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PREFACE

The extensive estuarine system of North Caroclina supports
productive fishery and recreation economics important to North
Carolina and the East Coast. There are over two million acres of
estuaries, of which around 75,000 acres are classified as nursery
areas. These nurseries are essential for the propagation of over
90% of the commercial fisheries catch and a majority of the
coastal recreational fish, Thus, it is Imperative to maintain
adequate environmental management programs designed to protect
the ever critical primary nursery areas,

The major estuarine systems are surrounded by low lands,
which are poorly drained in their natural condition. This land
was in native permanent vegetation from which the excess rainfall
was slowly removed by surface runocff and percolation through
fringing marshes and swamps. A large portion of the land area
now contains drainage ditches designed to remove surface water
to facilitate agricultural and forestry development, Scme of
these drainage canals were constructed as early as the 1700's,

but because of the lack of sufficient technology, many farming



vantures on drained land in this area failed. In recent years,
however, management techniques have improved and some of these
soils have been found to be some of the most agriculturally
productive in the United States, This information, combined with
the increasing need for more productive cropland, has provided
the incentive to significantly increase the number of acres
adjacent to estuaries under acrtificial drainage. Improved
drainage is absolutely esasential for agricultural production on
these lands. Large networks of canals, especially in the
Albemarle-Pamlico peninsula, exist in some areas and the water
drained from the new agricultural fields ultimately reaches the
estuaries. In some cases these canals are routed directly to
primary nursery areas in estuaries. More than two million acres
in coastal North Carolina are subject to draining. The
freshwatar Elow to estuarine systems is an important national
component of the total productivity; thus, the problem concerning
improved drainage around astuaries i3 not simply that freshwater
enters the estuary. Timing and the volume of flow are the
critical factors.

Three characteriatics of nursery areas have frequently been
cited as critical to the production of juvenile estuarine
organisms: a refuge from predation, an adequate £nod supply, and

a benign abictic environment, Each of these is addressed Dy
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projects in our Estuarine Studies section of the University of
North Carolina Sea Grant College Program.

This report is a compilation of prelimary results from three
projects (R/ES-35, R/ES-36, R/ES-37) on land use alterations and
runoff, response of the estuary to freshwater inputs, and
response of juvenile fish and shellfish to freshwater input to
nursery areas, respectively. Additionally, more comprehensive
reports on this important research will be produced as the
research continues to its programmed completion.

The Broad Creek Project, a demonstration study under the
auspices of the North Carolina Department of Natural Resources
and Community Development and specially funded for three years
by the North Carolina General Assembly, is just getting underway.
This project is designed, as recommended by the Governor's Task
Force on Coastal Water Management, to directly test imposed
freshwater inflows on juvenile fish and shellfish response.
Thus, on-going research will continue to yield better and more
relevant information to deal with the development of a rational

management plan for estuarine nursery areas,

iii



GHICULTUHAL RUNOFF AND WATER! QUALITY TN COASTM. AUEAS
k. Konvha, #. W. Skaggs and .J. W. (,‘i.lii.amk

The jands of the Tidewater reglon play a vital role in {he ecosystem of
the Carelina sounds. One of the most fundamental parts of this shallow-
water shore bound system is fresh—water inflow. This paper summarizes our
present understanding of the freshwater and nutrient flows from natural
areas and developed agricultural land.

Farmers in the Ceoastal Plains and Tidewater regions require drainage
for efficient agricultural production. Drainage is needed to provide trat-
ficable conditions so the Tarmer can prepare seedbed, plant, cuitivate and
parform other essential operations in a timely fashion. Drains also protect
Lhe crop by removing excess water that would otherwise drown the plant and
Hill the roots. Of course the extent and frequency of the drainage require—
ments depend on the climate,‘the soil and the crop, but drainage is sssen-—
tial for agricultural production in most years.

Good water management balances the needs for increased drainage against
the need for sufficient water to grow to maturity. Because the amount of
rainfall cannot be increased and, in drought vears 1s barely adequate or dot
adequate at all, the farmer is becoming increasingly aware of the benefits
of careful water management to prevent excessive drainage and conserve water
for the growing crop.

Agricultural Drainage Methods

Conventional drainage systems are primarily intended to remove water.
from the surface of the fields. They provide some subsurface drainage,

depending on the soil, but are primarily surface drainage systems. Often
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ihis drawnage inlensity i1s not sufficient to prevent largoe crop Josses
during wet vears. in the Coastal Plains this sysvem can be recognized Ly
shallow ditches (4 feel deep; spaced about 100 to 150 vards apart, and
draining into deeper collector canals about 1/2 mile apart. These then
drain into major drainage canals which flow into the estuaries and natural
rivers of the area. Such systems are effective in preventing flooding which
would otherwise occur during the heavy rains typiéal of the region,

By installing subsurface drain tubing at rloser spacings, again depend-
ing on the s0il and crop, the farmer is able to achieve an added measurc of
control over the water table position and can guarantee that in most years
his tractors and machines can get ocut into the fields te plani and harvest.
The increased cost of the subsurface drains must be recovered in long term
increased proufits. The economics are favorable for many soils but not for
all.

The highest level of control over the water supply comes from the use
of controllied drainage and/or subirrigation. Here control structures are
placed in the outlet ditches so that the water level can be raised or
lowered by the farmer as needed. Some benefits are achieved by using
conventiocnal drain spacings, but to be effective as an irrigation svstem,
the drains should be placed somewhat closer together. While more expensive,
this system gives some protection from droughts as well as flooding and high
water tables. Again, economic considerations may make such systems profi-
table -on some lands and unprofitable on others. PFacilities required for
controlled drainage alone, however, are not very expensive and will pay for
themseives by permitting only a small increase in crop yield. - These systems
are gaining wide acceptance in the Coastal Plains and Tidewater regions. In
addition to agricultural benefits, they provide the flexibility of managing

the drainage systems to reduce detrimental off-site impacts.



depardieoss of Fhe tvoe of agricaltural droinage maonseoment, all regquiree
oul lets. wWhere there 1s sufficient elevation and topography ailows, the
drainage dilches and canals are structured so that the land is drained by
gravity. [n many areas near the coast it is necessarv ta place
dikes around the land and install pumps for adequate drainage. Pumping for
agricultural drainage has been used in eastern N.C. since early in this
century,

Let us look at the quality and quantity of water leaving several types
ot agricultural svstems common to the region. Several studies have been
conducted to determine the effects of drainage on the quantity and quality
of the outflow (Gambrell et al., 1974; Gilliam et al., 1973: Skaggs et al.,
L980: Gregory et al., 1984: Deal et al., 1985). Studies are continuing
under sponsorship of the North ¢arclina Sea Grant and Water Rescurces
Aesearch Institute programs. FExperimental results from these studies as
well as results from simulation medels deveioped during the course of the
research are used herein to show the effects of agricultural water

miragement systems on outflow quality and quantitv.

Figure t shows the average monthly cutflow {from a forested area (native
vegetation) and from the same soil in agricultural production. The average
out flows were obtained from simulations for a 25 year period. The average
annual outflow from the forested area was 40 em (16 in., compared to 44
cm (17 in} from the agricultural land use. In both cases the highest runoff
occurred in the winter months with about 48% of the total during December
through March for beth the forested and agricultural land uses. [n compari-
son, only about 16% of the total outflow accurred during the months of Aprii

through July. Outflow in the winter months is high because ET is gsreatly



rediced. flainfall 1n excess of ET raises the wator fable to near the
surtace and increases both surtace and subsurtuce drainage rales.  Average
annual outtlow rates for the agricultural iand use is only about 10% higher
than for native vegetation on these high water table socils. The difference
is caused by lower ET rates from the agricultural land when the crop is
voung or the soil is fallow,

While freshwater outtlow trom agriculturail lands is anly slightly
higher than From lands in forest or native vegetation, there is a large
variation from month—-to-month and vear—-to-vear for both land uses. Figure 2
shows predicted outflows for the month of March for the 25-year period
1 1955-197Y). The variation from vear to year is large and mirrors an equal-
Lv variabie rainfall pattern. The me..n Mirtch tlow is 4.1 cm for the forest-
ed land compared to 4.3 om for agriculture. Qutflow volumes ranged from (§
to 16 cm for both land uses, Standard deviations for March were 3.88 cm tor
forest and 3.33 cm for agricuiture.

While land under corn—-wheat-soybean farming has somewhat higher out-
flows than from forested land, the menth to month and vear to vear fluctua-
tions for either land use is much larger than the differences cnused by
choosing one land use over another. This would hoid true for any Land use
application. The differences in flows from the various methods will not be
anywhere near as large as the difference in flows from year to year.

