for 20% of the PI salaries listed under Direct Labor and
Salaries 

Other Direct Costs. Provide any other direct costs not already covered. 

Romberg Tiburon Center Publication Costs $1000 per year, and Copying and Communication is also
$1000 per year. University of Southern California Publication costs $1000 in Yr 1, $1050 in Yr 2 and
$1103 in Yr 3. Xerox and Communication is $1000 in Yr 1, $1050 in Yr 2 and $1103 in Yr 3. 

Indirect Costs. Explain what is encompassed in the overhead rate (indirect costs). Overhead should
include costs associated with general office requirements such as rent, phones, furniture, general office
staff, etc., generally distributed by a predetermined percentage (or surcharge) of specific costs. 

Romberg Tiburon Center Indirect Cost Rate is 50% of MTDC (equipment is not included) University
of Southern California Indirect Cost rate is 62.5%. The indirect costs reflect federally negotiated rates
which include building upkeep and maintenance, heating and electric plus Research Foundation
proposal processing and accounting costs, furniature, and lab maintenance. 



Executive Summary
Nitrogen Transformations in Restoration of Salt Marshes in the San Francisco
Bay Region 

Nitrogen is typically the limiting nutrient in natural salt marshes, and nitrogen addition results in
dramatic increases in growth of macrovegetation. This proposal seeks to investigate the role of nitrogen
availability and cycling processes in the restoration of San Francisco Bay Marshes. Marshes
undergoing restoration have high variability in success of restoration, and reasons for this variability
are not understood. Furthermore, there has been little measurement of fundamental marsh ecosystem
nutrient processes to date in CALFED-sponsored research. We propose to mesh our nutrient research
with the ongoing CALFED-sponsored BREACH II program which involves research on marsh
restoration as related to geomorphology and bathymetry, sediment accretion, tidal channel
geomorphology, marsh vegetation, benthic, planktonic and neustonic invertebrates, fish, and birds in
five marshes (and six control sites) in which levees were broached at different periods. Our research on
nitrogen would be done in the same "restored" and natural marshes as studied in the BREACH II
program in concert with scientists from this program, and both studies would benefit from each other’s
findings. Regarding CALFED management needs, this research would be an indicator of marsh
restoration rate and effectiveness, and will provide information on how to accelerate restoration.
Furthermore, the proposed research would aid management by documenting the contribution of tidal
marsh restoration to the Bay. To study nutrient limitation, we propose controlled marsh fertilization
experiments with N, P, and a fertilizer mix. Measurements in treated and control sites would involve
above and below-ground macrophyte growth, porewater nutrients, organic matter and particulate
nitrogen (PN) & particulate carbon (PC) content in sediments and macrovegetation. Rates of N2
fixation by surface cyanobacteria and N2 fixation, denitrification, and nitrification by bacteria in
rhizosphere of submerged aquatic vegetation (SAV) and sediments will be quantified in transects
through the marshes. These data would be related to information gathered in the BREACH II study as
well as to additional measurements of sediment characteristics made by us. Since a major goal of marsh
restoration is provision of habitat for invertebrates, fish and bird populations, we will use natural
isotopic ratios (d15N) to trace the cycling of N in marsh food webs. Again, this research would mesh
with observations made in the BREACH II study on invertebrate and vertebrate organisms, and it will
extend beyond the objectives of the BREACH II study. The natural isotope studies would provide
information on length of food chains and sources of these elements. Our overall goal would be to
determine how nitrogen cycling and availability is related to restoration of the Bay’s marshes. 
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A. Project Description: Project Goals and Scope of Work 
 
1. PROBLEM 
 
Salt marshes are important habitats at the interface between land and sea. They are highly 
productive zones, providing organic matter to support estuarine food webs, and they can 
serve as important nurseries for juvenile fish.  Intimately tied to the substantial 
productivity of salt marshes is a highly dynamic nitrogen cycle. With respect to N, salt 
marshes serve as important buffers, often intercepting nitrogen loads from upland and 
thereby contributing to estuarine water quality. Improvement of estuarine water quality 
through marsh restoration is thus a major benefit of the CALFED program. 
 
Since the mid-1800s, developers in the San Francisco Bay area have filled or diked about 
2075 km2 or 94% of the Bay’s intertidal marshland (Nichols et al. 1986). Today, 
government agencies and public groups are striving to return almost half of this land to 
working wetlands through salt marsh restoration projects. A major goal of the restoration 
effort is reestablishing marsh macrovegetation and fish habitat.  
 
