
Abstract 

Barrios, Anna, T. Use of passive acoustic monitoring to resolve spatial and temporal 
patterns of spawning activity for red drum, Sciaenops ocellatus, in the Neuse River Estuary, 
North Carolina. (Under the direction of Peter S. Rand). 

 

Spawning site selection by red drum within the Neuse River Estuary (NRE) was 

studied by locating vocalizing aggregations using traditional hydrophone surveys (involving 

deploying gear from a research vessel stationed over a sampling site) and submersible, 

autonomous sonobuoys. Sonobuoys allowed interval recording over multiple stations during 

a given night, and reduced the likelihood that boat noise would interfere with courtship and 

spawning behavior.  

The field season extended from 8 July to 30 September 2003. Sampling sites were 

selected at random, with replacement, from four possible categories: shallow–soft bottom 

(sandy, < 3 m), medium-soft bottom (transitional sand to mud, 3-5 m), deep-soft bottom 

(primarily mud, > 5 m), and deep-hard bottom (oyster reef or shell, > 5 m). Synoptic egg 

sampling at a subset of acoustic sampling sites confirmed a statistically significant 

relationship between probability of detecting vocalizing red drum and Sciaenid-type egg 

presence.  

On 30 dates between July and September 2003, vocalizing males were detected 43 (of 

72) times with sonobuoys (multiple observations per site) and 35 (of 88) times while spot 

sampling (one observation per site).  Most vocalizations (85 %) were observed at sites with 

water depths greater than 5 m, and 97 % occurred in August and September.   

Vocalization activity was most prevalent between 8 August and 17 September 2003, 

with the majority of vocalizations detected during a four hour period beginning at sunset.



 Highest vocalization activity varied between 1 and 3 hours after sunset with the average 

occurring  1 ½ hours after sunset over hard substrate sites, and  2 hours after sunset over soft

substrate sites. I concluded that spawning aggregations were relatively spatially stationary 

once vocalizations began based on a high degree of vocalization persistence, and no 

significant shift in time of highest vocalization activity within the study area that would 

imply net movement of the aggregation over a given night’s sampling period.  

Given the relatively fixed position of vocalizing aggregations, it was determined that 

depth and proximity to the river mouth were the dominant factors defining distribution of 

aggregations in the NRE during the 2003 field season. Drum appeared to have a strong 

affinity for deeper water during spawning. Vocalization activity and Sciaenid-type egg 

presence was more prevalent near the river mouth, suggesting that spawning activity was 

centered in this area.  Higher received levels at the hydrophone (dB re 1 µPa 1- 1000 Hz, 

Bandwidth, P-P, as an indicator of vocalizing red drum presence) were found at sites 

containing greater than 2.5 mg/l dissolved oxygen in bottom waters.  Egg presence was also 

positively associated with bottom waters containing greater than 3 mg/l dissolved oxygen.  

This evidence suggests that hypoxia may limit available spawning sites in the NRE. Egg 

presence was significantly related to day of year, with an increase in probability of presence 

occurring near the 12 August full moon, suggesting a link between spawning activity and the 

lunar calendar.   

The NRE presents a unique set of characteristics not previously noted in estuarine 

systems where red drum spawning has been confirmed. These include a meso-saline 

environment that experiences periodic water column stratification, often with hypoxic or 

anoxic bottom waters. Passive acoustic monitoring techniques offer a viable and non-



invasive method to locate spawning aggregations, describe diel and seasonal spawning 

patterns, and determine affinities to particular habitats. 
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Chapter One 
 

Overview of Red Drum Life History and Management 
 

 

Red Drum Life History 

The red drum, Sciaenops ocellatus, is an estuarine-dependent species, occurring from 

Massachusetts to Key West, Florida, on the U.S. Atlantic coast and from southwest Florida to 

northern Mexico in the Gulf of Mexico (Ross et al. 1995). Throughout their range, spawning 

season and habitat vary considerably. Spawning season extends from late summer into fall 

and is thought to occur in inlets, tidal passes and along continental shelf systems based 

primarily on research conducted on the west coast of Florida and Texas (Mansueti 1960; Holt 

et al. 1981b; Matlock 1984; Matlock 1987; Arnold 1988; Murphy and Taylor 1990; Arnold 

1991; Wilson and Nieland 1994). Spawning has been identified from mid-August to October 

in Chesapeake Bay and the South Atlantic (Pearson 1929; Mansueti 1960), during August to 

September off South Carolina (Ross and Stevens 1992), and during September to October off 

both coasts of Florida (Murphy and Taylor 1990). In Florida, spawning may begin as early as 

July (Peters and McMichael 1987) and end as late as early November (Johnson and Funicelli 

1991). In the Gulf of Mexico, spawning has been noted from mid-August through mid-

September off Louisiana (Wilson and Nieland 1994), during the summer off of Mississippi 

(Overstreet 1983) and as late as February off Texas (Matlock 1984). 

Sound production has been reported for a wide variety of teleosts, and is primarily 

related to either aggression or reproduction (Fish and Mowbray 1970). Males of the family 

Sciaenidae produce sounds that are associated with courtship and reproductive activities 

(Fish and Mowbray 1970; Guest 1978; Saucier and Baltz 1992; Saucier and Baltz 1993; 



Connaughton and Taylor 1995; Connaughton and Taylor 1996; Luczkovich et al. 1999; 

Sprague et al. 2000). Red drum, like other sciaenids, spawn exclusively in the evening (Holt 

et al. 1985). In captivity, courtship vocalizations for red drum are noted to begin shortly 

before sunset and are accompanied by other pre-spawning behaviors including color change 

and chasing (Fish and Mowbary 1970; Guest and Lasswell 1978; Arnold 1991; Sprague 

2000). In the wild, spawning occurs from dusk to up to 3 hours after dark (Holt et al 1985). 

Spawning peaks have been documented to coincide with new and full moons (Peters and 

McMichael 1987; Lyczkowski-Shultz et al. 1998; Comyns et al. 1991). Red drum are group 

synchronous, batch spawners with an estimated mean batch fecundity of 1.7 x 106 hydrated 

eggs and a spawning periodicity for adult females of every 2-4 days (Wallace and Selman 

1981; Fitzhugh et al. 1988; Wilson and Nieland 1994). Maintaining a diel spawning 

periodicity is an advantage to ‘broadcast’ spawners like sciaenids by assuring that a large 

number of fish will be in spawning condition at the same time (Holt et al. 1985). 

After spawning, eggs and larvae are thought to move with currents through tidal 

passes into bays and estuaries (Mansueti 1960; Holt et al. 1981b; Holt et al. 1989; Arnold 

1991). Holt (1981b) listed optimum conditions for egg and larval survival as 20-25 °C, and 

25-30 ppt salinity. Eggs hatch in 18-25 hours depending primarily on water temperature, and 

float in water with salinity greater than 25 ppt (Holt et al. 1981; Holt et al. 1985).  Holt 

(1990) indicated that eggs hatch over a broad range of salinities (5 to 50 ppt) but larvae 

successfully develop to first feed only at 10 to 40 ppt, with best survival occurring in 

optimum conditions (20-25 °C, 25-30 ppt). At a salinity of 20 ppt or lower, eggs quickly sink 

to the bottom where low levels of oxygen and contact with the benthos reduce hatch viability 

(Holt 1990). 
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 Hatched larvae consume the yolk sac within 2-3 days (Holt et al. 1981). Once the 

yolk sac is consumed the larvae actively search for and attack prey (Holt et al. 1981). Red 

drum larvae can acclimate to a wide range of salinities after the yolk-sac stage, although 

temperature remains critical for larval survival and rates of growth and development (Holt 

1990). Following a short pelagic state (6 – 8 mm total length, Rooker et al. 1997), larvae 

reach juvenile stages in as little as three weeks or as many as six weeks depending primarily 

on temperature (Davis 1990). Juveniles utilize estuarine nurseries and are thought to prefer 

shorelines, shallow water, and seagrass beds (Davis 1990; Rooker et al. 1998).  At about 3 

years of age red drums leave the nursery estuaries (Ross and Stevens 1992; Adams and 

Tremain 2000) and migrate to offshore waters where they join the adult stock (Pearson 1929; 

Miles 1950; Overstreet 1983; Matlock 1987; Arnold 1991). Red drum feed throughout the 

water column, but mainly at the bottom with juvenile and adult diets including shrimp, crabs, 

and fish (Matlock 1987). 

Very little information is available on the spawning characteristics of red drum in 

North Carolina. Luczkovich et al. (1999a) suggested that red drum spawn primarily near the 

North Carolina inlets and river mouths during September. Ross et al. (1995) documented 

spawning in North Carolina from August to September based on maturity stages and gonad 

somatic indices (GSI, Ross at al. 1995). Red drum grow rapidly in the first five years, after 

which annual growth slows (Ross et al. 1995). More than 50 % of males and females are 

mature by age 2 and 3, respectively, and all become mature the next year (Ross et al. 1995). 

Well-developed gonads were observed by Ross et al. (1995) in females and males during 

July to October, and partially spent fish were collected during September and early October.  
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During August and September, ripe males and well-developed females were caught at 

the mouth of the Pamlico River, in bays between the Pamlico and Neuse rivers, and in 

Pamlico Sound, 5-8 km inside of Hatteras and Ocracoke inlets over deep grass flats or 

channels (Ross et al. 1995). Lack of directed movement has been observed in the coastal and 

estuarine waters of North Carolina where schools of red drum have been noted to remain in 

the same vicinity for several weeks during August and September (Ross and Stevens 1992; 

Aguilar 2003). This behavior has been documented in other estuarine systems (Carr and 

Smith 1976). As the number of adults found in estuarine waters declines in October, they 

became more prevalent around the inlets, and virtually all are spent (Ross and Stevens 1992; 

Ross et al. 1995; P.S. Rand, North Carolina State University, unpublished data; Captain 

Norman Miller, Ocracoke Village, NC, personal communication).  

Although spawning in estuarine waters is atypical for the species, it is not unique. 

Spawning by red drum within Mosquito Lagoon, a high salinity estuary in Florida, was 

reported based on plankton tows and the presence of spawning females far inside of inlets 

(Murphy and Taylor 1990; Johnson and Funicelli 1991). This lagoon is 54 km long and 4 km 

wide with depths ranging from 0.1 – 5 m, and averaging 1.5 m (Johnson and Funicelli 1991). 

Major water movements in Mosquito Lagoon are the result of wind-driven currents as tidal 

fluctuation varies less than 15 cm seasonally (Johnson and Funicelli 1991). Salinity in the 

lagoon averages 32 ppt and ranges between 22 – 40 ppt salinity depending on seasonal 

precipitation patterns (Johnson and Funicelli 1991). In Mosquito Lagoon, viable red drum 

eggs were collected 21 - 23 °C and 29 - 32 ppt salinity (Johnson and Funicelli 1991). 

Spawning has also been confirmed in Tampa Bay, Florida a relatively large, shallow, 

vertically mixed, tidally controlled estuary on the west coast of Florida (Ronald Taylor, 
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Florida Marine Research Institute Department of Natural Resources, personal 

communication).  Females with late vittelogenic oocytes and post-ovulatory follicles were 

collected within the estuary at distances between 7 and 42 km inside the mouth of Tampa 

Bay, where temperature in late summer and early fall ranges from 20 - 30 °C and salinity 

ranges from 15 – 34 ppt depending on proximity to the mouth of the bay (Peters and 

McMichael 1987; Murphy and Taylor 1990; Tampa Bay Estuary Program, personal 

communication). Pamlico Sound, North Carolina is approximately 140 km long and 25 – 60 

km wide and has a mean depth of 4 m (Pietrafesa et al. 1986). The sound has an annual 

average salinity of about 20 ppt, with virtually no vertical stratification because of its shallow 

depth and the influence of wind mixing (Pietrafesa et al. 1986). Average summer and fall 

temperatures range from 25 - 30 °C (Xie and Pietrafesa 1999).  Pamlico Sound also has 

extensive grass flats, shoals, oyster reefs, and a chain of barrier islands with inlets where 

sound water and shelf water are exchanged (Ross and Stevens 1992). These estuaries may 

serve as spawning grounds for red drum due to shared characteristics with continental shelf 

ecosystems, which are considered the primary spawning habitat for the species. These 

characteristics include expansive main water bodies with low instances of stratification and 

relatively high levels of salinity with dispersal of eggs occurring through wind or tidal 

influence. Conditions within Mosquito Lagoon, Tampa Bay and Pamlico Sound all conform 

to requirements for egg and larvae survival, although optimal conditions  (20-25 °C, 25-30 

ppt) are not typically found in these locations. 

 The Neuse River Estuary (NRE) is a shallow, eutrophic estuary with a mean depth of 

3.6 m, a mean width of 6.5 km and a length of 70 km (Luettich et al. 2000).  Substrate type is 

dominated by mud bottom with the exception of well-defined complex habitats including 
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submerged aquatic vegetation, shoals, oyster reefs and shell beds (Luettich et al. 2000). 

Expansive mud flats punctuated by oyster reefs and shell beds may serve as prominent 

bathymetric features to which individuals are drawn for foraging or spawning activities, as 

has been shown with other marine finfish (Luckhurst and Luckhurst 1978; Sale et al. 1984; 

Schroeder 1987; Doherty and Williams 1988; Bohnsack et al. 1991). Oyster reefs have been 

shown to have higher food availability and a wider diversity of food types (including fish, 

shrimp and crabs, which red drum consume) because of increased habitat heterogeneity 

relative to other habitat types such as mud flats (Harding and Mann 2001; Lenihan et al. 

