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The Biological Services Programwas establi shed wi t hin the U.S. Fish
and Wi ldl i fe Service to supply scien t ifi c i nformat ion and meth odologies on
key environmental i ssues that impact fis h and wi ldli fe re sources and the i r
supporting ecosystems. The mission of the program is as fol l ows:

• To strengthen the Fis h and Wi ldl i fe Service in its role as
a pri mary source of informat ion on nat ional f i sh and wil d
life reso urces, particular ly i n respect t o env i ronmental
impact assessment.

• To gather, analy ze , and prese nt i nforma t i on that will aid
cec f s tormakers in the identifica ti on and resol ut ion of
probl ems associ at ed with maj or changes i n land and wat er
use .

• To provide bet ter ecolog ica l informa tion and eval uat ion
for Department of the Inter io r devel opment programs , such
as those relat i ng to energy devel opme nt.

Informati on developed by the Biological Services Program is i ntended
for use in t he planni ng and deci s ionma ki ng process to prevent or mi nimiz e
the impact of development on fis h and wi ldli fe. Research acti vit ie s and
tec hnical assistance services are based on an anal ysis of the issues, a
dete rmina t ion of the deci s ionmakers i nvolved and the i r information needs ,
and an evalua t ion of the st ate of t he ar t to ident i fy i nformat ion ~ a p s

and to dete rmine pr io r it ie s. This i s a stra te gy tha t wil l ensur e t hat
the products produced and dissemi nate d are t ime ly and useful .

Proj ect s ' have been i ni t iated i n the fol lowing ar eas : coal ext ract i on
and convers i on; power pl ants; geot hermal , mi neral and oil shal e devel op
ment; water resource analys is. j ncl udi ng s tream al terat ions and west ern
wat er al location ; coastal ecosyst ems and Outer Co nti nent al Shelf develop
ment ; and syst ems inventory , inc lud i ng Nati onal Wet l and Invent ory,
habitat cla ss ificat ion and anal ysis, and informat i on t ransfe r .

The Biol ogic al Servi ces Progra m consi sts of t he Of f i ce of Biologi cal
Ser vi ces in Washingto n. D.C ., wh i ch i s responsi ble for overa l l planning and
management; Nat. i o.nal Teams, whi ch provide the Program' s central scienti f ic I
and te chnical exper t ise and arrange for cont r act i ng bi ol o9ical servi ces
studies wi t h states, unive r si t ie s, consult ing f i rms , and others; Regi onal
Sta f fs, who provide a link t o probl ems at the operat ing level ; and st af fs at
cert ai n Fish and Wi ldl i fe Servic e research facil iti es, who cond uct i n-house
research st udies.
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PREFACE

The habitat use information and habitat suitability index (HSI) model in
this report on juvenile Atlantic croaker is intended for use in impact assess
ment and habitat management. The model was developed from a review and
synthesis of existing information and is scaled to produce an index of habitat
suitability between 0 (unsuitable habitat) and 1 (optimally suitable habitat).
Assumptions used to transform habitat use information into the HSI model, and
guidelines for model applications, including methods for measuring model
variables, are described.

This model is a hypothesis of species-habitat relationships, not a
statement of proven cause and effect relationships. The model has not been
field-tested, but it has been applied to four hypothetical data sets which are
presented and discussed. For this reason, the U.S. Fish and Wildlife Service
encourages model users to convey comments and suggestions that may help
increase the util ity and effectiveness of this habitat-based approach to fish
and wildlife management. Please send any comments or suggestions you may have
on the croaker HSI model to:

National Coastal Ecosystems Team
U.S. Fish and Wildlife Service
1010 Gause Boulevard
Slidell, LA 70458
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ATLANTIC CROAKER (Micropogonias undulatus)

HABITAT USE INFORMATION

The Atlantic croaker is an important commercial and recreational species.
Although it has a wide geographic range from the New England States to South
America, the croaker is basically a southern species important in the Gulf of
Mexico and South Atlantic Bight. During climatically warmer periods, such as
the 1930·s and 1940ls when it was fished commercially in New York, the croaker
extended its range north. Now Virginia or Delaware is considered to be the
northern extent of the range of the species. The Atlantic croaker spawns in
coastal marine waters and uses estuaries as nursery and feeding grounds.

Food

The croaker preys upon a variety of organisms (Darnell 1961; Parker 1971;
Diener et al. 1974; Stickney et al. 1975; Chao and Musick 1977; Overstreet and
Heard 1978; Etzold and Christmas 1979; Kobylinski and Sheridan 1979; Sheridan
1979; We"inste"in 1979; Schwartz 1980). Mysids, decapods, amphipods, copepods
and polychaetes form the bulk of the croaker1s diet. At times, mollusks, fin
fishes, and detritus are also consumed in large quantities.

