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Background 
Several Dominion electric generating stations utilize once-through cooling and are otherwise subject to 
the provisions of the 316(b) Phase II Rule. This Rule requires that Best Technology Available (BTA) be 
utilized at the Cooling Water Intake System (CWIS) to minimize the adverse effects of impingement 
mortality. The primary sources of cooling water for the Virginia generating stations are tidal rivers and 
estuaries, and the Rule requires that the CWIS for once-through generating facilities utilizing such waters 
meet performance standards for Impingement Mortality (IM) and Entrainment (E). Dominion Resources 
must develop and implement a number of strategies to meet the regulatory requirement to reduce or 
compensate for 60-90% of entrainment mortality and 80-95% of impingement mortality relative to 
baseline conditions at their generation facilities. Comprehensive Demonstration Studies (CDS) must be 
completed for each facility that identify protocols that will meet the regulatory requirements. In addition 
to technological and operational modifications available, restoration measures may be considered as 
compensation for mortalities. 

Environmental compensation (referred to as “restoration” in the context of the 316(b) regulations) for 
impingement and entrainment (I&E) losses in cooling water intakes can take three basic forms: 1) 
replacement of lost individuals; 2) enhancement of aquatic habitat to increase system 
productivity/condition; or 3) enhancement of watershed conditions to improve general aquatic ecosystem 
condition.  In each case the objective is to restore the population of impacted aquatic species, and to 
compensate for the ecosystem consequences of the loss of the native individuals. 
 
In Virginia, improvement of the aquatic habitat in the Chesapeake Bay and its major tributaries is a 
primary goal of resource managers and policy makers.  Our focus will be on three predominant types of 
aquatic habitat restoration in tidal waters: seagrass, oyster reef and salt marsh. Advancing specific 
restoration options as part of the final compliance plans for each station will require a technically sound 
“scaling” to link impingement and entrainment losses to restoration project outcomes.  The purpose of the 
‘Habitat Restoration Scaling Workshop’ on 27 September 2006 is to identify acceptable scaling analyses 
for select generating stations involving regional experts from academia, industry, and government.  
 
Equivalency Modeling: An Overview  
To offset losses due to ecological impacts, such as oil spills and I&E losses, equivalency metrics are used 
to define whether the restoration activity will adequately compensate for injuries to resources. Ecological 
or economic metrics may be used depending on the restoration scaling method to determine equivalence; 
in this document we will focus on ecological equivalence (e.g. biomass equivalence: production foregone 
of the fish lost requires equivalent production gained). 
 

Losses (present & future) = Gains from restoration (present & future) 
 
In the simplest form of the equation, losses and gains are measured in the same units, for example, in 
direct stocking restoration fish loss (kg) is directly equivalent to fish gain (kg).  However, many other 
restoration activities, such as marsh restoration, have nonequivalent units (kg  ha) and are more 
problematic.  Restoration Scaling involves identification of the metric for comparing I&E losses with 
restoration project gains (NOAA 1997).  Intuitive options include things like number of organisms, 
biomass, and adult equivalents (or some other modeled value).   
 
Prior to determining the spatial and temporal extent of a restoration action (scaling), estimates of 
production increases expected in conjunction with restoration activities must be approximated.  Several 
methods exist to estimate recruitment and rates of production in restored habitats, including productivity, 
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production to biomass (P:B) ratios and trophic modeling (for a review see Strange et al. 2004). Once the 
productive capacity of the habitat is quantified, then restoration actions may be scaled to offset losses, i.e. 
the number of habitat units needed defined. Of note, more than one type of restoration may be required to 
account for species lost, and some species may not be linked to specific habitats. 
 
Scaling approaches that may be utilized in part or in full include Habitat Production Foregone (HPF), 
Habitat Replacement Cost (HRC), resource equivalency analysis (REA), Habitat equivalency analysis 
(HEA), and Trophic Modeling/Secondary production estimates (examples of models in Appendix A).   
 
None of these methods is without complications, and with the exception of REA, they all retain the 
challenge of converting individuals lost to I&E into the scaling metric. Typically best professional 
judgment is a key factor in implementation of any of the methods. Currently, the use of multiple 
restoration scaling approaches may be the best method to help determine if estimates are consistent, 
reduce inherent errors and uncertainties, and increase reliability in modeling. 
 
Selection of a strategy for compensation should be cognizant of the multiple uncertainties associated with 
this undertaking.  There are two basic kinds.  First there is the uncertainty that any particular restoration 
strategy will indeed achieve the management objective.  Second, there are uncertainties attendant every 
possible monitoring technique that might be applied to assess the performance of restoration strategies.  In 
combination, these two generally mean it will not be possible to know or demonstrate definitively that 
complete compensation for I&E losses has ever been attained. EPA in their guidance document 
recognizes this practical limitation (USEPA 2002). 
 
Recognition of the improbability that I&E compensation accomplishments can be definitively quantified 
is an important starting point for design of a compensatory restoration program.  The resulting uncertainty 
cuts both ways.  Not only is it impossible to absolutely prove all ecosystem consequences of losses have 
been offset, it can be equally difficult to prove that approved restoration methods have not succeeded.  
There are two implications of this condition:  (1) any monitoring program should be based on a rational 
expectation for what can be achieved in detecting change; and (2) the primary assurance of successful 
compensation is going to come from designing restoration projects to over-accomplish the objective. EPA 
has recommended any restoration projects utilize an adaptive management approach, implying a need to 
both monitor and redesign compensation projects if they prove unsuccessful.   

 
Equivalency Modeling: Considerations and Method Summary 
There are only 3 basic steps to equivalency modeling: 1) to assess impact of injury for which 
compensation is required, 2) to calculate an ecological equivalency for the injury, and 3) balancing the 
two sides of the equation (losses and gains).  However, within each of these steps there are a myriad of 
considerations that may or may not affect the calculations depending on the type of injury and type of 
mitigation proposed.  Below is a summary of the considerations that are included in most equivalency 
models.  The first section discusses considerations for calculating the impact of the injury (the “Losses” 
side of the equation), and the second section discusses considerations for calculating an ecological 
equivalency for the injury (the “Gains from restoration” side of the equation).  In this summary, the 
discussion is limited to considerations that would be relevant for one of the three highlighted restoration 
options. Although not discussed in detail in this document, some models focus on restoration of 
ecological services (called “functional equivalency”) rather than replacement of certain fish species 
(“ecological equivalency”).  The functional equivalency approach has ecological merit, but is more 
difficult to establish equivalency.  
 
1. Assessing impact of injury for which compensation is required 
The first step towards assessing the injury is to calculate the number of fish impacted by the generating 
station operation.  This number should be compared to the number of larvae in the source population 
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since most I&E losses are juvenile or larval fish.  The next step is to calculate the “production forgone” in 
the fish population due to losses.  This is the lifetime fish production expected from each of the I&E fish, 
taking into consideration normal mortality and fecundity.  Production forgone values are dependent on the 
age class of the I&E fish, since a larval fish would have realized less of its potential production than an 
adult fish.   Future (expected) I&E losses may also be included in the equation by discounting future 
losses to their present day value.  A standard discount rate of 3% is generally used.  When discounting, a 
factor that may be considered is the probable lifespan of existing services if injury had not occurred, i.e. 
What is the expected length of time these fish would have continued to survive given current rate of 
wetland and seagrass bed loss due to anthropogenic factors?  I&E losses combined with all additional 
calculated impacts are called the “total injury” to the system.  Although the I&E losses are originally 
quantified as numbers of fish, both the I&E losses and the total injury are generally reported in kg of fish.  
Dry weight (kg) is a more useful measure for production than number of fish, since the weight of a fish 
varies with species and age class. 
 
2. Calculating the ecological equivalency for injury: 
The first step towards calculating ecological equivalency is to pick a restoration project.   The restoration 
project should have a clear, and preferably, direct connection to the fish species impacted.  In addition, 
the project should be feasible and the selected habitat(s) should occur naturally at or near the site of the 
injury.   
 
The losses (or total injury) must be converted to a useable metric for calculations (“restoration scaling”).  
For many restoration options, acres or hectares of habitat is the most useful metric.  Therefore, I&E losses 
are converted to biomass, production, or density of fish per acre of habitat restored.  Three methods 
frequently used for this conversion are: 1) A trophic energy web may be used to calculate the relationship 
between expected primary or secondary productivity of the habitat and fish biomass or production; 2) 
Empirical data may be used to link acres of habitat to a particular biomass or density of fish; and 3) the 
average Proportional Mortality (PM) loss rate can be used to estimate the amount of habitat from which 
production is lost. 
 
It is important to distinguish the gross production gained due to restoration from the net production 
gained due to restoration.  Every time a habitat is created through restoration activities, it is replacing an 
existing habitat.  Some existing habitats contribute little to aquatic community production, while others 
contribute a lot.  For example, upland grassland doesn’t contribute much to fish production, so when it is 
converted to a salt marsh, the net gain in production is approximately equal to the gross gain in 
production.  On the other hand, the river’s mud flat habitat supports fish production.  Therefore, expected 
production of the mud bottom must be calculated and subtracted from the gross gain in production 
expected from planting a SAV bed, to determine net gain in production from a SAV habitat restoration. 
 