Restoration involves removal or broaching of the dikes plus in some cases replanting of 
marsh macrophytes.  There are currently 35 projects either planned or underway 
throughout the Bay area to restore thousands of acres by breaching dikes and rerouting 
waterways (Kay 2001). However, marsh restoration is variable in terms of returning 
habitat to “natural” conditions. Some marshes appear to be highly productive soon after 
restoration, while others require years to recover.  
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Marsh Nitrogen Cycling 
Nitrogen is essential for protein and nucleotide synthesis, and primary production in most 
salt marshes is nitrogen limited (Anderson et al. 1997). Inputs of N to the marsh can be 
through groundwater, tidal input, rainfall, and microbial N2 fixation (Valiela and Teal 
1978). Losses are through denitrification, sedimentation and tidal flushing, and these 
latter processes generally result in a net loss of nitrogen from marshes. In many marshes, 
where groundwater input is low, N2 fixation is a major source of combined N. For 
example, in Great Sippewissett Marsh, MA (Carpenter et al. 1978, Valiela & Teal 1979) 
and Sapelo Island, GA (Haines et al. 1977), N2 fixation supplied 9 and 23% of the total N 
input, respectively. Nitrogen fixation in marshes is mediated by bacteria (including 
sulfate reducing bacteria) in the rhizosphere (sediment surrounding the rhizome) of 
Spartina spp., and submerged aquatic vegetation (SAV).  It is also associated with other 
aboveground macrovegetation (epiphytic cyanobacteria and bacteria), and on living and 
dead plant tissue, as well as by cyanobacteria on the marsh mud surface. Heterocystous 
cyanobacteria (the heterocyst is the site of N2 fixation in many cyanobacteria and protects 
nitrogenase from O2 deactivation) have been shown to be active in N2 fixation in daytime 
in microbial mats of many marsh ecosystems (Paerl & Zehr 2000). At night, 
nonheterocystous species can also be active and can contribute 3-4 times more N2 than 
the heterocystous species (e.g. Bebout et al. 1993).  Marsh herbivores feed upon benthic 
microalgae such as cyanobacteria, diatoms and other algal classes on the marsh surface 
(Brenner et al. 1976), and through their feces, molts and being grazed upon, the fixed N is 
cycled to fish and other marsh organisms.  
 
Denitrification in anaerobic sediments can be a significant N loss, and averaged 17% of 
the total N output from Great Sippewissett Marsh, MA (Valiela and Teal 1978), with the 
major N loss being through tidal flushing.  Denitrification is an anaerobic process, and 
occurs in marsh sediments in which a source of NO3  (i.e. groundwater) is present.  
 
Salt marshes are often nitrogen limited, and availability of this element can greatly affect 
primary productivity of terrestrial plants and phytoplankton. Nitrogen addition as N 
fertilizer can result in dramatic increases in growth of macrovegetation.  (Valiela et al. 
1976). The results of N addition can be complicated, however. For example, increased 
primary production followed N fertilization of short Spartina in six different marsh 
studies, but similar fertilization had no effect on the tall form of Spartina  (review by 
Whitney et al. 1981).  In a coastal salt marsh in the Netherlands, young (15 yr) and older 
(100 yr) marshes were compared over a 3 yr period, and both N and P additions resulted 
in enhanced growth (van Wijnen & Baaker 1999). After 15 years of N fertilizer addition 
to a marsh on Cape Cod, production was higher in treated (N fertilized) compared with  
controls, and this higher production resulted in higher macrofaunal density and 
production (Sarda et al. 1996). Fertilizer nitrogen addition to a salt marsh restoration site 
in California resulted in improved height growth of Spartina foliosa, but it favored the 
growth of S. bigelovii (600% increase in  biomass, branching and seed production)  so 
that it out competed  S. foliosa (Boyer & Zedler 1999). Soil N increased where S. 
bigelovii was present, suggesting that this species may aid accumulation of N at 
restoration sites with poor soils. 
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Marsh Restoration 
Marshes can be restored, and the major restoration factor obviously concerns allowing 
tidal exchange. Comparisons of macroinvertebrate populations in a Connecticut marsh 13 
years after restoration with a natural marsh indicated that populations were similar and 
the restoration was successful (Peck et al. 1994). Hydrologic regimes are important in 
restoration (Roman et al. 1995), and marsh elevation relative to sea level can be 
important. Some research suggests that restoration should be gradual (Portnoy and Giblin 
1997). Ten years after restoration of Malibu Lagoon in Southern California, fish species 
richness, density and composition was somewhat lower than other natural marshes in the 
area, but comparable to other area marshes with similar hydrodynamics (Ambrose & 
Meffert 1999).  
 
Nitrogen dynamics in marshes can be manipulated to enrich N input. In North Carolina, 
nitrogenase activity by surface sediment cyanobacteria in a transplanted S. alterniflora 
marsh exceeded rates in an adjacent natural marsh by 5 to 10 fold. Overall, denitrification 
rates were three orders of magnitude less than N2 fixation rates, thus the balance between 
these two processes resulted in a significant input of N to the marsh (Currin et al. 1996). 
 
However, it is clear from a search of the salt marsh restoration literature, that there have 
been few scientific studies published in peer-reviewed journals on the role of N nutrient 
cycling and limitation on marsh restoration. We hope to monitor the scientific success, 
and advance the science of marsh restoration through a study on nitrogen transformations 
and budgets in selected San Pablo/Suisun Bay marsh area restoration projects. 
 
Natural Abundance of Nitrogen Isotopes. 
Analysis of the natural abundance of the nitrogen isotopes, 14N and 15N, in organic matter 
provides a useful and powerful in situ tracer for nitrogen sources and cycling.  For 
instance, the contribution of different potential sources of N entering a system can be 
inferred if those sources are isotopically distinct.  Most biologically mediated reactions 
discriminate slightly against molecules containing the heavy isotope of N, leading to 
measurable differences in the isotopic composition of different, biologically active pools. 
Within ecosystems, the small differences in reaction rate for the different isotopes often 
generate characteristic patterns of isotopic variation that can be used as an index to those 
processes.   
 