While total annual drainage outflows from watersheds having native
vegetation are only about 10% greater than agricultural watersheds, peak
outflow rates are much higher. Qur research shows that peak outflow rates
at the field edge are 3 to 4 times higher from agricultural fields than from
tfields with native vegetation. The differences in outflow raies trom a
iarge area are much less, however, because of the capacities of the canai

network and the time lags of peak flows from individual fields.
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Management o deduce Freshwater Qutfiow
A wiler baiance representing the hvdeolegic cvele tor the soils in the

iower Coastial Plains and Tidewnter Regions may be written as follows:

Change 1in
Precipitation = Subsurtace + Surtace + ET + Deep + Profile
Drainage Runoff Seepage Storage

where ET 15 evapotranspiration. Deep seepage is negligible for most of the
lands in the cnastal area and the change in profile storage can also be
negiected by taking the water balance over a long period of time. The
total freshwzler gutflow is the sum of subsurtace drainage, that water that
travels through the soil profile to the drain tubes or ditches, and surface
runctt. Then the water bnlance may be written as,
Pracipitation = Total + ET
Qut flow

Since there is nothing we can do to reduce precipitation, the only
alternative for reducing the volume of freshwater outflow is to increase ET.
One wav to Lncrease ET 15 to keep a crop on the soil as much of the time as
paseibio, The surtace of a fallow soil mav dry out reducing Rl because of
the lack of plant roots to remove soil water from the profile. Figure 3
shows the average etfect of a cover crop on menthly flow. The solid line
shows the average monthly flew from a field planted oniv to corn and with no
cover orop in the winter months. The dashed line is for a field kept under
a wover crop-corn—winter wheat rotation. During the summer months the flows
are identical. In winter the higher ET from the cover crop tends to reduce
the runoff slightly. This effect is more noticable in the drier yvears
:Figure 4. but outflows werr unaffected by the cover crop in wet vears.

The planting date can also affect flow hecause the voung plants have

shalliower roots and fewer leavessand tend to transpire less. This is shown



" -
In Flgure 9, where the summer months have higher flow : lower ET: when the coru
is planted late. Here again the effect was more pronounced in dry vears
and almost nonexistant in wet vears.

In short, there is little to be done through crop management to reduce
the total outflow. While some measures uare effective for driar years, the
wet years are largely unatFfected.

Water Quality

Annual nutrient effluxes for seils under ftorest and cropped conditions
with conventional drainage systems are given i{n Table 1. Both ¥ and P losses
from cropped lands are higher than from similar forested solls because of
the Fertilizers applied 1n agricultural production. In pgeneral farmed
organie soils have less nitrate-N and higher P losses than do minera! suils.
Tobal-N losses are about the same from hoth soils,

Table 2 shows the effect of subsurface drainage on nuirient losses from
a2 wineral soil in eastern N.C. As subsurface drainage itncreases from poor
to good, N03*N and Total-N incresse rather dramatically. On the other hand
' fosses decrease.  Although not shown, sediment |osses wauld also decresse
with i1mproved subsurtacs dralnage. lmproving subsurtace dralnage lowers the
water table and causes a greater portion of the total waier loss to move
through the soil profile rather than over the 501l surface as runoff. This
generally reduces denitrification and increases Lthe luss of nitrates, which
are mobille in the sotl profile, while decreasing surface runoff which
carries most of the P and sediment lost by mineral soils. Therefore, if the
water quality goal is to decrease P and sediment outflow, practices to
improve subsurface drainage, increasing the amount of water drained through

the sotl profile and reducing surtace runotf, should be encouraged. If Che
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PrOCLIces discussed in the iaillowing section should be emphasiiad.

Table I, Average annual nutrient effluxes from cropped and forested mineral
and shallow organic soils in eastern N.C.

Nutrient __Mineral So0il  Wasda) Shallow _Organic_;Belhaven)
Cropped Forest Cropped Forest
T b meeSIITTTT L EE e

NO., -N 3.7 0.4 1.3 0.2

NH'-N 3.3 0.5 1.4 0.8

Total-¥ 13.6 3.2 14.3 5.1

Total -P 0.5 0.2 8. 0.2

Tabie 2. Effect of subsurface drainage on nutrient effluxes.

Sutriest ' Subsurtace Drainage.of Fields T
Poor Moderate Good
- 1b/ac/yr —

NO,,-N 3.7 15.7 3z2.4

Toral-N 13.8 20.0 42,4

Total--F 0.5 0.3 G.2

Agricultural Water Management Alternatives

A type of control practiced by all farmers is the selection of a water
ranagement svstem. Three water management alternatives for soils requiring
drainage are shown in Figure 6. The ronventional open ditch drainage system
is designed to remove water from the surface rapidly but its removal of
subsurface water is generally not good. By putting ditches closer together
or using drains tubes as shown in Figure 6, good subsurtace drainave can be

obtained. This draws down the water tabie, which allows a greater portion



daothe ratatall fa infiitvnre nto ithe sod instend o) cunnine of FoLhe
surtacs,

Figure 7 shows the difference in outtlow rates between a Field wilth
good subsurface drainage and a field with poor subsurface drainage for a
moderately large storm event. These data were obtained from two identical
texcept for the drainage system) Y0-acre fields in Beaufort County. The
peak runoff rate for the field wilth good subsurface drainage Watershed B)
1s about half that which occurred for the field with conventional open ditch
drainage ‘Watershed A). The total outfiow for the two Fields was about the
same, 2.5 to 2.7 cm. However the field with good subsurtace drainage re-
leased water more slowly over a lunger period of time., The field with poor
subsurtace drainage had the water table closer to the surface when rainfal]
began,  The water table rapidly rose to the surface and excess rainfall ran
olft’ at much higher rates than occurred for the better drained soLl.

Improving subsurface drainage is the most effective method that we’ve
found for reducing peak outflow rates from the high water table soils in the
“oastal area.

Another water Ranagement alternative tnut ecan be usea to IMprove e
quaiity of water leaving the fields and wonserve water 1s controlled drain-
age.  Water level control structures are installed in the oul et ditches, so
that the water level can be raised after the crop is planted to conserve
water for later use by the plant. Simulation analyses showed that drainage
control on the two Coastal Plains soils during the winter and most of the
Browing season resulted in approximately 2 cm less runoff {Table 3). Con-
trotled drainage also resulted in a higher percentage of the drainage water
teaving the fieid as surface ranoff. These analyses did not consider ihe

eftect of the raising the water table on seepage from the tield. This woui

gy



have lended fo further reduce the folal cutlflow: so Lhe resiils given poproe s
sent conservative estimates of the eifects of controlled arainags.

Controliied drainage aftects nitrate etflux in the draisage waler n fwo
ways. First, the soils stay wetter which promotes denitrification and
lowers nitrate concentration in the subsurface drainage water. The increase
in surface drainage at the expense of subsurface drainage also tends to
decrease the NO3 eftlux. The predicted drainage control effect for two
soils is a 32% decrease in NOS—N efflux (Table 4. The decrease in N03
eftlux under controlled drainage is ancnmpaﬁied by an tncrease in ordanic
nitrogen efflux because of the increase in loss of sediments carried by the
higher surtface runoff. However, this increase in organic N is much less
than the decrease in NOE*N so contrelled drainage decreases the loss of
total N, Also, the environmental problems coused by organic N loss would be
much less than that of NOB—N because of the lower bicavaiiability of the
organic nitrogen. It should alsce be noted that because the drained soils
are very flat, the increase in surface runoff resulting from drainage con-
trol does not cause sediment or erosion problems.

Table 3. Predicted annual drainage utilizing controlled and conventional
rdirainage management on two soils.

Conventional Drainage Controlled Drainage

Soil Surface Subsurface Total Surface  Subsurface Total
S O om—— _z - N
Portsmouth 1.7 14.5 16.2 4.5 10.3 14.8
Wasda 2.1 12.5 14.6 3.9 .6 13.5

For the same reason that organic N loss is greater under controlled
drainage, total P loss is also greater. The losses are relatively low under

both drainage sysiems, but because surface runcoff water contains higher P



Tatle Lo Predicioed anowal nutrient of{lux ubilizing convrotled and
conveniionad dralnage manavemeni on two 50108,

SOLi \-IO3 Tntal N T'utal P N0 Total N Tolal P

_________________________________ -kg ha -1 B,
Portsmouth 34.1 J4.4 0.05 26, 4 J1.2 .16
wasda 27.8 33.2 0.18 19.1 2.5 0.8

concentration than subsurface drainage water, there is a significant
inerease in P oloss under the controiled drainage water management scheme.

In the simulation and tield experiments utilizing drainage control, it
was assumed that the manager of the system would manage the water during the
growing season for maximum vields and simply leave the control structures to
maintaln a high water table during the winter when wet solls are not a
problem. However, the drainage could be managed during the winter to
minimize envirconmental problems. For example, surges of freshwater into
estuarine nursery areas are considered a problem. By lowering the control
slructures slowly after a wet period brings the iteld water toble bo o hidh
laviel, drainage flows could be made much more even. The gradual drawdown of
Lhe water table would provide continuocus flow as well as provide storage
in the seoil for the next rainfall event., Management in this way weuld also
provide much of the water quatity benefits. The high water tabie, after a
rainy period, would promote denitrification thus redue:ing NO:3 afflux. The
gradual drawdown would reduce surface runoff as compared to continuously
ieaving the control structure at a high level. Any decrease in surtace
runef{t results in a decrease in organic N and total P efflux in drainage

warer,
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Plow into the Estudey and Choleo of Gutiofn

il

The t'ln;w rate at the dratnuge outlet  1olet to the estuary: will not e
Lhe same (per unit area) as the flow rate at the field edge. The fields are
distributled all along the canals at different distances from the outlet so
the peak flow rates do not add in a linear fashion. As a result peak
out f'lows from large storm events can be considerably attenuated  Figure 8},
Therefore the effect of subsurtace drainage and other methods of controlling
ourttlow rates must be routed through the canal network to determine their
impact at the outlet. The same is true for water quality effects. The
interactions between the field and the canal network is not vet well under-
stood. The effects of control structures, pumping stations and storage
ponds on esluary inflow is the topic of ongoing research and it is as vet
unknown how much of a role watsershed and capal network management can be
expected to have on the estuary’s health. The use ot burter areas te clean
the discharge waters from pumping stations is alse an area of current re-
search.

