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1. Introduction

The complexity of managing natural resources generally

increases with human population growth, the scale of

infrastructure development, and the breadth of the potential

impacts. In Virginia’s coastal plain, as with the greater

Chesapeake Bay watershed, the human population is pro-

jected to increase significantly over the next few decades

(Chesapeake Executive Council, 1988; Chesapeake Bay Pro-

gram, 2003). In response to this projected population influx

and the need to address water supply and infrastructure

requirements to support economic growth, a controversial

potable water reservoir was proposed by a coalition of coastal

plain localities (Olney et al., 2006). Virginia’s decentralized

natural resource management structure provided a unique

opportunity to separate the issues of the need for the reservoir

and the impacts to natural, cultural, and societal resources

resulting from the footprint of the reservoir from the issue of

the potential impacts to estuarine nekton from the operation

of the raw water intake array.

The intake array was proposed for construction and

operation in a relatively undeveloped freshwater reach of a

major estuarine tributary—the Mattaponi River in the York

River Watershed (Fig. 1). Approximately 16% (about 850 million

cubic meters) of the total volume of Virginia’s tidal tributaries

were fresh water in 1971 (Cronin, 1971; Olney et al., 1991), and

these areas are subject to perpetual decrease from salt water

intrusion resulting from global warming and sea level rise
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The inevitable need for freshwater to support the projected population growth along the

ocean coast is an emerging issue of potential consequence to adjacent estuaries. A large and

controversial water withdrawal/reservoir project in Virginia’s coastal plain was the basis of

science–management interactions that quantified the vulnerability of tidal freshwater

nekton for a series of water withdrawal scenarios. Through progressive iterations of the

regulatory review process, which in Virginia includes academic reviews of all aspects of

projects proposed to affect the marine and estuarine environment, we developed a novel

approach to modeling entrainment probabilities applicable to situations that lack a locally

validated hydrodynamic model. The science/management interplay ultimately resulted in

surface water allocation strategies that are balances to society and the affected natural

environment. Model results showed that the probability of encounter (contact between an

egg or larva and one or more units of the intake array) ranged from 1.71% under the

conditions of a high river flow and low withdrawal rate to 99.99% under the conditions

of a low river flow and high withdrawal rate. The collective body of scientific information

was incorporated into regulatory conditions placed on water withdrawals that are designed

to protect at least 95% of early life history stages within the intake array’s zone of influence.
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(Titus et al., 1991). Although a limited habitat type in the lower

Chesapeake Bay, these areas provide critical habitat for fish

populations with great commercial, recreational, and ecolo-

gical importance (Olney et al., 1991; Bilkovic, 2000; Bilkovic

et al., 2002a,b; Wilhite et al., 2003; Hoffman, 2006). White

perch (Morone americana), yellow perch (Perca flavascens),

striped bass (Morone saxatilis), river herrings (blueback herring

(Alosa aestivalis) and alewife (Alosa pseudoharengus)), and

American shad (Alosa sapidissima) were species of concern

due to their local importance and the information base

available from recent studies and long-term monitoring

programs. The initial concerns for the potential to adversely

affect these species was significant given that even absent

anthropogenic pressures fish reproduction and recruitment

success is determined by broad and highly variable natural

environmental and ecological factors, and the makeup of the

adult population often depends on the contributions of a

small number of year classes (Houde, 1987, 1989). American

shad soon became the primary focus of the controversy due to

its regional importance, recent stock status, and the historical

involvement and investments of federal, state, local, and

tribal governments.

2. Summaries of available data

Biological data presented to the managers included a time

series of juvenile abundance indices for the species of concern

(Fig. 2), and additional information on the egg and larval stages

of American shad (Olney et al., 2006). American shad stocks

are of particular concern in the Chesapeake Bay, and coast-

wide. The most recent Atlantic States Marine Fisheries

Commission stock assessment (ASMFC, 1999) reported evi-

dence of recent and persistent stock declines in the York River,

but no clear evidence of recruitment failure. A harvest

moratorium for American shad has been in place since

1994, and there have been steady and focused efforts to

restore stocks for a number of years. Due in large part to these

management efforts the York River shad stock is considered to

be strengthening, but below the level of full recovery.