The next few steps consider a series of habitat characteristics that impact the ability of the restored habitat 
to function as a replacement for I&E losses.  First, determine the length of time until lost service is 
restored by the new habitat.  A specific function of the habitat should be targeted since the time can be 
highly variable.  For example, fish use in created salt marshes will be equivalent to fish use in natural salt 
marshes within 3 years, but the created marsh will not have the natural invertebrate community (the basis 
of the food chain leading to fish production) for about 20 years.  Second, determine desired or achievable 
service level for restored habitat (relative to the natural habitat).  Ideally, the restored habitat would 
achieve 100% of the natural service level, but if this is unlikely it should be accounted for in the 
calculations.  Third, determine probable lifespan of new habitat.   
 
After all other estimates are complete, future expected net gains in service must be discounted back to 
present day values using a standard 3% discount rate.  This allows for comparison of both sides of the 
equation (losses due to injury and expected gains due to restoration) in present value terms. 
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3. Balancing the equation:
Once both sides of the equations have accounted for all variables, and both sides have been converted to 
equivalent terms, the two sides of the equation can be equilibrated to determine the amount of restoration 
action required to compensate for the total injury.  The equation above estimates restoration necessary to 
compensate for injury if the restoration works exactly as planned – since restoration is an uncertain 
science, the results of the equation are likely to be an underestimate in the long run.  This may be handled 
by adding in a “fudge factor” where the amount of restoration required is multiplied by some factor 
(usually 2 or 3).  The advantage to this approach is that all costs are known upfront.  Another option is to 
implement a long-term monitoring plan coupled with an adaptive management plan for additional 
restoration if the existing restoration fails.  If restoration is successful, this is probably less expensive in 
the long run, and it also encourages careful planning and creation work to encourage success. 

 
Target Species and Restoration Options for Dominion Estuarine Stations 
Target species for restoration were selected based on data from impingement/entrainment surveys 
provided by Dominion Power for the targeted Generating Stations—Yorktown (York River), Surry 
(James River) and Chesapeake (Elizabeth River).  Selection criteria included abundance (~10 highest), 
species of particular interest (e.g. American shad; polyhaline stations) and/or those with known habitat 
linkages and relatively high abundance (e.g. oyster toadfish; polyhaline stations).  For the mesohaline 
station, Surry, ten target species were selected based on the highest abundance reported in entrainment 
studies only, as there were no impingement surveys completed. At Surry, 16.5 surveys were completed 
from June 2005 through March 2006.  For the polyhaline stations, Chesapeake and Yorktown, the top ten 
species impinged and/or entrained were very similar (7 out of 10); therefore, we pooled the target species 
lists for these stations. The category ‘Sciaenidae spp’ was also reported as entrained in high numbers at 
both stations, but not included due to the lack of specific species identification to make habitat linkages. 
Data used was from 16 surveys per station conducted from July 2005 through March 2006.  Target 
species lists are meant to provide guidance for discussion on habitat restoration scaling, and are not 
considered finalized. Since complete impingement/entrainment data are not currently available, and 
quantitative losses have not been calculated, presented species will not necessarily qualify for restoration 
targets as defined by EPA. 
 
Many different restoration opportunities exist to mitigate for I&E losses, the three options highlighted 
(Salt marsh, Oyster reef, and Submerged aquatic vegetation restoration) were chosen because they have 
been extensively studied in the Chesapeake Bay watershed and other aquatic systems and have been used 
in numerous restoration projects.  Fish communities in all three habitats have been surveyed, and 
dependence on the habitats has been established for at least a few species in each system.  In addition, all 
three habitat types are either currently found or were historically located at or near each of the targeted 
Generating Stations.  Finally, for all three of the habitats highlighted, there are current, active restoration 
projects in the James, York and Elizabeth River watersheds.            
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Salt Marsh Restoration Option 

Spartina alterniflora and spartina patens (other species possible) 
 

Historic salt marsh distributions 
Salt marsh plant species distribution is primarily regulated by water salinity; therefore, plant species differ 
among sites.  Surry generating station is located in the mesohaline region of the James River, but 
historically wetland vegetation in this region is primarily located in the more freshwater tributaries of the 
James River; therefore, oligohaline/freshwater species as well as salt marsh species have been found 
there.  Chesapeake and Yorktown generating stations are located in the polyhaline region of the Elizabeth 
and York Rivers (respectively) and tend towards more marine species. 
 
A historic marsh inventory (Moore 1981) of the region surrounding the Surry Generating Station shows 
wetland vegetation located in several tributaries of the James River and in one location (Hog Island) along 
the shoreline of the James River.  Both freshwater and salt marsh plant species were found in the near 
vicinity of the generating station.  Freshwater species (such as Peltandra virginica, Typha spp and 
Amaranthus cannabina) were found in the upper reaches of the tributaries, while closer to the river, 
brackish water species (such as Spartina cynosuroides) began to appear.  At the mouth of the tributaries 
and a Hog Island, salt marsh species (such as Spartina alterniflora, Scirpus robustus, Spartina patens and 
Distichlis spicata) were more dominant, but still tended to mix with some brackish and freshwater 
species.   
  
A historic marsh inventory of the regions surrounding the Yorktown (Silberhorn 1981) and Chesapeake 
(Silberhorn and Dewing 1991) Generating Stations show the dominant vegetation to be Spartina 
alterniflora with smaller amounts of Juncus roemarianus, Spartina patens and Distichlis spicata mixed 
in.  Both sites had adjacent fringing and pocket salt marshes.     
   
Value of salt marsh restoration 
Tidal salt marsh is one of the more common habitats used for compensatory mitigation.  In the 
Chesapeake Bay watershed, the most common plants used for mitigation are Spartina alterniflora in the 
low marsh and Spartina patens in the high marsh.  There are a variety of other plants that grow in tidal 
salt marshes (for example: Distichlis spicata and Juncus roemaerianus), but this analysis will focus 
primarily on Spartina alterniflora since that is the species most closely linked to nekton production and 
most likely to be used in restoration.   
 
Tidal salt marshes provide food, habitat and water quality functions to the aquatic environment.   They 
promote nekton production through a food web that begins with plant and algal production, which in turn 
translates to macroinvertebrate secondary production and eventually nekton production.  Tidal salt 
marshes also support nekton production by providing refuge from predation for juvenile fish and 
spawning habitat.  Indirectly, nekton also benefit from water quality functions such as lower turbidity due 
to decreases in sediment inputs from the land resulting from slowing of overland runoff and water 
filtration by certain invertebrate inhabitants of salt marshes.    
 
There are currently active and on-going salt marsh restoration projects throughout the Chesapeake Bay 
and within the targeted watersheds; therefore, salt marsh restoration may be a viable option for the 
targeted generating stations: Surry, Chesapeake and Yorktown.  All three targeted generating stations are 
near areas designated as high or excellent potential for wetland restoration sites (Figure 1) based on soil 
type, existing land use, area, and stream connectivity. 
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Nekton species linked with salt marsh  
Many species of nekton have been linked to salt marshes, however, Table 1 (below) only shows species 
impinged or entrained from the two polyhaline and one mesohaline generating stations.   
 
The studies reviewed were limited to studies from Virginia.  Some species are found in different coastal 
regions during different stages of their life and use different habitats during different life stages. 
Therefore, a species may use salt marsh habitat in one coastal region (during one life stage) but may not 
use it other coastal regions.  In addition, each estuary has a slightly different floral and faunal community, 
which may lead to differences in habitat use between the nekton in the different estuaries. 
 
Most of the species below have been found in surveys of salt marsh faunal communities in Virginia or the 
Chesapeake Bay.  Only two species (the inland silverside and the feather blenny) were not found in 
Virginia or Chesapeake Bay salt marshes.  The surveys referenced below indicate that the specified 
species are found in marsh tidal creeks; however, they do not indicate the level of dependence that the 
species have on salt marshes.  Some species may depend on the marsh for food or protection, while other 
species may be generalist and feed both inside and outside of the marsh.  For many species, their level of 
dependence may change as they age.  In a South Carolina study (Shenker and Dean, 1979) some fish (e.g. 
naked goby) were found in the salt marsh only as adults, while others were found only as larvae or 
juveniles (e.g. Atlantic croaker).    
 
 
Table 1. Species targeted for restoration and links to salt marsh ecosystems.  Studies reviewed have been 
limited to salt marshes in Virginia. 