While a good outlet is essential for agricultural drainage, there are
usualiv a number of alternative locations for outlets in coastal areas. A
simple way of avoiding problems in the esluary is to setecl an cutlet in
open water as tar removed as possible from marshes and inlets that serve as
nursery areas. This measure was recommended by the Water Manapgement Task
Force appointed by former Governor Hunt and is an effective means of

avoiding potential problems.
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The quant ity ot drainage water from agricuiturail land in the coastal
arnns of eastern N.C. is about (9% higher per unit area than rrom s(m1iar land
in torest or native vegetation. Nearly haif of the runoff occurs in the
months ot Dec. through March. Variation in runett volumes from month-to-month
and from vear-to-vear 1s much greater than the differences in runoff between
iand uses. Peak outfiow rates at the field edge are about three times hisher
than from lands with nalive vegetation., However these differences are
modderntod as the water makes ils way through the canal system to the outiet.

Agricultural lapds release significantly greater amounts of nitrogen and
pnusphorus than deo undevelouped areas. Nitrate-nitrogen losses increase while
phosphorus nnd sediment losses decrease with improvement of subsurface
drainuge.

Controlled drainage utilizing flashboard risers can be utilized to change
both the hvdrologic characteristics and the nutrient effluxes. Urder the
conditions simulated, controlled drainage reduced the nitrate efflux by as
much as 349% but the reduction varied with seoil and management conditions.
vontrolled drainage may increase the P oeltlux, howoever,

Research is ongoing to better define the effects of canal networks,
controi structures, pumping stations and storage pomds on int'low to an
estuary. Drainage outlets should be located in open water as tar removed as
possible from marshes and inlets that serve as primary nusery areas.

There are many differsnt management schemes which can be used to satisfy
agricultural drainage needs. We believe that careful selection apnd control of
wat.ar management svstems has the potential to offset detrimental envivonmental

1mpact while providing adequale drainage protection for ecrop production.
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Variation in Flow
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The variability of monthly outflow volumes from forested and cropped lands.
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FOR GOOD SUBSURFACE DRAINAGE

CORN ONLY
7 \COVER CROP-CORN-WINTER WHEAT — — — —

AVERAGE FLOW IN CM/MONTH

1
t 2 3 4 5 6 7 8 9 12 11 2
MONTH

Fig. 3. The effect of cover crop on outflow for a well drained field.
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FOR A DRY YEAR WITH GOOD SUBSURFACE DRAINAGE

CORN ONLY
74 \ COVER CROP-CORN-WINTER WHEAT ~—— — -

FLOW IN CM,/MONTH

t 2 3 4 5 6 7 8 9 19 1t 12

MONTH IN 1974

Fig. 4. The effect of cover crop on gutflow during a dry year.
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FOR GOOD SUBSURFACE DRAINAGE

LATE CORN ONLY
71 \ COVER CROP-CORN-WINTER WHEAT —~——-—

AVERAGE FLOW IN CM/MONTH

t 2 3 4 5 6 7 8 9 18 11 12
‘MONTH

Fig. 5. The effect of planting date on outflow for a well drained field.

17



CONVENTIONAL OPEN DITCH DRAINAGE

vV A "\
o

GOOD DRAINAGE ET
DITCH

WATER TABLE \
:Daam TURBES —

CONTROLLED DRAINAGE AND SUB!RRIGATION

ﬁ:WATER TAELE -
0 Q 0 o <‘L4D ~
RAIN TUBES—"

Fig, 6. Schematic diagrams of (1) conventional open-ditch drainage (top);
(2) good subsurface drainage with no irrigation (middle); (3) a
controlled drainage - subirrigation system (bottom).
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AT FIELD EDGE —
MAIN CANAL FLOW ———~
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Fig. 8, The impact of the cana) on flow rates during a large runoff event.
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RESPONSE OF ROSE BAY TO FRESHWATER INPUTS

v L.J. Pietrafesa

‘. ENTRUIT O LN

er the past several vears, NCSH investitatocs have moaicored saliaige
(actually temperature, conductivity and acessure) At g series of fixed
locations in and about Rose Bay (cf. Floure 2) and JInniper Bay (cf. Figura 1),
alonyg the southWestern nalatand coast of Pamlico Seund (cft. Figurs 1) Tha
polnt of the study Jas ro determine the sparial and temporal vacriabilicy of
salinity, and che sources of this variahilicy well enough to establish a
prediccive capability of the variable. The predictive model is on line and tis
undergoing final refinement and verificaticn.

Salinity is a property of North Carolina estuarine nurseries which has
been monitored relatively successfully using present technelegy. While
measuring salinilty, time series of atmespheric wind magnitude and direction,
water leval elevation and slope, curreat speed and direction, nrecipitation,
atmﬁspheric temperatinre and pressure, and of course, vater temperarare,
pressure and conductivity were also monitored at the sites shoen in Figures 2
and 3, Representative examples of mooelag confilgurarions with sensars
in-place are shown in Figures 4~11.

The salinity model methodology and data analysis techninques used in this
study were derived from Weisberg and Pietrafesa (1983). The model methodology
is succinctly summarized in Figure 12.

We next discuss Ehe "setting” in Section II and present a summary of
field results in Section ILI. Im Section IV a model of Pamlico Sound
circulation with selacted results is presented to allow the dominant torcing

function to be appreciated. A ftnal summary is provided in Section V,

I[. PAHLICG SOUND NURSERY SETTING

Famllece Sound, Yorth Carolina, aoncains tho priacipal ancsucy areas alone
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Eos malaiand nerinhery For fish juveniles i1 1,0, The Sourmd has cone ender
SUCILANY 1Y recHnt vedes beoduso of increased ugilizat {on of vater and
adjacent lands hy comeersial, manfcipal and recreat Lonai wsers and hecause of
lts alcimate iwportance to the commercial Elshing {nterests of V..

The Pamlico Sound, 18 rhe largest barrier {sland 230aAary in the United
Stutes (shown in Figure 1). [ts dpproximate dimensions are 110 kn {n the
noctheast-soathwest df{cect Lon and 2%-55 &m in the northwest-southeast
directlon, and try Approximate area Is 4350 km2, {Roelofs and Bumpus, 1953),
A relatively deep water area Is located in the wast and of the sound with a3
maxtnum depth of about & m. Shoaling regions are found near the mouths of the
Jeuse and Pamlico Rivarg and close to the inlets of the Duter Banks, SBecausa
uf the extensive shoals around the margin and projacting {nto the sound, the
mean depth is about 5 m. The main Inlets connecting the Pamlisn Sound to the
Atlantic idgean are Pcracoke, Hatteras and Oregon. The svstem g fully
depicted in Figure 113.

Fresh water flows into the sound from the Neuse and Pamilico Rivers and
from the Chowan and Roanoke Rivers, which empty into the Albemarle Sound and
Chen inte the Pamlico Sound via the Roanoke and Croaran Sounds. Evaporacion
exceeds ratnfall {n the summer and the converse occurs (n #inter. Annually,
the rainfall into che Sound and the evaporatien feom the Sound ar- nearcly
;qual.

The watetr temperatucre withia the sound is generally isothermal. Roelofs
and Bumpus (1953) claim that vertical temperature differences within the Sound
do not axcead 2°C. Hortzontal temperatura gradients occur aear the inlets
due o femperartuace differences between the Sound and coastal ocean.
Horizontal temparatura differences wichin the Sound itself are smallar rhan

tre diarnal variabitiecy of up to 1°C,
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L it heen <iszasted by Roolafs ind Bampus T1953), “nsner CE9Y, andd
Wieds (19670 riat wind and freshwater runoft are the Factors contralling the
horizontal walintcy disccibution ta Panlien Sound.  This Ls not the sntice
story.  The combinating of nartherly winds aad freshwater inflow from
Alhemarle Sound drives low salinity water down iaro northern 2amlico Sonnd,
Winds from rhe southwest have the opposite effuact. In the southern parc of
the Sound, nighest salinities (9-19°/23) apre found at Deracoke Inlet. In the
northern part of the sound, the lowest salinities nceur near the Albemarle
Seund. It should be noted that the lalats are the source of salt with
Ocracoke and Hatteras supplyving Gulf Stream derived high salinity water to the
Sound. 4As with remperature, salinity tends to be well mixed vertically within
the Sound. Roelofs and Bumpus (1953) estimared the average surface to bottom
salinity differences to bhe 0.66% oa,

Miller, Reed and Pietrafesa {1984), discussed the miZratory routes of
Eive species of estuarine dependent fish larvae and juveniles along the North
Carolina continental shelf. They found that these particular finfish, which
constitute only 10% of the types of Fish species, vet comprise 90% of che
anmual commercial catch in N.C. coastal waters, all spawn in winter near the
Gulf Stream, migrace 100 km to major inlets in the barrier tslands and then
another 2%-100 km to juvenile estuarine nursery areas across Pamlico Sound