The Mattaponi River egg and larval distribution data of

Bilkovic (2000) were used to examine the importance of the

intake project area as a spawning and nursery habitat. These

data were reported to natural resource managers in forms that

could be directly interpreted and understood at various scales

of interest (Table 1 and also the analyses of Olney et al., 2006).

Fig. 1 – Location of the six-unit intake array in the Mattaponi River, Virginia, USA. Scale: 1 in. = 7.6 km.
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These data show American shad, river herrings, and the

perches to be the most susceptible to potential impacts from

the intake array. Striped bass were shown primarily to use

spawning areas a sufficient distance downriver to greatly

reduce potential impacts.

The density data were further used to estimate mortality

from intake array operation. While it is difficult to predict the

absolute abundance of fish eggs or larvae that would

encounter the intake array, reasonable estimates can be

derived from available distribution and abundance data as

Table 1 – Maximum observed and average densities of ichthyoplankton

Species/stage Maximum observed density (#/100 m3) Average density (#/100 m3)

Entire sampling area Intake zone only Entire sampling area Intake zone only

American shad eggs 5.77 3.49 0.58 0.28

American shad larvae 16.29 16.29 1.13 2.40

Striped bass eggs 39.83 1.39 5.97 0.09

Striped bass larvae 398.61 84.53 32.90 6.42

Herring eggs 474.91 7.46 11.51 0.52

Herring larvae 116.45 116.45 13.74 21.35

White perch eggs 19.92 10.24 2.07 0.99

White perch larvae 578.06 578.06 64.81 59.44

Yellow perch larvae 94.46 94.46 8.03 10.69

Data are from 3 years of spring collections on the Mattaponi River.

Fig. 2 – Juvenile abundance indices from the Mattaponi River for (A) white perch, (B) yellow perch, (C) striped bass, (D)

blueback herring, (E) alewife, and (F) American shad.
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well as the physical characteristics and life histories of the

taxa of concern. The average loss of eggs and larvae (Q) was

estimated as follows:

Q ¼ pumping rate� ðconcentration of fish larvae or eggsÞn

� ð1� efficiency of fish larvae or eggs escaping from

the pumping deviceÞ (1)

The exponent n is dependent on the density, size, and beha-

vior of the fish eggs/larvae and is a power function of the

concentration, which can be obtained by fitting a log-trans-

formed linear equation to the data (see Kelso and Milburn,

1979). For neutrally buoyant eggs and larvae, n = 1, meaning

that the concentration is not modified by physical character-

istics. As eggs and larvae develop, the likelihood increases that

they will be carried by the inertia force created by the ambient

tidal current. Thus, we judged that these larger and older

stages would be less likely influenced by the withdrawal

(n < 1). Conversely, n > 1, eggs and larvae are more vulnerable

to entrainment/impingement given the same flow rate. Since

larval stages of American shad and river herrings are weak

swimmers with thin, thread-like and fragile bodies, their

vulnerability to impingement and entrainment during

encounters with the intake array is increased. We considered

it highly probable that contact with a single intake within the

array, or multiple contacts with more than one intake within

the array, would result in mortality to these life stages (related

supporting evidence since has been published; see Swanson

et al., 2005). The eggs of these species are not fully neutrally

buoyant, and physical forcing (currents and fronts) and

spawning behavior can accumulate fish eggs in vertical con-

centrations. Therefore, we assigned n = 1 to Alosa spp. eggs to

provide a conservative estimate of withdrawal impacts, which

also served to offset the probability that Bilkovic’s (2000)

sampling design may have resulted in an underestimation

of egg and larval densities.

The efficiency factor is a function of intake design, the

ability of eggs and larvae to resist the force exerted by the

pumping, and other unknown factors such as the turbulence

level and current direction. The eggs and early larval stages of

the species of concern generally are free floating or have

minimal swimming ability, as do many fish species that

exploit estuaries for spawning and nursery habitat (Turn-

penny, 1983). Since n was assigned the value of one, we chose

to assign the efficiency factor a conservative value of zero.