Mesohaline -- Surry 
Species  Scientific name Select Sources 

Bay Anchovy Anchoa mitchilli 
Wienstein and Brooks 1983; Havens et al. 1995; Varnell et 
al. 1995; Havens et al. 2002; Bilkovic et al. in prep 

Naked Goby (goby 
spp.) Gobiosoma bosci Wienstein and Brooks 1983 
Blue Crab Callinectes sapidus Wienstein and Brooks 1983; Bilkovic et al. in prep 

Atlantic Croaker Micropogonias undulatus 
Wienstein and Brooks 1983; Havens et al. 1995; Varnell et 
al. 1995; Havens et al. 2002; Bilkovic et al. in prep 

Dorosoma spp (e.g. 
gizzard shad) Dorosoma spp. 

Havens et al. 1995; Varnell et al. 1995; Havens et al. 2002; 
Bilkovic et al. in prep 

Inland Silverside Menidia beryllina Not found in Virginia studies reviewed 

Rough Silverside Membras martinica Layman and Smith 2001 
Silver Perch Bairdiella chrysoura Wienstein and Brooks 1983 
Feather Blenny Hypsoblennius hentzi Not found in Virginia studies reviewed 

White Perch Morone americana 
Havens et al. 1995; Havens et al. 2002; Bilkovic et al. in 
prep 

   
Polyhaline – Chesapeake and Yorktown 

Species  Scientific name Select Sources 

Bay Anchovy Anchoa mitchilli 
Wienstein and Brooks 1983; Havens et al. 1995; Varnell et 
al. 1995; Havens et al. 2002; Bilkovic et al. in prep 

Atlantic Croaker Micropogonias undulatus 
Wienstein and Brooks 1983; Havens et al. 1995; Varnell et 
al. 1995; Havens et al. 2002; Bilkovic et al. in prep 

Blue Crab Callinectes sapidus Wienstein and Brooks 1983; Bilkovic et al. in prep 
Naked Goby (goby 
spp.) Gobiosoma bosci Wienstein and Brooks 1983 
Blueback herring Alosa aestivalis Not found in Virginia studies reviewed 

 6



Table 1. continued 

Weakfish 
Cynoscion regalis 

Wienstein and Brooks 1983; Havens et al. 1995; Varnell et 
al. 1995; Havens et al. 2002 

Spot Leiostomus xanthurus  

Wienstein and Brooks 1983; Havens et al. 1995; Varnell et 
al. 1995; Layman and Smith 2001; Havens et al. 2002; 
Bilkovic et al. in prep 

Atlantic menhaden Brevoortia tyrannus 

Wienstein and Brooks 1983; Havens et al. 1995; Varnell et 
al. 1995; Layman and Smith 2001; Havens et al. 2002; 
Bilkovic et al. in prep 

Hogchoker Trinectes maculates 
Havens et al. 1995; Havens et al. 2002; Bilkovic et al. in 
prep 

Silver perch Bairdiella chrysoura Wienstein and Brooks 1983 
Feather Blenny Hypsoblennius hentzi Not found in Virginia studies reviewed 
Atlantic silverside (YK 
only) Menidia menidia 

Havens et al. 1995; Varnell et al. 1995; Layman and Smith, 
2001; Havens et al. 2002; Bilkovic et al. in prep 

Inland Silverside Menidia beryllina Not found in Virginia studies reviewed 
Red drum Sciaenops ocellatus Havens et al. 1995; Varnell et al. 1995; Havens et al. 2002 
Blackcheek tonguefish Symphurus plagiusa Layman and Smith 2001; Bilkovic et al. in prep 
American shad Alosa sapidissima Bilkovic et al. in prep 
Oyster toadfish Opsanus tau Wienstein and Brooks 1983 
 
Salt marsh restoration projects for mitigation 
Salt marshes have been used extensively for mitigation projects and therefore, trophic models have been 
developed and work has been done to quantify the links to nekton and annual production of the 
ecosystem.  
 
Two main methods of linking fish production to habitat have been used in salt marshes.  One approach 
uses estimates of primary production and trophic transfers to calculate nekton production per square meter 
of restored salt marsh.  The other method uses standing stock biomass to with production to biomass 
(P:B) ratios to calculate nekton production per square meter of restored salt marsh. 
 
Both vascular plants and benthic macroalgae are sources of food in salt marshes.  In S. alterniflora 
marshes approximately 90% of above-ground production enters the food web (French McCay and Rowe 
2003), while little to none of the below-ground biomass is linked to fish production (Howes et al. 1985).  
Although gut content analysis shows that small fish can directly consume detritus, this pathway is 
considered to be of small importance in the support of the food web.  Transfer from S. alterniflora 
production to fish predominately follows an indirect pathway (Kneib 2003) where plant production is 
decomposed by fungi and microbial decomposers, which are consumed by macroinvertebrates before 
being consumed by small fish and decapods.   Benthic macroalgae is responsible for about half of the 
carbon consumed by higher trophic levels (Sullivan and Currin 2000).  Figure 2 shows a generalized salt 
marsh food web.  It is possible that energy can go through additional steps, which would further reduce 
the final energy transfer from primary producers to fish. 
 
Estimates of secondary production from the trophic model correlate well with field measurements of 
secondary production (French McCay and Rowe 2003), which indicates that the primary value of salt 
marsh to fish is as food.  Therefore, it is appropriate to begin modeling the salt marsh system with 
estimates of primary productivity.   
 
Table 2 describes reported ratios of restored habitat to fish/invertebrate injury/loss for a similar system.  
Tables 3 – 5 are all related to the salt marsh food web (Figure 2), and provide starting production numbers 
and trophic transfer efficiencies necessary for the model. Finally, Table 6 describes the length of time to 
reach functional equivalency for individual measures of equivalence (e.g. grass biomass, fish abundance).   
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Table 2. SAV bed restoration scaling of fish from past studies.  One study (French McCay et al. 2002) 
was calculating habitat equivalents to fish losses (total killed = 1,756 kg dry weight fish) from an oil 
spill.  The second study (Kneib 2003) was calculating habitat equivalents to fish production based on 
bioenergetics model, but not related to compensation of a particular fish kill. 
French McCay et al. (2002) Total killed = 1,756 kg dry weight fish  
Restoration (acres) Ratio (nekton/m2) Assumptions 

0.231 Spartina 1.88 kg dw/m2 1

Used Primary Production; PP= 6580g/m2yr; Time to 
80% equivalency = 15 years; project life 50 yrs; 
habitat creation project2; used transfer efficiencies in 
table below  

0.787 Spartina 0.55k g dw/m2 1

Used Secondary Production; SP= 77.2g/m2yr; Time 
to 80% equivalency = 15 years; project life 50 yrs; 
habitat creation project2; used transfer efficiencies in 
table below  

0.474 Typha 0.92 kg dw/m2 1

Used Primary Production; PP= 3205g/m2yr; Time to 
80% equivalency = 15 years; project life 50 yrs; 
habitat creation project2; used transfer efficiencies in 
table below  

Kneib (2003) Bioenergetics model (no fish kill)  

N/A 4.2 g dw/m2

55%, transfer efficiency to fungi; 10% transfer 
efficiency between all other steps; used primary 
production; PP=1000g/m2yr 

N/A 1.2 Used standing stock biomass with P: B ratio = 2 

N/A 1.5 
Used standing stock biomass with P: B ratio ranging 
from 2-5 depending on the species 

N/A 2.2 
Used standing stock biomass with P: B ratio ranging 
from 3 (fish) to 5 (shrimp) 

1 Note: this ratio includes calculations for production forgone from the species killed and discounted compensation 
to account for timing differences between injury and restoration 
2 Note: a habitat creation project assumes that the existing habitat prior to marsh creation had essentially no value to 
the injured species 
 
   Table 3. Estimates of primary production (PP) for the Salt Marsh Trophic Model 

Species & Location PP (g DW/m2yr) Sources 
Spartina (GA) 1313 Daie and Waigert 1996 

Spartina alterniflora (DE) 445 Keefe 1972 
Spartina alterniflora (DE) 785-1487 Roman and Daiber 1984 

Spartina patens (SC) 993 Keefe 1972 
Spartina patens (DE) 1118 Roman and Daiber 1984 

Juncus roemaerianus (NC) 560-1360 Keefe 1972 
Distichlis spicata (DE) 785 Roman and Daiber 1984 

Benthic microalgae (DE) 122-198 
Sullivan and Currin in: Weinsteen and 
Kreeger 2000 

Benthic microalgae (MA) 210 
Sullivan and Currin in: Weinsteen and 
Kreeger 2000 
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 Table 4. Estimates of secondary production (SP) for the Salt Marsh Trophic Model 
Species & Location SP (g DW/m2yr) Sources 

Fundulus heteroclitus  10-16 Valiela et al. 1977 
Fundulus heteroclitus  10.2 Meredith and Lotrich 1977 
Palaemonetes pugio  9-16 Sikora 1977; Welsh 1975 
Palaemonetes pugio  9 Kneib 1997 
Leiostomus xanthurus 0.3-7.5 Currin et al. 1984 
Macroinfauna (MA) – in 
sandy inorganic sediment 15 Sarda et al. 1995 
Macroinfauna (MA) – in 
sandy organic sediment 98.7 (77.2) Sarda et al. 1995 (Sarda et al. 1998) 
Macroinfauna (MA) – in 
muddy sediment 6.0 Sarda et al. 1995 

 
   Table 5. Estimates of trophic transfer efficiencies for the Salt Marsh Trophic Model (See Fig 2.). 