{shown in Figure 13). The migration scenarin i presented in Fizure [4,

ITI. OBSERVATIONAL FACTS

There is no relationship between the changes in water level in Rose Ray
proper and the discharge from, or flow inta, the Lake Mattamuskeet Canal
Touth, which connects directly with Rose Bay Creek (as is revealed by

ccpresentdative data shown in Figure 15},
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Fie <seasonally wveraged salinity gt the head ofF oy 3av Creax [-r,
Figurs 2) is nearlv 1 conscant from suminer theoudh witber, varving Setwees 4
Aine=month low of A4 ppt Wwhich oceurs {0 sunmer to 4 wintertime hizh of 4,95
ppt. This finding belies the facr thas at this sice, salinity fluctuaciong
are a maximun celative to those measnred At any other site in the Rose Aay
system.  During the spring, the value dt this site drops to between 3.7 - 4.9
ppt depending on the amount of precipltation daring March, April nr May, wich
the lower value evident during the Spring of 1983 and higher value measyred in
1984, In faecr between February - aApril, 1983, a 9.6 inch differential of
additional rala fell relatrive to the like period in 1984,

There is a 4 ppr lacrease In salinity Erom the head of the Creek ro the
Creek Mouth, i.e. to the polnt of intersection of Creek to Bay, during winter,
The value drops to 3.1 ppt during summer. The value of § at the surface of
the Creek Mouth, or 2quivalanty, the Bav Head, are equal to the hottom
salinicies at the Creek Head. This tcanslates to a 3-4 ppt increase in § over
| meter of water at sire | (cf. Figures 2,5).

The scasonal means of salintty at the Bay Head (actually site 6 in Flzure
2) reaches irs yearly high of t1 ppt duriag winter, and descends to between
5.6 = 8.2 ppe, depending on whether the spriag is relatively wet vs. drv,
respectively. During summer, mean § is at L) ppt and by fall, the value has
risen to 10.5 ppt. .

In the middle of Rose Bav, at sites 5 and 4 (cf. Figure 2), seasonal mean
values of $ are alike those ar the Bay Head (site 6) bhut are approximately 1,4
ppt higher, {.e. a wet spring reflects a mean salinity of 7.2 and a dry spring
reaches 9.8, ppt.

In the lower reaches of the Bay, mean salinities are generallv 1-2 ppt
hifther than at the Bay Head and outside of the Bav Mouth, seasonal mean

Salinicies {a PP tre approximarely Ly - |3 during winter, 64,5 - 3 harioae
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sorimr, and P2 - 1Y duriong snamer oand Sl

Salinity Histograns (20, Figure In) reveal the Floctuation variabilicy as
2 Tunctinn of frequence, of particular salinity valne realizacion and of
Locacinn within Rose Bavy proper, np the Creek and at the Bav mouth.

At the head of the Creek, above the intersection of the mouth of the Lake
Mattamuskest Canal and the Creek, salinity values range from 0 - 13 npt during
any peried of the year, Seasonally averaged values at the surface cange
between 0.8 and 7.0 pot year round while at the hottom, values range from 7.9
to 0.2 with the latter a summer value and the former the winter condirinn,
The variabiiity, about the seasonal mean, at this sife is more ptonocunced than
anywhere else in the Rose Bay system. One standard deviation is equivalent to
3.4 ppt and during the period January - March, salinity values are within |
ppt unit value of the mean, only 22% of the total time. In fact, salinity
varies more than £ 1 pot, a 2 ppt differential from zerg, during anv
consecutive 12 hour period, mora than 45% of the time. Incradibly, 19% of the
time, consecutive 12 hour salinity values fluctuated between * 5 - 6 ppt aver
any consecutive 12 hour period. This is not the case at any other Rose Rav
station.

The mouth of the Lake Mattamuskeet Canal intersects with Rose Bay Creek.
At this site, salinities range from 0 - 13 ppt during anv period of the year,
The seasonal mean ranges from 6 - & ppt with the former a winter value ang the
latter, the summer counterpart. Salinity fluctuations at this lecation are
similar to those at the Creek Head site with values mnre greatly centered
about the mean. There is a tendency, however, for salinicies to drop
suddenly. While salinities ifncrease between 1 -~ 2 ppt, INZ of the rime, thev
drop t - I ppt, 46% of all consecutive 12 hour periods; the abviousness of
fresh water Jdischarze,

AT fhe Dreek inpersection with Rose 30w, sunmertime valiea s poren =
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To= 1% ppt, wtthoa ocmeany of UF oppt, Eall sees a vante D 3 = 13 pot o centared
abont Ly por, winceeiime values are betweey 4 - 13 nor cencered at Ll ppt
amd spring values camge fran 1 =10 ppr centered ac 5 nnt, NDuriag the sawmmer
and Fall, salinitties vary less than £ 1 npt 99.5% of 1nv consecntive 12 hour
block. Murlng the period Jawmuary - "larch salinity 15 anse variable at rhix
upper bay site with less than £ | ppt chanyges ocenrcing only 774 of 1ay
consecutive 12 hour period. Twenty-three percent of the |21 hour time
increments, the 3 fluctuations are between t 2 - 4 ppt sith the welghtiag
towards occurrences of decreases due to fresh water discharge pulses, From
April = June the site becomes relatively more stable with a greater than 907
occurrence of variations with a wmagnitude of less than t 1 opt.

In the middle of Rose Bay the average salinity values and tvanges are: 172
and hetween 3 = 14 ppt duriag summer, 11 and from 7 - 14 during late winter
drapping te d and 3 - 9 duriag late spring, Fluctuacinas in excess of = | ppt
over aay 12 hour period osccur less thaan 3% of the time from late spring to
“inter, increasing to approxlmazely 257 Aurineg late sintec.

In the lower reaches of the bay, salinitles approach values akin tn those
{n southwestarn Pamlico Sound with values raaging from 7 - 16 abour an 11 ppt
mean dacing summer, and fall aad & = I8 and L3 ppt mean during late wintecr.
The spring raage is 2 - 11 aboutr a b ppt mean. Throrqhout the entire vear,
fluctuations in salfnity exceed * | ppt less than 117 of the time over any
consecutive 12 hour period at the top and less than (5% at the bottom over any
coasecutive 12 hour pertod. This reflects the fact that sub-diarnal frequency
fuccing is occurring at the mouth via Pamlico 3ound. It should be noted that
the raange of salinity values 1is larger ac the bay moath than at ~ither the
upper bay proper location or ac mid-bay vheres the spread in salinicty is a

coelative alnime, bur rhe loaver by flaccaatinns seenr wer periods of sever !
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dves raether chan over several oncs oo oa dav,

f7 rhe southwestera corner af Pamlicn 3ouand, we see 4 swmmer salinity
cangie of 7= 17 ppt, a tall range of 7 - 13 ppr, a winter rande of A = |8 ppt
ard o spring range of 2 o- 13, Means are 12, 12.%, 13 and 7 ppr durineg the
summer, fall, winter and spring periods respectively. In ocder, summar, faltl,
winter and spring realizations of salinity fluctuatiasnsg ocourring wichin t 1
ppt over consecutive 12 hour periods are 1%, 93%, 857 and 92¥%, respectively,

In summarcy, at the Creek Head, salinity does not vary more that one ppt
aver any consecutive |2 hour period nnly 224 of the time during the period
January - March and no more than 33% thereafter. Ar the Canal mouth the like
figures are 26% and 37%. As we move to Rose Bay proper, the upper bav
indicates more stability in that salinities are within I ppt 187 of any
consecutive 12 hour period during winter and 44% thereafter. The Creex
realizes the most rapidly varying salinfey fluctuatinns., The bay mouth, while
less influenced by high frequency phenomena than the Creek is more stable than
either the upper or middle bay “here the system's salinity varies more slowlv.
A representative composite of histograms of salintty and salinlty fluctunatinm
disteibutions is presented in peintout Figures 16 and |7,

Figure 13 provides a pictoral deplection of the varying degrees of
sub-diurnal frequency salinity fluctuations throughout the Rose Bay system.
Even at periods longer thae 2 days, the dramaric fluctuations which occur at
the mouth versus the mote quiescent Bay middle are evident. Higher frequency
fluctuaticns showing the rapidity of salinity €fluctuations within the Creek
and at the lower axtremities of the Bay, i.e. near the junction with Pamlico
Sound, are shown i{n Figzure 17.

The Auestion is then, what 1s responsible for the ohserved variahilicv »f

salinity within the Rose 3ayv system,
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seocons {der the swath of daca enllaceed heteeon 1982 and L343 Wdithin

Rose Bay, we reach the follaving conelis Lons
Fr

L)

(2}

(3)

Salinity fluctuatinas La the middle of Rose 3ay are controllod by
both land dealnage of fresh watec due to precipiration and he
"non~local” forcing which neccurs at the month of the day, {l.e2. at
the juncture between Pamiico Sound and Rose 3av. The Flucrtuatinag
oecur wver 4 saeveral day peclod afrer either a rain or <ind event
and Are generally Jsithin t 1 ppr, Sallnity will drop by | tn 2 ppt
due to ratn events the order of .3 to 0.6 inches with a time span
of 2 = 4 days. Salinity will decrease (rise) | to 2 ppt due to a
anrtheastwacrd {southwestward) wind event which causes Rose Bay to
draln (fill up) iato Pamlico Sound (with Sound waters).