2001). 

The NRE is a wind driven estuary that experiences periodic water column 

stratification depending on season, wind direction and intensity (Luettich et al. 2000; 

MODMON). Salinity in the NRE shows major inter-annual variations depending on regional 

rainfall and wind patterns with a stronger fresh water signature compared to Pamlico Sound 

and regional inlets (Xie and Pietrafesa 1999; MODMON). Typical salinities in the NRE 

during July through September can average from 10 – 15 ppt near Oriental, NC to 20 –25 ppt 

near the river mouth (Dr. Hans Paerl, University of Chapel Hill, personal communication). 

The presence of stratification during August and September may have significant ecological 

implications because water below the pycnocline often has low dissolved oxygen 

concentrations (Eby and Crowder 2002; Taylor and Rand 2003).  Low salinities will reduce 

egg buoyancy causing them to sink to hypoxic or anoxic bottom waters, thus decreasing egg 

viability. When the water column is mixed and salinity is high (allowing eggs to remain in 

the upper water column) prominent winds may disperse eggs since there is no marked tidal 

influence. The NRE presents a unique set of characteristics not shared by other estuarine 
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systems where red drum spawning has been documented owing to the highly variable 

salinity, episodic hypoxia/anoxia, and forcing by wind rather than tidal.  Thus, year class 

strength and annual reproductive output of red drum within the NRE will depend not only on 

spawning activity, but also on wind direction and intensity and ambient conditions 

determining egg and larvae survival.  

 

Red Drum Management 

Red drum are important commercially and recreationally in the Southeastern United 

States (Patillo et al. 1997). During the 1930’s, red drum were harvested as far north as New 

Jersey. Catches began to decrease along the Atlantic coast during the 1950’s, and in the Gulf 

of Mexico during the 1970’s and 1980’s (Patillo et al. 1997). In the 1980’s there was an 

increased demand for red drum owing to the popularity of “blackened redfish” (Figure 1, 

National Marine Fisheries Service, Fishery Statistic and Economic Division, personal 

communication). To prevent overfishing, regulations limiting commercial harvest were 

enacted beginning in the early 1980’s (Patillo et al. 1997). In 1990, the South Atlantic 

Fishery Management Council (hereafter referred to as the Council) adopted a Fisheries 

Management Plan (FMP) for red drum that prohibited the harvest of drum in the exclusive 

economic zone (federal waters, ASMFC 2002). In recognition that all harvest would be 

occurring in state waters, individual states were encouraged to implement measures that 

would reduce fishing pressure on juvenile red drum and increase level of escapement of 

juveniles into the adult spawning stock (ASMFC 2002).  

 Currently, North Carolina remains the only state on the Atlantic coast with a 

commercial fishery for red drum (Desfosse et al. 2001).  The fishery is generally non-
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directed, using pound nets, shrimp trawls, hand lines, and gill nets (Schuhmann 1998; 

Desfosse et al. 2001; ASMFC 2002). North Carolina has implemented a 250,000 pound 

annual catch quota and a daily trip limit of 7 fish or 50 lb per day (NC DMF Proclamation 

FF-63-2001). In 2002 and 2003, commercial landings in North Carolina were estimated at 

81,364 and 90,525 pounds, respectively (Don Hesselman, NC DMF Commercial Statistics, 

personal communication).  

Until recently, the Atlantic States Marine Fisheries Commission (hereafter referred to 

as the Commission) and the Council have jointly managed red drum. In May 2002, the 

Commission approved Amendment 2 to the FMP for red drum (ASMFC 2002).  This 

amendment outlined a clear management goal of rebuilding the over-fished populations 

through establishment of state-specific measures aimed at achieving a 40 % spawning 

potential ratio (SPR, ASMFC 2002). SPR is a measure of the reproductive potential of the 

stock (defined as the ratio of estimated female spawning stock biomass or egg production in 

a fished versus unfished stock, ASMFC 2002).  The primary management approach 

implemented to achieve this goal involves daily bag and size limits established for the 

recreational fishery in each individual state. A coast wide red drum stock assessment was 

completed in late 1999 and included data through 1998, and served as the basis from which 

revised bag and size limit were adopted by each state (Desfosse et al. 2001; Vaughan and 

Carmichael 2002; ASMFC 2002).  

Recreational fishing has increasingly become the dominant component of the red 

drum fishery.  The present recreational fishery on the Atlantic coast extends from Maryland 

to southeastern Florida, with highest fishing effort occurring in North Carolina, Georgia and 

the east coast of Florida in 1999 and 2000, with over 75 % of fish caught released alive 
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(ASMFC 2002). All Atlantic coast states have adopted size and bag restrictions that vary 

from 35.6 – 68.7 cm (14 – 27 in) and 1- 5 daily bag limit.  

In North Carolina, red drum are highly prized by inshore and coastal anglers, and the 

recreational fishery has grown tremendously in recent years (Figure 2-3, ASMFC 2002). 

Through the use of small vessels and technological aids (including geographic positioning 

systems, depth finders and cell phones) recreational fishermen now have relatively easy 

access to potential spawning grounds. Following the establishment of the recreational slot 

limit, a catch-and-release fishery developed targeting older, more mature members of the red 

drum stock. Recreational fishing pressure is high in July and August, but is greatest in 

September and October, which overlaps with the presumed spawning season in North 

Carolina (Figure 3; Ross et al. 1995).  In 2001 and 2002, estimated illegal landings from 

recreational fishing on drum greater than 68.6 cm (27 in) were 12,823 and 33,486, 

respectively, although this may be underestimated owing to the remoteness of the fishing 

grounds, access points being widely dispersed, and much of the fishing occurs after sunset 

(Doug Mumford, NC DMF, Recreational Statistics, personal communication). There is 

currently no estimate of targeted catch-and-release fishing pressure on the adult spawning 

stock, which represents a critical knowledge gap.  The rise in the recreational fishery has 

raised concerns about post-release mortality and sub lethal effects that could have negative 

consequences on the viability of the spawning population.  Currently, North Carolina 

recreational limits allow only one red drum between 45.7 and 68.6 cm (18 and 27 inches) to 

be taken per person per day (NC DMF, proclamation FF-19-98). 
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Chapter Two 

USE OF PASSIVE ACOUSTIC MONITORNING 
 TO RESOLVE SPATIAL AND TEMPORAL PATTERNS  

OF SPAWNING ACTIVITY FOR RED DRUM,  
SCIAENOPS OCELLATUS, IN THE NEUSE RIVER  

ESTUARY, NORTH CAROLINA. 
 
 

Introduction 

In recent years take has been restricted in both the commercial and recreational 

fishery for red drum, Sciaenops ocellatus, to help rebuild the over-fished population; 

however, there remains concern about the conservation of the species throughout its natural 

range. The management goal for Atlantic Coast states is to increase the red drum spawning 

stock biomass by avoiding recruitment overfishing (through restrictions on take of immature 

fish), and protecting the adult spawners (through a moratorium on harvest of adult members 

of the population, Vaughn and Carmichael 2002; ASMFC 2002).  Progress is uncertain given 

that there are presently no established methods to measure the distribution or abundance of 

the adult stock.  Moreover, there is a lack of knowledge of spawning life history and a 

description of the spatial extent and habitat characteristics of the spawning grounds.  This 

information represents critical knowledge gaps that need to be filled to put the management 

of red drum on a solid, empirical foundation.  In the event that seasonal or spatial closures of 

the fishery become a necessary conservation tool in the future, a fuller understanding of the 

spawning life history of the species will be critical.  

Assessing the distribution and abundance of the spawning stock of red drum has 

presented a difficult problem to fisheries scientists and managers.  The ecosystems that red 
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drum typically inhabit are expansive and open, frustrating any attempt at estimating 

distribution and abundance by means of traditional methods (e.g., mark-recapture).  Using an 

abundance index based on catch statistics is possible (e.g., gill net catch per unit effort, 

CPUE), but there is concern over the potential negative impact a large gill-net effort might 

have on the population.  Developing an efficient non-invasive method for delineating 

spawning aggregations would provide an important first step in any future attempt at 

quantifying the abundance of the spawning stock.  In this thesis I explore the use of 

monitoring courtship vocalizations to help locate spawning aggregations and characterize 

important attributes of the spawning grounds.  I offer this approach to help spur the 

development of an assessment method to meet the needs of future conservation efforts aimed 

at the red drum spawning stock in the NRE, as well as other related species and estuarine 

systems. 

 
Sciaenid Courtship Behavior 
 

Males of the family Sciaenidae produce sounds that have been associated with 

courtship and reproductive activities (Gray and Winn 1961; Fish and Mowbray 1970; Guest 

and Lasswell 1978; Saucier and Baltz 1992; Saucier and Baltz 1993; Connaughton and 

Taylor 1995; Connaughton and Taylor 1995b; Connaughton 1996; Connaughton and Taylor 

1996; Luczhovich et al. 1999; Sprague et al. 2000). Male sciaenids produce sound through 

the use of sexually dimorphic sonic muscles extrinsic to the swim bladder (Figure 4, 

Connaughton and Taylor 1994). Pre-spawning behavior consisting of color change, chasing, 

and courtship vocalizations (drumming) has been noted by individuals breeding red drum in 

captivity (Fish and Mowbray 1970; Guest and Lasswell 1978; Arnold 1991; Sprague 2000). 
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Guest and Lasswell (1978) observed that females tend to swim slowly near the bottom, and 

attending behavior of male’s increases markedly prior to sunset, with vocalizations detected 

as males approach females. A typical male red drum vocalization is made up of many 

individual beats  (discrete sounds), and most of the energy of these beats is contained below 

1000 Hz with peak frequencies varying between 100 to 300 Hz (Figure 5, Guest and 

Lasswell 1978; Luczkovich 1999a; A. Barrios, North Carolina State University, unpublished 

data). Receptive female(s) will begin to rise to the surface, and either a single male, or a 

group of males, begin to nudge the female(s) near the abdomen. Gamete release has been 

noted to take place as individuals approach the surface, with fertilized eggs collected within 

an hour. Vocalizations from red drum males stop once they depart from the bottom of the 

tank to participate in the nudging activity, and do not resume until the individual spawning 

event has been completed and the males return to their relatively stationary position on the 

bottom. Connaughton (1996) described almost identical courtship behavior while observing 

captive weakfish, Cynoscion regalis. Mok and Gilmore (1983) analyzed temporal and spatial 

sound production patterns by black drum, Pogonias cromis, and spotted seatrout, Cynoscion 

nebulosus, and found that sound production by both species occurred during the spawning 

season from dusk to midnight in areas where spawning was occurring (Saucier and Baltz 

1983).  

 
Methods Of Localizing Marine Fish Spawning Habitat 
 

There are many traditional methods of establishing spawning locations for marine 

fishes.  Samples of fish are often collected from commercial and recreational catches (e.g., 

Beckman et al. 1988; Murphy and Taylor 1990; Fitzhugh et al. 1998). In this case fish are 
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captured using a variety of gear, and location of capture or estimation of CPUE may be used 

as an indication of aggregating locations. Calculation of the gonad somatic index (GSI) and 

histological examination of ovarian tissue of captured females allows the development stage 

of individuals to be determined.  There are established methods for documenting various 

stages of reproduction and assigning individuals to separate categories (well developed, ripe, 

partially spent, spent, recovering or resting, e.g., Murphy and Taylor 1990). This method 

requires sacrificing the fish and making the assumption that fish were caught near the 

spawning location. 

Tag and release approaches and aerial surveys are also used to locate aggregations of 

fish that may be spawning. Tag and release studies use movement patterns or location of 

recapture as an indicator of spawning location. These studies can be labor intensive if 

ultrasonic tracking is involved (e.g., Carr and Cheney 1976; Carmichael et al. 1998; Arendt 

and Lucy 2002; Aguilar 2003), or they may have a low return rate if recapture is required 

(e.g., Latour et al. 2001; Neidig 2001; Adams and Tremain 2002). Aerial surveys rely on 

observations of high densities of fish as an indicator of spawning activity (e.g., Wilson and 

Nieland 1994; Murphy and Crabtree 2001). Poor water clarity can reduce the value of these 

surveys and high cost can be a constraint.  

Several researchers have used concentrations of eggs and early stage larvae as a 

means to identify spawning grounds (e.g., Peters and McMichael 1987; Comyns et al. 1991; 

Johnson and Funicelli 1991). Spawning time can be determined based on the presence of 

eggs and larvae collected in plankton tows at suspected spawning locations. Species 

identification and egg developmental stages are determined by bringing live eggs into the 

laboratory and hatching and raising the larvae (e.g., Holt et al. 1981,1988). Molecular genetic 
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analysis can also be used to identify eggs to species (e.g., Reece et al. 1997; McDowell and 

Graves 2002). Presence of eggs offers strong evidence of spawning activity, although 

currents may quickly disperse eggs away from actual spawning locations. Directional 

movement of eggs can be estimated by the direction of the tide or the prominent wind 

direction, but this is done at a cost of accuracy (e.g., Holt et al. 1985).  Presence of larvae can 

also help establish the location of spawning grounds.  This approach involves determining 

the age of larvae, or birth date, using a growth model (e.g., Holt et al. 1981b) or direct counts 

of age from otoliths (e.g., Rooker et al. 1997, 1999). This approach is less accurate than 

relying on egg presence. The loss of accuracy is due to greater elapsed time between 

spawning and capture of larvae, leading to greater uncertainty in establishing the location of 

the spawning grounds given advection processes.  