The natural abundance of 15N (δ15N) in a sample is generally expressed as the per mil 
(‰) deviation of that sample from the isotopic composition of a reference compound: 

 δN (‰)  =  1000 ·  [(Rsample/Rreference)  -  1 ] (1) 

where R is the isotope ratio(15N:14N) and the reference compounds is atmospheric N2 for 
δ15N measurements. 
 
Natural abundance ratios of nitrogen isotopes can be used to identify the fate of N 
entering marshes, as well as important processes occurring within the marsh. The isotopic 
composition of nitrogen entering a system often sets a baseline δ15N for that ecosystem. 
For example, sewage derived NH4

+ and NO3
- (which may enter a marsh through creeks or 
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groundwater) is typically highly enriched in 15N relative to marine nitrogen (Heaton 
1986, Costanzo et al. 2001, Rau et al. 1981, Van Dover et al. 1992).   
 
Against the backdrop of inputs of nitrogen, are internal processes that can be revealed 
through their effect on specific N pools. The distribution of isotopes within particular 
pools is affected by the fractionation effects of biological processes within the system. 
For instance, trophodynamic processes result in characteristic increases in the δ15N 
signature with about a 3 ‰ enrichment per trophic step in biomass (Montoya et al. 1992, 
Fry & Quinones 1994). Nitrogen assimilation, nitrification and denitrification all often 
result in enrichment of the residual pools of their respective substrates.  
 
All these processes are in sharp contrast to combined N in the marsh arising from N2 
fixation that, unlike most other biological nitrogen transformations, does not discriminate 
between the two isotopes of nitrogen (15N & 14N) present in the environment. Air 
contains 99.635% 14N and 0.365 % 15N. N2 fixation results in low δ15N values, very close 
to that present in the atmosphere. Any organism which consumes the fixed N will have a 
relatively low δ 15N. Thus, by measuring N isotopic ratios in marsh organisms, we can 
infer the major sources of their N (e.g. N2 fixation, groundwater, river water etc). 
 
Similarly, the natural abundance of the stable isotopes of carbon, 12C and 13C, can also 
provide important information on on sources of C, carbon cycling and trophic 
relationships within an ecosystem and complement N studies (Peterson and Howarth 
1987).  Many modern mass spectrometers can simultaneously analyze for both (including 
ours, see below).  
 
In two California salt marshes (Tijuana Estuary and San Dieguito Lagoon) δ15N ratios 
indicated that there are 4 trophic levels in the former and 3 in the latter marsh (Kwak & 
Zedler 1997). The natural isotopic values indicated that inputs from intertidal microalgae, 
marsh microalgae and Spartina foliosa (which all occupy tidal channels, low and mid salt 
marsh habitats), rather than high marsh productivity, supports invertebrates, fishes and 
the Light Footed Clapper Rail. The study also showed that the restoration of marshes for 
endangered birds and other biota is compatible with enhancement of coastal fish 
populations (previously assumed to be competing).  In San Francisco Bay wetlands, the 
natural abundance of carbon (expressed as δ 13C) indicates a strong correlation between 
modern plant cover and the δ 13C of underlying sediments (Malamud-Roam & Ingram 
2001). In Delaware Bay, both N and C natural abundances were used to trace food 
sources in a restored wetland (Weinstein et al. 2000). 
 
Productivity and limiting factors in Bay Area Marshes 
According to the CALFED Ecosystem Restoration Program (Technical Apex, June 
1999), in reference to the Bay-Delta Ecosystem, “For most aquatic species, the factors 
that limit abundance and production are unknown.”  The report also states “Productivity 
at the base of the food web has declined throughout the Delta and northern San Francisco 
Bay.”  In part, this decline is due to the introduced Asiatic Clam, but the report notes that 
this does not explain the whole of the decline. Since fixed nitrogen is a central element 
which controls productivity in marshes and many other marine ecosystems, a study of the 
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sources, losses and transformations of nitrogen would appear to be logical in light of the 
unknowns and the decrease in productivity rates. While there is a good understanding of 
the processes affecting planktonic primary production in San Francisco Bay primarily 
from research by J.E. Cloern (i.e. Cloern 1996) and colleagues, there is little information 
on marsh production.  
 
2. JUSTIFICATION 
 
We justify this research on the basis of the central role that fixed nitrogen availability 
plays in regulating productivity of salt marsh vegetation and the productivity of higher 
trophic levels. Knowledge of nutrient limitation, sources and sinks and cycling of 
nitrogen will provide information for better management of marsh recovery. 
 
Hypothesis: We hypothesize that: 
     1)  Nitrogen availability is a major factor in recovery of salt marshes.   
     2)  Nitrogen cycling varies in different stages of restoration 
 
Major questions  (key uncertainties) we will address are: 

1) What is the role of availability of nitrogen (and to a lesser extent, phosphorus) in 
marsh restoration, and how does this affect vegetation? 

2) What are major source and loss terms of nitrogen? Quantify these terms. 
3) How does N cycling differ between natural marshes and marshes which are being 

restored? 
4) How is N and C cycled through food chains in natural and restored marshes? 
5) How trophically open (to Bay waters) are natural and restoring marshes? 
6) Can nitrogen addition be used to “jump start” marsh restoration processes? 
 