Salinity fluctuations at the Bay mouth are virtnally totally
controlled by the nuances of the wind iaduced cireulation in the
south and westarn portion of Pamlicn Sound. The Fluctnations in
salinity veccur within 10 hours of the onser of a wind event and
parsisc for the length of the event. Fluctuations can rise or fall
as wmuch as & ppt within 12 hours given typlcal energecic winter
storms which are omnipresent in the Cape Hatteras t2glon where major
atmospheric system meec. -
Salinity fluctnations at the Bay Head arse jointly coutrolled hy
drainage from precipitation events, discharge from the Yactamuskeer
Canal and the effects of non-lacal forclng at the Bay mourh by
Panlico Sound. Precipitation and Jralnage events lower saliniciaes
by 1 = 3 ppt hetwreen 0.5 to 5 days and drivae flow away from the Head
toditrds che monthe  Northeastyard «ind events have che like vftect.

Alm ki se L smgtieesnwned wind owene s frlve ralarios . Wi
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(5)

salinice Sound derived s1fers “odarde she dlead sithin 10 Hours £ 5
davse  TF rala aceompanies the souteesrsard wind evenr then snrface
salintties mav cither {ncreise ot Jdecreage as a Fuaction of relative
effect while bottom water will Secome more saline,

S5alinity fluctnations in the southsestern corner of Panlico Zaund
ire controlled by the wind iaduced cireulation within the Sound over
pericds of hours to a month. Over perlods of weeks ro Seasons,
Pamlico Sound salinity fluctuations arse caused by ocean induced
curvents, which enter and leave the system through the barrier island
talets careying relatively more or less salty water as they move,
The net effects of winter versus spring seasonal values of salinicy
i3 a change of 7 ppt In salinity in the southwest corner of the
Sound; at the mouth of Rose Bay. The net effects of t - |0 day wind
events on salinity in the SY zornar of Panmlico Sound is a3 variatian
fn 5 by as much as £ 4 ppr within 12 hours.

The Head of Rose Bay Creek is graced by salinity fluctuations which
astound the unsuspecting scientisc. The Crzek Head, which is only 2
meters deep can be overwhelmed by rain avents, dicharge from the
Mattamuskett Canal or non-lgecal forcing of Rose Bav by Pamlico
Sound. The system can be vertically well mixed and within a day
realize vertical salinitv differences of S ppt over I meter.
Salinticies car range from O ro 13 ppt during any time of the year
and in fact has been known to vary by !0 ppt within a 12 hour period
via the penetrration of a glug of Sound warer or dlternatively the
inenrsion of Eresh Canal or tain=water. The salinity distributina
at this site looks like a black (as shown in Figure 15, 1 standacd
deviation iz aqual o 1.5 POL, nd 1 time saries of 3 looks Lide

Tenlaa gt e R S T
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seocdan visoally anderstand how Precipitation wvenrs «aq cause salinicios
tir deop or how Laid drainage can effect 5 -~ Ly day reductions of silinity and
noreovar how an unusnally Cainy y2ar or how Jdeforestaciong CAN result in a ner
dilucion of salc hue what n€ the most Jdominant fCoccing avent for salinity
fluctuatinas: the Mon-Local Forcing Mechantsm? For this we consider the data
set shown [n Figure 20. Arlefly, we note that when 4 «@ind blows from the
divactions of north and clockwise, southeast, a buildup of water i3 realized
At the mouth of Rose Bay and the flow Ly into the Bay, With winds Blowing
towards the sast and clackwise, to rhe north, there i3 a drop of water level
In Rose Bay, water ex{sts the Bay aod the level of salinicy drops.
Conceptually, we sae a pictorial response alike that shown in Flgurs 2i. We
HUW LU $9 a model of Pamlicoe Sound to carraborate ar bYetter understand the

phenomena,
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[ WO LOCAL FORCING, OF KOs 3AY BY T WIND [NDUCED CERCILATION Ty PAAL T
SO A MOuED

Aeoconsider the subtidal Frequency time dependent clirealation in Pamlico
Jound =0 be due te the Atmospheric windfleld. The dans{ty field is takea as
uniform. The ratio of the baroclinic to the barotreopis pressurs gradiaent for
Pamlico Snund, is D.05, so a homogeneous modal is acceorable. Also, since the
ratin of surface elevattion vartarion to warer depth, n te H, is denecal Ly
W01, the model is assumed linear, While spatial variarions of temper iture
and salinity may be importanct as a cue to the fish, the fronts are nor
important to the overall physical dynamics. We allow our model to be
three~dimensional; as opposed to vertically integrated.

Previous sea level investigations in the Panlico Sound have peen limiced
to wmerical simulations based upon simplificattons to the vartically
incegrated momentum and continuity equatinns. These fnclude Jarrar, 19AR";
Smallvood and ametn, 1967; dammack, 196%9; Chu, 1970; Amein, 1971; Alrsa, 1974;
and Ameia and Airan, 1976, They support the observation of Roelofs and Bumpus
(1953) that the wind is the major factor influencing circulation in the
Pamlico Sound. Nontheless these models all fail in their basia phivysics. 1In
all of these models the hottom Stress 1s taken to oppose the mean mation hut,
in reality the bottom stregg opposes the mean bottom motion, which Ls
frequencly in opposition to the mean or vertically integrated mation. Hence,
the hottom stress is incorrectly specified for wind driven cases hy the above
list of vertically integrated models. The time dependent wind stress is
assumed spatially uniform, Turbulent, eddy stresses are modeled ustag a
constant eddy viscosity coefficient. The Coriolis aceeleration tarms are
retained in the model but since rhe vertitcal Ekman number {s of arder antry,

the roatational :ffaect iz nnle slithe.,



We now presaat resalos From the model.  Resalrs or srface nd oL e
velveilties and watee Level variation af fen houtrs after the anset of 4 5 m/y
4ind hlowing Yrom the northeast {southwest) using an eddy viscosite ot [N
em?/3ec are shown in Figures 22 and 23 (Figures 24 and 23). A\ time step of
six minuces (well within the CFL criterton) is utilized in the computatinn,
This model-run, used 42 seconds of computer time on the Triangle niversities
Computational Center (TUCC) computer.

This mndel suggests thatr Pamiico Sound "spins up”, i.a., reaches a
quasi-steady stace condition, {n a period of less than ten hours after the
onset of a steady vind. Recent studies of che coasta!l metenrology in this
region (Weishery and Pietrafesa, 1983) indicate that while there are monthly
to sedasonal mean winds which generally repeac from vear to vear, the major
portion of the wind variability occurs over time scales of 2 davs to 2 wecks.

Now on the coastal, seaward side of the barrier {slands, the basic
wind-driven dynamics have been described bv Janowitz and Pletrafesa (19Y8N) and
Chao and Pietratesa (198Q). An example of coastal sea level at Cape Hatteras,
an open coastal station, responding to local winds is shown in Figure 2h. In
effect, northwarit to northeastward winds cause sealevael ro drop at the coast
in concert with a surface Ekman transport offshore and vice-versa for winds
which are southward to smthvyestward; i.a, sealevel rises at the coasr. The
response occurs Wwithin a period of 8-10 hours. This response has heen shown
by Pietrafesa, Chao and Janowitz (1980) to occur from Cape Hatteras to
Charleston and undoubtediv nccurs at the Pamlico Sound barrier island inlets
as well with southward or northward winds being important for coastal
sonvergence or Jdivecdence, respecrivelv., The question then is, does this

phenomenon oceur 4t the inlets and {f so what are irs implications?
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e bacrier tslant ialets eperience the orrecr oFf qon=local Tarcing, ar
wre=s Dled dlversences and CONVertences of water o cither side, is 1t ocones,
siven the basin-harrier {sland geomelry, when the flex of water is away Feom
the nffshore side of the hacrier {slands, there is a Flux towards the
nackside, ar Sound side of the islands. The opposite scenarin also halds
trie. These inshore diverveaces {convergences) in svnc with offshore
convergence (divergences) create pressure gradients, sea level drops (rises)
from ocean to sound throusgh the inlecs which cause tremendous "floeds™ (“ebb™)

jets through the i{nlets.

V. SUMMARY

Several years of salinity and othar physical oceanngraphic data have been
culled to evaluate the nature and source of salinity variability in juvenile
fish nurseries located along the peripherv of Pamlico Sound. Rose Bav and
Juniper Bay are the two speclific nurseries studies. The end product of this
effott was to be twofold: Firstlv, a description of the salinity fluctuations
was Lo be established along with an assessment of the causal functions;
secondly, a predictive capability, t.e. a cause and effect transfar funcrion
model of salinity was to be estalished. The first end product has been
accumplished, {,e. the field work siupport monies have run ovut. The second
product is on~itine and is being verified using 19385 Rose Bav data and 1983-35
Juniper Bay data.

The maximum varfability of salinity which was observed in two primary
nurseries occurred in the upper reaches of the nursery where the diffuse salc
hlock meets the volumetrically largest amount of fresh water. Direcr
rainfall, lake canal freshwater discharye sources and land dralnase contend
with salty sound warers co make for a salinity sceacture which changss over

R L ' F !".r‘ut’x.
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Bav monthe g aexr in Pher ar Salingtv vapd hilitv,  lire phae doen -
s lvetee {3 Lhe Soetnd wirh sevondare infloenee 40 foo land eqtia LALATIN FES o YU
v'l:f-'l't‘w'.