The use of otolith microchemistry offers new hope in estimating the origin of fish that 

are older and physically removed from their natal habitat. The concentrations of elements and 

isotopes in fish otoliths provides a method of reconstructing movements of fish by 

differentiating between water bodies of different temperatures and salinities (e.g., Johnson et 

al. 2001; Patterson 2001; Stunz et al. 2002). Since otoliths grow continuously throughout the 

life of a fish, this range of chemical elements can provide a permanent record of the 

environment experienced by the fish over its life. Analysis of otolith microchemistry is 

expensive and requires specialized equipment and a skilled technician. Results can be 

ambiguous if chemical signatures across possible spawning grounds are not distinct (e.g., 

Hoff and Fuiman 1995).  
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Passive Acoustic Monitoring  
 

Passive acoustic listening techniques for fish that vocalize during courtship offers an 

alternative method of locating spawning aggregations. Passive acoustic techniques do not 

require sacrifice of fish, determination of location is not confounded by advection processes 

or the lack of unique chemical signatures in the spawning habitat, and the approach is much 

less expensive and less labor intensive than methods described above.  The approach does, 

however, require independent verification that “spawning vocalizations” are associated with 

spawning activity (e.g., Guest and Lasswell 1978; Johnson and Funicelli 1991; Saucier and 

Baltz 1992; Connaughton and Taylor 1995; Luczkovich et al 1999a). Verification can be 

accomplished by utilizing one of the above-mentioned techniques (e.g., collection of eggs 

and larvae). More precise delineation of the spatial boundaries of spawning activity through 

the application of acoustic monitoring can lead to better characterization of habitat 

requirements for spawning.  Continuous acoustic monitoring at sites can also resolve 

important temporal patterns of habitat use impossible using any of the traditional methods 

described above.   

 

Previous Acoustic Sampling Studies On Red Drum 

Previous studies have used hydrophones to locate red drum spawning habitat. 

Johnson and Funicelli (1991) used a dual method of hydrophone surveys conducted from a 

small boat and collection of early embryo stage eggs in Mosquito Lagoon, Florida. This 

study observed red drum eggs at sites where vocalizations were not detected, indicating that 

passive recording of vocalizations may be an unreliable method for detecting spawning 

activity for red drum. Conclusions drawn from Johnson and Funicelli’s (1991) study are 
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equivocal based on their methodology.  False-negative results could be explained by 

insufficient duration of acoustic sampling effort at each site, cessation of vocalizations 

resulting from presence of boat and associated noise (lack of detail provided regarding 

latency period prior to recording), or attenuation of vocalizations in shallow water habitat 

(average depth was 1.5 m, which would lead to rapid signal transmission loss).  Results 

inferred from this study were possibly confounded by these factors and need to be addressed 

to properly gauge the reliability of passive acoustic methods for localizing spawning 

aggregations.  

In North Carolina, Luczkovich (1999a) used hydrophone surveys to locate spawning 

habitat of weakfish, spotted seatrout, and red drum. He used hydrophones suspended from a 

small boat and autonomous sonobuoys designed for interval recording over the sunset 

spawning period. Plankton net tows were also conducted to capture eggs and estimate their 

abundance. Red drum vocalizations were recorded in 11 of 368 attempts and genetically 

identified eggs (mtDNA) were collected in association with vocalizations the night after the 

full moon on 17 September 1997 at the mouth of Bay River (Figure 6). Areas around 

Ocracoke Inlet were also noted as having red drum vocalization and “Sciaenid-type” eggs 

present during September. Vocalizing drum and red drum eggs were not located with enough 

frequency to perform a detailed analysis on spawning habitat distribution and 

characterization.  

Holt (2002) used handheld hydrophones deployed from a boat to record drum 

producing characteristic spawning sounds in Aransas Pass, Texas, during September and 

October evenings. The study concluded that the spectral amplitude at the dominant frequency 

of red drum vocalizations showed a clear diel and seasonal pattern.  The highest diel 
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vocalization activity was noted to occur 1 – 2 hr after sunset. Seasonally, the spectral 

amplitude of vocalizations reached a maximum in early October and dropped off rapidly 

after 18 October. He noted no relationship between spectral amplitude and tidal current 

speed, current direction, lunar periodicity, or water temperature. These findings contrast 

previous studies that indicate spawning is positively associated with lunar phase. Spawning 

peaks in Florida and the Gulf of Mexico have been documented to coincide with the new and 

full moon phases using larval and juvenile data (Peters and McMichael 1987; Comyns et al. 

1991). An additional study in Mosquito Lagoon, Florida documented the greatest collection 

of red drum eggs during a full moon (Johnson and Funicelli 1991).   

 

Study Objectives 

The objectives of this study were to describe spatial and temporal patterns of 

spawning red drum in the NRE through recording of courtship vocalizations.  Through 

independent sampling, I tested the null hypothesis that courtship vocalizations were not 

associated with egg presence as an indicator of spawning activity.  At sites found to harbor 

spawning aggregations, I measured physical and chemical habitat variables and compared 

them to the characteristics of sites that were potentially available to spawning red drum but 

not used for spawning.  To address these broad objectives, I identified a set of key 

hypotheses. 

The first hypothesis addressed the nighttime patterns of spawning habitat use by red 

drum in the NRE.  It was important to consider that aggregations could move throughout the 

study area over a given sampling night. My first null hypothesis was that aggregations were 

stationary with respect to the spatial scale of our sampling (< = 1 km) once courtship 
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vocalizations began.  There is evidence from telemetry studies that red drum are able to 

traveling large distances in a day (Carr and Smith 1977; Aguilar 2003), therefore it was 

important to address whether movement of aggregations during a given night’s sampling 

would confound the study.  We examined this by relying on two measures from our 

sampling: 1) any significant shift in time of highest vocalization activity across the study 

region that implied net movement of vocalizing red drum over a given night’s sampling, and 

2) the degree of persistence in courtship vocalizations at a given site following the time of 

first detection (i.e., if fish were detected, how likely were they to stay put or simply pass 

through).  

If vocalizing red drum were indeed stationary, then the second null hypothesis 

suggested that spatial patterns associated with spawning activity for red drum within the 

NRE were random and not associated with specific habitat features or position in the river.  

Specifically, the hypothesis was that the location of spawning (indicated by presence of 

courtship vocalizations) was random in the study area, and not correlated with depth, 

proximity to hard bottom (e.g., greater probability over hard bottom vs. soft bottom) and 

proximity to the river mouth.  

The final null hypothesis addressed the seasonal patterns of spawning in the NRE.  

Previously mentioned studies conducted in the Gulf of Mexico and along both coast of 

Florida suggest a link between spawning activity and lunar periods (Peters and McMichael 

1987; Comyns et al. 1991; Johnson and Funicelli 1991). My null hypothesis was that 

spawning activity would follow a seasonal pattern not associated with lunar phase. Seasonal 

spawning activity was assessed based on (1) when the probability of detecting vocalizing 

males was greatest, (2) when the received levels (dB re 1 µPa 1 – 1000 Hz, Bandwidth, P-P) 
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of vocalizations was highest, (3) and when the probability of collecting “Sciaenid-type” eggs 

was greatest.   
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Methods 

 

Study Site  

The Neuse River Estuary (NRE) is a drowned river valley located at the transition 

from the Neuse River to Pamlico Sound (Figure 6). It is a shallow estuary with a mean depth 

of 3.6 m, mean width of 6.5 km, and length of 70 km (Luettich et al. 2000).  The sampling 

area extended from the mouth of the Neuse River to the village of Oriental, NC, which is 

approximately 21 km straight-line distance (Figure 7). The width of the river mouth is 

approximately 10 km. The estuary is relatively shallow, with 25 % of the surface area 

subtended by depths less than or equal to 3 m, 25 % of the surface area subtended by depth 

within 3-5 m, and 50 % of the surface area subtended by depths greater than or equal to 5 m  

(Figure 8, Luettich et al. 2002). Substrate type is dominated almost exclusively by sand in the 

shallow depth (less than 3 m) to almost exclusively mud in the deepest portions of the river 

(greater than 5 m), with the exception of well-defined oyster reefs and shell beds (hereafter 

referred to as hard bottom) of various sizes throughout the river. Locations of hard bottom 

sites were provided by local recreational and commercial watermen, and are more common 

near the river mouth (Figure 9).  

The lower NRE flows from southwest to northeast and is primarily a wind driven 

system (Luettich et al. 2000). Southwesterly winds force the surface layer downstream 

resulting in conditions that favor water column stratification. Northeasterly winds force water 

across the Pamlico Sound into the Neuse River. The longer wind fetch increases water level 

and wave action and tends to disrupt stratification. The wintertime is typically dominated by 

northeasterly winds and high fresh water discharge from upstream precipitation, whereas the 
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summer is typically dominated by southwesterly winds and decreased levels of fresh water 

discharge due to decreasing seasonal precipitation patterns, with the exception of  hurricane 

events (Luettich et al. 2000). The shift to northeasterly winds typically begins in September. 

When the water column is stratified the terminus of the salt wedge may extend upriver 

toward New Bern, NC, with bottom waters becoming nearly anoxic within the salt wedge 

(Luettich et al. 2000). The salinity of the NRE is highly variable. From July through 

September values are typically between 10 - 15 ppt near Oriental, NC and 20 – 25 ppt near 

the river mouth (Dr. Hans Paerl, University of Chapel Hill, personal communication; 

MODMON).  Stratification has significant ecological implications because water below the 

pycnocline often has low dissolved oxygen concentrations (Eby and Crowder 2002; Taylor 

and Rand 2003). Thus, the NRE can shift from a strongly stratified to a well-mixed estuary 

depending on the season, the wind direction and intensity (Luettich et al. 2000).  

 

Acoustic Sampling 

Five digital submersible autonomous sonobuoys were utilized during the field season 

(Figure 10-13). These sonobuoys were designed and specifically built to overcome sampling 

shortfalls identified the previous field season when sampling was performed from a research 

vessel stationed over the sampling site using a Sony DAT recorder, amplifier and 

hydrophone. The sonobuoys facilitated sampling by: 1) reducing post processing of 

recordings and archiving better quality recordings by completing the analog to digital 

conversion in real time, 2) allowing synoptic sampling over multiple sampling stations 

during a given night, and 3) reducing incidence of noise associated with the presence of boats 

at the sampling site.  
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Each sonobuoy contained a PocketPC (HP iPAQ Model 5455) running an embedded 

Visual Basic program to control interval recording over the sunset period. The PocketPC 

recorded directly into an uncompressed *.wav file format (single channel, 44.1 kHz sampling 

rate, 16 bit resolution) and was connected to a Shure FP-23 amplifier (adjustable gain in 4 dB 

increments), which was connected to a HTI-96 min hydrophone (omni directional with 

sensitivity –164 dB re: 1V/µPa) sealed into the bottom of the submersible housing.  

The PocketPC was programmed to record for 5 minutes during each of 9 recording 

intervals: sunset – 0:30, sunset, sunset + 0:30, sunset + 1:05, sunset + 1:40, sunset + 2:15, 

sunset + 2:50, sunset + 3:25, and sunset + 4:00. A pilot study conducted within the sampling 

area during July - October 2002 indicated that red drum do not vocalize prior to half an hour 

before sunset, and typically detection of vocalizing males drops off before midnight (A. 

Barrios, North Carolina State University, unpublished data). Sunset recording at each 

location were used as an indication of background noise level during a given night. A 

recording at least one hour before sunset would have been a more appropriate indicator of 

background noise level, but battery constraints in the PocketPC did not allow recording times 

to extend from one hour before sunset to near midnight. The sunset interval was chosen 

rather than the sunset – 0:30 recording interval because the sample size was larger 

(PocketPCs recorded more often beginning at sunset), and because noise from vessel traffic 

was more common during the latter, possibly from recreational anglers leaving the area for 

the night or repositioning for the “sunset bite”. 

Gain setting of the amplifiers were maintained at a constant level throughout the 

season to allow comparison among recordings. Sonobuoys were used to identify and record 

vocalizing fish by monitoring underwater sound over a given night at a specific location. The 
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same combination of equipment was used without the housing to sample in multiple 

locations over a given night (referred to as spot sampling). Equipment was paired (same 

hydrophone, amplifier and PocketPC consistently used together) and calibrated to give the 

most accurate measure of sound as received by the hydrophone at each location.  

To characterize environmental conditions, salinity, temperature, and dissolved 

oxygen were measured at sampling locations using a YSI 600XLM Multi Parameter Water 

Quality Monitor that stored information onto a YSI 650 MDS display and data logger. Depth 

and spatial position (latitude and longitude) at each location was determined using the 

research vessel’s depth finder and Global Positioning System. Sonobuoys were placed at a 

sampling location prior to sunset, and retrieved the following morning. During spot sampling 

acoustical recordings were made from the research vessel stationed over the sampling site. 