Thus, for our purposes Eq. (1) simplified to Q being the product

of the pumping rate and the concentration of fish larvae or

eggs. Values for the estimated average daily loss (Q) under two

proposed withdrawal scenarios were presented to natural

resource managers (Table 2).

These data and the analyses of Olney et al. (2006) showed

that the intake array was sited in an area of the Mattaponi

River most likely to maximize the mortality of fish eggs and

larvae. As a result, the authors recommended relocating the

intake array to an area of lesser concern within the Mattaponi

River, or to the Pamunkey River, which is the other primary

tributary to the York River. This recommendation also was

supported by data showing the contributions of the Matta-

poni River to the York River population of American shad

exceeded the contributions of the Pamunkey River (Wilhite

et al., 2003).

Through efforts to address potential compensatory mitiga-

tion strategies the probability of loss became the focus of the

applicant and the authors. Our ensuing review and analysis

resulted in a probability model of interaction between passive

water column particles and the intake array, which has

application to similar situations in other tidal headwaters. The

probability of loss analyses were developed as responses to

supporting material provided by the applicant to the regula-

tory agency as part of the permit review process. Therefore,

our methods were not developed to support a hypothesis, but

were process-based and designed to provide natural resource

managers with information that directly addressed specific

elements of the probable effects of intake array operation.

Table 2 – Estimated daily average loss during the
spawning season from maximum expected and normal
withdrawal scenarios

Species/stage Estimated
average daily

loss under
maximum
withdrawal

Estimated
average daily

loss under
normal

withdrawal

American shad eggs 795 153

American shad larvae 6,802 1,315

Striped bass eggs 255 49

Striped bass larvae 18,202 3,519

Herring eggs 1,477 285

Herring larvae 60,525 11,701

White perch eggs 2,805 542

White perch larvae 168,510 32,578

Yellow perch larvae 30,307 5,859

Numbers are based on the average number of eggs and larvae per

million gallons of water within the intake zone of influence (based

on average intake zone density).

Fig. 3 – Conceptual depiction of the applicant’s mixing cone. See text for the application of this concept to modeling the

probability of encounter with the intake array.
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3. Methods and process

We used existing information on the tidal hydrodynamics of

the Mattaponi River (presented and explained below), and

expanded on a concept-based analysis provided by the

applicants that supported the proposed intake array location.

The applicant’s supporting analysis attempted to fit a mixing

model for free-flowing rivers to this tidal situation. They

developed single-pass probabilities of encounter using a

reverse-dilution approach based on a model of complete

downriver mixing length from a point of release. Fischer et al.

(1979) defines the mixing length (L) as

L ¼ 0:1uW2

et
(2)

where u is the flow velocity, W is the channel width, and et is

the transverse mixing coefficient (0.0093 was used; after Jack-

man and Yotsukura, 1977 for the Potomac River, Virginia).

Under free-flowing conditions vertical mixing occurs 90 times

faster than transverse mixing (thus vertical mixing generally

is assumed to be instantaneous; Fischer et al., 1979), therefore

this exercise primarily estimated only reverse transverse mix-

ing (movement towards a single point versus movement away

from a single point). L was calculated for three flow velocities,

and then was used to define the upriver point at which the

water column was ‘‘mixed’’ across the entire width of the

Mattaponi River. L reportedly ranged from 0.37 to 2.25 km

upriver of the intake array. This mixing zone was further

assumed to decrease linearly until it reached the point of

the intake array, creating a symmetric cone of decreasing

surface area (the mixing cone, Figs. 3 and 4). Three distinct

withdrawal rates were applied to set distances between the

intake array and the extent of the mixing zone, and probabil-

ities of encounter with the intake array by passive particles

were calculated using the ratio between the width of the

mixing cone and the total width of the river as a percentage

of the withdrawal rate. Using this method the probabilities of

encounter (p(x, F, D) where x is the upriver distance, F is the

flow rate, and D is the withdrawal rate) beyond the mixing

length (L) were reported to be less than 10%, or ‘‘negligible.’’

We viewed this approach as an oversimplification of a com-

plex situation that did not provide the level of required accu-

racy for this scale of issue, and subsequently undertook an

enhanced approach.