Copepods (calanoid and harpacticoid) are the major dietary component for
larval and juvenile croaker. As fish grow into young adults (100 to 150 mm
standard length; SL), their diet includes more fish. The reported consumption
of detritus by all sizes of croaker may be incidental to the diet and of
little nutritive value. Stickney and Shumway (1974) found croaker to lack the
ability to digest cellulose. Detritus in the gut of croaker, therefore, is
most likely a byproduct of bottom feeding over unconsolidated mud of high
organic content.

Reproduction

Croaker spawn in the fall in marine waters. Spawning grounds are not
clearly defined and can range from tidal passes and the mouths of estuaries
to wide areas of the Continental Shelf to depths of at least 54 m (177 ft)
(Pearson 1929; Hildebrand and Cable 1930; Hoese 1965; Fruge and Truesdale
1978; Johnson 1978; Etzold and Christmas 1979). Eggs are pelagic, and upon
hatching, the larvae and postlarvae move into estuaries. Actual mechanisms
for larval transport into the estuarine nursery grounds are unclear and may
be a combination of both passive current transport (Weinstein et al . 1980b;
Norcross and Austin 1981) and active swimming (Pearson 1929).

At first spawning, croaker vary in age from 1 to 4 years. Gulf of Mexico
populations apparently spawn after 1 or 2 years of life. Atlantic populations
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in the southern part of the range s pawn perhaps after 1 year, but croaker in
the northern part of the range may not spawn until they are 3 to 4 years of
age (Herke 1971).

Specific Habitat Requirements

The juvenile is the dominant croaker life stage found in estuarine habi
tats and is the only life stage considered in this HSI model. Adults are
tolerant of a broader range of environmental conditions than other life
stages, and no specific habitat requirements can be identified at this time
(Bearden 1964; Johnson 1978).

Once recruited from nearshore marine waters, in the fall and winter,
larvae (8 to 15 mm SL) move up the estuary to areas of brackish water (Bearden
1964), where the transition to juvenile occurs at a size ran~e of 15 to 25 mm
SL. Juveniles then take up residence in the nursery areas (Yakupzack 1976).
Oligohaline (0.5 to 5 parts per thousand; ppt ) and middle mesohaline (5 to
12 ppt ) salinities are preferred (Bearden 1964; Parker 1971; Kobylinski and
Sheridan 1979; Weinstein 1979; Weinstein et al. 1980a). Juveniles are also
common in tidal riverine habitats (Raney and Massmann 1953). With growth,
juvenile croaker gradually move down the estuary to higher salinity waters.
After about 1 year most of the previous fall's recruits, cueing on a combina
tion of environmental factors, leave the estuary and return to nearshore
marine waters (Clairain 1974). Older croaker (2+ years), after having entered
the estuaries in the spring when temperatures rise to about 16°C (61°F)
(Johnson 1978), also migrate to coastal waters with declining temperatures in
the fall (Chao and Musick 1977; Johnson 1978; Etzold and Christmas 1979).

Juveniles have been reported to use marshes (Hildebrand and Cable 1930;
Hansen 1964; Parker 1971; Sheri dan 1979) and ti da1 creeks (Parker 1971;
Arnoldi et al. 1974; Chao and Musick 1977; Weinstein 1979). The best com
bination of habitats seems to be marsh interspersed with tidal creeks.
Expanses of marsh grasses undissected by creeks and rivulets are not cons id
ered to be good habitat for croaker. The attraction of juvenile croaker to
marsh-associated tidal creeks is understandable if one considers their prefer
ence for small food items, particularly copepods. Cope pods and zooplankton in
general are abundant in marshes and tidal creeks, particularly in low salinity
marshes (Pfannkuche et al. 1975) and deep open water (Williams et a l , 1968).
In addition to providing a food source, these small creeks also afford protec
tion from predators.

The estuarine nursery areas for Atlantic and Gulf of Mexico croaker popu
lations generally are different. Gulf of Mexico estuarine areas are shallow
(generally less than 1.8 m or 6 ft) and have extensive marsh systems associ
ated with them. In addition, these areas are not as tidally dominated as most
of those on the Atlantic coast, and the accessibility of marshes to croaker is
more consistent. The prime croaker nurseries on the Gulf of Mexico coast are,
therefore, the marshes (Herke 1971; Yakupzack 1976). On the Atlantic coast,
with typically deeper estuarine areas, much less extensive marshes, and more
tidal influence, the prime croaker nurseries are deep tidal creeks (Weinstein
1979; Weinstein et al. 1980b). There are exceptions to these generalities
that are dependent upon local conditions. For example, along the Texas coast
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where marshes are not as extensive as they are in Louts tane , croaker do
utilize open water as nursery areas (Parker 1971). Ltkewtse, well-established
marsh areas along the Atlantic coast serve the same function.