This research program will reduce the uncertainty regarding the availability of nutrients 
in marsh restoration and will define the major routes of macronutrient cycling. 
Information gained in the research will aid managers in understanding basic nutrient 
processes that affect marsh restoration.  

 
Objectives 
1)  To prepare a synthesis document, peer reviewed publications, and oral presentations 
for management on the results of our nutrient cycling study. 
 
Relation to Adaptive Management Concept 
This proposed research applies to the conceptual model and objectives of ecosystem 
restoration as defined in the Draft Stage 1 Implementation Plan. The research would be 
“targeted” and “necessary to resolve critical issues about ecosystem and function”. The 
results of the research will generate information that can be used for future decision 
making on marsh restoration. 
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3. APPROACH 
 
We propose a study that will provide a critical baseline to evaluate the trends in N cycle 
dynamics in restored marshes and thereby to allow comparison with natural marsh 
ecosystems. In order to understanding restoration of formerly diked marshland, we 
propose that N cycling may vary among Delta wetlands undergoing restoration. In a wide 
range of selected Bay Area restored (and, for comparison, natural) salt marshes, we will 
specifically investigate: 
 

 
1)  Rates of N2 fixation and denitrification and nitrification, to delineate  major 

inputs, losses and transformations of N within the marsh and compare these 
parameters with age of restoration, and geomorphology of the marshes. 

2)  Fertilization studies to aid in understanding factors limiting macrovegetation 
in restored and natural marshland.  

3)  Sediment characterization  (organic content, grain size, and distribution of 
inorganic N species (DIN, DON) in marsh sediments pore waters. 

4)  The distribution of natural isotopic ratios of nitrogen in marsh sediments, 
plants, invertebrates, and selected fish as a means of understanding food 
chains in restored and natural marshes. 

 
Salt Marsh Restoration Research Sites 
 
We propose to work at five marsh restoration sites that are currently being studied in the 
CALFED-funded San Pablo/Suisun Bay Breached Levee Wetland Study (BREACH II) 
program.  The study is being carried out by scientists from the University of Washington 
(PI Charles (Si) Simenstad), Romberg Tiburon Center, Point Reyes Bird Observatory, 
University of New Orleans, and Philip Williams and Associates. See attached letter from 
Simenstad at end of proposal. The fundamental goal of the BREACH II study is to 
analyze historically-breached levee wetlands as a means to predict the feasibility, 
patterns, and rates of restoration to natural ecological function. This is an 
interdisciplinary study which involves measurements of hydrological, geomorphological, 
biogeochemical and ecological indicators. The sampling regime consists of 
geomorphology and bathymetry, sediment accretion rate and structural changes, tidal 
channel geomorphology, marsh vegetation complexity and structure, benthic, planktonic 
and neustonic invertebrate populations, fish assemblage and life history structure and 
behavior, food web linkages and bird populations.    
 
Table 1. Restoration sites and control  (natural) study areas in the  BREACH II 
study. 
______________________________________________________________ 
Region     ID       Marsh Name             Date Breached         Area (acres) 
______________________________________________________________ 
Western    A     China Camp                     Control                    250 
Petaluma  B     Upper Petaluma               Control                  2800 
                  C     Centennial Greenpoint    Control                      49                
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                   1     Carl’s Marsh                      1994                         39 
                   2     Greenpoint Toy                  1986                         54 
Napa          D    Centennial Napa              Control                    180 
                   3     Pond 2A                              1995                        550 
                   4     White Slough                     1977-8                     260 
Suisun       E     Ryer Island West             Control                    200 
                   5     Ryer Island                         1983-4                    730 
Eastern      F    Browns Island                   Control                    848 
 
 
Figure 1.  Location of marshes under restoration and control sites. See Table 1 for Marsh 
areas. Numbers are marshes under restoration and letters are control marsh sites. RTC is 
location  of Romberg Tiburon Center. 
 

 
 
 
The BREACH II study and our proposed research on nutrient research within the same 
marshes would be complementary.  Our research on N2 fixation and denitrification would 
benefit from sediment accretion, geomorphology, marsh vegetation and hydrodynamics 
research. The existing BREACH II vertebrate/invertebrate research would aid our N and 
C natural abundance studies.  Our research would relate well to the BREACH II data on 
composition and distribution of vegetation and in particular to the spring 2002 vegetation 
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index data. Furthermore, our data on N cycling and fertilization would enhance the 
BREACH II biological research. 
 
We will also establish plots for manipulation by N, P, and fertilizer addition of marsh 
macrophyte to determine whether either or both limits production, to determine effects on 
N cycling and on standing crop and CHN content of marsh above and below ground 
vegetation, and to observe whether some form of nutrient addition might be valuable in 
“jump starting” marsh restoration. The same suite of measurements will be conducted on 
these transects. 
 
3. APPROACH 
Task 1: Stable isotope studies: To help determine the source of N (N2 fixation, NO3 or 
NH4 input from tidal flushing) within marsh biota and to trace food webs, samples of 
above and belowground vegetation, sediment surface cyanobacteria, invertebrates 
(isopods, shrimp, crabs, shellfish and fish) will be collected at each wetland for assay of 
natural abundances of δ15N and δ13C.  Samples are dried, then analyzed on a Micromass 
IsoPrime mass spectrometer at USC. We have two systems configured for continuous 
flow with a CHN elemental analyzer interfaced to the mass spectrometer so that 
particulate C and N values are obtained for each sample along with the natural isotopic 
abundance values for each element. The N isotopic ratio of selected marsh-collected fish 
will be used as an integrative measure of the contribution of different inputs (e.g. N2 
fixation, groundwater nitrate) to their N nutrition.  
 