The Mattaponi River tidal excursion modeling of Bilkovic

(2000) proved valuable to our review and analysis. Tidal

excursion is defined as the horizontal distance traveled by

water-born particles for an ebb cycle and is described as

TE ¼ 2
P

� �
ut þ

Q
A

� �
T
2

(3)

where TE is tidal excursion (m); ut is the maximum tidal

current (m/s); (2/P)ut is the average tidal current (m/s); T/2

is the ebb tidal cycle, equal to 6.21 h; Q is the median discharge

(m3/s); P is 3.14; A is the cross-sectional area (m2). Estimates

for the months of April and May were developed using max-

imum tidal current amplitudes acquired from long-term mon-

itoring stations within the watershed, and showed that the

hydrologic zone of influence stretches an estimated 2.5 nau-

tical miles (4.5 km) upriver and 2.5 nautical miles (4.6 km)

downriver of the intake array (Fig. 5). Therefore, a water

particle or other passive particle located within this five nau-

tical mile (9.3 km) area will be moved by tidal action to the

immediate area of the intake array at least once during each

tidal cycle.

Shen and Haas (2004), using real-time three-dimensional

modeling, quantified spatially varying transport processes of

dissolved particles in the York River watershed from the

headwaters to the Chesapeake Bay. This analysis can be

interpreted as determining the residence time of a particle

(water or other) or the spatially explicit particle exchange rate.

We coupled these results to the results of the tidal excursion

model and calculated the residence time of a passive particle

(eggs and larvae) within the hydrologic zone of influence. By

overlaying the residence time estimates for Shen and Haas’

(2004) low flow (3.5 cm/s), mean flow (14.4 cm/s), and high flow

(38.5 cm/s) regimes onto Bilkovic’s (2000) estimate of tidal

Fig. 4 – Geographic depiction of the applicant’s mixing

cone, shown for comparison with the conceptual depiction

in Fig. 3. Note the application of the conceptual design

with respect to river morphology.
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excursion we produced an estimate of the number of times an

egg or larva within the hydrologic zone of influence would be

at the intake array under these flow regimes. We were able to

show that an egg or larva would remain in the hydrologic zone

of influence under low flow conditions for 31.3 days and pass

the intake array 125 times, under mean flow conditions for

6.84 days and pass the intake array 27 times, and under high

flow conditions for 2.47 days and pass the intake array 10

times. These estimates subsequently were used to develop

cumulative entrainment/impingement probability estimates.

The single-pass probabilities, p(x, F, D), were based on the

fraction of the particles within the mixing cone, which assumed

that the particles outside of the mixing cone were not available

for interaction with the intake array. Our desire was to remove

unsupported assumptions and provide guidance on the fraction

of all particles, irrespective of their lateral position in the river,

with opportunities for interaction with the intake array.

We developed one-pass and multiple-pass models. The

single-pass probabilities ( p(x, F, D)) were used as a beginning

point of reference for those regulatory project reviewers and

decision makers with non-technical backgrounds, and as a

convenient way to show the limitations of that analysis. The

one-pass model, which subsequently was used as a basic

component of the multiple-pass model, assumed that the river

had a uniform depth, z, along its cross-section and that there

were n particles per unit area of cross-section. Therefore, the

total number of particles in a cross-section is nzW (where W is

the channel width), and the number within the hydrologic

zone of influence is:

nzWx
L

(4)

The number of particles eventually affected is defined as

nzWx
L

p (5)

Dividing this equation by the total number of particles

gives:

x
L

p (6)

or pall, which is the probability of effect on all particles up-flow

of the intake array. It is important to note that this provides a

conservative prediction due to the assumption of uniform

river depth. If the channel cross-section shelved towards

the banks, which generally is the natural configuration of river

systems, including the Mattaponi River, then the multiplying

Fig. 6 – Single-pass probabilities of encounter ( pall (%)) for

passive organisms for river flow regimes of (A) 0.25 ft/s

(7.6 cm/s), (B) 1.5 ft/s (45.7 cm/s), and (C) 3.0 ft/s (91.44 cm/

s). Water withdrawal scenarios 14.1, 33.2, and 75 million

gallons per day are shown for each river flow regime (see

box legend). Note the consistency in the probabilities with

respect to the distance from the intake array.