We would arrive at a sampling location during the period from sunset to 4 hours hence, 

gently drop anchor, and begin recording 10-15 minutes after arrival. The hydrophone was 

placed 1-2 meters below the surface. Recordings were downloaded from the PocketPC using 

a compact flash memory card reader. Using the acoustic program Cool Edit Pro the 

recordings were then decimated from a 44,100 Hz sampling rate down to an 8,000 Hz 

sampling rate. This was done to reduce background noise and other sounds not in the 

frequency range of interest. Presence or absence of vocalizing male drum and additional 

species were confirmed both by listening to each recording, and by viewing sonograms that 

were low-pass filtered to remove acoustic energy above 1000 Hz. Field recordings were 

verified against known sound recording of vocalizing red drum provided by Dr. Joseph 

Luzcovich of East Carolina University. 
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Egg And Larval Sampling 

Synoptic egg and larval sampling was conducted in association with a subset of 

acoustic sampling sites to test the assumption that vocalizations by red drum were associated 

with spawning activity in the NRE, and to provide an alternative response variable to assess 

spawning activity (presence or absence of Sciaenid-type eggs).  Sampling was conducted on 

11 nights from 29 July – 2 September 2003 at 32 sites from sunset to midnight. Consistent 

egg and larval sampling effort was not possible in September due to an unforeseen reduction 

in field staff. 

 A Bongo net (60 cm diameter, 333 µm mesh) was deployed off a second research 

vessel and towed for 5 minutes downwind of the acoustic sampling site near the surface and 

at mid-water column (hereafter referred to as depth).  Although a flow-meter was available, 

egg and larval concentrations were not quantified. Collections were made at two to three sites 

per night when wind and wave conditions allowed. Neuston collections were preserved 

immediately in 70 % ethanol. Sorting and enumeration of eggs and larvae were conducted 

after the field season. We enumerated eggs that fit the description of red drum eggs  

(spherical 0.86 – 1 mm in diameter containing one oil globule, Holt et al. 1981).  DNA 

confirmation of species will be conducted at a later date. At stations where both acoustic and 

neuston sampling was conducted, all vocal species were identified in recordings to assess 

possible spawning contributions from species other than red drum.  

 

Acoustic Sampling Design 

The field season was divided into 8 sampling periods beginning 8 July 2003 and 

ending 30 September 2003 (Table 1). Each 1.5 week sampling period had an average of 4 
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field nights. To avoid excess noise and traffic from recreational weekend boaters, sampling 

was attempted Sunday through Wednesday nights. The study area was divided into three 

sections (Figure 7), only one of which was sampled in a given night, but sampling was 

attempted in all sections within a given sampling period. During each sampling period, sites 

were selected at random, with replacement, from four possible categories: shallow–soft 

bottom (sandy, < 3 m), medium-soft bottom (transitional sand to mud, 3-5 m), deep-soft 

bottom (primarily mud, > 5 m), and deep-hard bottom (oyster reef or shell, > 5 m, Table 2).  

Across the entire season, this randomization was conducted with replacement so that all sites 

had an equal probability of being sampled during each sampling period.  Sampling effort was 

divided into thirds with 1/3 in sites less than 5 m, 1/3 in sites greater than 5 meters with soft 

bottom, and 1/3 in sites greater than 5 meters with hard bottom. Weather, field constraints 

and equipment failures did not always allow this sampling scheme to be followed, especially 

at the beginning of the field season. Spot sampling was used to supplement sampling effort 

when sonobuoys were not functioning.  

Eighty-six possible listening stations were selected within my study area (Figure 14). 

Of these eighty-six sites, sixty-eight were chosen randomly using Arcview GIS 3.2. Using a 

map of the sampling area I selected points and recorded coordinates using a 1 km rule of 

separation. The additional eighteen sites were selected from a list of fifty-nine sites with 

known hard bottom collected from local recreational and commercial watermen (Figure 9). 

Hard bottom sites were selected in each of the above mentioned river sections. Bottom 

samples were taken at each sampling location to confirm substrate type. All stations with the 

exception of the hard bottom sites were distributed in relative proportion to their availability 

in each depth class identified above. Therefore, 25 % of the sites were selected in less than 3 
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m, 25 % in 3 - 5 m, and 50 % in greater than 5 m. Total distribution and percent bottom cover 

of hard bottom in the lower NRE is unknown, and the number of known hard bottom 

locations are likely underrepresented. All of the sites selected with known hard bottom 

substrate were in greater than 5 m of water. On a given sampling night sonobuoys (regardless 

of sampling category) were always separated by at least 1 km to ensure acoustic 

independence.  

 

Acoustic Theory 

Red drum calls spread from the source and become attenuated as they intersect the 

bottom and surface or as they pass through the water column, and can be refracted by 

gradients of temperature and salinity. A common model used to describe the propagation of 

sound through water or air is the "source, path, receiver" model (Richardson 1995). Sound 

propagation is defined simply as: 

received level = source level - transmission loss, 

where 

transmission loss = 20 log (Pressure at 1 meter/Pressure at r meters away from the source). 

Although I was unable to determine the source level of red drum calls, spherical and 

cylindrical spreading are two simple approximations used to describe how sound level 

decreases as a sound wave propagates away from a source (Urick 1983). Spherical spreading 

describes the decrease in level when a sound wave propagates away from a source uniformly 

in all directions. This approximation assumes transmission loss = 20 log10 (r) where r = range 

or a 60 dB transmission loss at 1 km and a 66 dB transmission loss at 2 km. In cylindrical 

spreading, sound cannot propagate uniformly in all directions from a source. This 
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approximation assumes transmission loss = 10 log10 (r) or a 30 dB transmission loss at 1 km 

and a 33 dB transmission loss at 2 km. It is reasonable to assume that the NRE will not 

conform to either of these approximations, and a transmission loss of 15 log10 (r) or a 45dB 

transmission loss at 1 km and a 50 dB transmission loss at 2 km was assumed for the study 

area. Given this information, it was decided that a sampling distance of 1 km would assure 

acoustic independence between sampling locations since little, if any, acoustic energy would 

be recorded (received as ambient noise) from the same sound source at a distance of 1km 

(i.e., there would be a low risk of recording the same aggregation of fish at two sampling 

locations). 

 It should also be noted that any transmission loss difference between depths sampled 

within the frequency range of interest (drum beat peak frequency 100 – 300 Hz) would have 

been inconsequential. When a sound source is within ¼ wavelength of either the surface or 

bottom, propagation of any frequency equal to or less than that wavelength is greatly reduced 

(referred to as low frequency cut off). The calculation that described this relationship is h/ λ  

=1/4 where h = depth and λ  = wavelength (Urick 1979). Assuming the lowest peak 

frequency of any vocalizing male red drum was 125 Hz and λ =c/f where c= speed of sound 

in water (~1500 m/s) and f=frequency (Hz), then the wavelength of a 125 Hz frequency was 

12 m and the low frequency cut off depth (λ /4) would have been 3m. Thus, the transmission 

loss for any vocalizing red drum with a peak frequency at or above 125 Hz would be the 

same at depths greater than 3 m. Based on this logic, I felt confident that the range of 

detection was not significantly different across the depths in my sampled habitats (2-8 m).  
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Measured Variables And Statistical Models  

Measured variables included: (1) presence or absence of vocalizing male drum, (2) 

received level of acoustic energy at the hydrophone (dB re 1 µPa, 1 – 1000 Hz, Bandwidth, 

P-P) integrated over a 60 second recording period chosen at random and (3) Sciaenid-type 

egg presence or absence in a standard 5 minute plankton tow. It is important to recognize 

assumptions made about the acoustic variables. The ability to detect a vocalizing drum, and 

the received level of acoustic energy at the hydrophone as an indicator of red drum 

aggregations can be affected by background noise, presence of other species, varying 

distances of aggregations or individuals to the hydrophone, and absorptive and scattering 

characteristics of the environment due to substrate type.  Received level does not allow us to 

gauge aggregation size because sound level from a larger aggregation further away may be 

similar to that from a few individuals closer to the hydrophone. Since only males vocalize, 

contributing to the received level, it is not possible to determine total numbers of fish in an 

aggregation using this method. It is also impossible to identify vocalizations from individual 

red drum once there are more than 3 fish vocalizing simultaneously. Although received level 

does not allow us to gauge the size of a given aggregation, it offers information on habitat 

use by the species.  

Prior to applying various statistical models to the data, I first calculated a set of joint 

probabilities that determined the likelihood of detecting vocalizations in subsequent 

recording intervals once vocalizations had been detected for the first time at a given site. I 

calculated the probability of first detecting vocalizing drum during each recording interval 

over the sampling season followed by the probability of detecting vocalizing drum in each 

subsequent recording interval. The intent of these calculations was to assess persistence of 
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vocalizations once they had commenced at my sampling sites.  Presence of vocalizing males 

and presence of Sciaenid-type eggs at sampling locations were considered jointly using a 

non-normal, two-sample Wilcoxon rank-sum test to determine any association between 

courtship vocalizations and spawning activity. 

I applied a statistical approach to acoustic and egg data involving 5 separate models. 

The first model considered vocalizing males as either present or absent in each recording 

(assigning values of 1 or 0, respectively), and a binomial error was assumed (measured 

variable PA = probability of presence or absence of red drum vocalizations in a recording, 

hereafter referred to as “probability of presence” model). The response variable was 

measured differently for sonobuoy and spot sampling.  For sonobuoys, multiple observations 

at a given sampling location over a night were reduced to one presence or absence score by 

picking one recording interval at random and using that observation. Only recordings 

beginning thirty minutes after sunset were used because sunset recordings were considered a 

control to assess background noise levels at each site each night.  For spot sampling, only one 

post-sunset recording interval was available per site.  

For the second, third and fourth models, only data collected using the sonobuoy 

method were considered. For the second model, I calculated the percentage of recordings that 

contained male vocalizations over the sampling night (e.g., if vocalizations were present in 4 

out of 7 recording intervals, the vocalization prevalence would be scored at 57 %). A 

Gaussian error distribution was assumed (measured variable VP = vocalization prevalence as 

a percentage of all recording intervals, hereafter referred to as “vocalization prevalence” 

model).  
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In the third model received level at the hydrophone (dB re 1 µPa, 1 – 1000 Hz 

Bandwidth, P-P) was calculated for each recording interval. The highest received level from 

all recording intervals for that site was subtracted from the background noise level 

(considered to be the sunset recording). This received level was used as the measured 

variable. A Gaussian error distribution was assumed (measured variable HMB = Highest 

received level minus background noise level, hereafter referred to as the “received level” 

model). Even though detection of red drum vocalizations were common during the sunset 

recording interval (see Results), the intensity of vocalizations typically increased from the 

sunset received level during the night making the HMB measured variable an acceptable 

indicator of red drum “aggregation” presence. An additional unforeseen benefit was that the 

sunset recording interval was often the highest received level during a given night in the 

shallow depth category sites. This was due to presence of snapping shrimp, cusk eels, and 

spotted seatrout that seemed to vocalize most intensely during this time period.  At sites 

where red drum vocalizations were not detected, and the sunset recording interval was also 

the highest received level for the night, a score of 0 dB offered a clear indication of habitat 

not utilized by this species. 

In the fourth statistical model, the measured variable was the number of minutes 

elapsed between sunset and when the highest received level occurred at sites where drum 

vocalizations were detected. This variable was log transformed to normalize the data, and a 

Gaussian error distribution was assumed (measured variable MAS = number of minutes after 

sunset when highest received level occurred, hereafter referred to as “minutes after sunset’ 

model). Each recording representing this time of highest received level was considered 

individually, and recordings deemed anomalous were not included in analysis (N=5). 
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Recordings were deemed anomalous if they occurred within the sunset + 0:30, sunset + 3:25 

or sunset + 4:00 recording intervals and contained either a single vocalizing male near the 

hydrophone or additional vocalizations from non-target species contributing markedly to the 

overall received level.  

In the fifth model, a presence or absence score was used for Sciaenid-type eggs 

(assigned values of 1 or 0, respectively) using a description of red drum eggs available in 

Holt et al. (1981). A binomial error was assumed (measured variable EP = egg presence, 

hereafter referred to as “egg presence” model).  

Under the assumption that the form of the relationships between the measured 

variables and the explanatory variables in this analysis could be non-linear, I fitted each data 

set to a generalized additive model (GAM) of the form: 

 
PA = µ + s(DOY) + s(Depthm) +  s(ProxMouth) + Hard + s(mixedbottomDO) 

(probability of presence model), 
 
VP = µ + s(DOY) + s(Depthm) +  s(ProxMouth) + Hard + s(mixedbottomDO) 

(vocalization prevalence model), 
 
HMB = µ + s(DOY) + s(Depthm)  + s(ProxMouth) + Hard + s(mixedbottomDO) 

(received level model), 
 

MAS = µ + s(DOY) +  s(Depthm) + s(ProxMouth)  + Hard + s(ProxHard) 
(minutes after sunset model), 

 
EP = µ + s(DOY) +  s(Depthm) + s(ProxMouth)  + Hard + s(mixedbottomDO) + 

s(ProxHard)  
(egg presence model), 

 
where µ = mean response, DOY = day of year, DepthM = depth in meters at each sampling 

location, ProxMouth = straight line distance in km from each site to the mouth of Neuse 

River calculated using ArcView GIS 3.2, Hard = a binomial factor indicating hard substrate 
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or soft substrate (1 or 0 respectively), mixedbottomDO = the average of the dissolved oxygen 

measurements taken below the pycnocline at each location each sampling night, and 

ProxHard = straight line distance in km from each site to the closest known hard bottom 

substrate calculated using ArcView GIS 3.2.  For the probability of presence model, 

vocalization prevalence model and the received level model the ProxHard explanatory 

variable was not considered due to high levels of correlation with Depthm.  In the minutes 

after sunset model the mixedbottomDO explanatory variable was not included because it 

would have decreased the sampling size from N = 38 to N = 29 due to incomplete data.  