Task 2: N2 fixation and Denitrification assays: We routinely determine N2 fixation by 
the C2H2 reduction method (Capone 1993, Capone & Montoya 2001) as applied to salt 
marsh habitats (Carpenter et al. 1978). In general, samples are contained in a sealed bottle 
of appropriate size, exposed to a 10-20% atmosphere of C2H2, and the gas phase 
monitored by flame ionization gas chromatography over brief periods for the production 
of C2H4, the result of reduction of C2H2 by nitrogenase. We also have deployed chambers 
as assay devices. In parallel with C2H2 reduction, limited direct assays of 15N2 uptake will 
be performed for calibration (Montoya et al. 1996, Capone & Montoya 2001).  
 
Denitrification is routinely assayed in tandem with C2H2 reduction during field studies by 
the C2H2 blockage procedure (Sorensen 1978, Joye & Paerl 1993, Capone & Montoya 
2000) using an electron capture detector (ECD) gas chromatograph. Cores will be 
collected, and sediments will be incubated under anaerobic conditions in sealed 
containers. Tracer methods (15N) will also be done on a limited basis to assess the relative 
importance of reduction of NO3

- to N2 and to NH4
+ (Koike & Hattori 1978a,b) and to 

assess the relative importance of nitrification-denitrification coupling to denitrification 
along the gradients (Nielson 1992, Rysgaard et al. 1993).  
 
N2 fixation can occur by cyanobacteria in surface sediments of the marsh and in the 
rhizosphere of marsh macrophytes. Cyanobacterial mats, plant material (roots and 
leaves), sediment (depth profiles) will be examined for nitrogenase activity. Subsystems 
with high rates of N2 fixation generally exhibit low δ15N signatures in biological material 
and material will be collected where high nitrogenase activity is detected for δ15N (see 
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above). Samples of cyanobacteria will be preserved in Lugols solution for determination 
of species composition to see whether there are major species differences from one 
restored marsh to another.  
 
Task 3: Nitrification and Reduced N Regeneration: Several approaches for the 
determination and quantification of reduced N (NH4

+ and DON) regeneration and 
nitrification will be examined. Chamber assays will be conducted, some amended with 
the nitrification inhibitor, C2H2, and changes in the flux of NO3

- and NH4
+ from the 

sediment to the water column will be determined (Sloth et al. 1992). Small vial assays 
and other inhibitors (e.g. N-Serve, CH3F) will be examined with respect to their effect on 
NH4

+ oxidation and dark 14CO2.  Direct tracer (15NH4
+ oxidation) and 15NO3

- isotope 
dilution assays (Koike & Hattori 1978a) will also be conducted on a limited basis (Glibert 
& Capone 1993). 
 
Task 4: N Fertilization and macrovegetation productivity experiments:  These 
fertilization experiments will be carried out to determine what nutrients limit marsh 
productivity.  Plots (10 m diameter circles) will be established in the mid-elevation marsh 
onto which fertilization studies will be done following the protocol used by Valiela et al. 
(1976) for Sippewisset Marsh on Cape Cod. Valiela et al. fertilized at low tide with either 
N alone, as urea (46% N as weight),  P alone as granules (20%)  or with a commercially 
available fertilizer (10% N, 6% P2O5, 4% K2O). Plots will be in duplicate, and control 
plots are established as well. Valiela’s experiments are still ongoing over a 30-year period 
with bi weekly nutrient additions. Fertilization, effects are still dramatically evident, and 
nutrients added have been retained within plots. In these studies, for the commercial 
fertilizer, additions are either at 25.2 (HF) or 8.4 (LF) g m-2 wk-1. Combined N will be 
added as urea (5.6 g m-2 wk-1) that is comparable to the N dosage in the HF commercial 
fertilizer addition. Phosphorus addition will be added at a rate of 6.5 g m-2 wk-1.  
 
In control and treated plots, measurements of underground and aboveground vegetation 
will be made at bi-weekly intervals through the growing season (ca. March-October). 
Underground plant tissue will be sampled by coring with a 6.5 cm ID plastic corer to 25 
cm in depth (Valiela et al. 1976).  Cores will be cut in half vertically, with one half used 
for chemical analysis (CHN and δ15N and δ13C) and the other half sectioned horizontally 
at intervals of 0-2, 2-5, 5-10, 10-15, 15-20 and 20-25 cm. Sections are washed with a 0.5 
mm mesh sieve and the roots, rhizomes and dead vegetation are separated after 
blotting.(live roots and rhizomes are pearl white and translucent and dead ones are dull 
gray and flaccid). Wet (blotted) weights of live material are then recorded.  Aboveground 
vegetation is measured within random 0.1 m-2 quadrats, and the heights of the ten tallest 
plants are recorded. These values will then be converted to biomass using a regression of 
height on dry wt m-2 that will be established empirically. In August, a harvest of 0.1 m-2 
plots will be done to assess the accuracy of the nonharvest method. 
 