Letter Trophic Step Transfer efficiency (%) Sources 
A Plant  fungi 50-60 Newell and Porter 2000 
B Macroalgae  invertebrates 10 French McCay and Rowe 2003 
C Fungi  invertebrates 20 French McCay and Rowe 2003 
D Invertebrate  small fish 20 French McCay and Rowe 2003 
E Small fish  large fish 4-10 French McCay and Rowe 2003 
F Fungi  microbial degraders 20 French McCay and Rowe 2003 
G Microbial  invertebrates 20 Pauly and Christensen 1995 

 
Table 6. Time required for a specified function in a restored habitat to become equivalent to the level of 
function in the natural habitat. 

Grass community 
Measure of equivalence Time to equivalence Recovery (%) Sources 

Above ground biomass 2-3 yrs 100 Craft et al. 1999 
Below ground biomass 3 yrs 100 Broome et al. 1986 
Stem density 5-6 yrs 100 Broome et al. 1986 

Sediment and groundwater 
Measure of equivalence Time to equivalence Recovery (%) Sources 

Soil organic matter 24 29 Lindau and Hossner 1981 
Dissolved organic C 5 34 Craft et al. 1991 

Faunal community 
Measure of equivalence Time to equivalence Recovery (%) Sources 

Infauna density and 
species richness 

15-25 100 Craft et al., 1999 

Infauna community 
composition 

1-17 100 Sacco et al., 1994 

Shellfish density 3-15 93 Minello and Webb, 1997 
Fish density 3-15 41 Minello and Webb, 1997 
Fish density 5 100 Minello and Zimmerman, 1992 
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Figure 1. Potential Tidal Wetland Restoration Sites.  Potential restoration sites (CCRM 2003) were coded 
using the following criteria: Potential = hydric soil, land use is forest or agriculture, outside of 
transportation buffer and area greater than or equal to 1 acre; Moderate = potential criteria plus stream 
connectivity; Good = moderate criteria plus land use only equal to forest; High = moderate criteria plus 
land use only equal to agriculture.  Excellent = high criteria plus overlapping or adjacent to conservation 
lands. Restoration rankings were increased one level for sites overlapping or adjacent to conservation 
lands.   
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Figure 2. Generalized Salt Marsh Trophic Model.  Energy flow is indicated by the direction of the arrow.  The letters correspond 
to transfer efficiencies in Table 5.  There are multiple pathways of energy flow that lead from primary producers to nekton.  
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Oyster Reef Restoration Option –  
Crassostrea virginica 

 
Value of Oyster Reef Restoration 
Habitat restoration in the marine environment has focused on the establishment of measurable biogenic 
structural components, primarily sea grass beds and salt marshes. Mulluscan structural habitat, such as 
oyster reefs, while recognized as essential habitat to oysters has not been as well-documented as 
important habitat for fishes and macroinvertebrates, and for influencing ecosystem-level processes (Coen 
et al. 1999).  The importance of shell bottom to highly mobile species is most likely underestimated in 
part due to limited studies and sampling difficulties (Breitburg 1999).  Studies have noted a higher 
abundance and diversity of fish on shell bottom than adjacent soft bottom, (e.g. Harding and Mann 1999; 
Posey et al. 1999; Lenihan et al. 2001). However, it is not well understood to what extent oyster reefs 
enhance the overall productivity of species that are observed on reefs.  A brief review of surveys 
describing finfish and macroinvertebrates inhabiting oyster reef habitat along the south Atlantic and Gulf 
coasts can be found in Nonnative Oysters in the Chesapeake Bay (2004; p. 75-76) 
http://darwin.nap.edu/books/0309090520/html.  Oyster reefs have been noted to provide direct and 
indirect ecosystem services including, water quality enhancement via filtration, nutrient cycling, erosion 
prevention and stabilization (Newell 1988; Ulanowicz and Tuttle 1992; Dame 1996; Meyer et al. 1997), 
habitat services (oyster refuge, and foraging, refuge and nursery grounds for coastal fisheries), benthic-
pelagic coupling, and oyster, fish and crab harvest opportunities (e.g., Lenihan and Peterson 1998; Coen 
et al. 1999; Coen and Luckenbach 2000).   
 
Successful oyster restoration projects may be gauged by historic oyster demographics and ecological 
health, as well as the trophic interactions on the reef (Mann and Harding 1997).  Oyster reef communities 
are dependent on the oyster as both a physical habitat and a major prey item. Trophic linkages with 
oysters are well documented at some levels, such as the abundant resident reef fishes (gobies and 
blennies) which are critical prey for several larger pelagic predatory species striped bass, blue fish, 
weakfish and spotted seatrout (Morone saxatilis, Pomatomus saltatrix, Cynoscion regalis, Cynoscion 
nebulosus). Blue crab (Callinectes sapidus) forage heavily on oysters and associated fauna, notably 
feeding on dense seasonal populations of new oyster recruits (Menzel and Hopkins 1955; Krantz and 
Chamberlin 1978; Mann and Harding 1997). To further ensure successful restoration of oyster 
communities, the creation of unharvested, seeded reefs is preferred as it may result in more productive 
and diverse oyster reefs than harvested or unseeded reefs (Henderson and O’Neil 2003). 
 
There are currently active and on-going oyster reef restoration programs throughout the Chesapeake Bay 
and within the targeted watersheds; therefore, reef restoration may be a viable option for the targeted 
generating stations: Surry, Chesapeake and Yorktown (Figure 1).  However, it is important to note that 
the health and longevity of a restored oyster reef is dependent on impact of diseases and the degraded 
condition of oyster habitat and therefore may be difficult to predict.  For instance, optimal salinity zones 
(lower salinity where the impact of disease is reduced or higher salinity where recruitment is more 
successful) fluctuate, making management difficult. 
 
Nekton Species Linked with Oyster Reef Ecosystems  
Many species of nekton have been linked to oyster reefs, however, Table 1 (below) is limited to species 
impinged or entrained from the polyhaline and two mesohaline generating stations.  Most of the nekton 
species below have been observed in surveys of oyster reef faunal communities in Virginia or the 
Chesapeake Bay.  Only two species (gizzard and American shad) were not observed associated with 
oyster reefs.  Table 1 indicates the associated source which identifies the presence of each species on or 
adjacent to oyster reefs, as well as the reported level of oyster reef habitat use. For instance, some species 
may depend on reefs for food or protection, while other species may be generalists and feed both inside 
and outside of the reefs.  Five resident species have been identified in the Chesapeake Bay which clearly 
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use oyster reef as primary and essential habitat:  naked goby (Gobiosoma bosc), striped, and feather 
blenny (Chasmodes bosquianus and Hypsoblennius hentz), skilletfish (Gobiesox strumosus), and oyster 
toadfish (Opsanus tau). These benthic species use oyster reefs as breeding and feeding habitat and as 
shelter from predators. An example of a species with specialized habitat requirements, the naked goby 
utilizes oyster reefs for its entire life cycle and requires hinged shells of clean dead oysters with a narrow 
gape, to ensure successful reproduction (Breitburg 1999).  Most of the resident species are an abundant 
food fish for economically important species like striped bass, bluefish and weakfish that are associated 
with oyster reef habitat (Markle and Grant 1970; Breitburg 1999; Harding and Mann 1999), and may 
serve as indicator species of estuarine health, in particular, the health of oyster reef habitat.  For example, 
naked goby population size is very likely linked to the quantity and quality of their preferred habitat, 
oyster reef in tidepools and subtidal areas (Dahlberg and Conyers 1973; Crabtree and Dean 1982; 
Breitburg 1999; Harding and Mann 2000; Lehnert and Allen 2002).   
 
Table 1. Species targeted for restoration and links to oyster reef ecosystems. Fish utilizing shell bottom 
have been categorized as resident, facultative, or transient (Breitburg 1999; Coen et al. 1999): 1) resident 
fish use oyster reefs as their primary habitat; 2) facultative fish are generally associated with structured 
habitats and utilize oyster reefs as well as other habitat with vertical relief or shelter sites (e.g. seagrass 
beds); and 3) transient fish may forage on or near reefs but are wide-ranging; some species listed as 
transient may be facultative residents, but are not defined as such if they are highly mobile and their 
duration of residency on the reef has not been studied. 