Also, ambient data was collected at the beginning of the evening, therefore, it was 

determined that while the ambient data was a good indicator of site condition, it was not 

detailed enough (continuous throughout a sampling night) to determine any effect on the time 

of highest vocalization activity over a given night. The ‘s’ term in the model refers to a spline 

smoother applied with 3 degrees of freedom. I computed an Akaike Information Criterion 

(AIC) statistic to determine the appropriate form for each model. I considered both linear and 

nonlinear representations of the effect of the explanatory variables on the response variables. 

I stepped through alternative forms of the model (3 different permutations: independent 

variable included or removed, variable effect assumed linear, variable effect assumed 

nonlinear) and selected the model that resulted in the greatest decrease in the AIC using the 

stepgam procedure in S-Plus 4.5 (Insightful Corporation), computed as follows: AIC – D + 

2dfφ where D = residual deviance, df = effective degrees of freedom used in fitting the 

model, and φ is the dispersion parameter residual sum of squares divided by the residual 

degrees of freedom.  
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I provide estimates of the contribution of each predictor to the overall model fit using 

a t-ratio statistical inference (similar to the approach in generalized linear models) and an 

estimate of the nonlinear effect for each of the continuous explanatory variables using a 

nonparametric Chisq or F ratio test statistic (Table 3). Further details can be found in Hastie 

& Tibshirani (1990). These analyses were conducted using S-Plus 4.5.  A significance level 

of 0.05 was chosen for statistical analysis. 
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Results 
 
 

Physical Environment 

From July – September 2003 the average depth of the pycnocline in the lower NRE 

for shallow, medium, deep-soft bottom, and deep-hard bottom sites was 1.5m, 3.5m, 5m and 

4.5 m, respectively (Table 4). Temperatures averaged between 26-28 °C in all months 

throughout the sampling area. Average salinity and dissolved oxygen for the entire water 

column over the season increased with proximity to the river mouth (Table 5). Stratified 

conditions were determined to have an inconsequential effect on the ability to detect presence 

of vocalizing drum regardless of position of vocalizing fish above or below the pycnocline 

owing to the relatively small salinity range and temperature range differences between the 

layers, hence minimal refraction.  

Hypoxic conditions below the pycnocline were most common in August, and in the 

upstream sampling locations (Table 5 - 6). Deep sampling sites (> 5 m) were much more 

likely to have hypoxic or near hypoxic conditions below the pycnocline than medium depths 

(3 – 5 m), while shallow sampling locations (< 3 m) never experienced hypoxic conditions 

(Table 4). During the 2003 season wind direction was primarily out of the southwest for July 

and August (favoring stratification), and primarily out of the northeast in September 

(favoring mixing, Table 7). The northeasterly winds in September reduced the number of 

sites with hypoxic or near hypoxic conditions below the pycnocline (compare Tables 6 and 

7). 

 

Hydrophone Recordings 
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On 30 dates between July and September 2003, I made hydrophone observations at 

160 locations throughout the NRE in an attempt to locate and describe potential spawning 

sites for red drum. Seventy-two of these hydrophone observations were sampled with 

sonobuoys, and 88 were spot sampled (Table 1). Vocalizing drum were first detected on 21 

July 2003, and last detected on 21 September 2003. During observations which covered the 

assumed spawning season, vocalizing drum were detected a total of 43 (of 72) times with the 

sonobuoys, and 35 (of 88) times while spot sampling. Most of the vocalizations (84.6 %) 

were observed in depths greater than 5 m (Table 8).  Of the observations in greater than 5 m 

(66 of 78), 81.8 % (or 54 of 66 sites) occurred within river sections 2 and 3 (Figure 7), and 

97 % (or 64 of 66 sites) occurred in August and September (Table 8).   

Vocalization activity was typically recorded during a four hour period beginning at 

sunset; however, vocalizations were occasionally detected 30 minutes prior to sunset (4 of 53 

times, Table 9). Highest diel vocalization activity (measured as the highest received level at 

stations sampled via sonobuoys where red drum vocalizations were detected) varied between 

1 and 3 hr after sunset with the average occurring 1 ½ to 2 hr following sunset depending on 

substrate type. The probability of first detecting vocalizing drum at a location was highest at 

sunset, and the recording interval following sunset (Table 9). Following first detection of 

vocalizations, I found vocalizations to be very persistent at a given site, with high 

probabilities (90-100 %) of detection in all recordings following the initial detection with the 

exception of the final recording (typically occurring near midnight), when detection was less 

likely. Probability of detecting drum during the first three recording intervals was highest in 

September (Table 10), and in the deep-soft bottom category (Table 11). The higher 

probability within the deep-soft bottom category versus the deep-hard bottom category is 

 35 
 



likely due to a difference in sampling effort with sonobuoys between the two site categories 

during sampling periods 5 through 8 (23 sonobuoys versus 12 sonobuoys, respectively). 

Sampling periods 5 though 8 were thought to contain the majority of the spawning activity, 

and therefore, would have increased the probability of detecting drum over other sampling 

periods (Table 2). A positive association between presence of vocalizing drum and Sciaenid-

type egg presence as an indicator of spawning activity was confirmed using a Wilcoxon rank-

sum test (z  = -2.4066, p = 0.0161, N = 43). 

 

GAM Results 

Day of year (DOY) and depth were found to have significant effects on the 

probability of detecting presence of vocalizing red drum within the study area during the 

2003 field season (Table 3, Figure 15). The likelihood of detecting vocalizing drum was 

significantly related to day of year (Chisq = 25.3459, p < 0.0001, N = 136), with highest 

probabilities observed during the period 8 August to 17 September 2003. Probability of 

presence of vocalizing drum increased over depth, reaching an asymptote at 5 m (Chisq = 

11.1394, p = 0.0086, N = 136). The percentage of variance accounted for by these two 

variables was 35 %. 

Vocalization prevalence was affected by depth (t = 2.1009, p = 0.0396, N = 71), 

proximity to river mouth (t = -2.4768, p = 0.0159, N = 71) and DOY (F = 1.9929, p = 

0.1238, N = 71), which accounted for 38 % of the variance (Table 3, Figure 16). Vocalization 

prevalence was greatest at deeper sites, and those in closer proximity to the river mouth.  

DOY was retained in the model, although it did not have a significant affect on vocalization 
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prevalence. It indicated a trend for increasing vocalization prevalence beginning in early 

August. 

Received levels at each site were affected by depth (t = 2.4449, p = 0.0183, N = 53) 

and dissolved oxygen of bottom waters (F = 3.0460, p = 0.0378, N = 53), which accounted 

for 25 % of the variance (Table 3, Figure 17).  The largest increases in received levels 

(highest received level minus background noise) most commonly occurred in deeper sites 

where bottom waters contained greater than 2.5 mg/l dissolved oxygen. There were four 

observations (of 53) made of large increases in received levels at sites with very low 

dissolved oxygen concentrations below the pycnocline. While these instances were rare, they 

had a noticeable impact on the GAM graph (Figure 17) and should be interpreted with 

caution.  

The time of highest vocalization activity (Minutes after sunset model) was affected by 

DOY (F = 2.4592, p = 0.0813, N = 38), substrate type (t = -2.4649, p = 0.0194, N = 38) and 

proximity to river mouth (t = -1.6133, p = 0.1168, N = 38), which accounted for 35 % of the 

variance (Table 3, Figure 18).  When vocalizing males were present they produced a 

noticeable increase in the ambient noise level of a location that followed a very apparent diel 

pattern (Figure 19). Substrate type (hard or soft) caused a significant difference in the time 

that the highest vocalization activity occurred. The average time of highest received level 

occurred 1½ hours after sunset over hard substrate sites, and 2 hours after sunset over soft 

substrate sites. Trends for time of highest vocalization activity were noted to occur: (1) 

earlier relative to sunset during the early part of the field season and displayed no trend 

thereafter, and (2) slightly later relative to sunset at sites located close to the river mouth. 
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These two explanatory variables (DOY and proximity to river mouth) were retained in the 

model, although the affects on received levels were not significant.   

The likelihood of detecting Sciaenid-type eggs present in the study area was affected 

by DOY (Chisq = 9.4505, p = 0.0273, N = 32), proximity to river mouth (t = -7.8597, p = < 

0.0001, N = 32) and dissolved oxygen of bottom waters (Chisq = 5.6315, p = 0.1284, N = 

32), which accounted for 76 % of the variance (Table 3, Figure 20).  Probability of Sciaenid-

type egg presence increased beginning 10 August and decreased after 20 August. The full 

moon occurred on 12 August indicating greatest spawning activity, as represented by a high 

probability of egg presence, surrounding this lunar phase. Proximity to river mouth was 

found to have a highly significant relationship to increasing probability of egg presence. A 

positive trend was noted for higher probabilities of egg presence at sites where bottom waters 

contained greater than 3 mg/l dissolved oxygen, although this trend was not significant.   

 

Egg And Larval Collections 

During analysis of acoustic recordings, the presence of all non-target vocalizing 

species was noted for each recording at sites where egg and larval sampling was conducted. 

At 5 sites (of 32) weakfish were heard in conjunction with red drum at locations where 

Sciaenid-type eggs were collected. The total number of Sciaenid-type eggs collected during 

these 5 occasions was 195 of the total 1392 Sciaenid-type eggs collected from 29 July – 2 

September (during 11 sampling nights, Table 12, Figure 21). For each of these 5 occasions a 

presence observation was scored for the model since both red drum and weakfish were heard. 

No weakfish larvae were collected during sampling. No additional species were heard in 

conjunction with egg and larval collections. It should be noted that during the study Sciaenid-
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type eggs were collected on two occasions (of 32) at locations were vocalizing males were 

not detected (20 August, 109 eggs; 2 September, 57 eggs, Figure 22).   

Confirmed red drum larvae were collected on the days following the 10 September 

2003 full moon (Table 13, Figure 23). On 14-15 September, 15 larvae were collected within 

the river (Figure 24). Standard length was measured for 10 larvae and compared to a 

temperature growth model developed by Holt et al (1981). The growth model describes early 

larval development to 13 days after hatching for typical larvae reared at 25 oC, with 

temperatures in the field approximating this value. Accuracy of estimated ages was assumed 

to be + 1 day. All larvae were estimated to be between 2-9 days old, placing their hatch date 

on or near the September 10 full moon. The higher numbers of larvae collected in September 

may be due to the combined effects of the full moon and a mixed, normoxic water column 

contributing to increased hatching probability.
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Discussion 

 

Spatial Mobility Of Red Drum Aggregations 

 To properly address the spatial nature of the spawning behavior I examined in this 

thesis, it was first necessary to address the degree of mobility of the targeted aggregations 

(represented by the presence of vocalizing males).  Given the spatial scale of my sampling (< 

1 km), it was important to determine whether net movement of vocalizing drum could be 

inferred by examining spatial shifts in vocalization sources over a given night’s sampling 

period (four hours post sunset).  If aggregations tended to move once courtship vocalizations 

had begun, then the research question becomes more focused on understanding the direction 

of this movement and to investigate possible cues; otherwise, the focus should be on 

understanding the unique properties of the sites where these vocalizing aggregations occur.  I 

examined the mobility of targeted aggregations by relying on two measures from my 

sampling: 1) the degree of persistence in courtship vocalizations at a given site following the 

time of first detection and 2) any significant shift in time of highest vocalization activity 

across the study region that implied net movement of vocalizing red drum over a given 

night’s sampling.  

Using recordings collected via sonobuoys, the persistence in courtship vocalizations 

at sampled locations and the time of highest vocalization activity over a given sampling night 

were determined. The first measure, persistence, documented when vocalizations were most 

likely to commence during a given night’s sampling period, and the likelihood that the 

vocalizations would continue once detected (Table 9).  The second measure considered the 

possibility of a significant shift in the time of highest vocalization activity across the study 
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area over a given night’s sampling period (Table 3, Figure 18). If aggregations exhibited 

pronounced alongshore movement within a given depth contour, then the probability of first 

detecting drum and subsequent detections throughout the night would have been highly 

variable. If aggregations exhibited net movement between inshore and mid-channel habitats, 

then one would have expected contrasting patterns in time of first and subsequent detections 

of vocalizing males based on the location of the site across the channel.  One would have 

expected early first detection and an earlier time of highest vocalization activity to occur at 

sampling depths that represented the initial location of the aggregation(s) in the NRE close to 

the time of sunset, and later times of first detection and a delayed time of highest vocalization 

activity at sampling depths that represented the end of the path of movement during a given 

night. In this study, the high persistence in courtship vocalizations and a lack of spatial 

dependence on the time of highest vocalization activity indicated a lack of movement of 

aggregations once courtship vocalization began.   

These results support the null hypothesis that red drum aggregations are stationary (in 

the context of the spatial scale of our sampling) once courtship vocalizations have begun. 

This spatial aspect of courtship behavior has not been previously documented in the field.  