Regarding the placement of nutrient addition plots, we plan to first review restoration 
research on the marshes being studied in the BREACH II study, and then select two 
divergent marshes for these experiments. 
 



 10

Task 5: Sediment characteristics and pore water determination:  Within each marsh, 
transects will be established for defining the gradients of sediment organic content, 
particulate C and N, and pore water NO3, NH4 in cores by standard methods. Research on 
sediment accretion by the BREACH II study will compliment these data. Nutrient 
concentrations (NO3, NH4,) will be measured with a Lachat Auto Analyzer system on 
GF/F filtered pore water samples which will be collected at same vertical depth intervals 
as used in N2 fixation (acetylene reduction) and denitrification assays. Particulate CHN 
content will be measured with the elemental analyzer that is in-stream with the mass 
spectrometer.  Percent organic matter in sediments will be determined by measuring 
difference between dry weight (90oC) and ash free dry weight (490oC) on sections of 
sediment cores that are separated from plant tissue. 
 
Task 6: Data workup and synthesis: This final task will involve the synthesis of data 
from the five previous tasks, preparation of manuscripts and reports for presentation to 
scientific journals and the public. 
 
 N input from tidal exchange and groundwater: We will not measure N input from tidal 
exchange. Measurement of N flux through tidal flushing of dissolved and particulate N is 
complex and requires studies to be done through the tidal cycle. It also requires precise 
measurement of tidal flow in and out. Tides in San Francisco Bay are complex, and it is 
our opinion that measurement of tidal input is beyond the scope (and budget) of this 
study.  Tidal flushing typically results in net loss of N (Woodwell et al. 1979, Valiela 
1984). Since the delta region is so flat and far from uplands, and since rainfall is low in 
this region, we assume that groundwater input to restored marshes in the region is 
minimal. 
 
Possible relation to control of an invasive species… a potentially unexpected 
outcome of the research. The Atlantic salt marsh cordgrass Spartina alterniflora has 
become abundant in some areas, particularly the southern region, of San Francisco Bay, 
and it competes with the native cordgrass S. foliosa.  S. alterniflora has more rigid stems, 
greater stem and rhizome density, and it is thought that it may change habitat for native 
wetland animals and infauna (Cohen and Carlton 1995). This species is noted for having 
high rates of N2 fixation associated with the rhizosphere (Carpenter et al. 1978). N2 
fixation also occurs in the native west coast cordgrass S. foliosa (Gibson et al. 1994) but 
the rates appear to be much lower.  Among other competitive attributes of S. alterniflora 
(Callaway & Josselyn 1992), N2 fixation by S. alterniflora may give it a competitive 
advantage. It is known that addition of fixed N to a marsh (as a fertilizer) will depress N2 
fixation in the S. alterniflora rhizosphere (Bagwell & Lovell 2000). Furthermore, N 
fertilization has been shown to increase growth of S. foliosa (Gibson et al. 1994). 
Aboveground biomass and stem densities of S. foliosa were proportional to the amount of 
N added.  However, the sandy soil of the constructed marsh prevented the retention of 
added N. While we do not want to draw this line of reasoning regarding control of S. 
alterniflora out too far, it is possible that N fertilizations could play a role in aiding the 
establishment of S. foliosa vs. S. alterniflora in restored marshes. Our proposed research 
will provide initial data that could be useful in future species competition studies. 
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4. FEASIBILITY 
The research outlined in this proposal is straightforward and the PIs have extensive 
experience. The work will be done on marshes that are already being studied through the 
BREACH II program, so access is not an issue. The home laboratory, Romberg Tiburon 
Center is on San Francisco Bay and there is easy access to all marshes by boat. Virtually 
all of the equipment (mass spectrometer, nutrient auto-analyzer, acetylene reduction gas 
chromatograph & standard lab instrumentation) is at the two labs involved (see below). 
The investigators are highly experienced with N and C cycling research in a variety of 
sites ranging from open ocean to seagrass beds, coral reefs and salt marshes.  There are 
no contingencies (dependence on outcome of other projects) that would affect the 
execution of the research. The research timetable is noted in following pages. 
Lastly, there is no requirement for the physical construction of any structures on the 
research sites. 
 
Facilities, RTC: Almost all equipment necessary for the completion of this research is 
present in the labs of the investigators at the Romberg Tiburon Center. In Carpenter’s lab, 
a new Shimadzu GC-8A FID gas chromatograph is present for the acetylene reduction 
assays.  The lab has standard equipment necessary for the research such as drying ovens, 
muffle furnace, MilliQ DDI system, hood, filtration units, microscopes, balances, three 
desktop computers for data storage and analysis and lighted, constant temperature 
enclosures (Hotpack) for incubation of cores and surface samples.  
 
Facilities: USC: Capone’s laboratory has two Micromass IsoPrime mass spectrometers 
for δ15N and δ13C measurement. Each mass spectrometer has an elemental analyzer 
interfaced for continuous flow while one can also be configured for dual inlet for very 
high precision work. Capone’s laboratory also has a Lachat Nutrient Auto Analyzer, and 
a Dionex Ion Chromatograph for measurement of nutrient concentrations in pore water, 
as well as a Waters HPLC, several gas chromatographs, scintillation counters, 
microscopes and spectrophotometers.  
 