The most quiescent PACL nf the nursecy Bawvs ICArs Lo o he mid-hay, At
this lacal the SYSLen 13 recaiving fnpur feom oirher tnd, the ton and the
Sides angd consequently tends to he Alike the mild) . uE A por of stirced srew,
Ther: is a litcle of everything alreadv there and adding more op less does nnt
have the dramatie ¢ffect thar is realized at either wad, rparticularly the

upper end,
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Figure 1.

Pamlico Sound
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Figure 12. A schematic diagram of a multiple input linear system
used for computing transfer functions and coherencies.
where x., X,, X, . . . y(t) is the sum of the q inputs
x {t) convolved with impulse functions h.(g) plus a
residual cerm z(t). 1
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F I

Effects of Freshwater Discharges into Primary Nursery Areas for
Juvenile Fish and Shellfish: Criteria for their Protection

J.M. Miller

Gengral Considerations

Potential negative impacts of perturbations on Juvenile fish
and shellfish in their primary nursery areas may be conceptu-
alized in 3 steps defired by 2 straess thresholds, of salinity
change, for example (Fig. 1). Below threshold #1 the organisms’
responses range from ro sffect to an erergetic tax paid for
internal physiclogical regulation. Above threshold #1 organisms
rmust behaviorally regulate their balarce by moving to a region of
the nursery area which is lexs perturbed, The price paid is loss
of habitat, lower feedirg efficiency, the costs of movirg and,
possibly, increased exposure to predation., All except the last
represant lcosses of growth potential; all car be assessed in
terms of lost production. And, besides the direct effects upomn
the arnimals of interest, the effects orn their food organisms must
be considered. At some higher ievel of stress, threshold #2, the
organisms can reither tolerate nor escape, and they die. This
level of stress repressnts a permavent loss of production for
that season. The thresholds, thus defined, are arbitrary but
useful as a conceptual framework. Thresholds car alsc be useful
in establishirg criteria for protecting rursery areas. If
thresholds are based on the lmast tolerant species, they should
suffice to protect others, In actuality the effects of impacts

will no doubt be a continuum, different Tor different sSpecies.
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Figure 1, RESPONSES OF JUVENILE FISH AND SHRIMP TO STRESS

LEVEL : LOW- - e —————— H1GH
THRESHOLD : 2
RESPDNSE : tolerate move die
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costs of 2. lower fesding

tolerance efficiency

2. lower 3.cost of maving
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It is alsoc essential to expand on the concept of stress,
Stress implies both & perturbation and a resporse, and as such
needs to be defined in biological terms, despite its commorn
definition in terms of tha psrturbation alone. But the same
perturbation, e.g. a decrease in salirnity, will have differential
impacts on differsnt species or stages of the same species
depending on their tolerance. A species' ability to tolerate a
perturbatior is alsc a function of its state of health, so the
effects of a given potentially stressful perturbatiorn are
compound furctions of other stresses - ®. g., turbidity
accompanying runoff, temperatre, et al..

The perturbation of interest here is excessive charnge irn
salinity which requires energy to maintain the proper interrnal
milieu for physiclogical processes tc proceed. fAr animal in a
hypotonic environment must spend snergy to Leep excess water from
invading its body and keep salts from diffusing cut. Conversely,
an animal in a hypertonic environment must spernd energy to
consarve its internal water and to keep excess salts ocut. The
internal salinity of most animals is about 1ippt {parts per
thousand), or about 1/3 the concertraticn of smawater. But rot
only must an animal spend energy if it is in water with more or
less that 11ppt, its ability to regulate (and thus the cost) is a
function of the rate of change imn snvironmental salinity.

Ability to regulate is alsc a function of temperature. All
evidance suggests that change in salinity is more arpensive thar
sub—optimal constant salinity. An animal which can regulate in a

slowly changing salinity may not be able to keep up with a fastaer

64




rate of change. Thus the proper gquantification of a salinity
perturbation includes both the differernce between the internal
and sxternal salt concentration and a term describing the rate of
change. It also seems that a differerce of, say 5 ppt, matters
whether it is Sppt above or below the internal salinity, iippt.
In any case, the significance of the additional energy required
to regulate salinity is its effect on growth, since the same
energy could be used to grow. High levels of stress cause
animals to stop feeding. Furthermore, it seems that there is a
minimum amount of growth that must occur during the first summer
in the nursery for anm animal tc be able to survive its first
wirter. Seo growth depressions caused by sub-lethal salinities
may be ultimately lethal.

The prediction of the effects of accelerated drainage of
freshwater into nursery areas requires krnowledge of the amount
and schedule of salinity change Pplus ar estimate of the effects
on the animals, RAs we have seen, a giver amount of freshwater
entering an estuary results in a distribution of salinity change,
and so has an areal component. The final estimate of the effects
of increased freshwater input will be an areal estimate of the
various levels of respornse by the animals times the duration of
thesa responses. The effects of a particular runoff regime will
be sxpressed as the probability of varicus levels of response by
the community. If a gereric model of the IffEC;s of salinity
change can be achieved, the effects of any proposed drainage plan
can be estimated with some data or the abundance and kinds of

animals in the receiving body of water and the amcunt and timing
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of the freshwater input. The costs of a perturbatiom will be a
direct function of abundarce ard an inverse furcticn of the
species' ability to tolerate change in salinity.

A predictive model will thus rnesd the following inputs anq
outputs:

1) the amount and schedule of freshwater antering a Nnursery
area from a particular drainage system;

2) the temporal and spatial charges irn salinity of the
nursery area caused by the freshwater input; and,

3) the distribution and abundanrce of organisms ir the
impacted area and the changes in production caused by the
varicus levels of charge in the salinity regime.

With the above as a perspective, let us examine what we krnow

about the aburndance and resporases of armimals to salinity charnpge.

IThe distribution and apundange of animals in NnUrsery areas,

Thanks to the surveys by the NC DMF over the past decade, a
great deal is known about the utilization of various nursery
areas, particulariy those of the Pamlica Scund region. The faura
is largely transitory, and includes: 1) fall- and winter-spawned
species which migrate into the nursery arsas from offshore; 2)
Spring- and summer-spawned species which migrate into the NUrsSery
areas from inshore {(estusrine or rnear—-ccastal) sSpawning arsas;
and, 3) permanent residents. In additiorn, some speciaes
originating from upstream spawning areas may drift downstream

into the nursery areas and there are incidental marine or
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freshwater species. The principal species in each category are
shown in Table i. Of the 4 categories, the species in the first
gererally dominate the biomass of the primary nursery areas
desigrnated by the State, and of these spot and croaker are
usually found in the gr.atgst numbers from about February to
October (Fig 2). Spot jJuveniles alsoc domirate the preoduction,
with seasonal values of up to 7.5 g m—2 y=1 in Ros= Bay. This is
squivalent to about 670 pournds (live weight} produced per acre.
Production in certain areas of the Bay, in particular regions
near the headwaters, may be 10 times as great. Spot are
aggregated in the shallow headwaters of the nursery areas sarly
in the season and subsaguently disperse by about June. About 1/3
of the spot production occurs in the shallowest ((1.75m) 1/4& of
the Bay. Croaker production is about 1/3 that of spot and alsco
tracks croaker biomass, But the biomass and production of
croaker are sven less uniform in Rose Bay than that of spot (Fig.
2). About 1/2 of tﬁe total croaker production cccurs in the
shallowest 1/4 of the Bay. Likewise, the seasoral procduction of
both species is unevenly distributed in time. Production rates
track biomass, so that the period of peak production occurs in
May im most years. The fact that production tracks biomass
implies that production is not limited by biomass. The
importance of this cbservation is that a permanent reduction in
production in one area or at one time period is not likely to be
compensated for by increased productiorn elsewhere. If, on the
other hand, the depression of production in one aresa is a result

of emigration, it is possible that the organisms can grow equally
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TABLE 1

Offghore Fall- and Winter-Spawned Species

spot, croaker, summer and southern flournder, brown and white
shrimp, menhaden, pinfish, striped mullet
rirn r Near—Co a Ao _an ummner—Spawred Speci
spotted sea trout, red drum, silver perch, blue crab (alsc
fall), weakfish

Permanent Residente
bay anchovy, killifish, white catfish, silverside, white
perch, gobies

Frestwater Sprirg— or Egmmgr—ﬁgawngg Species

striped bass, alewives, herrings, shad

68




Juvenile spot and croaker in Rose

1-4 are depth regions of the Bay of approximately equal area. -
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well in another, because it seems that the carrying capacity is
not exceeded anywhere. These observations and gereralizatiors
apply to the spot populationa in Rose Bay, the only nursery area
for which the necessary data are available. The carrying
capacity of other nursery arsas may indeed be normally reached,
Because spot are typically considerably more aburndant tharn any
other speciss (perhaps with the exception of anchovies), it seems
reasconable to expect that density—dependent growth would be most
likely to occur im that speciews. But of course it depends on the
food supply in relation to the food requiremert of a speEciexs, and
other, more specialized, specimes may not follow this
generalization. We are currently testing this hypothesis ir &
other nursery arsas in Pamlico Sound. In any case, other thirngs
equal, generalist speciss are less likely to respond negatively
to perturbations than specialist species, of which there are marny
in nursery areas.