Luczkovich (1999a) detected vocalizations of red drum using sonobuoys in a nearby study 

area (mouth of the Bay River, NC), but he did not record enough instances of the behavior to 

document any net movement during a sampling night. Adult red drum have been documented 

to move throughout the NRE.  Aguilar (2003) observed mean daily movement rates of 

individual red drum (22 tracked individuals via sonic telemetry) ranging from 0.7 to 11.4 km 

d-1 in the NRE. The median rate was observed to be 2.9 km d-1, with 89% of individuals 

moving less than 5 km d-1. Assuming an adult drum (68.6 cm TL) is capable of swimming 1 
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body length per second, then an individual could travel as far as 10 km over a four hour 

period.  While I cannot address patterns of individual movements in this study, my results do 

support the idea that aggregations of vocalizing males tend to persist in fixed locations over a 

sampling night once courtship vocalizations have commenced.  I did not directly measure the 

effective detection area of my acoustic sampling, but it is likely to be restricted based on 

transmission loss theory (< 1 km, see Methods).   Given this limited range of detection, the 

high degree of persistence in vocalizations following first detection, and the lack of spatial 

dependence in the time of highest vocalization activity, I conclude that aggregations are 

relatively stationary over a given night’s sampling period.  Aguilar’s (2003) study indicated 

pronounced upriver-downriver (i.e., alongshore) movement, but that study focused on 

movement patterns over an extended period (days to weeks), and is not directly comparable 

to the spatial and temporal scale I examine here. 

 

Distribution Of Red Drum Aggregations   

Given the relatively stationary behavior of vocalizing sources over a given night’s 

sampling period, I then determined whether aggregating sites (as indicated by presence of 

vocalizing males and presence of Sciaenid –type eggs) had unique properties with respect to 

the larger sampled area.  Results indicate the dominant factors explaining the distribution of 

red drum aggregations during the 2003 field season were depth and proximity to the river 

mouth (Table 3). 

Presence of vocalizing males was positively associated with depth, suggesting these 

fish have a strong affinity for spawning in deeper waters within the NRE (Figure 15). No 

vocalizations were detected in shallow sites. Vocalizations in medium depth sites were not 
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only rare, but also always consisted of one to a few individuals.  These individuals may have 

recently joined the spawning population and could still be “searching” for aggregating sites. 

The alongshore pattern of movement described by Aguilar (2003) appeared to be mostly 

restricted to the 3 - 5 m depth contour in the NRE; thus, these fish did not utilize available 

depth in proportion to its availability.  These results differ from the patterns observed in the 

present study.  My observations clearly indicate that depths greater than 4 m are significantly 

more likely to contain vocalizing red drum, strongly suggesting that fish prefer the deeper 

depths for spawning.  It is not clear why results from these two studies are contradictory.  

The fish tracked in the study by Aguilar (2003) may not have been actively spawning during 

the telemetry study, or the presence of the tag may have altered spawning behavior during the 

post-release period when location data was gathered on tagged fish.  Available water quality 

data from August and September 2001(MODMON) indicated that dissolved oxygen levels 

within the sampling area were typical (periodic stratification with reduced dissolved oxygen 

levels in bottom waters) with higher salinity than were seen during the 2003 field season. 

Thus, anoxic conditions do not appear to have been a limiting factor for site selection during 

the telemetry study conducted by Aguilar (2003). 

The deeper portions of the river appeared to contain the majority of the spawning 

activity in the NRE, despite the fact that it represents only 50 % of available habitat (Figure 

8).   This preference of deeper water likely has nothing to do with “advertising range” of 

male vocalizations, since transmission loss for vocalizing red drum with peak frequencies at 

or above 125 Hz is similar over all sampled depths in the study area (see Methods).  Three 

likely explanations remain; these deeper waters may offer 1) better aggregating locations due 

to decreased disturbance by vessel traffic, 2) greater habitat volume that better 
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accommodates courtship behavior leading to gamete release, and/or 3) more favorable 

condition for egg and larval dispersal as compared to near-shore shallow water sites.  

The lower NRE has both commercial traffic (barges and commercial fishing vessels) 

and considerable recreational vessel traffic particularly on the weekends. Broadly speaking, 

commercial traffic consists of shrimp trawlers and barge traffic (deep water category), gill 

net fisheries for Spanish mackerel Scomberomorus macukatus (deep water category), striped 

mullet Mugil cephalus (shallow and medium depth categories), and southern flounder 

Paralichthys lethostigma (shallow depth category), and a crab pot fishery for the blue crab 

Callinectes sapidus (shallow and medium depth categories). Recreational fishing in the NRE 

is thought to be concentrated along the shoals (within the 2 – 5 m depth category, Captain 

George Beckwith, Down East Guide Service, personal communication). It is also possible 

that concentrated recreational fishing boats in the shallow and medium depth categories 

contribute to the increased background noise levels, and the deep water may serve as a 

refuge. Johnson and Funicelli (1991) observed captive red drum and documented that slight 

sounds or the presence of light disturbed the drum and delayed courtship vocalizations. It 

should be noted, however, that silencing of courtship vocalizations was never observed in 

this study. Since red drum evolved their courtship behaviors without concern for 

anthropogenic sources of noise, an additional study would be required to identify if red drum 

will aggregate in a location with less ambient noise as compared to a similar but louder 

location.  

Another possible explanation for a preference of deep water spawning habitat is the 

common use of vertical movements by both males and females during courtship and 

spawning in this species.  Captive spawning behavior observed by Guest and Lasswell (1978) 
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noted that gametes are released during a spawning rush as fish swim toward the surface. This 

behavior would be better accommodated in deeper water. These fertilized gametes would 

develop in pelagic waters rather than risk being blown near-shore where predation rates may 

be higher, or where they may be washed up onshore.  

During the 2003 field season vocalizations were more prevalent near the river mouth 

(Table 3, Figure 16). The inference that this area serves as a focal point for spawning activity 

in the NRE was also supported by results of the analysis of egg presence (Table 3, Figure 

20). These two observations together suggest that while red drum vocalizations and eggs 

were observed throughout the sampling area, the regional “hotspot” appears to be centered 

near the mouth of the river during 2003 (Figure 25 - 27).  

 

Conditions For Aggregation Formation And Spawning Success 

My results indicated that the distribution of red drum aggregations (as inferred by 

presence of vocalizing males and probability of egg presence) was positively related to depth 

and proximity to the river mouth. It is important to consider how other factors may affect 

aggregation distribution and spawning success in the NRE. While the bulk of the field efforts 

to date have focused on identifying spawning grounds for red drum in inlet, tidal passes, and 

continental shelf ecosystems (hereafter referred to as shelf ecosystems, Mansueti 1960; Holt 

et al 1981b; Matlock 1987; Arnold 1988; Murphy and Taylor 1990; Arnold 1991; Wilson and 

Nieland 1994), there have been a few documented cases of red drum spawning in estuarine 

and sound ecosystems, including Mosquito Lagoon in Florida, Tampa Bay in Florida, and 

Pamlico Sound in North Carolina (Peters ad McMichael 1987; Murphy and Taylor 1990; 

Johnson and Funicelli 1991; Ross and Stevens 1992; Ross et al. 1995; Luczkovich et al. 

 45 
 



1999a).  These systems share some similarities to shelf ecosystems, including relatively high 

salinity, large spatial extent and mixed water columns, although only Tampa Bay exhibits a 

strong tidal signature that serves to disperse eggs and larvae. Mosquito Lagoon and Pamlico 

Sound are considered wind driven estuaries. The present study documents presence of 

spawning aggregations and evidence of successful reproduction (at least to the larval stage) 

in a habitat that appears unique as compared to those described above.  Specifically, the NRE 

is meso-saline (~10-20 ppt), highly eutrophic with episodic bottom water hypoxia, and 

strongly wind-driven with only a weak tidal signature.  These habitat characteristics do not 

appear to represent ideal spawning habitat and dispersal conditions for red drum based on the 

literature.   

I observed very low salinity in surface and bottom waters in the NRE during the 2003 

field season (9 – 13 ppt salinity).  This may decrease spawning success by reducing egg 

buoyancy and viability. In conditions with less than 20 ppt salinity, eggs rapidly sink to the 

bottom where low levels of oxygen and contact with the benthos reduce hatch viability (Holt 

1990). The year 2003 marked the end a prolonged drought in the region, and created 

conditions atypical in the NRE.  In typical years salinity within the lower NRE is 10 – 15 ppt 

near Oriental, NC and 20 – 25 ppt or higher near the river mouth (Hans Paerl, University of 

Chapel Hill, personal communication).  These more typical conditions, particularly in the 

lower part of the NRE, better approximate salinities of shelf ecosystems described above.   

Dissolved oxygen levels of bottom waters played a significant role for red drum 

aggregation formation as revealed through my analysis of received levels at the hydrophones 

and probability of egg presence in the NRE. My analysis revealed that received levels were 

significantly lower at sites where dissolved oxygen levels of bottom waters were below 2.5 
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mg/l  (Table 3, Figure 17). This pattern is not likely to be an artifact of reduced acoustic 

transmission under these stratified conditions.  The density difference of water masses above 

and below the pycnocline in this system (combining the effect of salinity and water 

temperature) were not great enough during the 2003 field season to substantially influence 

transmission loss (A. Frankel, Marine Acoustics Inc., personal communication).  This 

observation suggests that aggregations are less likely to form in locations with hypoxic or 

anoxic conditions below the pycnocline. This is consistent with courtship behavior 

documented for red drum in captivity (Guest and Lasswell 1978). In captivity, drum 

aggregate near the bottom of the tank until the time of gamete release. Low dissolved oxygen 

levels below the pycnocline would tend to limit this behavior in the field. The idea of habitat 

limitation is further supported by the trend indicated in the egg presence model, where 

greater probability of egg presence was associated with sites where dissolved oxygen levels 

were above 3 mg/l in the bottom waters (Table 3, Figure 20). Depth likely has an overriding 

influence on spawning (as described above), but presence of hypoxic or anoxic bottom 

waters may restrict available deep water habitat, and reduce egg viability particularly during 

extended periods of water column stratification.  

The importance of tidal action in dispersing eggs and larvae in marine spawning fish 

in shelf ecosystems has been well documented (e.g., Mansuiti 1960; Holt et al. 1981b; Holt et 

al. 1989; Arnold 1991), although the role of wind forcing is less known (e.g., Xie and 

Eggleston 1999).  The physics of the NRE is similar to that of large lakes whereby wind 

directly influences the movement of volumes of water, the mixing between water masses and 

the generation of both internal and surface seiches (Reynolds-Fleming and Luettich 2004).  

Climatological variability within the NRE plays an important role in driving dynamics of 
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water quality that may influence the fate of eggs and larvae produced (described above).  

Typical summer conditions in the NRE are characterized by moderate, persistent winds from 

the west and southwest that favor net downstream flow in the NRE, lower salinities, and 

stratified conditions that can lead to episodic bottom water hypoxia (Xie and Eggleston 1999; 

Luettuch et al 2000).  Under this scenario, available spawning habitat in deeper waters of the 

NRE may be limited due to higher prevalence of bottom water hypoxia, and egg viability 

may be reduced due to decreased buoyancy of eggs and exposure of eggs and developing 

embryos to hypoxia.  Surviving larvae in this scenario may be dispersed downstream into 

shallow water nursery grounds that fringe southern Pamlico Sound.   These were the 

prevailing conditions during August 2003, and while courtship vocalizations and eggs were 

prevalent there was little evidence of successful recruitment based on presence of surviving 

larvae.   

Conversely, a shift commonly occurs during the fall, where northeasterly winds tend 

to dominate. This reversal of surface flow in the lower NRE leads to increased salinity 

originating from introduction of Pamlico Sound waters, and more mixed water column 

conditions that favor normoxia.  Under this scenario, there appears to be greater availability 

of spawning habitat in the NRE, and egg viability is improved due to greater egg buoyancy 

and a lower probability of lethal exposure to hypoxic bottom waters.  Surviving larvae in this 

scenario would tend to advect up-river and disperse to adjoining tributary creeks in the NRE.  

These were the prevailing conditions during September. This scenario appeared to increase 

recruitment based on the increased catches of early stage larvae documented in the NRE 

during this month. A delayed shift to fall conditions may decrease overall reproductive 

output for red drum in the NRE. 
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Lunar Periodicity And Spawning  

Spawning by red drum in the NRE may be associated with full moon periods, as 

found in other studies (Peters and McMichael 1987; Comyns et al.1991; Lyczkoski-Shultz et 

al. 1998).  A full moon brings stronger tides resulting in increased egg and larvae dispersal 

distances. Behavior that synchronizes gamete release during these periods of stronger tidal 

flux is understood to be an important fitness component of shelf populations. There does not 

appear to be any clear explanation of why this trait might be retained in the NRE spawning 

population, where egg viability and dispersal appears to be strongly influenced by the 

direction and intensity of wind events.  Perhaps red drum in the NRE are linked to shelf 

metapopulations, and the resulting gene flow is sufficient for the trait to be retained across 

the larger, regional population of red drum.  Even without the benefits of increased egg and 

larval dispersal by tidal fluxes, synchronous behavior assures a large number of fish are 

ready to spawn at the same time, and can offer anti-predatory benefits. Numerous studies in 

the Gulf of Mexico have shown patterns of isolation-by-distance where genetic divergence 

among geographic samples of red drum increase with geographic distances between 

sampling location (Gold and Richardson 1994; Gold et al. 1999; Seyoum et al. 2000; Gold et 

al. 2001; Gold and Turner 2002). This means that while populations are not isolated, it is 

possible that fish return to their natal habitat to spawn.  The level of genetic isolation of the 

NRE population from shelf populations and neighboring estuaries, and the degree of local 

adaptation is an open question that deserves further research attention.  