Fig. 5 – Results of Mattaponi River tidal excursion modeling

using April and May discharge data from 1942 to 2000. The

result of this analysis was used to define the hydrologic

zone of influence for passive organisms from the six-unit

intake array as explained in the text.
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factor would be larger than x/L. Consequently, pall would be

larger.

The tidal excursion and residence time model results

required that we represent the probability of a particle

encountering the intake array sometime during its multiple-

passes. The probability of a particle not being affected during a

single pass is (1 � pall). The probability of a particle not being

affected in all v passes, if it is assumed that the value for pall is

constant for each pass, is (1 � pall)
v. Thus, the cumulative

probability of being affected during the v passes (Pv) is

(1 � (1 � pall)
v).

Values for Pv were calculated for the matrix of the

withdrawal rates and flow scenarios used for the single-pass

probabilities, and incorporated the values for v as 125, 27,

and 10 for low flow, mean flow, and high flow conditions,

respectively.

4. Results

4.1. Technical

The results of the single-pass probabilities, pall, are shown in

Fig. 6. The critical observations of these data are that the

probability of encounter shows little variation with respect to

the distance from the intake array. Therefore, the probability of

encounter essentially is independent of the up-flow distance.

The results of the multiple-pass probabilities are shown in

Table 3 and Fig. 7. Estimated cumulative probabilities of

encounter show an intuitive pattern of increasing probability

with an increasing withdrawal to flow ratio. Our values ranged

from a low of 1.71% probability of encounter under a high flow,

low withdrawal rate condition to a 99.99% probability of

encounter under a low flow, high withdrawal rate condition.

Our probability-based approach provided natural resource

managers with information demonstrating the likelihood of

adverse impacts resulting from river water harvest under a

suite of river flows and withdrawal rates. The intake array was

shown to affect an area of the Mattaponi River of significant

value to the early life stages of fish that exploit tidal

freshwater.

4.2. Management

The project ultimately was approved, but with mitigating

conditions tied to the operation of the intake array that are

planned to significantly reduce the probability of adverse

impacts. It is a common management practice to condition

water withdrawal either on general time-of-year occurrence of

fish eggs and larvae, or exceedence flows. Exceedence refers to

the percent of time a flow exceeds a defined flow, such as a

long-term mean or median. If based on aquatic habitat

requirements, exceedence usually is consistent with mini-

mum instream flow requirements. Minimum instream flow

requirements have not been established in Virginia for tidal

waters; therefore, decision makers were not afforded formal

guidelines to direct withdrawal strategies.

Final permit requirements were a mixture of actions

proffered by the applicant and recommendations by the

authors. The conditions required by the regulatory agency for

this specific withdrawal permit included design criteria for the

intake array that set the slot openings at 1 mm with a

maximum through-slot velocity of 0.15 ft/s (4.6 cm/s), and an

array alignment that maximizes natural current sweeping

velocity. In response to the decision makers’ further desire to

protect early life stages of spring spawners we provided

information regarding egg and larval distribution with respect

to river reach, temperature, and time that could be incorpo-

rated into additional permit conditions in the form of a

pumping hiatus. This information showed that eggs and

larvae may be present for extended time periods with marked

inconsistency between years (Fig. 8). These data justified a

requirement placed on the applicant to undertake an 8-year

pre-operational ichthyoplankton study that would provide

guidance for a water temperature-based pumping hiatus

intended to reduce losses of fish eggs and larvae. The resulting

additional permit conditions include the protection of no less

than 97% of the standing stock of American shad eggs and yolk

sac larvae in 7 of 8 years of pre-operational data collection, and

no less than 95% of the standing stocks of such eggs and yolk

sac larvae in the eighth year. The hiatus temperature triggers

Table 3 – Estimated cumulative probabilities of encoun-
ter with the intake array for passive eggs and larvae

Residence
time

Withdrawals (million gallons per day)

14.1 33.2 75

10 1.71 3.81 8.39

27 7.90 18.70 36.70

125 91.40 99.73 99.99

Displayed graphically in Fig. 7. Residence time is defined as the

number of times an egg or larva passes the six-unit intake array

while within the hydrologic zone of influence.