Main stream channels and deep subtidal channels with unconsolidated bot
toms are also considered to be good nursery areas for croakers on both coasts
(Pearson 1929; Haven 1957; Johnson 1978; Etzold and Christmas 1979; Weinstein
1979; Wei nstei n et a1. 1980b). Areas wi th soft mud bottoms havi ng a hi gh
organic or detrital content are also considered to be optimal habitats for
juveni le croaker (Bearden 1964; Parker 1971; Chittenden and McEachran 1976;
Kobylinski and Sheridan 1979; Sheridan 1979; Weinstein 1979; Weinstein et al.
1980a).

Croaker tolerate wide ranges of temperature and salinity. Juvenile
croaker will grow over a range of 6° to 32°C (43° to 90°F) (Johnson 1978).
Since croaker recruits immigrate from their spawning grounds and enter nursery
grounds in the winter , excessively low temperatures may be a major density
independent factor contro11 i ng recrui tment and abundance cycles (Wei nstei n
et al. 1980b; Norcross and Austin 1981). Juvenile tolerance ranges from 6° to
20°C (43° to 68°F) (Parker 1971). In qenera l , the earlier life stages of
croaker are most cold tolerant and adults are least cold tolerant (Johnson
1978).

Along the Atantic coast the selection of deeper creeks and open water by
juveni le croaker as a nursery ground may be keyed to temperature. For exam
ple t in spring when temperature variations are most severe in shallow areas t
juveniles may stay in the more thermally stable channels. It seems certa in ,
however , that no one factor is completely responsible for croaker distri
bution. Food t substrate type t salinitYt protection from predation t and
temperature interact t and distinguishing which of these factors is more
important is difficult. The relative important of each factor may vary from
place to place along a coast and among coasts. These varying interactions
must be remembered when evaluating any habitat for croaker.

Declining temperatures in fall accelerate the migration of croaker from
the estuaries to coastal waters. Other environmental factors t such as salin
ity chanqes , may be invol ved, however, in inciting migration (Clairain 1974).
Sudden or prolonged periods of "intense cold occurring while croaker are still
in shallow areas can cause mass mortalities (Gunter and Hildebrand 1951).

The tolerance of croaker to salinity is impressive. The species has been
found in waters rangi ng from 0 ppt (Johnson 1978) to 70 ppt (Simmons 1957);
however , this is an extreme range which includes all life stages combined.
Highest numbers of juveniles are associated with salinities in the oligohaline
and middle mesohaline range (0.5 to 12 ppt ) (Kobylinski and Sheridan 1979;
Weinstein 1979; Weinstein et a1. 1980a). As croaker grow t their tolerance to
higher salinities increases (Herke 1971).

Stability of the salinity regime within croaker nursery areas is also a
factor "in controlling croaker distribution. Juvenile croaker tend to avoid
areas of fluctuating salinity (Herke 1971; Gerry 1981). Gerry (l981) found
croaker most abundant in habitats where salinity fluctuations were the least.
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Avoidance of fluctuating salinity may in part be a reason croaker on the
Atlantic coast seem to prefer deeper tidal creeks over shallower marshes,
since the magnitude of salinity change should be less in deeper water for a
gi ven peri od, On the Gul f of Mex i co coas t, s ha11 ow low sa 1i nity mars hes are
the primary nursery ground for croaker. Croaker are more abundant in these
marshes than in adjacent open water areas (Rogers 1979). Marshes with salin
ities greater than 18 ppt are not considered as good nursery habitat (Rogers
1979; Weinstein 1979).

Even though there are no published values for dissolved oxygen require
ments of croaker, it is an important habitat variable. Dissolved oxygen (DO),
when expressed as a summer minimum value, is particularly important in the
deeper water habitats. When DO levels drop, most fish including croaker will
leave the areas (Markle 1976; Chao and Musick 1977). Although deep, soft
bottom channels in es tuari es are good habitat for croaker, these areas may
have oxygen deficiencies in the summer. In such cases, there may be a signif
icant displacement of juvenile croaker to shallower water. Low DO in marshes,
however, can kill juvenile croaker (Yakupzack 1976) or possibly cause their
displacement to adjacent open waters.

Turbidt ty is an inverse measure of water clarity and can result from
either dissolved materials such as tannins in the water or, more commonly,
suspended particulates. Water with high turbidity is brown or nearly opaque
from suspended material.

Turbi d areas may provi de croaker with protect i on from vi sua 1 predators.
Highly turbid areas, in general, also tend to have high organic loads which
may cause an increase in food availability to croaker. Turbidity does not
pose any feeding problem to croaker since they are morphologically adapted for
tactile feeding (Chao and Musick 1977). Juvenile croaker tend to be found in
highly turbid runoff areas (Bearden 1964; Parker 1971; Kobylinski and Sheridan
1979) and in the low salinity (0.5 to 5 ppt), maximum turbidity zone of estu
aries (Weinstein et al. 1980a). The maximum turbidity zone is defined as the
transitional zone of an estuary from fresh to salt water. It is typically an
area of high sedimentation where salt water flocculates and traps much of the
alluvial load brought into the estuary (Nichols 1972).