The nursery areas in guestion are low salinity regions of the
estuary, generally peripheral smbayments. Average salinities
range from about 5 to 20 PPty &nd rormally fluctuate with
freshwater input and wind—forced exchanges of water mass,

Species thriving in such areas are adapted to changing
salinities. It has been hypothesized that they ENnJjoy some
immurnity from competition and predation because they are adapted.
Certain potential predators and competitors seem to be excluded
from the variable envirorment of nursery areas. €Even the adults
of some specien whose Juvernile stages oCoUpyY Nursery areas are

apparently excluded; certainly there are many stenchaline marine
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and freshwater species which would pray on the Juveniles in
either marine or freshwater envirornments. The point is, there
would seem to be a minimum salinity variation rnecessary for the
wfficient function of a nursery area. And a trade-off of
increased costs of tolerarnce of the variable environment for less
competition and predaticr seems to have beern achisved by a few
highly-productive spacies. In sum, some variatiorn seems
recessary (or beneficial); toc much seems detrimertal. Heow much
is too much and how little is too little? Answers to these
questions should be the basis for criteria for protecting nurssery

areas.

The_ responses of animals to salinity charge.

Metabolic costs

There are few data on the actual costs of salinity tolerance
because it is difficult to separate the costs of increasad
activity which usually accomparny a change. On the other hrand,
routine metabolism may be more relevant to estimating the costs.
Juvenile manhaden axhibit the lowest metabolic rate, about 0O.32
mg O2/g/h, at a salinity of 15ppt, which is near the iscsmotic
level. At Sppt, the rate is 0.43 — a nearly 35% increase. At
30ppt, the rate is about C.34, which sugpests menhadern have
considerably preater costs of tolerating reduced salinity than
increased salinity, Juvenile menhaden prew 33X slower at high

(28-34ppt) than low (5-10ppt) salinity. The same pattern has
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been cbserved in spotted sesa trout, except metabolic costs
increased above and below 20ppt, which indicatmed a higher optimum
salinity. Preliminary sxperiments with Juvenile spot acclimated
to 33ppt showed about the same metabolic rate, 0.37 mg na/g/hh
When the salinity was reduced rapidly to near O ppt, the
matabolic rate fwll to about 0.22 over 8h. Whan the salinity was
suddenly incresased to 33ppt, the rate increased to 0.3% within
about 2h - suggesting a more rapid respornse to rising salinity.
Although the low rate of metabolimm might sugpest an optimum at
Oppt, Juvenile spot die at that salinity. It is likely that
their low metaboliam at Oppt represents a metabtolic shutdown, not
an optimum, But in any case, spot can apparently tclerate low
salinity better than either menhader or spotted sea trout.

To put these data into perspactive, 0.10 mg O2/g/h is
equivalent to a daily growth rate of about 1.6%. Since Juvenile
fish grow at about 3-%% per day, it is clear that the magrnitude
of salinity-related change in respiration rate represents a
migrificant charge in potantial growth rats. Urnfortunately, the
dats available do not permit separation of salinity, salinity
change, tamperature, food, swimming rate and size effects on
Juvenile fish pgrowth. Nevertheless, it is clear that salinity
effects are not insignificent.

Data on brown shrimp show a basically similar pattern. Their
metabolic rate is lowest at 15Sppt (0, 29 mg O02/g/h}; intermadiate
at 25ppt (0.36); and highest at Sppt (0.43). Shrimp metabolie
rate is increassed about 47% with a 10ppt drop in salinity;

Juvenils menhader metabolism increases about 3I3% in response to
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the same drop. Recall, these are acclimated rates of metabolism;
spot metabolic rate increased about 200X in response to a rapid
salinity rise. A fish (or shrimp) exposed to rapidly (say &h)
fluctuating salinity within these same limits could incur up to 8
times the acclimated costs, being kept in a continuocus process of
metabolic readjustment. Metabolic readjustment to salinity
change took 3-12h, depending on the diffenential, in a variety of
estuarine shrimps and fish. Browrn shrimp suffer 100% mortality

when exposed to 2ppt salinity for 4h,

Mowv ] h o r

Thae growth, hence production, of fish varies considerably,
but 3-5% per day sesms near maximal for juvenile fish in their
natural envirornments with access to abundant food, where they eat
about (0% of their weight sach day. Small fish grow faster thar
this; large fish slowsr. Spot and croaker in Rose Bay grow about
3% per day. About 1% of their body waeight in food is required
for maintenance, and on this ration fish do not grow. Swimming
is sxpersive; at 3 body lengths/sec fish use about 4 times as
much ensrgy as is required for maintesnance. Rt one BL/sec the
requirements for swimming and maintenance are about equal. Thus
if fish swim at 2 BL/sec they use enerpy at a rate egqual to their
normal growth rate. Stated another way, forced swimming may
reduce the growth rate to nearly 0. {Likewise, energy spent
tolerating stress reduces growth potential. Thus, the ernergetic

costs of tolerance or swimming can be measursd in reduced growth,
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hence lost production. This is our approach. We will attempt to
calculate such costs for spot and ther revise such eﬁtimatas
according to the information available for other species.

Perez found that spot and croaker responded to changes ih_
salinity of 10 and Sppt/h, respectively, by increased Swimming
speed. This can be interpreted as an attempt to behavierally
regqulate by an escape response instead of tolerating the change.
Thus, 10ppt/h represents a first cut at threshold #1, where a
specises seems to ashift from tolerance to avoidance. If we assume
that the swimming spemd of aveidance is 3 BL/s (the maximum
sustainable), then an sstimate of the costs of a 10ppt/h
perturbation would be the cost of swimming until a regicn of the
nursery is reached where the rate of change is less - i.e.
usually downstream. Given the iscpleths of salinity change in
the nursery and the size of fish (thus swimming speed) onm can
calculate the srergy cost, thus production lost, of behaviorally
regulating. One assumption is critical: the line of travel. If a
fish can oriant its movements, the distarce is a straight line
betwean the origin and the refuge. There is not much eviderce
for such an ability in small fish, and in fact, there is reason
to believe they could rnot posess such an ability. If they swim
randomly, the liklihood of resaching the refuge is small. If the
swimming is modelled as an additional diffusion comfficient
supsrimposad on the movement of water, the time is basically that
of the advection of water, since diffusion is slow compared to
advection in most all cases. Or, they could passively ride

currents out of the impacted area. This presents a dilemma.
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Frashwater entering a nursery would tend to float rapidly ocut of
the area at the surface. Such movements of water are known to
induce upstream flow of bottom water. If the fish swam to the
bottom in response to decresasing salinity, which it should to
escape, they may be carried passively upstream toward the source
of freshwater. On the other hand, if tha water is unstratified,
all flow is downstream and the fish could just "let go". Norne of
these possible escape strategies has beern tested. A more
complex, thus less likely, escape scenaric can be envisioned
whereby the fish learns which way is downstream during
colonization or "exploration'. It is likely that fish in a
typical nursery area learn that deeper is smaltier. But the depth
gradients in many shallow nursery areas are small. The upshot is
that it is hard to envision a gereral behavioral respon=e that
would work in all cases, and thus might be expected to have
selgctive advantage. The speed of response will be determined in
4 State/Sea Grant-sponsored research effort underway in Broad
Creek, and this will contribute greatly tc ocur understarding of
the mechanism inveolved. In the meantime, it smems best to assume
that the fish will swim at 3 BL/s for as long as it takes to
reach a refuge area by advection. This time interval may in fact
be shorter than any of the possibilities discussed above.

The best guess at present as to the costs in terms of lost
spot production of a salinity perturbation would seem tc be the
costs of swimming to a refuge plus the costs of tolerating the
(lower rate of) smalinity charnge in the refuge, which would be

defined as the region of the nursery described by the (10 ppt/h
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change isopleth accompanying the perturbatior. For croaker,
threshold #1 sesms to be = ppt/h and the refuge would be defired
by tha Sppt/h change isopleth.

But in fact the situation is not this simple. Recall crcaker
in Rose Bay are more concentrated in the upper, lower salinity,
reaches of the Bay whare they would appear to be more valrierable
to salinity changes than spot, for axample. And Perez'sz data
indicated croaker were more sersitive to salinity changes than
spot. Yet the production of croaker catches up in a sense to
spot during the course of the y®ar. Peak biomass of croaker is
about 1/10 that of spot 2arly in the spason. But by the end of
the season the biomasses of the two species are abaut equal,

One explanation for the dilemma is that the two species have
different salinity optima, ard a Sppt change/h for croaker is
®#quivalent to & 10 ppt change/h. Since Perez tested both species
at the same acclimation salinity (12ppt), this carmnot be ruled
out. This is only one of many possible explanations for the
differerce between spot and croaker productier, but it points out
that the quantification of a salinity perturbatiorn needs to
include both the acclimation salinity arg the rate of chavnge.