Fig. 7 – Graphic depiction of the data in Table 3, showing

the distribution of the modeled probabilities of encounter

for passive organisms with the intake array with respect

to residence time/river flow and water withdrawal rate.
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are not allowed to have a range of less than 12 8C, and in years

of water supply emergencies entrainment monitoring is

required for eleven fish species of importance to local river

ecology (American shad, hickory shad, gizzard shad, alewife,

blueback herring, striped bass, white perch, yellow perch,

longnose gar, Atlantic sturgeon, and common carp).

5. Discussion

Surface water allocation and management promises to be a

long-term and problematic issue in response to converging

pressures from increasing human social needs and aquatic

habitat requirements for living natural resources (National

Research Council, 2001; Curran et al., 2002; United States

Geological Survey, 2002). This case exposed two primary

concerns important to the larger water supply issues

associated with the pressures inherent with population

growth—one of source water targeting and one of impact

assessment. The further expansion of coastal infrastructure

undoubtedly will require additional source water supplies.

This could be problematic for tidal freshwater resources and

their associated flora and fauna. As the government entities

and industries of coastal communities necessarily strive to

maximize efficiency in acquiring and delivering fresh water,

proximity to sources, and independent control of the source

water, become critical components. Tidal freshwaters likely

will be considered for water harvest (removed from the

estuary primarily for consumptive purposes) to a greater

degree than in the past. Our assessment of probable impacts

resulting from the Mattaponi River intake array has shown the

vulnerability of these ecosystems to water harvest. Without

coordinated and comprehensive approaches to identify future

water needs and sources, tidal freshwater areas could become

particularly burdened; especially if coastal communities are

compelled to undertake ‘‘water grabs’’ due to competition-for-

resource pressures, economic development advantages, and

the ability to control a limited supply product market. The

potential for significant adverse impacts from withdrawal

activities creates future concern for these unique and

essential habitats as potable or industrial water sources.

The population growth currently being experienced in the

Chesapeake Bay watershed is symptomatic of many coastal

areas globally (Hinrichsen, 1998). In the mid-1990s, 39% of the

world’s population lived within 100 km of the coast, equating

to 40% of all people living only on 20% of the earth’s land area

(Burke et al., 2001; O’Neill et al., 2002). Although world

population growth is estimated to slow or end later this

century, expected human migration patterns show continued

increases for coastal areas (Curran et al., 2002). As population

increases, the need for additional infrastructure, and potable

fresh water, also increases. Desalinated water shows potential

and now is utilized in many areas of the world, including the

U.S. (Redondo, 2001; Thomas and Durham, 2003); however,

unfavorably high economic costs in relation to traditional

supply methods and potential adverse environmental impacts

to receiving waters currently preclude this strategy from

broad, reasonable consideration (Einav and Lokeic, 2003;

National Research Council, 2004; Sommariva et al., 2004; Zhou

and Tol, 2004, 2005). Regardless of potential effects to living

natural resources, new surface water sources and aquifers, or

distributed surpluses from metropolitan area-controlled

sources are problematic and unsustainable in expectation of

population growth nationwide (United States Environmental

Protection Agency, 2002). Without proper economic incentives

such as federal/state subsidies, grants, or low interest loans it

is highly likely that coastal governments of all scales will

continue to pursue the direct harvest of fresh water rather

than develop alternative strategies.

Estuarine surface water withdrawal is far from an emerging

practice. Consequently, it is productive to place the probability

of impacts to fish stocks in the context of the current scale of

activity, and the supply and demand seasonality usually

Fig. 8 – Presence of American shad larvae of varying size

(total length) in the Mattaponi River, Virginia, USA for (A)