Juvenile croaker tend to live primarily over muddy substrates (Parker
1971; Chittenden and McEachran 1976; Kobylinski and Sheridan 1979). They use
both estuarine open water (predominantly on the Atlantic coast) and estuarine
marsh areas (predominantly on the Gulf of Mexico coast). One feature of the
substrate that makes it more attractive to croaker on both coasts is organic
content. There is a pos itive correlation between croaker abundance and the
amount of organic matter in the surface sediments (Bearden 1964; Sheridan
1979; Weinstein 1979).

HABITAT SUITABILITY INDEX (HSI) MODEL

Model Applicability

Limitations. This model is developed for juvenile croaker. Factors
that influence the successful survival and recruitment of larvae from coastal
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marine waters are complicated and outside the influence of the estuarine sys
tem (Norcross and Austin 1981). Adult croaker are less habitat-specific than
juveniles. Any area suitable for juveniles is thought to be suitable for
adults. The only exceptions are oligohaline areas, where larger croaker do
not usually occur.

The use of this model is not always appropriate, such as where partial or
extensive reduction in habitat availability has occurred due to toxic wastes.
The unavailability of potential habitat resulting from the presence of envi
ronmenta1 contami nants wi 11 interfere with proper i nterpretati on of model
applications.

Geogra~hic area. The geographic areas covered by this model are the
southeast Atlantic coast and Gulf of Mexico coast. There are, however,
differences in the areas used as nurseries by the two coastal croaker popula
tions. Gulf of Mexico croaker populations use marshes as their primary
nursery area, whereas Atlantic coast croaker use deep creeks or channels and
open water areas. Cespite this major difference, the basic life requisites of
water quality and cover seem to be similar on both coasts. The HSI model
attempts to account for nursery habitat differences between the coasts and
assumes other variables to be operating similarly between coasts.

Season.. The HSI model is designed for spring and summer application.
Some of the mode 1 var i ab1es perta into envi ronmenta1 condit ions that wou 1d
occur only during these seasons. If applied during other seasons, it would be
necessary to adjust variables that are seasonally programmed.

Cover types. Croaker typically use estuarine and nearshore marine habi
tats. Spawning occurs in the marine habitat and near the transition to the
estuarine habitat. The estuarine habitat is used as the nursery grounds.
This model is intended for evaluation of ohly the estuarine habitat.

Minimum habitat area. The minimum habitat area is that area of contig
uous sui tab le habitat that is requi red for croaker to develop and reproduce
success fully. No mi nimum habitat size requirements for croaker have been
identified in the literature.

Verification level. The acceptable output of this HSI model is an index
between 0 and 1 which is believed to have a positive relationship to carrying
capacity. Hypothetical data sets were used to verify that HSI's determined
with the croaker model were reasonable and acceptable. These data sets and
their relationship to model verification are discussed later.

Three biological experts outside the u.S. Fish and Wildlife Service were
identified to review and evaluate the croaker HSI model throughout its develop
ment. Ideas and suggestions from these experts were incorporated into the
model-building effort. These experts were Mr. John Lunz, Environmental Labor
atory, U.S. Army Corps of Engineers, Vicksburg, Mississippi; Dr. Michael
Weinstein, Virginia Commonwealth University, Richmond, Virginia; and Dr.
Brenda Norcross, Virginia Institute of Marine Science, Gloucester Point,
Virginia.
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Model Description-Estuarine

Overview. This HSI model for the juvenile Atlantic croaker considers
water quality and cover life requisites in the estuarine habitat. The rela
tionship of habitat variables, life requisites, and life stage to the HSI is
illustrated in Figure 1.

The following sections document the logic and assumptions used to
interpret the known habitat information for the croaker to explain the rela
tionships among variables and equations used in the HSI model. The two basic
1ife requisites used in the model are not independent. There is a great deal
of overlap and correlation between the habitat variables and life requisites.
For example, turbidity in estuarine systems is directly related to both the
salinity gradient and depth (Ntcho ls 1972). The grouping of habitat variables
into water quality, cover, and food is primarily for development of the HSI
and is not intended to imply that water quality and cover variables, for
example, are mutually exclusive.

Water quality component. Four variables are reported in the literature
as influencing the quality of habitat for juvenile croaker. Turbidity,
primarily as indication of the suspended solids in the water column, seems
positively correlated to croaker abundance. Highly turbid areas are most
suitable, but turbidity can be an ephemeral condition in estuaries and should
be averaged over at least a tidal cycle. Dissolved oxygen (DO) is important
when it drops to limiting concentrations. Although croaker tolerance to low
DO is not specifically known, oxygen levels below 3 mg/l are limiting to other
fish species (Hoss and Peters 1976). This is possibly the case in deep habi
tats during the summer when biological and chemical oxygen demand are high,
and thermal or salinity stratification prevents the mixing of the water
column.