Mesohaline -- Surry 
Species Scientific name Category Select Sources 

Bay Anchovy1 Anchoa mitchilli Transient 

Luckenbach and Nestlerode (unpubl. data); Mann and 
Harding 1997; 1998; Harding and Mann 1999; Coen et 
al. 1999; Lehnert and Allen 2002 

Naked Goby  
(goby spp.) 1 Gobiosoma bosc Resident 

Dahlberg and Conyers 1973; Crabtree and Dean 1982; 
Mann and Harding 1997; 1998; Breitburg 1999; 
Harding and Mann 1999; 2000; Lehnert and Allen 
2002; Meyer and Townsend 2000; Lenihan et al. 2001 

Blue Crab1 Callinectes sapidus Transient 

Luckenbach and Nestlerode (unpubl. data); Mann and 
Harding 1997; 1998; Coen et al. 1999; Meyer and 
Townsend 2000; Lenihan et al. 2001; Lehnert and 
Allen 2002  

Atlantic Croaker 
Micropogonias 

undulatus Transient 

Luckenbach and Nestlerode (unpubl. data); Mann and 
Harding 1997; 1998; Coen et al. 1999; Harding and 
Mann 1999; Lenihan et al. 2001 

Dorosoma spp 
(e.g. gizzard shad) Dorosoma spp. ---------- None reported  

Inland Silverside12 Menidia beryllina Transient 

Zimmerman et al. 1989; Wenner et al. 1996; Coen et 
al. 1998 (unpubl. data); Coen and Luckenbach 1998 
(unpubl. data); Coen et al. 1999 

Rough Silverside1 Membras martinica Transient 
Coen et al. 1999; Luckenbach and Nestlerode  (unpubl. 
data)  

Silver Perch Bairdiella chrysoura Transient 

Luckenbach and Nestlerode (unpubl. data); Mann and 
Harding 1997; 1998; Coen et al. 1999; Harding and 
Mann 1999; Lenihan et al. 2001 

Feather Blenny1 Hypsoblennius hentzi Resident 

Coen et al. 1999; Breitburg 1999; Luckenbach and 
Nestlerode  (unpubl. data); Lenihan et al. 2001; 
Lehnert and Allen 2002  

White Perch Morone americana Transient 
 Coen et al. 1999; Luckenbach and Nestlerode (unpubl. 
data) 
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Table 1. Continued 
Polyhaline – Chesapeake and Yorktown 

Species Scientific name Category Select Sources 

Bay anchovy1 Anchoa mitchilli Transient 

Luckenbach and Nestlerode (unpubl. data); Mann and 
Harding 1997; 1998; Harding and Mann 1999; Coen et 
al. 1999; Lehnert and Allen 2002 

Atlantic Croaker 
Micropogonias 

undulatus Transient 

Coen et al. 1999; Luckenbach and Nestlerode (unpubl. 
data); Mann and Harding 1997; 1998; Harding and 
Mann 1999; Lenihan et al. 2001 

Blue Crab1 Callinectes sapidus Transient 

Luckenbach and Nestlerode (unpubl. data); Mann and 
Harding 1997; 1998; Coen et al. 1999; Meyer and 
Townsend 2000; Lenihan et al. 2001; Lehnert and 
Allen 2002 

Naked Goby  
(goby spp.) 1 Gobiosoma bosc Resident 

Dahlberg and Conyers 1973; Crabtree and Dean 1982; 
Mann and Harding 1997; 1998; Breitburg 1999; 
Harding and Mann 1999; 2000; Lehnert and Allen 
2002; Meyer and Townsend 2000; Lenihan et al. 2001 

Blueback herring Alosa aestivalis Transient 
Mann and Harding 1998; Coen et al. 1999; Harding 
and Mann 1999 

Weakfish Cynoscion regalis Transient 

Coen et al. 1999; Luckenbach and Nestlerode (unpubl. 
data); Mann and Harding 1997; 1998; Harding and 
Mann 1999 

Spot 
Leiostomus 
xanthurus  Transient 

Luckenbach and Nestlerode (unpubl. data); Mann and 
Harding 1997; 1998; Coen et al. 1999; Harding and 
Mann 1999; Meyer and Townsend 2000; Lehnert and 
Allen 2002; Grabowski et al. 2005  

Atlantic menhaden 
Brevoortia 
tyrannus Transient 

Coen et al. 1999; Mann and Harding 1997; 1998; 
Harding and Mann 1999 

Hogchoker 
Trinectes 
maculatus Transient 

Breitburg 1999; Mann and Harding 1997; 1998; 
Harding and Mann 1999 

Silver perch 
Bairdiella 
chrysoura Transient 

Luckenbach and Nestlerode (unpubl. data); Mann and 
Harding 1997; 1998; Coen et al. 1999; Harding and 
Mann 1999; Lenihan et al. 2001 

Feather Blenny1
Hypsoblennius 

hentzi Resident 

Coen et al. 1999; Breitburg 1999; Luckenbach and 
Nestlerode  (unpubl. data); Lenihan et al. 2001; 
Lehnert and Allen 2002  

Atlantic silverside 2 Menidia menidia Transient 
Breitburg 1999; Wenner et al. 1996; Coen et al. 1999; 
Coen and Luckenbach 1998 (unpubl. data) 

Inland Silverside12 Menidia beryllina Transient 

Zimmerman et al. 1989; Wenner et al. 1996; Coen et 
al. 1998 (unpubl. data); Coen and Luckenbach 1998 
(unpubl. data); Coen et al. 1999 

Red drum12 Sciaenops ocellatus Transient 

Wenner et al. 1996; Coen et al. 1999; Coen and 
Luckenbach 1998 (unpubl. data); Grabowski et al. 
2005 

Blackcheek 
tonguefish 

Symphurus 
plagiusa Transient 

Luckenbach and Nestlerode (unpubl. data); Coen et al. 
1999; Meyer and Townsend 2000 

American shad Alosa sapidissima ------------ None reported 

Oyster toadfish1 Opsanus tau Resident 

Breitburg 1999; Coen et al. 1999; Mann and Harding 
1997; 1998; Harding and Mann 1999; 2000; Meyer and 
Townsend 2000; Lehnert and Allen 2002; Lenihan et 
al. 2001; Grabowski et al. 2005 

1 Species whose relative abundances have been reported in the literature as being generally higher in shell bottom 
than in other habitats.  A lack of information precludes the categorization of species not marked. Sources include 
Street et al. 2005, Brietburg 1999; Coen et al. 1999; Peterson et al. 2003; Grabowski 2005. 
2Species noted only in surveys outside of Virginia (Breitburg 1999-Maryland, Wenner et al. 1996; Coen et al. 1998; 
and Coen and Luckenbach 1998-South Carolina, and/or Zimmerman et al. 1989-Texas).  
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Oyster reef restoration projects for mitigation 
The use of oyster reef restoration for mitigation projects is relatively untested in the Chesapeake Bay; 
therefore, limited research is available which describes and quantifies simple trophic linkages and 
production estimates.  From the available research, values have been extracted that pertain to the 
development of a realistic model of oyster reef restoration scaling as mitigation for I&E losses for select 
species.  Table 2 describes reported ratios of restored habitat to fish/invertebrate injury/loss for a similar 
system.  Table 3 summarizes secondary production gains and key parameters for oyster reef restoration 
scaling models developed in two studies. Table 4 and 5 present production estimates and trophic transfer 
efficiencies for individual elements (e.g. macrobenthos) or pathways of the Oyster Reef Trophic Model 
(Figure 2). Lastly, Table 6 describes the length of time required to reach functional equivalency for 
individual metrics (e.g. oyster biomass, fish abundance). 
 
Table 2. Oyster reef restoration scaling of fish and invertebrates in compensation for oil spill injuries in 
the Patuxent River, Maryland (French McCay et al. 2002; French McCay and Jennings 2002).  Estimates 
of fish and invertebrate total injury used in scaling calculations include 217 kg (Small pelagic fish); 737 
kg (Large pelagic fish); 802 kg (Demersal fish); and 19,891 kg (Total fish and invertebrates). Total injury 
includes the biomass equivalent of the direct kill, and future growth of the killed animals, had there not 
been a spill (the production foregone). 

Restoration (m2) 
Ratio of Fish 
total injury 
(kg) per m2

Assumptions 

522 0.42 
Small Pelagic fish; Based on secondary (benthic) production 

gained, time to equivalence = 1yr, project life = 5 years; 
single seeding. 

8857 0.08 
Large Pelagic Fish; Based on secondary (benthic) production 

gained, time to equivalence = 1yr, project life = 5 years; 
single seeding. 

1928 0.42 
Demersal Fish; Based on secondary (benthic) production 
gained, time to equivalence = 1yr, project life = 5 years; 

single seeding. 

21,386 0.93 
Fish and invertebrates; Based on secondary (benthic) 

production gained, time to equivalence = 1yr,  
project life = 5 years; single seeding. 

 
Table 3. Estimates of secondary production gains and key parameters for oyster reef restoration scaling 
models. 