2003 and (B) 2004. Average daily temperature (solid line)

was collected 24 river kilometers downriver of the intake

array. Average daily flow (dashed line) obtained from a

local USGS gauging station. Sampling occurred in 2003 on

4 May, 20 May, 3 June, 22 June, 8 July, and 21 July; and in

2004 on 5 May, 25 May, 1 June and 16 June. Identification

of larvae followed the methods for the VIMS Juvenile Alosa

Index survey (Wilhite et al., 2003). All larvae are post-yolk

sac larvae. ‘‘Late larvae’’ refer to fish that have developed

rudimentary pelvic fins. ‘‘Metamorphic larvae’’ refer to

fish that have a nearly complete or complete complement

of fin rays and spines but do not have complete

squamation (coverage of scales).
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associated with withdrawal plans and reservoir management

(generally referred to as safe yield). Estuarine surface waters

historically are sources for industrial use—particularly for the

power, agricultural, and manufacturing sectors (Cushman

et al., 1980; Solley et al., 1998; Hutson et al., 2005). Estimates

vary due to available records and methods of assessment, but

between 1975 and 2000 the estimated surface water and

groundwater withdrawal for the United States ranged from

393 to 420 billion gallons per day. Of this total approximately

15% or 60 billion gallons per day were from saline surface

water sources. In 1975, the mid-Atlantic region (which

contains much of the Chesapeake Bay watershed) led the

nation in saline water withdrawals (surface and ground) at an

estimated 20–27 billion gallons per day (Cushman et al., 1980;

United States Water Resources Council, 1978). Additionally,

the mid-Atlantic region collectively with California and the

South Atlantic–Gulf regions account for one third of the total

water withdrawn in the United States. The mid-Atlantic and

South Atlantic–Gulf regions also account for the largest

withdrawals for support of thermoelectric power (Solley

et al., 1998). More specific to this study area, Virginia was

estimated to withdraw 2–5 billion gallons of saline water per

day from surface and ground sources in 2000 (Hutson et al.,

2005). It is impossible to extract metrics specific to tidal

freshwater from the existing data due to security issues and

geographic variations in management approaches. Techno-

logical advances and added efficiency in water re-use are

expected to reduce future industrial demand for surface water

(United States Water Resources Council, 1978; Solley et al.,

1998), but the demand for non-industrial use is expected to

increase consistent with coastal population trends (National

Research Council, 2001).

The probability of encounter modeling developed through

our involvement in this regulatory issue provided a con-

textual base of information for managers and a realistic

approach to assessing entrainment and impingement absent

project-specific hydrodynamic modeling as a basis for stock

impacts assessment. The assessment of water withdrawal

effects to fish stocks traditionally has been approached by

estimating fractional population loss. Age–structure popula-

tion modeling is necessary to estimate the population

dynamic influence of entrainment/impingement mortality

on fish populations, and requires quantitative knowledge of

gross population size, population structure, natural and

fishing mortality, developmental timing and distribution,

and the physical environment (Ogawa and Mitsch, 1979;

Patterson, 1980; Boreman et al., 1981; Chow et al., 1981;

Edinger and Kolluru, 2000; Lorda et al., 2000). Acquiring these

data can be expensive and may require many years to develop

a robust base of information sufficient to lend confidence to

model results.

Although hydrodynamic particle tracking models also have

successfully been utilized in withdrawal impacts assessments

(Boreman et al., 1981; Blumberg et al., 2004), Culberson et al.

(2004) showed that interpretation can be problematic and the

scale of application can limit their utility. Our model portrays

particle tracking in a probability context based on residence

time, and the utility of this approach also may be scale-limited

to situations where residence times can confidently be

estimated. Given the potential differences in scale of applic-

ability between the two approaches, physical situations may

exist where hydrodynamic particle tracking models and

probability-based residence time models could complement

each other and thus decrease the uncertainty inherent in stock

impacts assessment models.

Of particular significance to future withdrawal impact

assessments is the promise of incorporating estimates of the

probability of a particle encountering a water intake as an

output function of hydrodynamic particle tracking models.

Hydrodynamic models promise a more efficient system of

impacts assessment. The parameters needed for estuarine

hydrodynamic modeling includes simply flow, bathymetry,

tidal prism, and the existence and degree of water column

stratification. These data either exist or are easily and quickly

collected relative to sufficient information on fish populations

and life histories. Probability of encounter modeling also can

serve to complement the traditional fractional population loss

approach and thus provide a broader perspective to support

the regulatory process.
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