5.  PERFORMANCE MEASURES The proposed work primarily consists of research, 
and as such, research products will be used as the primary performance measure. The six 
tasks listed each have as the output, the collection and analysis of samples. The 
successful collection of these data and subsequent analysis and understanding will be the 
criteria for measuring performance. We have laid out timelines for each of the six tasks, 
and successful performance will be assessed on an annual basis by writing an annual 
report that includes the scientific results. The final metric will be publication of results in 
peer reviewed scientific journals.   
 
6. DATA HANDLING AND STORAGE Data will be entered into Excel Spreadsheets 
and stored on both hard drives and diskettes. The raw and graphed data will be made 
accessible to the scientific, management and public communities by posting it on a 
website 
 
7. EXPECTED PRODUCTS/OUTCOMES. We expect to publish our research results 
in peer reviewed scientific journals. Carpenter and Capone have a record of achieving 
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scientific goals and disseminating their results to the scientific community and public 
through scientific journal publications and by oral presentation of results at national and 
international scientific meetings. Furthermore, we plan to disseminate the results of this 
research program to management officials through seminars at management offices.  
 
8. WORK SCHEDULE. Regarding milestones of success, the results of marsh 
fertilization should be evident by midsummer in the first year of the grant. By the end of 
the first year, we should have a basic conceptual framework of the importance of nitrogen 
inputs and losses in control and restored marshes plus the relationship between these 
processes and sediment characteristics.  During the first winter, we will work with 
BREACH II scientists regarding our results and the relationship to marsh geomorphology 
and sedimentation characteristics.  The stable isotope samples will be collected in the first 
year and analyses will proceed to the end of the second year. We will continue 
fertilization and N cycling research through the second and third years, and will adjust 
added concentrations to optimize results on growth of marsh vegetation. N2 fixation, 
denitrification and nitrification studies will be carried out both in fertilization and control 
plots through the entirety of the study to establish seasonality of rates and environmental 
effects on rates. During the third year, results should be evident, and manuscripts will be 
written for submission to peer reviewed journal and we will present papers at scientific 
meetings.  
 
The six tasks listed above form a comprehensive study of the role of nitrogen availability 
in restoration of Bay Area salt marshes. While it would be possible to separate or 
eliminate any one of these tasks and still carry out a viable research program, the value of 
the other remaining tasks would be diminished since the results from one task provides 
comparative information for the other tasks.  
 
Timelines of tasks through the three year study.  
 
                       Year 1                       Year 2                     Year 3 
Task 1   ------------------------------------ 
Task 2   ------------------------------------------------------------------------------ 
Task 3   ------------------------------------------------------------------------------ 
Task 4   ------------------------------------------------------------------------------ 
Task 5   ---------------------- 
Task 6                                                                     ----------------------------- 
 
B. Applicability to CALFED ERP and goals. 

 
1. ERP Science Program and CVPIA priorities The research will be done in marshes 
adjacent to San Pablo Bay and in Suisun Bay which are identified as a priority areas for 
CALFED funding. Our proposal specifically addresses items 1, 2, and 4 of the Bay 
Region Restoration Priorities, namely: 1. “Restore wetlands in critical areas throughout 
the Bay either via new projects or improvements that add to or help sustain existing 
projects.” 2. “Restore uplands in key areas of Suisun Marsh and San Pablo Bay.”    4: 
“Understand performance of wetlands restoration efforts on a local and regional scale.”  
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In item 4, the priorities specifically state “…advance understanding of optimal restoration 
approaches…”, and (p. 47) call for ”…advance understanding of optimal restoration 
approaches…” The fertilization and N dynamics research in restored and control marshes 
will fit into this category. Furthermore, the document calls for research to  “…understand 
poorly known aspects of the food webs of Grizzly Bay, San Pablo Bay, and South Bay.” 
Our proposed research on food chains via the stable isotope research will address this last 
point. 
 
 
C. QUALIFICATIONS 
 
EDWARD J. CARPENTER                                                 
Education:                              
B.S.     State University of New York, College at Fredonia, 1964 
M.S.    North Carolina State University, 1966 
Ph.D.   North Carolina State University, 1969 
  
Experience: 
Woods Hole Oceanographic Institution, 1969-1975  
Marine Sciences Research Center, SUNY at Stony  Brook, 1984-2000 
Associate Program Manager, Office of Polar Biology and Medicine, National Science 
Foundation, 1995-1997. 
Romberg Tiburon Center, San Francisco State University, 2000-present 
 
Research Interests: 
Phytoplankton ecology, nutrient cycling in marine waters, photosynthesis, nitrogen 
fixation by marine cyanobacteria, phytoplankton nuisance blooms, cyanobacterial 
symbioses, bacterial ecology. Carpenter has extensive experience on research ships and 
has logged over 50 research cruises. He has been Principal Investigator on over 50 
Federal government (NSF, NASA, SeaGrant) grants. He is a reviewer for major scientific 
journals and has published over 100 papers in scientific journals and edited five scientific 
books. Courses have been taught in Biological Oceanography, Microbial Ecology, 
Phytoplankton Ecology, Phycology, and General Oceanography. 
 