Restoration 
activity 

Time until 
service 

restored 

Lifespan of 
restored 
habitat 

Key factors Production Estimate Sources 

Oyster reef-
Quantitative 

valuation 
1 year 20-30 years 

Off-reef 
densities were 

subtracted from 
oyster reef 

densities for 
each species 

P=2.6 kg fish and 
large mobile 

crustaceans/10m2/yr 

Peterson et 
al. 2003 

Oyster reef- 
Patuxent 

River trophic 
model 

1 year 

5 years—(10 
years if 

reseeded 
after 5 years) 

Single Seeding 
on existing 
oyster rock 

P=365.9 g oyster, 
mud crab, grass 

shrimp and small 
crustaceans/m2/5years 

French 
McCay et 
al. 2002 
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Table 4. Secondary production (SP) estimates for the Oyster Reef Trophic Model. 
Species & Location SP (g DW/m2yr) Sources 

Fish (recruitment or growth 
enhanced) and large mobile 

crustaceans* 

2600 per 10m2 of 
restored reef Peterson et al. 2003 

Key benthic biomass (Oyster, 
mud crab, grass shrimp and 

small crustacean) 
365.9 (over 5 years) French McCay et al. 2002 

Oyster 188.41g/m2/yr French McCay et al. 2002 
*Peterson et al. (2003) distinguishes recruitment-enhanced from growth-enhanced species. Recruitment-enhanced 
species are those having early life stages showing almost exclusive association with shell bottom, for example stone 
crabs, sheepshead, blennies/gobies, skilletfish, gray snapper, gag, toadfish and tautag. Growth-enhanced species 
consume relatively more bottom-enhanced species than other sources, including bay anchovy, black sea bass, 
sheepshead minnow, spottail pinfish, silversides, white perch, pigfish and southern flounder.  
 
Table 5. Trophic transfer efficiencies calculated relative to benthic detritivores.  If a consumer is in the 
same trophic level as detritivores, the transfer efficiency is indicated as 100%, or equivalent in value. 
Associated letters of described pathways are depicted on the Oyster Reef Trophic Model (Fig. 2). 

Letter Trophic Step Ecological 
efficiency (%) Source 

A Phytoplankton  Oyster 
Trend
↑oysters 

↓phytoplankton 

see Smaal and Prins 1993; and Dame 
1996, for reviews 

B 
Benthic 

microalgae/diatoms  
Oyster 

Trend 
↑oysters 
↑diatoms 

Ulanowicz and Tuttle 1992 

C Oyster reef Epibenthic 
Macroinvertebrates  100 

French McCay et al. 2002; Peterson et 
al. 2003--used contrasts between off-

reef and on-reef densities for estimating 
quantitative augmentation. 

D Oyster reef  
Fish/invertebrates (resident) 20 

French McCay et al. 2002 (based on 
review of literature for marine and 

freshwater environments) 

E 
Fish/invertebrates  

Recruitment-enhanced 
fish/invertebrates 

20 
French McCay et al. 2002 (based on 
review of literature for marine and 

freshwater environments) 

F 
Fish/invertebrates  

Growth-enhanced 
fish/invertebrates* 

20 
French McCay et al. 2002 (based on 
review of literature for marine and 

freshwater environments) 

G Fish Large pelagic finfish 4 
French McCay et al. 2002 (based on 
review of literature for marine and 

freshwater environments) 

H Fish/invertebrates  
Birds/Mammals 2 

French McCay et al. 2002 (based on 
review of literature; noted range was 1-

5%) 
*Estimates of enhanced density and production for growth-enhanced fish/invertebrates include an Index of Reef 
Exclusivity which accounts for estimates of species utilization of food resources associated with oyster reef 
compared to resources from adjacent non-reef habitat (from Peterson et al. 2003) 
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Table 6. Times for functional equivalency and expected lifetime  
Measure of equivalence Time to equivalence Sources 

Oyster Community 
Biomass/Abundance 3-5 years Harding et al. 1999 

Harvestable Size 2 year Meyer and Townsend 2000 
Upper Trophic Communities (invertebrates, fish, birds) 

Fish/mobile crustacean abundance 1 year Peterson et al. 2003; Grabowski 
2002 

Faunal community* 3-5 years Harding et al. 1999 
Sessile benthic invertebrates and 

small mobile crustaceans abundance 1 year Grabowski 2002 

*Select species in upper trophic levels (crabs, fish and birds) observed using and living in the reef and adjacent 
habitats 

 17



Figure 1. Current and Targeted Oyster Reef Restoration Sites. Locations of oyster reef restoration 
activities from 1998 through 2005 (VMRC 2005) and targeted sites (CCRM 2002) for future reef 
restoration are shown.  Target sites were based on Baylor grounds and bottom type data. 
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Figure 2. Generalized Oyster Reef Secondary Production Trophic Model. Energy flow is indicated by the 
direction of the arrow.  The letters correspond to transfer efficiencies in Table 5. 
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Submerged Aquatic Vegetation (SAV) Restoration Option – 
Zostera marina, Ruppia maritime, Vallesanaria americana, Naias minor, Ceratophyllum 

demersum, Elodea canadensis, Zannichellia palustris, Naias guadalupensis and Naias flexis 
 
Historic SAV distribution 
SAV species distribution is primarily regulated by water salinity; therefore, plant species differ among 
sites.  Surry generating station is located in the mesohaline region of the James River, but historically 
SAV in this region is located in the more freshwater tributaries of the James River; therefore, only 
oligohaline/freshwater species have been found there.  Chesapeake and Yorktown generating stations are 
located in the polyhaline region of the Elizabeth and York Rivers (respectively) and tend towards more 
marine SAV species. 
 
Historic analysis of aerial photos (dating to 1937) of the region surrounding the Surry Generating Station 
(Moore et al., 1999) shows SAV beds located in several tributaries of the James River, but has found no 
SAV on either shoreline of the James River.  On the south shore of the James River, SAV has been found 
in Upper Chippokes Creek since at least 1937.  Species found there today include C. demersum and N. 
minor.  A 1998 field survey also found SAV present in two other south shore tributaries, Dark Swamp 
Creek and Chippokes Creek, both of which are close to the generating station.  On the north shore of the 
James River, only small patches of SAV appear in aerial photos (dating to 1937); however, a 1998 field 
survey found SAV in Skiffes Creek (Z. palustris), Gray’s Creek (C. demersum), Powhatan Creek (N. 
minor) and the Chickahominy River (C. demersum, N. minor, E. canadensis, V. americana, N. 
guadalupensis and N. flexis).  
 
Historic analysis of the lower Elizabeth River, the location of the Chesapeake Generating Station, showed 
no SAV beds in the period from 1937-1968 (Moore et al. 1999).  However, SAV beds were found on the 
north shore of the James River, across from the mouth of the Elizabeth River.  Moore et al. (1999) 
hypothesized that the north shore of the James may be a better location for SAV beds due because the bay 
water (which tends to be less turbid than the river water) enters the river along this shoreline.  The lower 
turbidity along the north shore allows more light to penetrate the water column, a key requirement for 
SAV growth.  In this location, both Z. marina and R. maritime are found, although Z. marina tends to be 
dominant.     
 
The Yorktown Generating Station is located in the polyhaline region of the York River, near the mouth of 
the river.  Aerial photographs from the 1930s-1971 show extensive SAV beds growing on both sides of 
the York River in the polyhaline reaches of the river (Moore et al. 2001).  Current distribution maps show 
patches of low density (10-40% coverage) SAV beds immediately adjacent to the generating station and 
larger, denser patches downriver (http://www.vims.edu/bio/sav/sav04/segments/yrkph_page.html).  Due 
to the high salinity at this station, the SAV beds are predominately composed of Z. marina.   
     
Value of SAV restoration 
Marine SAV beds (seagrasses) have been considered as a restoration option for environmental incidents 
even when no SAV beds were impacted because of their value as a nursery habitat and foraging grounds 
for fish.  It has been suggested that restoration of seagrass beds may be more productive than salt marsh 
restoration in temperate zones (French McCay and Rowe 2003).  SAV may also play a role in improving 
water quality by stabilizing sediments and damping wave movement.   
 
The value of seagrass beds in temperate regions as nursery habitat for commercially and recreationally 
important fish species has been questioned due high numbers of many SAV-associated fish species in 
surveys of unvegetated areas (Heck and Thoman 1984; Wyda et al. 2002).  However, most benthic 
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species are more abundant in vegetated areas than unvegetated (Wyda et al. 2002) and summer flounder 
was found to be twice as abundant in SAV beds compared with unvegetated areas (Heck and Thoman, 
1984).   It also seems clear that SAV beds serve as foraging sites for fish, such as sea trout and bluefish 
(Heck and Thoman 1984), silver perch, black sea bass and feather blenny (Orth and Heck 1980).  This 
suggests that SAV beds serve an important role as a food source for commercially and recreationally 
important fish species, and therefore are connected to their population dynamics.  
 