 

Substrate Affinity 
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Substrate type (hard or soft) was considered a possible factor of importance for 

aggregating red drum. Numerous studies have described a positive association of fish species 

richness and oyster reef habitat (Nesterode at al.1998; Coen et al. 1999; Harding and Mann 

1999). Although no work has been done to relate this habitat type to spawning of red drum, 

local recreational and commercial watermen suggest large concentrations of drum frequent 

hard bottom habitat throughout the spawning season. Attraction of red drum to hard bottom 

as an aggregating location may be due to favorable foraging opportunities prior to sunset.  

Oyster reefs have been shown to have higher food availability and a wider diversity of food 

types (including fish, shrimp and crabs, which red drum consume) because of increased 

habitat heterogeneity relative to other habitat types such as mud flats (Harding and Mann 

2001; Lenihan et al. 2001). Hard bottom may also offer a beneficial acoustic environment for 

their courtship calls (reflective bottom), or simply because it is different from the 

surrounding expansive mud bottom and thus may serve as a prominent bathymetric feature to 

which individuals can be drawn, as has been shown with other marine finfish (Luckhurst and 

Luckhurst 1978; Sale et al. 1984; Schroeder 1987; Doherty and Williams 1988; Bohnsack et 

al. 1991).  

 Aggregations of red drum were located throughout the lower NRE at both soft and 

hard bottom sites. Red drum were detected at 60 % (48 of 80) of deep-soft bottom sites 

sampled versus 58 % (18 of 31) of deep-hard bottom sites sampled (Table 8). Substrate type 

was not determined to be a significant factor when predicting probability of drum presence or 

presence of Sciaenid–type eggs (Table 3). There was a significant difference in the time of 

highest vocalization activity between substrate types.  Both soft and hard bottom sites where 

drum were present showed an apparent diel trend in vocalizations (Figure 19), although, 
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highest vocalization activity occurred at deep-soft bottom sites on average about 2 hours after 

sunset, while occurring about 1-½ hours after sunset over deep-hard bottom sites. I suggest 

this earlier time of highest vocalization activity over hard bottom sites may be explained by 

groups of fish already aggregated on hard bottom sites because of foraging behavior prior to 

sunset. At sunset, when courtship vocalizations begin, aggregated fish could allow spawning 

to begin earlier and, therefore, reach “peak” spawning activity earlier (as represented by the 

time of highest vocalization activity). It is possible that while hard bottom habitats are not 

essential to the reproductive success of red drum, individuals that frequent these habitats may 

derive additional benefit by foraging at these locations, having aggregations form with 

greater ease, and vocalizing males may gain some benefit from the reflective nature of the 

bottom.   

Locations of “known” hard bottom were collected from local watermen, and it is 

likely that many instances of this habitat were not documented. It is possible that some of the 

soft bottom sampling locations were in close proximity to undocumented hard bottom, thus 

confounding any analyses seeking to show differences between probabilities of drum 

presence between substrate types. Increased resolution of bathymetry in the NRE would help 

resolve exactly what role, if any, hard bottom habitat plays in red drum spawning. 

 

Conclusion Of Red Drum Spawning 

The region experienced Hurricane Isabel on 18 September 2003, which caused storm 

surge values of 1.2 – 1.8 m (4-6 feet) above normal tide levels over the eastern portions of 

the Pamlico Sound. Values of 1.8 – 3 m (6-10 ft) above normal tide levels were observed in 

the western end of the Pamlico Sound with maximum values of 3.2 m (10.5 ft) reported on 
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the Neuse River in Craven County (http://www.nhc.noaa.gov/2003isabel.shtml). The study 

area was sampled 2 days prior to and the 3 days immediately after the hurricane. In the days 

prior to the hurricane drum were detected at 7 of 8 deep sites sampled, with an average 

vocalization prevalence of 95 %. In the two days following the hurricane drum were detected 

at 6 of 8 sampled sites, while drum were detected at only 1 of 4 sampled sites on the third 

day. The average temperature for all sites in September sampled prior to the hurricane was 

27.6 °C, while the average temperature for the three days sampled post hurricane was 24.1 

°C. Salinity levels remained near average. Dissolved oxygen levels immediately following 

the hurricane were high (7.66 mg/l), until anoxic water reached the sampling area on 21 

September 2003. Anoxic conditions and a drop in water temperature may have contributed to 

cessation of spawning activity in the NRE. In a previous sonic telemetry study Aguilar 

(2003) noted that red drum departed from the lower NRE in early October, coincident with a 

frontal system that reduced surface water temperature by about 8 oC. 

 

Spawning And Recreational Fishing 

For the first time, I have clearly documented the location and timing of spawning for 

red drum in the NRE.  Based on my own observations, and recreational catch statistics 

reported by NC DMF, there is significant overlap with respect to space and time in red drum 

spawning activities and recreational fishing (Figure 3). Following the establishment of the 

recreational slot limit, a catch-and-release fishery developed targeting older more mature 

members of the red drum stock (Figure 2, covered in detail in Chapter 1). Recreational 

fishing pressure on this adult stock is high in July and August, but is greatest in September 

and October (Figure 3).   Currently NC DMF makes available statistics on recreational red 
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drum landings, harvest, release, total catch (harvest and release), total pounds, mean length 

and weight.  These statistics are aggregated across all state waters and are not reported by 

length class (Figure 2). It is presently impossible to estimate how much catch-and-release 

fishing pressure is concentrated on the adult stock within my study area, which may serve as 

a regional “hotspot” for spawning.  Additional effort should be placed on making available 

recreational catch-and-release statistics by river basin and fish length category. This type of 

data would be helpful in the event that habitat protection and conservation becomes a 

necessary tool for protecting the spawning stock. Information on aggregation distributions 

and fishing pressure, at a finer more biologically meaningful scale, could be used to make 

more informed decisions about managing recreational fishing effort throughout the region.    

Lack of knowledge on targeted fishing pressure on the adult stock and impacts of 

recreational fishing practices on reproductive capacity represents two critical knowledge 

gaps. Despite regulations prohibiting take of drum greater than 68.6 cm (27 in), NC DMF 

estimated that 4.9 % of the total catch (harvest and release) in 2001 and 2002 (Figure 2) were 

illegally taken (poached) within this length category (> 68.6 cm) from North Carolina waters.   

Specifically, it is estimated that 12,823 and 33,486 fish greater than 68.6 cm were poached in 

2001 and 2002, respectively (Doug Mumford, NC DMF recreational statistics, personal 

communication). These estimates may be conservative owing to difficulties in monitoring 

fishing activity in the region.  The fishery is very difficult to monitor given the remoteness of 

the fishing grounds, the lack of centralized access points, and the prevalence of night time 

fishing activities. In addition, the rise in the fishery has raised the specter that post-release 

mortality, as well as and stress and trauma resulting from angling these fish could have 

negative consequences on the viability of the spawning population. Aguilar (2003) 
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determined an overall mortality rate of 6.7 % for red drum angled and released in the NRE in 

2002.  Aguilar (2003) concluded that use of circle hooks could reduce the overall catch-and-

release mortality rates relative to more conventional hooks by reducing instances of “gut 

hooking”.  In addition to possible post release mortality on red drum, there are also concerns 

over possible sub lethal impacts of recreational fishing on adult drum in spawning condition. 

Stress can include deleterious physiological consequences of exhaustive exercise, handling, 

and time of air exposure (Aguilar 2003).  In the context of red drum life history, fishing 

activities that elevate mortality risk and sub-lethal stress levels may have a direct influence 

on reproductive performance of the spawning population.  More work is needed to better 

describe how reproductive fitness may be compromised by the recreational fishery.  

Despite the possibility that recreational fishing could have a negative effect on the 

spawning population, my research indicates that spawning is clearly successful in the NRE. It 

is possible that year class strength and annual reproductive output of red drum within the 

NRE depends more on conditions such as wind direction and intensity, salinity, and 

dissolved oxygen levels of bottom waters, as described more fully above, than on any impact 

the recreational fishery may have on the spawning population. Nonetheless, I feel it is 

important to educate red drum fishers on proper angling and handling techniques to decrease 

deleterious effects of stress and injury on the spawning population. Conservation goals of 

reducing post-release mortality and hooking trauma on adult fish can be achieved through 

directed efforts at either promoting or requiring certain terminal gear (particularly through 

the use of circle hooks) to reduce incidence of gut hooking (Aguilar 2003; Beckwith and 

Rand 2004 in press).  
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Effectiveness Of Passive Acoustic Monitoring 

This research confirms that passive acoustic monitoring techniques can offer a viable 

and non-invasive method to locate spawning aggregation, describe diel and seasonal 

spawning patterns, and determine affinities of spawning fish to particular habitats. This 

represents a significant contribution in understanding red drum spawning life history and 

describing habitat characteristics of spawning grounds that will hopefully benefit 

management of red drum in the future.  Utilization of this passive acoustic method for 

delineating spawning aggregations can provide an important first step in future attempts at 

quantifying abundance of the spawning stock and development of an assessment method to 

meet the needs of future conservation efforts aimed at red drum, and perhaps other related 

species.
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Table 1. Sampling days, associated sampling period, and number of sites sampled by each 
method for 2003 field season. Vocalizations were first detected via spot sampling method on 
7/21/03 and via sonobuoy sampling method on 7/29/03. 
 
 

 
 

Sampling Day Day of Year Sampling Period              Sampling Method
     Number of sites sampled via

Sonobuoy Spot
7/14/03 195 1 2 0
7/17/03 198 1 0 4
7/20/03 201 2 2 6
7/21/03 202 2 0 7
7/27/03 208 2 1 0
7/29/03 210 3 4 0
7/30/03 211 3 3 0
8/3/03 215 3 3 6
8/4/03 216 3 3 2
8/5/03 217 3 3 0

8/10/03 222 4 2 5
8/11/03 223 4 2 0
8/12/03 224 4 0 6
8/13/03 225 4 2 0
8/18/03 230 4 2 7
8/19/03 231 5 1 2
8/20/03 232 5 4 0
8/24/03 236 5 3 0
8/25/03 237 5 2 8
8/26/03 238 5 2 8
8/27/03 239 5 2 7
9/2/03 245 6 2 6
9/3/03 246 6 3 7
9/7/03 250 6 2 0

9/14/03 257 7 5 0
9/15/03 258 7 5 0
9/19/03 262 8 4 0
9/20/03 263 8 4 0
9/21/03 264 8 4 0
9/29/03 272 8 0 7
Total 72 88
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Table 2. Number of sites sampled via each method organized by sampling period and depth 
category.  
 
 D
 Sh
 Me
 D
 Deep

 D
 
 
Sh
Me
 D
 Deep

 

Sonobuoy Spot Sonobuoy Spot Sonobuoy Spot Sonobuoy Spot Sonobuoy Spot
allow 0 0 1 1 4 2 1 2 1 3
dium 0 2 1 5 6 0 1 5 2 4

eep-Soft Bottom 0 2 0 7 2 6 0 11 7 1
-Hard Bottom 2 0 1 0 4 0 6 0 4 2

epth Category  Sampling Period 6  Sampling Period 7  Sampling Period 8       Total Effort
Sonobuoy Spot Sonobuoy Spot Sonobuoy Spot Sonobuoy Spot

allow 0 1 1 0 0 0 8 9
dium 1 1 1 0 2 2 14 19

eep-Soft Bottom 4 11 5 0 7 2 25 55
-Hard Bottom 2 0 3 0 3 3 25 5

72 88

epth Category  Sampling Period 1  Sampling Period 2  Sampling Period 3  Sampling Period 4  Sampling Period 5

6
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Table 3. Summary of parameter estimates and statistical tests for GAM models applied to 
 

stic 
 

 

n 
= 

study data collected July – September 2003. Probability of presence model: null deviance =
188.51 on 135 df, residual deviance = 121.60 on 127 df, quasi-likelihood dispersion 
parameter = 1, R 2 = (188.51-121.60)/188.51 = .35. Akaike information criterion stati
(AIC) full model = 135.56 versus reduced model = 98.81. Vocalization prevalence model:
null deviance = 11.1 on 70 df, residual deviance = 6.8 on 64 df, quasi-likelihood dispersion 
parameter = 1, R 2 = (11.1-6.8)/11.1 = .38. AIC full model = 9.29 versus reduced model = 
8.28. Received level model: null deviance = 878.93 on 52 df, residual deviance = 655.86 on
47 df, quasi-likelihood dispersion parameter = 1, R 2 = (878.93-655.86)/878.93 = .25. AIC 
full model = 996.43 versus reduced model = 824.11. Minutes after sunset model: null 
deviance = 4.26 on 37 df, residual deviance = 2.77 on 31 df, quasi-likelihood dispersio
parameter = 1, R 2 = (4.26-2.77)/4.26 = .35. AIC full model = 4.45 versus reduced model 
4.06. Egg presence model: null deviance = 44.24 on 31 df, residual deviance = 10.65 on 22 
df, quasi-likelihood dispersion parameter = 1, R 2 = (44.24 – 10.65)/44.24 = .76. AIC full 
model = 44.98 versus reduced model = 30.27. 
 