The most suitable habitats for croaker on both the Gulf of Mexico and
Atlantic coasts are generally the most turbid (Bearden 1964; Kobylinski and
Sheridan 1979; Weinstein 1979). Since turbidity (Vl) in estuarine habitats is
mainly suspended solids, it can be categorized by the amount of solids in the
water or by Jackson Turbidity Units (JTU). Although it is not a quantitative
measure, the turbidity variable may also be defined in four steps from clear
to cloudy to light brown or semitransparent to dark brown or opaque.

For the DO variable (V2), values below 3 mg/l were chosen to identify
unsuitable croaker habitat, based on the oxygen tolerance measurements ob
tained for other fish species (Hoss and Peters 1976). Since low dissolved
oxygen is generally a summer phenomenon and usually of short duration, great
care must be taken in choosing the time for measurement of oxygen levels.
Habitats where oxygen levels do not drop below 4.5 mg/l have the highest suit
ability, again based on the oxygen tolerances of other species (Hoss and
Peters 1976: Doudoroff and Shumway 1970).

Salinity controls the basic distribution of juvenile croaker in the estu
ary. Highest numbers of individuals are found in salinities from 1 to 12 ppt
(Bearden 1964; Parker 1971; Weinstein et ale 1980a). For any location in an
estuary, salinity can vary over a tidal cycle and seasonally. Salinity can
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Habitat variable Li fe regui site Li fe stage Habitat

Organic matter in sediment

~ Water quality~-- - - - - - - - -=::::;?7 . HSI
Salinity Es tuar tne
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Interspersion of marsh
and tidal creeks ---------~'-

Turbidity ,

Dissolved oxygen minimum ~

Temperature variation /

Depth of open water ~ Cover

Substrate type ~

Salinity variation ~

'J

Figure 1. Relationship of habitat variables and life requisites to the HSI for juvenile Atlantic croaker.



also be influenced by storm events or long-term cl imatic trends; therefore,
measured salinity values need to be evaluated in terms of both long- and
short-term fluctuations. For example, a drought may temporarily cause sal in
ity to become unsuitably hi gh for croaker, but return of average c1imati c
conditions would result again in favorable salinity levels. The short-term
stability of salinity, on the order of a tidal cycle, may be as important as
average salinity in determining suitability of a habitat for juvenile croaker.
High abundance of juvenile croaker has been correlated with stable salinity
(Gerry 1981). Rapid changes in salinity, on the order of S ppt/hr, adversely
affect juvenile croaker (Perez 1969).

For the HSI model two variables characterize salinity: magnitude (V3)
and short-term stability (V 4). Habitats where the salinity range remains
between 2 and 10 ppt are considered optimal. Areas with salinities less than
2 ppt or between 10 and 12 ppt are cons i dered to be sui tab le but 1ess than
optimal for juvenile croaker. Finally, areas where salinities remain 20 ppt
or greater are considered to be totally unsuitable (Weinstein 1979). For
short-term salinity stability (V4), optimal habitats are considered to be
those in which salinity does not vary by more than 3 ppt/hr (Perez 1969).
Areas with salinity variations greater than 9 ppt/hr are assumed to be totally
unsuitable for juvenile croaker.

Typical annual variation in temperature poses no problem to croaker over
its range (Virginia-Delaware to Texas). Temperature is an important localized
habitat variable when considered in terms of the wide variation and duration
of temperature extremes. Juvenile croaker will grow over a wide range of
temperature (6° to 20°C or 43° to 68°F; Parker 1971), with their tolerance to
rapid changes in temperature (thermal shock) limited by their thermal history
(Copeland et al. 1974). Temperature increases of 14.4°C caused stress reac
tions in croaker acclimated to 18°C (64°F), and an increase of 16.6°C above
18°C will physiologically incapacitate croaker (Copeland et al. 1974). At
hi gher accl imati on temperatures the thermals hock needed to cause adverse
reaction in croaker is smaller. These findings indicate that temperature var
iations in the spring should not playas great a role in excluding croaker
from shallow habitats as would temperature variations in summer when overall
temperatures are higher. In both spring and summer, temperature variation in
deep water habitats is less than it is in shallow areas. This helps to make
the deeper areas, if they are present, preferred habitat; therefore, a measure
of the magnitude of temperature variation (VS) is necessary to determine habi
tat suitabil ity for croaker. If temperatures vary lOoC or less/day, then the
habitat is considered suitable. If variations are as much as 17°C or more
then the habitat is considered to be unsuitable. These ranges are based on
the work of Copeland et al. (1974).

Cover component. Juvenile croaker, for the most part, are generalists
and occupy a variety of cover types. They occur in open water, soft mud bot
tom, and channel areas as well as in shallow creeks in marshes. Interspersion
of marsh and tidal creek is optimal for croaker (Dr. Michael Weinstein, Vir
ginia Commonwealth University, Richmond; personal communication, 1981). When
marsh is dissected by tidal creeks, a greater length of shoreline is created.
This interspersion of habitats provide better access to food resources through
material exchange between the marsh and subtidal habitats. The greater the
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interface or edge between these habitats, the greater the value of the overall
habitat area to croaker. In marshes and deep open water channels, a combina
tion of water quality and food aval l abt l t ty may determine the t"iming and
extent of use of each habitat by croaker.