Freshwater SAV has been shown to be used as a nursery area by certain recreational species, such as 
bluegills and pumpkinseeds (Rozas and Odum 1987).  It also serves as habitat for many forage fish, 
which in turn serve as prey for commercially important fish species, such as largemouth bass, yellow 
perch and white perch (Rozas and Odum 1987).  Although the connection between the SAV beds and the 
commercially important fish species is somewhat indirect, it may be essential in the recruitment of some 
juvenile commercial species to adult stock (Aggus and Elliott 1975; Gutreuter and Anderson 1985).          
 
There are currently active and on-going SAV restoration projects throughout the Chesapeake Bay and 
within the targeted watersheds; therefore, SAV restoration may be a viable option for the targeted 
generating stations: Surry, Chesapeake and Yorktown (Figure 1).  All three targeted generating stations 
are near areas designated as 2010 restoration goals, although the restoration goals for the Chickahominy 
River (near the Surry Generating Station) are not shown on the map (Moore et al., 1999). However, it is 
important to note that the health and longevity of a restored SAV bed is subject to changes in water 
quality and therefore may be difficult to predict.  In addition, certain SAV bed functions (such as refuge) 
may be dependent on patch size and grass bed density; therefore, these parameters should be considered 
in any restoration project.    
    
Nekton species linked with SAV  
Many species of nekton have been linked to SAV beds, however, Table 1 (below) only shows species 
impinged or entrained from the polyhaline and two mesohaline power plants.   
 
Most of the species below have been found in surveys of SAV faunal communities in Virginia or the 
Chesapeake Bay.  Only two species (the rough silverside and the American shad) were not found in 
Virginia or Chesapeake Bay SAV beds.  The surveys indicate which species are found in the beds; 
however, they do not indicate the level of dependence that the species have on SAV beds.  Some species 
may depend on the beds for food or protection, while other species may be generalist and feed both inside 
and outside of the beds.  For many species, their level of dependence may change as they age.  Young 
blue crabs are found in much higher numbers in SAV beds than in unvegetated areas, although the same 
is not true of the adults (Heck and Thoman 1984).   
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Table 1. Species targeted for restoration and links to SAV ecosystems. SAV vegetation types from the 
surveys have been included so that nekton can be linked to restoration of specific SAV communities.  For 
the most part, studies reviewed have been limited to the greater Chesapeake Bay watershed; however, 
although V. americana communities are found in Virginia, studies of their nekton were limited.  
Therefore, the study cited (Rozas and Minello 2006) was conducted in Louisiana and may not be directly 
applicable to Virginia V. americana communities. 

Mesohaline -- Surry 
Species Scientific name Vegetation2 Sources 

Bay Anchovy Anchoa mitchilli Z, V 

Orth and Heck 1980; Heck and 
Thoman 1984; Wyda et al. 2002; Rozas 
and Minello 2006 

Naked Goby (goby 
spp.) Gobiosoma bosci Z, R, V, FW 

Orth and Heck 1980; Heck and 
Thoman 1984; Wyda et al. 2002; Rozas 
and Minello 2006; Rozas and Odum 
1987 

Blue Crab Callinectes sapidus Z, V, FW 

Hovel and Lipcius 2001, 2002; Hovel 
and Fonseca 2005; Rozas and Minello 
2006; Rozas and Odum 1987 

Atlantic Croaker Micropogonias undulatus Z, R 
Orth and Heck 1980; Heck and 
Thoman 1984; Wyda et al. 2002 

Dorosoma spp (e.g. 
gizzard shad) Dorosoma spp. Z Wyda et al. 2002 

Inland Silverside Menidia beryllina Z, R, FW 
Orth and Heck 1980; Heck and 
Thoman 1984; Rozas and Odum 1987 

Rough Silverside Membras martinica NF Not found in Virginia studies reviewed 

Silver Perch Bairdiella chrysoura Z, R 
Orth and Heck 1980; Heck and 
Thoman 1984; Wyda et al. 2002 

Feather Blenny Hypsoblennius hentzi Z, R 
Orth and Heck 1980; Heck and 
Thoman 1984; Wyda et al. 2002 

White Perch Morone americana Z, R  Heck and Thoman 1984 
    

Polyhaline – Chesapeake and Yorktown 
Species Scientific name Vegetation2 Sources 

Bay anchovy1 Anchoa mitchilli Z 
Orth and Heck 1980; Heck and 
Thoman 1984; Wyda et al. 2002 

Atlantic Croaker Micropogonias undulatus Z, R 
Orth and Heck 1980; Heck and 
Thoman 1984; Wyda et al. 2002 

Blue Crab Callinectes sapidus Z, R Heck and Thoman, 1984 

Naked Goby (goby 
spp.) Gobiosoma bosci Z, R, V, FW 

Orth and Heck 1980; Heck and 
Thoman 1984; Wyda et al. 2002; Rozas 
and Minello 2006; Rozas and Odum 
1987 

Blueback herring Alosa aestivalis Z, R Heck and Thoman 1984 
Weakfish Cynoscion regalis Z Wyda et al. 2002 

Spot1 Leiostomus xanthurus  Z, R 
Orth and Heck 1980; Heck and 
Thoman 1984; Wyda et al. 2002 

Atlantic menhaden Brevoortia tyrannus R 
Orth and Heck 1980; Heck and 
Thoman 1984  

Inland Silverside Menidia beryllina Z, R, FW 
Orth and Heck 1980; Heck and 
Thoman 1984; Rozas and Odum 1987 

Silver perch Bairdiella chrysoura Z, R 
Orth and Heck 1980; Heck and 
Thoman 1984; Wyda et al. 2002 

Feather Blenny Hypsoblennius hentzi Z, R 
Orth and Heck 1980; Heck and 
Thoman 1984; Wyda et al. 2002 
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Table 1. continued 

Atlantic silverside 
(Yorktown site only) Menidia menidia Z, R 

Orth and Heck 1980; Heck and 
Thoman 1984 

Hogchocker1 Trinectes maculatus Z, R 
Orth and Heck 1980; Heck and 
Thoman 1984; Wyda et al. 2002 

Red drum Sciaenops ocellatus Z Orth and Heck 1980 
Blackcheek tonguefish Symphurus plagiusa Z Wyda et al. 2002 
American shad Alosa sapidissima NF Not found in Virginia studies reviewed 

Oyster toadfish Opsanus tau Z, R 
Orth and Heck 1980; Heck and 
Thoman 1984; Wyda et al. 2002 

1 Note: The following species were found in greater abundance in unvegetated areas relative to SAV beds: Spot 
(Heck and Thoman 1984; Wyda et al. 2002), Bay anchovy (Orth and Heck 1980; Wyda et al. 2002; Rozas and 
Minello 2006); Hogchocker (Wyda et al. 2002)  
2 Vegetation types key: Z= Z. marina; R= R. maritime; V= V. americana (this study was not in the Chesapeake Bay 
or a Virginia watershed); FW = freshwater assemblage including: C. demersum, N. minor, N. guadalupensis; NF= 
not found in any of the references 
 
 
SAV restoration projects for mitigation 
Marine SAV species (primarily Z. marina in Virginia) have been used for mitigation projects and 
therefore, trophic models have been developed and work has been done to quantify the links to nekton 
and annual production of the ecosystem.  In tidal freshwater areas however, most of the restoration 
emphasis has been on tidal marsh restoration, not SAV.  Therefore, the discussion below of SAV 
restoration projects for mitigation focuses on the expected production of and trophic links in a marine 
SAV bed.  It is expected that the trophic structure in freshwater SAV beds would be somewhat different, 
with less reliance on epiphytes and a greater reliance on plant production and possibly allocthanous inputs 
since freshwater SAV beds tend to be found in smaller streams with tighter land-water connections.  
 
Two main methods of linking fish production to habitat have been used in SAV beds.  One approach uses 
estimates of primary production and trophic transfers to calculate nekton production per square meter of 
restored SAV.  The other method uses estimates of secondary production and trophic transfers to calculate 
nekton production per square meter of restored SAV.  This second method recognizes that SAV beds 
provide benefits that are not directly related to primary production (such as refuge from predation). 
 
Both vascular plants (indirectly) and epiphytic algae are sources of food in SAV ecosystems.  Direct 
grazing on eelgrass is considered to be a relatively unimportant pathway (French McCay and Rowe 
2003), most of the organic matter produced by eelgrass decomposes and enters the trophic model through 
a detrital pathway (Thayer et al. 1984), where plant production is decomposed by fungi and microbial 
decomposers, which are consumed by macroinvertebrates before being consumed by small fish and 
decapods.  The model of the detrital pathway and the transfer efficiencies based on it have not been well 
studied, therefore, in this model the are based on similar processes in salt marsh ecosystems.   Epiphytic 
algae provide a more easily assimilated from of primary production in the eelgrass beds and are an 
important source of trophic energy.  Figure 2 shows a generalized SAV bed trophic web.  It is possible 
that energy can go through additional steps, which would further reduce the final energy transfer from 
primary producers to fish. 
 