DOUGLAS G. CAPONE                        
Education:      
Ph.D., Marine Sciences, December 1978. Rosenstiel School of Marine and Atmospheric 

Sciences, Univ. of Miami, FL. 
B.S.,  Biology, December, 1973. Univ. of Miami, Coral Gables, FL.    
 ----,  Biology, 1967-1970. Seton Hall University, So. Orange, New Jersey. 
 
Experience: 
Wrigley Professor of Environmental Biology, 1998-present. Department of Biological 

Sciences & Wrigley Institute for Environmental Studies, University of Southern 
California, Los Angeles, CA 
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Professor, 1989-1999; Associate Professor, 1987-1989. University of Maryland Center 
for Environmental Science, Chesapeake Biological Laboratory, Solomons, MD 

Associate Professor, 1986-1987; Assistant Professor, 1984-1986; Assistant Research 
Professor, 1979-1984. Marine Sciences Research Center, SUNY at Stony Brook. 

Research Collaborator, 1984-1991. Department of Chemistry, Brookhaven National 
Laboratory, Upton, NY. 

 
Research Interests: 
Marine biochemistry, microbiology, biogeochemistry and microbial ecology. The 
microbial ecology of nitrogen transformations.  Pollutant impact on the microbiota of 
marine sediments and the role of microorganisms in environmental detoxification. 
 
Staff organization and workload are as follows . The RTC laboratory will be headed by 
E.J. Carpenter, and the study will be conducted by himself, a full time Research Assistant 
(RA), Graduate Student (GS) and a summer Field Aide. The RTC lab will carry out the 
bulk of the field program in the marshes. This will involve the nutrient fertilization 
experiments, sediment collection, sampling for stable isotopes within marsh biota, 
measurement of above and below ground vegetation, vegetation growth, as well as the N2 
fixation and denitrification assays. Carpenter will initially go on field samplings, but once 
the staff are trained, all field work will be done by the two other personnel (plus field aide 
in summer and personnel from USC through the year) and USC investigators. The RA 
will do data entry onto spreadsheets, and Carpenter will be involved in data interpretation 
and statistical testing. The GA will be involved heavily in the fertilization study, and this 
would appear to be a suitable thesis topic. During summer, when the biological effects 
are intensified and sampling will be more frequent, the field aide (an SFSU 
undergraduate student) will help with sampling. 
 
The USC laboratory will be headed by D.G. Capone and will consist of a half-time 
Postdoctoral Investigator, half-time Research Assistant and full time Graduate Student. 
This lab’s involvement in the study will be analytical and experimental, and will carry 
out all isotopic measurements, nutrient analyses, and particulate CHN analyses. USC 
personnel will also help with the field program. The direct tracer studies for measurement 
of nitrification will be done by USC as well as the NO3 and NH4 measurements 
associated with the nitrification research. These measurements are critical, and the utmost 
care will be taken to assure that the highest level of quality control is attained. To achieve 
this, the USC lab will make daily measurements of standards and blanks for the nutrient 
and isotope studies. It is expected that the GS will (under Capone’s supervision) do 
his/her thesis research on trophic relationships as determined from the measurement of 
natural isotopic ratios. The ½ RA will be involved with nutrient analyses with the Lachat 
system (automated nutrient analysis), and the ½ postdoctoral investigator will do the 
mass spectrometer analyses. 
     
D Cost.  
Budget summary RTC: This research program is labor-intensive, and requested are funds 
for one Research Specialist, one Graduate Student, one Summer Field Aide (3 months/yr) 
and one 20% of Carpenter’s salary per year. The benefits rates are 37% for the RA, 1.5% 
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for the student, and 2.5% for the PI. Regarding Equipment, a Shimadzu Electron Capture 
gas chromatograph GC-8A series and a data integrator are requested for the 
denitrification studies. Sampling of marshes is done by boat, and for some marshes, the 
only possible access is by boat. For the field program, we request a commercial grade 
boat (Boston Whaler 19 ft Guardian with 4 cycle 75 HP engine and trailer). Supplies are 
for serum bottles and caps for acetylene reduction and denitrification assays syringes, 
pipetters, tips, filters, chemicals, gas chromatograph gasses and demurrage, and computer 
supplies. A modest amount is for communication and for publication costs.  Travel is for 
car and boat trailer mileage to and from study sites plus to attend one scientific meeting 
per year. Overhead rate  at SFSU is 50% of MTDC. 
 Budget Summary USC: Capone requests one month of funding per year, plus a half-
time postdoctoral investigator, a half-time Research Assistant and a Graduate Student. 
Benefit rate is 32.5%. Supplies are for sample bottles, stable isotopes, filters, mass 
spectrometer supplies (gasses, maintenance), computer supplies, and reagents and 
replacement parts for the Lachat auto analyzer. Travel is from Los Angeles to San 
Francisco for sampling and meetings plus to attend one scientific meeting per year. A 
modest amount is budgeted for communication and copying and for publication costs. 
The overhead rate at USC is 62.5%. 
 
E. Local Involvement  
 
We will work with local landowners and who are associated with the study sites and will 
explain the goals and purposes of the research program. This will be done both on an 
individual basis and through public forums (i.e. Rotary Clubs etc.). 
 
F. Compliance with Standard Terms and Conditions 
 
The applicants will comply with standard State and Federal contract terms 
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