In general, the primary habitats for juveni le croaker are estuarine
marshes on the Gulf of Mexico coast and estuarine open water areas on the
Atlantic coast. To apply the HSI model, it may be necessary to use a differ
ent variable function for cover (V6), depending upon which coast is involved.
Depending upon local conditions, however, it may also be necessary to switch
functions or possibly use both functions in the same area, regardless of which
coast is involved.

For the Gulf of Mexico coast or marsh-dominated areas, good croaker habi
tat is defined as marshes dissected by tidal creeks. ~larsh areas undissected
by tidal creeks and shallow, open water areas are considered to be less than
good habitat. No data are available for quantifying habitat suitability in
terms of the ratio of marsh area to tidal creek area. Therefore, optimal hab
itat is arbitrarily defined to be composed of 50% marsh area and 50% tidal
creek area. It is further assumed that, as the proportion of marsh area de
creases relative to the area of tidal creeks, the suitability of the habitat
drops rapidly; but with a proportional increase of marsh to tidal creek area,
the habitat suitability drops slowly.

For the Atlantic coast or open water areas, the cover variable (V6) is
defined as the ratio of area of bottom deeper than 6 ft mean low water (MLW)
to total bottom area. Optimal habitat is arbitrarily considered to have 50%
or more of its total bottom area deeper than 6 ft. As the proportion of area
deeper than 6 ft decreases rel ative to the total, the habitat suitabil i ty is
assumed to drop rapidly.

Substrate quality, in terms of dominant substrate type (V 7) and organic
content (Va)' plays an important role in determining juvenile croaker distri
bution. Sand and hard substrates are not suitable at all for juvenile croaker.
Mud is most suitable (Chittenden and McEachran 1976; Kobylinski and Sheridan
1979; Weinstein 1979). There is also a positive correlation between occur
rence of juvenile croaker and the amount of organic matter in the surface
sediments (Bearden 1964; Sheridan 1979; Weinstein et ale 1980a). Weinstein
et ale (19aOa) found highest abundances of juvenile croaker in areas of high
organic content, up to 33%. For relating organic content (Va) to habitat
suitabil ity, it was assumed that areas having a sediment organic content of
10% or more were optimal, whereas areas with sediment organic content of 2% or
1ess were consi dered to be unsuitable. Table 1 summarizes the assumpti ons
given for each habitat variable.

Suitability Index (SI) Graphs for Model Variables

This section provides graphic representations of the relationships
between various values of estuarine habitat (E) variables and habitat suit
ability for juvenile Atlantic croaker. The SI values are read directly off
the graph (1.0 = optimum suitability, 0.0 = no suitability) for any variable
value.
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Table 1. Data sources and assumptions for Atlantic croaker suitability indices.

Va
6

Va
6

Variable and source

Bearden 1964
Kobylinksi and Sheridan 1979

Doudoroff and Shumway 1970
Hoss and Peters 1976

Parker 1971
Weinstein 1979
Weinstein et ale 1980b

Perez 1969
Gerry 1981

Copeland et ale 1974

Option A

Option B

Chittenden and McEachran 1976
Kobylinski and Sheridan 1979
Weinstein 1979

Bearden 1964
Sheridan 1979
Weinstein et ale 1980a

Assumption

High turbidity levels are posi
tively related to croaker
abundance.

Low levels of dissolved organic
are not suitable.

The range of optimal salinity is
much narrower than the maximum
range, and oligohaline and lower
mesohaline salinities are optimum.

High salinity stability is opti
mal. Increasing fluctuations
decrease suitability.

High temperature stability is
optimal. Increasing fluctuations
decrease suitability.

Optimal cover diversity of marsh
and tidal creek is found when
approximately equal amounts of
both are present.

Optimal cover is found when all
bottom is deeper than 6 ft MLW.

Soft mud is most suitable. Sandy
mud is less suitable. Hard and
sandy substrates are unsuitable.

Highly organic muds are optimal.

a This variable is not discussed in the literature on croaker; it was derived
from results of other fish studies.
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The SI graphs are based on the assumption that the sui tabi 1ity of a
particular variable can be represented by a two-dimensional linear response
surface. Even though there are interdependencies and correlations between
many habitat variables, it is assumed that each variable operates independ
ent ly over the range of other vari ab1es under considerati on. Further, there
is no significance to the order in which the suitability curves are presented.

Habitat Variable

E Option A: Turbidity
10 to 15 em above the
bottom, measured dur
ing spr"ing or summer
as either suspended
sol ids or JTU .