Table 2 describes reported ratios of restored habitat to fish/invertebrate injury/loss for a similar system.  
Tables 3 – 5 are all related to the eelgrass food web (Figure 2), and provide starting production numbers 
and trophic transfer efficiencies necessary for the model.  Finally, Table 6 describes the length of time to 
reach functional equivalency for individual measures of equivalence (e.g. grass biomass, fish abundance). 
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Table 2. SAV bed restoration scaling of fish and invertebrate kill resulting from the North Cape oil spill 
(French McCay and Rowe 2003; Total injury = 1,718 * 103). 
Restoration (ha) Ratio (injury (kg) /m2)1 Assumptions 

125 1.37 
Based on PP gained, time to equivalence = 3yr, 

project life = 10 years 

68 2.53 
Based on PP gained, time to equivalence = 3yr, 

project life = 20 years 

87 1.97 
Based on SP gained, time to equivalence = 3yr, 

project life = 10 years 

47 3.66 
Based on SP gained, time to equivalence = 3yr, 

project life = 20 years 
1Note: this ratio includes calculations for production forgone from the species killed  
 
Table 3. Estimates of primary production (PP) for the Eelgrass Trophic Model 

Species & Location PP (g DW/m2yr) Sources 
Zostera marina, RI 1423 Thorne-Miller and Harlin 1984 
Benthic microalgae, SC 124 Sullivan and Currin 2000 
Sediment microalgae, CB 117.9 (g C/m2yr) Buzzelli et al. 1998 
Epiphytic microalgae, CB 62.2 (g C/m2yr) Buzzelli et al. 1998 
Total microalgae, CB 400 Buzzelli et al. 1998 
 
Table 4. Estimates of secondary production (SP) for the Eelgrass Trophic Model 

Species & Location SP (g DW/m2yr) Sources 
Macroinvertebrates, CB 24.6 Fredette and Diaz 1990 
Blue crabs, CB 7.7 Fredette and Diaz 1990 
Total secondary  200 Fredette and Diaz 1990 
 
Table 5. Estimates of trophic transfer efficiencies for the Eelgrass Trophic Model (see Figure 2).   
Letter Trophic step Transfer efficiency (%) Sources 

A Plant  Detritovores 0 (relatively unimportant) French McCay and Rowe 2003 
B Epiphytes  Detritovores 10 French McCay and Rowe 2003 

C1 Plant  Fungi 100 Thayer et al. 1984 
C2 Epiphytes  Fungi 50-60 French McCay and Rowe 2003 
D Fungi  Invertebrates 20 French McCay and Rowe 2003 
E Fungi  Microbial 20 French McCay and Rowe 2003 
F Microbial  Invertebrates 20 French McCay and Rowe 2003 
G Invertebrates  small fish 10 Pauly and Christensen 1995 
G Invertebrates  small fish 27.1 Jennings et al. 2002 
G Invertebrates  small fish 20 French McCay and Rowe 2003 
H Small fish  large fish 3.7-12.4 Jennings et al. 2002 
H Small fish  large fish 4-10 French McCay and Rowe 2003 
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Table 6. Times for required for the level of a particular function in a restored habitat to reach equivalence 
to the level of function in the natural habitat. 

Grass community 
Measure of equivalence Time to equivalence Sources 

Biomass 3 years Evans and Short 2005 
Habitat structure 3 years Evans and Short 2005 
Shoot density 1 3 months Evans and Short 2005 

Infaunal community 
Measure of equivalence Time to equivalence Sources 

Infauna richness 2 years Evans and Short 2005 
Faunal community2 3-5 years Sheridan et al. 2004 
Benthic invertebrates2 > 8 years Sheridan et al. 2004 
Faunal density and diversity 3 years Fonseca et al. 1996a, b 
Fish species richness 3-4 years Evans and Short 2005 
1This measure does not correlate closely with habitat use by nekton and therefore is not considered a good 
measure of equivalency 
2This study actually looked at shoal grass, not a community found in the Chesapeake Bay watershed 
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Figure 1. SAV Distribution (VIMS 2004) and Restoration Goals (CBP 2003).  Locations of SAV beds 
from a 2004 aerial survey of the Chesapeake Bay watershed and the areas targeted for SAV bed 
restoration in the 2010 Chesapeake Bay restoration goals are shown.  Although not shown on the map, in 
the Chickahominy River, there is a restoration goal of 91 ha of SAV (Moore et al. 1991).    
 



Figure 2. Generalized Eelgrass Bed Trophic Model.  Energy flow is indicated by the direction of the arrow.  The letters correspond to transfer 
efficiencies in Table 5.  There are multiple pathways of energy flow that lead from primary producers to nekton.  
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Appendix A: Examples of Available Equivalency Models 
 

Scaling 
Method Description Notes Case Study 

Habitat 
Replacement 
Cost (HRC) 

Consider I&E losses in terms of habitat needed 
to produce ecologically equivalent organisms. 
Based on established scaling methods such as 
HEA and REA. Requires information on rates 
of growth, mortality and reproduction of the 
species lost to calculate metrics such as 
production foregone and express specific 
lifestage losses. Species-specific. 

Most useful when there is species life history data or 
accurate production rate estimates for the restored 
habitats; can provide more accurate estimates of the 
scale of restoration based on species-specific production 
rates. Able to address losses and gains through time; 
therefore requires info on rates of production or 
recruitment associated with restored habitat. 

1) Delaware I&E mortality compensation with salt 
marsh restoration-hypothetical scenario (Strange et al. 
2004a); 2) Moss landing, California goby spp. 
entrainment compensation with littoral zone 
restoration (Strange et al. 2004b) 

Resource 
Equivalency 

Analysis 
(REA) 

Numbers of organisms lost and gained (or 
their services) are compared directly. 

Must differentiate organism losses and gains from 
population fluctuations. 

1) Overview of REA and HEA (Dunford et al. 2004); 2) 
San Francisco Bay Oil spill impact scenarios--seabird 
restoration (McCay et al. 2004). 

Habitat 
Equivalency 

analysis (HEA) 

Habitats lost and gained (or their services) are 
compared directly. 

Must convert acreage of habitat into percentages of 
services lost or gained. 

1) Overview of application to Salt Marshes (Strange et 
al. 2002); 2) Overview with hypothetical scenarios 
(DARP and NOAA updated 2006); 3) Florida seagrass 
beds (Fonseca et al 2000); 4) Overview of REA and HEA 
(Dunford et al. 2004); 5) San Francisco Bay Oil Spill 
scenarios--salt marsh restoration (McCay et al. 2004) 

Habitat 
Production 
Foregone 

(HPF) 

Consider I&E losses in terms of habitat needed 
to produce ecologically equivalent organisms. 
Similar in concept to the HRC but uses a 
subset of "target" species only. 

Most useful when there is a lack of species life history 
data or accurate production rate estimates for the 
restored habitats. Assesses a subset of species and uses 
average Proportional mortality (PM) loss rate to 
estimate the amount of habitat from which production 
is lost. Common criticisms include 1) nontargeted 
species not assessed and 2) no estimation of indirect 
impacts (e.g. food web effects). 

1) Moss Landing, California I&E mortality 
compensation with wetland restoration (Tenera 2000; 
Strange et al. 2004b). 
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d Description Notes Case Study 

 

Scaling 
Metho

Bioenergetic 
Models: 
Trophic 

Modeling and 
Secondary 
production 
estimates 

Estimates secondary production likely to 
result from primary production or secondary 
benthic production in the restored habitat 
based on food chain transfers 

Estimates productivity gains by group (e.g. small 
nekton; large nekton; benthic macrofauna). It balances 
losses with trophically equivalent production, 
discounting future gains in compensatory production 
relative to present losses. Applied to salt marshes; 
seagrass beds and oyster reefs. 

1) North Cape Oil Spill-seagrass and salt marsh 
restoration (McCay and Rowe 2003); 2) Patuxent River 
Oil Spill, Maryland-oyster reef and salt marsh 
restoration (French McCay et al. 2002, French McCay 
and Jennings 2002); 3) Quantitative valuation-oyster 
reefs (Peterson et al. 2003); 4) PSEG I&E mortality 
compensation-Delaware Bay Salt Hay Farm Wetland 
Restoration (PSEG 2006, Weinstein et al 1997, 2001); 5) 
Sapelo Island, Georgia P/B estimates and trophic 
modeling (Kneib 2003). 

Bioenergetic 
Models: 

Standing Stock 
biomass with 

P:B ratios 

Estimate fish productivity using estimates of 
standing stock biomass combined with 
production to biomass (P:B) ratios from local 
field studies or literature.   

If P:B ratios are unavailable, abundance estimates can 
be used as a proxy for productivity assuming P:B ratio 
of 1. 

1) Sapelo Island, Georgia--Intertidal marshes (Kneib 
2003); 2)Eastern Canada, 79 FW fish in relation to 
habitats: coastal wetlands (with submerged 
macrophytes), harbor breakwalls, and exposed 
shorelines adjacent to the harbors (Randall and Minns 
2000). 
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