We carm visualize a nursery as a salinity gradient from low
values at the upstream limits (in creeks an at heads of bays) to
higher, but still low, salinities dowrstream. And we can
vigualiz- abundance gradients of organisms acclimated to these
salinities. Freshwater entering at the head of the nursery would
have the greatest impact at the head, but on orgariams with

pPresumably lower optima and the percentage decrease in salinity
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might be Jower since salinity is already low. At the downstream
end of the gradient, little change would occur, but it would
impact organisms with higher optima. At some intermediate point
farther along the gradisnt the greatest parcantage rate of chqng-
would occcur. Perhaps the best way to gensralize across the
complex array of animals' tolerances and salinity changes is to
consider the percentage chamge rather tharm the actual change.

The greatest percertage charnge would cccur near the head, the
greateat absclute change would be at some intermediate point
along the gradient. Such an hypothesis would explain the higher
apparent growth and survival of croaker than spot in Rose Bay,
despite an indicatiorn of greater semgitivity in croaker that
Perez found. ODur observations in Rose Bay supgest that low
riumbers of croaker are gensrally fourd in waters with {Sppt
average salinity. Orn the cccasions where we have observed
salinity drops in response to heavy rains, croaker abundance
declined dramatically in regions with former salinities of about
Sppt and did mot recclonize these areas for about a moﬁth after.
On the other hand, Mattamuskeet Canal near its mouth is a station
which frequently sxhibits bottom salinities (Sppt and yet is ore
of the areas of Rose Bay where spot are most abundant. The Carnal
is alse one of the most dynamic arsas of the Bay. For example,
on 17 March 1982 rains reduced the surface and bottom salinity to
about ippt; one waek later the surface salinity was ippt and the
bottom salinity was 8. Sppt. Apparently relatively high salinmity
water was being advected intoc the Canal at the bottom. Spot

density was 14.9/m2, one of the highest densitiws we have found
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anywhere in Rose Bay in S years of sampling. Just upstream and
downstream of the Carnal mouth in Rose Bay Creek, spot aburdances
were 0.57 and 0.16/mE, respectively. A month later the abundarce
of spot in the Canal was 7/m2, still the highest abundance in the
vicinity — salinity was 8.%ppt at the bottom and 4.5ppt at the
surface. Numbers upstream and dowrnstream had increased to 2.2
and 0.6/m3, respectively. This particular data set illustrates
how difficult it is to separate the effects of salinity charge
from the accompanying advection of water (and fish) into an area.
It is true, however, that despite periods of intense utilization,
these systems of creeks and canals at the heads of the nursary
areas are ganeralliv less productive than many regions downstream,
It would be dangerous toc assume that increased perturbation aof
these cresks and canals, Particularly early in the season, would
rnot impact the downstream productivity of the nurseries, It is
not known how pepulations in the creeks and canals interact with
the those in the remainder of the nursery. They may be the same,
in which case stresses applied at the heads of the systems (even
though infrequent}) may have biological ripples downstream. This
is particularly likely where organisms are advectsd upstream into
canals or cresks. RAgain, this is most likely warly in the seasor
when fish are small and are concentrated at the heads of the
niurseries.

1984 was a year which provided a contrast toc the above
dynanmics. During the period 24 May-13 Jure, salinity was
relatively low and stable at S5 stations at the head of Rose Bay.

The S—station means (and SD's) for the dates of 24 May, 31 May
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and 13 June were 5.42(1.29), 2.%6(1.81) and 5.04(2.78),
respectively. Fish abundance did rnot change appreciably during
this time interval. UOverall spot abundance was 0.48(0.28) and
croaker abundance was 0.20¢0.20) for the entire period. Thesse
nunbers are typical for this time of year in Ross Bay. The
higher variability of croaker is mostly due to one station which
consistently has a high biomass of croaker, rot to intra-station
variability. Thus, despite a perturbation which reduced salinity
by one half (from 5.42 to 2.56) numbers of fish remained stable.
This indicates the salinity did not change rapidly, but alsoc
shows that under relatively stable conditions spot and crocaker
remain at salinities less than Sppt and ircur the costs of
tolerance. Their growth rate was about average during this

particular time interval.

£ _Summary: Tolerance vs., Behavioral Repulation

We have seen that significant costs - up to 100% of the
normal growth rate — are incurred by shrimp or fish expczed to
salinity perturbations in the laboratory. But despite at least
crude estimates of these costs, there is still inadequate
knowledge of the actual responss (i.e. exposure) of either shrimp
or fTish to particular salinity regimes in the field. Since the
costs of both moving and tolerating are clearly significant -~ and
of the same magnitude -~ unti]l there is clear evidence to the
contrary, it sesms prudent to assume such costs will be incurred

in the course of salinity perturbations of nursery areas.
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Furthermore, thers are no data available for marny species which

inhabit these nurseries. There is no evidence to the contrary -

only the pogsibility that orgnisms may be flushed from the

perturbad area under urstratified circumstances. A ressarch

effort is qurrently underway which should answer scme of the

critical gquestiorns.

Criteria tc Protect Primary Nursery Argas

Several points are clear from cur ressarch in Rose Bay:

1)

2)

3)

It is change in salinity, not salinity, which is

important.

The criterion of 8-30ppt suggested in the recent DEM

Report 84-10: Water Quality Criteria for Primary Nursery
Areas in North Caroling does not adequately consider
wither salinity change or the fact that many important
nurseary arsas are characterized by considerably lower
salinities than 8ppt - the lower limit of the proposed
salinity range for nurssries. In fact, it is these low
salinity nurasery areas and the low salinity areas within
nursery areas which seesm most vulnerable to salinity

change.

Even though shrimp appear to have lowar tolerance of

salinity change than sither spot or croaker, their higher
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4)

S)

preferred salinity and later arrival in nurssry arsas
(when salinity is more stable in gensral) argues that
certain other speciews, such as spot and croaker, may have
more stringent nursery area requiremesnts than shrimp.

For example, 8ppt azs a lower limit would exclude the most
important areas of Rose Bay for croaker productiorn and
also much of the Bay which is utilized by spot early in

the season,

Perturbations of salinity are episcdic, therefore
specifying criteria based on mean salinity are virtually
useless, uriless mear salinity can be related to charge
over short (e.g. days) time intervals — which it cannot.
Criteria must be stated in terms of the probability of
certain episodes occurring.,. Whatever criteria are
developed, it must be recognized that they will be
occasionally exceeded by natural events. It is the
ingreaged probabilities (risks) associated with increassd
discharges of freshwater into nursery areas which must be
assessed and considered in both the criteria developed and
the subsequent applicatiom of such criteria in decisions

to permit additiomal drainage into nursery areas.

Although our research has besn centered on spot and
croaker, there are many other less abundant species which
probably are less tolerant to malinity change. Criteria

based on these speciss should be developed to irnsure their
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6)

7T

\.‘c

protection. Special consideratiorn should be givern to
spacies which, unlike spot, croaker and shrimp, reside in
the surface watsrs of the nurseries. Surface salinities
Are more variable and nearby refuges {e. Q. depressions in
the bottom for demersal species) would appear to be lu;s

available.

The diastribution of species is not even within desigriated
Primary nursery areas. Nor is the species distributicn
among different nursery areas the same. Therefore
attention must be given to where certain allowable
drainages are permitted. Likewise ary criteria develcped
must specify the region of the nursery. Any perturbation
can impact up to 100 or mors times as mary organisms ir a

nursery aresa, depanding on where and when it occurs.

The statement in the DEM Report (in #1 above) and in the
EMC Information Package that “Standards which provide
protection for brown shrimp will ganerally protect other
nursery species."” is not adequate. What is the meaning of
"generally”? Although it is recognized that criteria

will not completely protect any species, the level! of
protection required must be specified. For example, is a
25% loss of croaker production in a nursery area
acceptable? An important finding of our research in Rose
Bay is the evidence that permarent losses in one area of

the nursery will not be compersated for in some cother
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8) The tolerance lavels of salinity cited in the DEM Report
and the EMC document should be interpreted with caution.
Gernerally these reflect the literature records of the
lowest and highest salinities where a species has sver
been found. Salinity is easy to measure, but there is
evidernce that Calcium, which may be correlated with
salinity, is more important thar salimity. Especially in
low salinity waters, they may be uncoupled. Relatively
high levels of Calcium may allow species to inhabit lower
salinity waters than would otherwise be possible. And
many marine speciss can be cultured at salinities well
below their tolerance limits if adequate Ca is provided.
But the freshwaters which lower the salinity in North
Carolina nurseries are generally low in Ca. Thus it ssems
likely that the low salinity tolerance level may be
misleading - certainly tolerance of a limit is not
synonymous with health, or perhaps even long term

survival.

What has been presented here is a conceptual model of the
effects of salinity change on spot, croaker and shrimp in their
primary nursery areas. Salinity change is probably not the most
important potential perturbation, but it is relatively easy to
model since salinity is conservative. Likewise, spot, croaker

and shrimp are not the most senrsitive species in thess nursery
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areas. They were chosen because they are abundant and relatively
®asy to study. But even the sasiest apecies and environmental
factor do not yield a simple model. The interactions with other
factors and species must be considered to be realistic. Unti{
such interactions are understood, any model will be a blunt
instrument for its intended purpose of defining and protecting
nursery areas. Though we are at the beginning of the effort to
develop adequate criteria for NUrsery areas, and we are currently
dealing with an easy factor and tolerant species, we ara
corntirmuing to improve cur predictive capabilities, This should
aiso be recognized. But the ultimate criteria, if they are to be

effective, are likely to be more conservative.
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