Suitability Graph

1.0

x 0.8Cll
"'0
c

0.6
>-
+oJ

.- 0.4.0
co

+oJ

::::l 0.2til

0.0
>80 40 20 10 0

mgll

>5 4 3 2 <1

JTU

E VI Option B: Turbi di ty 1.0

1 m above the bot-
tom, estimated dur- x 0.8 ·Clling spri ng or summer "'0

from water clearness/ c
0.6 ·color. >-

+oJ

A) Clear .- 0.4·.0
B) Cloudy co

+oJ

C) Light brown or ::::l 0.2 -
semitransparent til

D) Dark brown or
opaque 0.0

A B C 0
Class
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Habitat Variable ~uitabi1ity Graph

E V2 Minimum dissolved ox- 1.0
ygen 1eve1 10 to 15
cm above the bottom x 0.8
in summer. OJ

"'C
c

0.6
>-....
.- 0.4.0
ltl....
::J 0.2(/)

0.0
0 2 4 6 8

mgll

1.0E V3 Average sal tnt ty 10
to 15 cm above the
bottom during spring x 0.8

OJ
or summer. "'C

c
0.6

>-....
.- 0.4.0
ltl....
::J 0.2(/)

0.0
0 5 10 15 >20

ppt

1.0E V4 Rate of sa1i nity
change per hour, dis-
regarding the sign of x 0.8
the difference, 10 to OJ

"'C
15 cm above the bot- e:

0.6
tom during spring or >-
summer. Collect data ....
at least over half a .- 0.4.0
tidal cycle. ltl....

::J 0.2(/)

0.0
0 3 6 >9

f::, ppt /hr
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Habitat Variable Soitability Graph

E V5 Temperature variance 1.0

over 24 hr, 10 to
15 em above the bot- x 0.8
tom. Subtract the QJ

1J
highes t temperature c
from the lowest tem- 0.6

>-perature for 24-hr +oJ

period, disregarding .- 0.4.c
the sign of the di f- ltJ

+oJ

ference. :J 0.2(/)

0.0
0 6 12 >17

°C

1.0E V6 Option A: Ratio of
marsh area to tidal
creek area for Gulf x 0.8C1J
of Mexico coast or 1J

marsh-dominated areas. c

>- 0.6
+oJ.-.-.c 0.4
ltJ

+oJ

:J
(/) 0.2

0.0
<1: 10 1: 5 1 : 1 5: 1 >10: 1

marsh :tidal creek

E V6 Option B: Ratio of 1.0
bottom area deeper
than 6 ft MLW to x 0.8
total bottom area QJ

1J
for Atlantic coast c
or water-dominated 0.6

>-areas. +oJ

.c 0.4
ltJ

+oJ

:J 0.2(/)

0.0
<1: 10 1: 5 1 : 1 5: 1 >10: 1

area > 6 ft. deep MLW:total area
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Habitat Variable Suitability Graph

DB C

Class

A

- ~

- ~

- ~

- -
I

1.0

x 0.8
~75% mud or silt, Q)

"0
some sand or c
other materials 0.6

>-:?50% sand, some ....
mud, silt or .- 0.4.0
other soft mate- ra....
rials :::::J

0.2
~ 75% sand, shell, Vl

or other hard
materi a1s , some 0.0
mud or silt
Mos tly rock, no
soft material

Dominant substrate
type

A)

B)

C)

D)

E

E Va Percent organic mat- 1.0
ter or volatile
solids in top 5 em x 0.8
of sediment. Q)

"0
c

0.6
>-....
.- 0.4.0
ra....
:::::J

0.2Vl

0.0
<1 5 10 15 >20

%

Component Index Equations

To obtain life requisite scores for juvenile Atlantic croaker, the SI
values for the appropriate variables must be combined. A discussion and
explanation of assumed relationships between variables was included in the
Model Description section. The water quality variables are not all equally
important to the croaker. Minimum dissolved oxygen (V 2) at a habitat is
generally an ephemeral condition and does not permanently alter habitat suit
ability so the square root of V2 is taken to adjust its contribution in the
equation. When the SI for V2 is 1. 0 or 0.0, its contribution in the equation
is still 1.0 or 0.0. Salinity (V3) appears to be the most important water
quality variable and is doubled to emphasize this fact. Of the cover vari
ables, substrate type (V7) appears most important and is also doubled. The
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suggested equations for obtaining water quality and cover values for juvenile
croaker are:

Water quality (CI )wq

HSI Determination

= VI + IV; + 2V3 + V4 +V5
6

= V6 + 2V 7 + Va
4

The following steps must be taken to determine an HSI for any applica
tion.

1. Review the section on model applicability for validity of the model
for the intended application.

2. Identify the boundaries of the evaluation area or areas and obtain
data for each model variable used in the model. Using the SI graphs
and equation, calculate the component indices.

3. Calculate the HSI:

Four sample data sets, from which suitability indices, component indices,
and habitat suitability index values have been generated by using the model
equations, are in Table 2. Two hypothetical data sets are shown for the Gulf
of Mexico coast and two are also shown for the Atlantic coast. Although the
data sets are not actual field measurements, they do represent the kinds of
values expected for estuarine habitats used by croaker. The HSI's calculated
from these hypothetical data reflect relative abundance for habitats with the
characteristics listed in Table 2.

Field Use of the Model

Detailed field sampling of habitat variables through time will provide
the most reliable and replicable HSI values. One-time sampling of habitat
variables is not considered the best method of collecting representative data.
Although it is possible to estimate any of the habitat variables from expert
opinion, it is not the best approach unless there are no other options. Col
lection of field data is best. Average values obtained from scientific data
reports are considered acceptable estimates of variables used "in the model,
assuming the data are from areas close to the evaluation area. The data used
to calculate the SI values should be accompanied by appropriate documenta
tion to insure that decisionmakers understand the quality of the data used in

15



Table 2. Calculation of suitability indices (SI), component indices (Cl), and
habitat suitability index (HSI) for four sample data sets, using the croaker
habitat variables (V) and model equations.

_._._--_.
Gulf of Mexico coast Atlantic coast

Model Open water Marsh Open water Marsh
component Data SI Data SI Data SI Data SI
-------- -_._.-

VI 60a 0.95 IlOa 1. 00 2b 0.15 4b 0.85
V2 3 0.26 2 0.00 4 0.50 3 0.26
V3 13 0.66 8 1. 00 15 0.50 4 1. 00
V4 4 0.88 2 1. 00 3 1.00 1 1. 00

V5 8 0.90 12 0.80 6 1. 00 10 0.86
V6 30 0.60 80 0.91 80 1.00 40 0.90
V7 C 0.10 A 1. 00 A 1. 00 A 1. 00
V8 4 0.28 10 1.00 8 0.70 15 1.00

Cl 0.76 0.80 0.69 0.83wq
Cl c 0.27 0.98 0.90 0.99

HSl 0.52 0.89 0.80 0.91

~ Suspended solids mg/1.
JTU's.
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developing the HSI. Suggested methods for measuring model variables are given
in Table 3. An understanding of field methods is essential to applying the
model. Any or all variables can be estimated for preliminary application of
the model. Subjective estimates will decrease model reliability and replica
bility. When subjective estimates are used, they should be made by experienced
professionals, if possible, and accompanied by full documentation of the basis
on which estimates were made.

Interpreting Model Outputs

A juvenile croaker HSI determined by field application of this model may
not reflect the population density of croaker in the study area, since other
factors may have significant influence in determini ng speci es abundance. In
coastal areas where croaker populations are primari ly regulated by habitat
based factors, the model should yield HSI values that have positive correla
tions with long-term abundance. This correlation has not been tested, other
than from inferences drawn from the 1i terature to support the mode 1. The
proper interpretation of the HSI is one of comparison. If two different areas
have different HSI 's, then the area with the higher HSI should have the poten
tial to support more croaker than the one with the lower HSI.

In extreme situations where an unusually large, or long-term depletion of
oxygen is observed or expected, the dissolved oxygen variable would be used to
the exclusion of all others in determining the HSI value.
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Table 3. Suggested methods for field measurements of variables used in the
croaker HSI model. a

Variable Methods

Since most turbidity in estuaries is from suspended
solids, either direct measurement of suspended solids
or a Jackson turbidity meter can be employed. Turbid
ity may be qualitatively estimated by taking a water
sample 1 m above the bottom and noting whether water
clearness/color is clear, cloudy, light brown, or
opaque.

Dissolved oxygen can be measured using Winkler titra
tion or oxygen meter.

Salinity can be measured by titration, refractometer,
or salinity meter.

Same methods as for V3.
Temperature can be measured by thermometer or temper
ature probe.

Define evaluation area on topographic maps or naviga
tion charts. Option A. For marsh-dominated areas,
determine the area of marsh and tidal creek. Option B.
For open water areas, determine the area shallower
than and the area deeper than 6 ft MLW. Use either a
planimeter or cut and weigh method. For cut and weigh,
take a copy of the evaluation area and cut out the
marshes and tidal creeks or shallow and deep areas,
and then weigh all the cut outs for each habitat type.
The ratio of the weights will also be the ratio of
these areas.

Substrate type is defined as the amount of coarse or
fine sediment. Substrate may be qualitatively meas
ured by sieving a known weight of substrate through
a 63-ll sieve (Tyler series No. 250). The material
retained on the sieve is the sand or coarser fraction
from which the percentage of sand or coarser material
can be calculated. What goes through the sieve is mud
(silts and clays). The percentage of mud is 100% minus
the weight of coarser material retained on the sieve.

Organic matter content in the sediment may be deter
mined by using methods for volatile solids.

aDetails for water quality methods can be found in Standard Methods for Exam
ination of Water and Waste Water (Anonymous 1981).
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