 

Probability of  presence model Estimate SE t -ratio Pr(>|t|) df Chisq p(Chi )
Constant -4.0075 2.8545 -1.4039 0.1628
DOY 0.0104 0.0116 0.8971 0.3714 2.9 25.346 p<0.001
Depthm 0.3348 0.2131 1.5715 0.1186 2.7 11.139 0.0086

Vocalization prevalence model Estimate SE t -ratio Pr(>|t|) df F p(F)
Constant -1.0948 0.4562 -2.4 0.0193
DOY 0.0057 0.002 2.8012 0.0067 3 1.9929 0.1238
Depthm 0.0683 0.0325 2.1009 0.0396
Proximity river mouth -0.0187 0.0075 -2.4768 0.0159

Received level model Estimate SE t -ratio Pr(>|t|) df F p(F)
Constant -0.8243 2.1298 -0.387 0.7005
Depthm 0.8653 0.3539 2.4449 0.0183
MixedBottomDO 0.3721 0.1987 1.8732 0.0673 3 3.0460 0.0378

Minutes after sunset model Estimate SE t -ratio Pr(>|t|) df F p(F)
Constant 3.7549 0.7907 4.7486 p<0.001
DOY 0.0043 0.0032 1.3369 0.191 3 2.4592 0.0813
Hard -0.1317 0.0534 -2.4649 0.0194
Proximity river mouth -0.0151 0.0093 -1.6133 0.1168

Egg presence model Estimate SE t -ratio Pr(>|t|) df Chisq p(Chi )
Constant -30.974 10.681 -2.8999 0.0083
DOY 0.1543 0.0445 3.4684 0.0022 2.8 9.4505 0.0273
Proximity river mouth -0.5021 0.064 -7.8597 t<0.001
MixedBottomDO 0.5214 0.1792 2.909 0.0081 3 5.6315 0.1284

Model parameter Linear effects Nonlinear effects
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Table 4. Ambient water quality data collected in association with acoustic sampling averaged 

xic 

able 5. Ambient water quality data collected in association with acoustic sampling averaged 

c 

able 6. Ambient water quality data collected in association with acoustic sampling averaged 

ely 

Whole Water Column                       Below Pycnocline Average

by depth category. Less than 2.5 mg/L DO represents percentage of sites with hypoxic or 
near hypoxic conditions below the pycnocline. Number of sites with hypoxic or near hypo
conditions over total number of sites noted in parenthesis. 
 
 
 
 D
 C
 S
 M
 D
 D

epth Average Average Average Average Less Than Depth (m)  of
ategory Salinity (ppt) Temperature (°C) DO (mg/L) DO (mg/L) 2.5 mg/L DO Pycnocline

hallow 9.3 28.1 7.1 6.4 0.0% (0/22) 1.50
edium 10.5 27.6 6.0 3.9 35.0% (14/40) 3.53
eep-Soft Bottom 12.3 27.6 5.4 2.8 54.8% (46/84) 5.02
eep-Hard Bottom 12.8 26.7 5.6 3.0 54.4% (12/22) 4.50

 
 
T
by month. Less than 2.5 mg/L DO represents percentage of sites with hypoxic or near 
hypoxic conditions below the pycnocline. Number of sites with hypoxic or near hypoxi
conditions over total number of sites noted in parenthesis. 
 
 
 
 RS

Whole Water Column                       Below Pycnocline

 
 S
 Se

 
Se

iver Average Average Average Average Less Than
ection Salinity (ppt) Temperature (°C) DO (mg/L) DO (mg/L) 2.5 mg/L DO

ection1 10.7 27.6 5.2 2.6 56.0% (28/50)
ction 2 11.7 27.5 5.8 3.6 48.3% (29/60)
ction 3 12.1 27.5 6.2 4.4 31.0% (18/58)

 
T
by river section. Less than 2.5 mg/L DO represents percentage of sites with hypoxic or near 
hypoxic conditions below the pycnocline. Number of sites with hypoxic or near hypoxic 
conditions over total number of sites noted in parenthesis.  River section is used descriptiv
as an indicator of proximity to river mouth. 
 
 
 
 SMo

Whole Water Column                       Below Pycnocline

 
 Ju

 Au

 Se

ampling Average Average Average Average Less Than
nth Salinity (ppt) Temperature (°C) DO (mg/L) DO (mg/L) 2.5 mg/L DO

ly 9.5 27.9 6.3 4.4 22.0% (11/50)
gust 12.5 28.0 5.2 2.7 58.8 % (47/80)

ptember 12.1 26.2 6.3 4.3 32.6% (14/43)
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Table 7. Wind direction information from July 1 – September 30, 2003 provided by the 

part 

n 

able 8. Total vocalizing red drum presence and absence observations collected via both 

         2003 Wind Direction

Center for Applied Aquatic Ecology at North Carolina State University and collected as 
of the Neuse Estuary Monitoring Project. This data was collected hourly at the Sandy Point 
monitoring platform within the lower NRE near the entrance to South River. Percentages 
represent total number of hourly observations indicating wind was blowing from a directio
over total number of observations.  
 
 
 
 
 Month(s) Northeasterly Southeasterly Southwesterly Northwesterly

0 - 90° 91 - 180° 181 - 270° 271 - 360°
July - September 16.2% 8.9% 61.9% 12.9%
7/1 - 9/18
July 4.3% 4.8% 74.2% 16.7%
7/1-7/31
August 3.9% 16.2% 70.1% 9.8%
8/1-8/31
September 60.1% 3.7% 25.2% 11.0%
9/1-9/18

 
 
 
 
 
 
 
 
 
 
 
 
 
 
T
sampling methods combined (one observation per site sampled) organized by sampling 
period and depth category.  
 
 
 

Depth Category     SP1     SP2     SP3     SP4     SP5     SP6     SP7     SP8

 
 
 

P A P A P A P A P A P A P A P A
Shallow 0 0 0 2 0 6 0 3 0 4 0 1 0 1 0 0
Medium 0 2 1 5 3 3 3 3 4 2 0 2 0 1 1 3
Deep-Soft Bottom 0 2 0 7 1 7 8 3 19 4 10 5 5 0 5 4
Deep-Hard Bottom 0 2 0 1 2 2 6 0 5 1 2 0 2 1 1 5
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Table 9. Matrix of the probability of first and subsequent detections of vocalizing red drum 

s 

able 10. Probability of first detecting vocalizing red drum via sonobuoy sampling method 

Sampling                      P(First Dectection)

via sonobuoy sampling method for each recording interval. Number of presence observation
over total number of observations noted in parenthesis. One observation was omitted due to 
missing data. 
 
 
 
 
Sa
In

mpling Probability of Probability of Subsequent Detections

 sun

 su
sun

 sun
sun

 sun

 
sun
sun

 
sun

terval First Detection sunset sunset + 0:30 sunset + 1:05 sunset+ 1:40 sunset + 2:15 sunset + 2:50 sunset + 3:25 sunset + 4:00

set - 0:30 7.55% (4/53) 100% (4/4) 100% (4/4) 100% (4/4) 100% (4/4) 100% (3/3) 100% (3/3) 100% (2/2) 100% (2/2)
nset 16.42% (11/67) 100% (11/11) 90.91% (10/11) 100% (11/11) 100% (10/10) 100% (9/9) 100% (6/6) 75% (3/4)

set + 0:30 22.86% (16/70) 81.25% (13/16) 92.31% (12/13) 100% (13/13) 90.91% (10/11) 100% (4/4) 50% (1/2)
set + 1:05 10% (7/70) 83.33% (5/6) 66.67% (4/6) 80% (4/5) 50% (1/2) 100% (1/1)
set+ 1:40 3.17% (2/63) 0% (0/1)
set + 2:15 1.92% (1/52) 100% (1/1)
set + 2:50 2.38% (1/42) 100% (1/1) 100% (1/1)
set + 3:25 0% (0/21)
set + 4:00 0% (0/13)

 
 
 
T
during each recording interval organized by month. Number of presence observations over 
total number of observations noted in parenthesis. One observation was omitted due to 
missing data. 
 
 
 
 

Interval July August Septemer

sunset - 0:30 0.00% 0.00% 21.05% (4/19)
sunset 0.00% 10.71% (3/28) 29.63% (8/27)
sunset + 0:30 18.18% (2/11) 30% (9/30) 17.24% (5/29)
sunset + 1:05 0.00% 20% (6/30) 3.45% (1/19)
sunset+ 1:40 0.00% 7.69% (2/26) 0.00%
sunset + 2:15 0.00% 5% (1/20) 0.00%
sunset + 2:50 0.00% 0.00% 4.17% (1/24)
sunset + 3:25 0.00% 0.00% 0.00%
sunset + 4:00 0.00% 0.00% 0.00%
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Table 11. Probability of first detecting vocalizing red drum via sonobuoy sampling method 

ion was 

able 12. Number of spherical eggs 0.85 - 1 mm in diameter containing an oil globule  
 

ted 

able 13. Number of red drum larvae collected in neuston tows in association with acoustic 

Depth            Presence Of Red Drum Larvae

during each recording interval organized by depth category. Number of presence 
observations over total number of observations noted in parenthesis. One observat
omitted due to missing data. 
 
 
                  P(First dectection)
 Sampling Shallow Medium Deep Deep

Interval Soft Bottom Hard Bottom

sunset - 0:30 0.00% 0.00% 22.22% (4/18) 0.00%
sunset 0.00% 0.00% 21.74% (5/23) 26.09% (6/23)
sunset + 0:30 0.00% 23.08% (3/13) 34.78% (8/23) 20% (5/25)
sunset + 1:05 0.00% 23.08% (3/13) 4.35% (1/23) 12% (3/25)
sunset+ 1:40 0.00% 0.00% 0.00% 8.33% (2/25)
sunset + 2:15 0.00% 12.5% (1/8) 0.00% 0.00%
sunset + 2:50 0.00% 0.00% 5.88% (1/17) 0.00%
sunset + 3:25 0.00% 0.00% 0.00% 0.00%
sunset + 4:00 0.00% 0.00% 0.00% 0.00%

 
 
 
 
 
 
 
 
 
 
 
 
 
T
(characteristic of Sciaenid family) collected in neuston tows in association with acoustic
sampling sites from 7/20/03 – 9/23/03. Eggs fitting the above description were first collec
8/5/03. 
 
 Depth        Presence of Eggs With Oil Droplet
 Category Surface Tow Deep Tow

Deep-Hard Bottom 282 1179
Deep-Soft Bottom 149 934
Total 431 2113

 
 
 
 
 
 
T
sampling on 8/27/03, 9/14/03 and 9/15/03. Collections were attempted from 7/20/03 – 
9/23/03. 
 
 
 Category Surface Tow Deep Tow

Deep-Hard Bottom 6 5
Deep-Soft Bottom 4 2
Total 10 7
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igure 1. United States red drum commercial catch, 1950-2000 (Source: National Marine 
isheries Service, Fishery Statistic and Economic Division). “Prudhomme effect” refers to an 

 
Figure 2. North Caro

tal catch, 1989-2003 (North Carolina Division of Marine Fisheries, Recreational Statistics). 

F
F
increase in demand for red drum for a blacken redfish recipe made popular by a Louisiana 
chief. 
 

lina recreational red drum landings, number harvested, released, and 
to
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arolina Division of Marine Fisheries, Recreational Statistics). 
Figure 3. Average number of red drum caught (harvest and release) 1989 – 2003 (North 
C
 
 

 
Figure 4. (A) An illustration of the location of the sonic muscle in the weakfish Cynoscion 
regalis. (B) An oblique view of the swimbladder and associated muscles; SM, Sonic muscle; 

 

SB, lateral horn of the swimbladder; AP, aponeurosis overlying the dorsal surface of the 
swimbladder. The swimbladder of a weakfish is approximately one-third of the total length 
of the fish. Figure taken from Connaughton et al. (1997). 
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Figure 5. Sonogram of six red drum b
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Figure 6. Map of the Pamlico Sound Estuary System. 
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igure 7. Map of the lower NRE, North Carolina indicating sampling area divided into river 
ections. Each section was sampled in a given night, while all sections were attempted within 

 
F
s
a given sampling period. 
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Figure 8. Interpolated depth data for the lower Neuse River Estuary, North Carolina. Original

terpolation was classified into three depth strata and used to represent depth classes in the 
 

in
sampling design (see text for additional details). Depth data from Luettich et al. (2002). 
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igure 9. Map of all known hard bottom locations within the lower Neuse River. Squares 

01. 

 
F
represent acoustic sampling sites and dots and triangles represent all other known hard 
bottom locations. Experimental oyster reef information can be found in Lenihan et al. 20
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Figure 10. Submersible autonomous sonobuoy housing design. Five were utilized during the 
2003 field season. 
 
 

 
 

Figure 11. Submersible autonomous sonobuoy with an 18-pound mushroom anchor 
the top harnessed to the bottom (hydrophone end) and a floating line and boat fender tied to 

and used as a visual marker.   
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Figure 12. Contents of sonobuoy: Pocket PC (HP iPAQ Model 5455), Shure FP-23 amplifier, 

 
igure 13. Floating line and boat fender tied to “highflier”. The highflier was assembled 

using a 10 ft PVC pipe, 64 ounces of weight tied to the bottom, crab pot buoy, a slow 
flashing white light and a radar reflector. 

and a HTI 96-min hydrophone sealed into the bottom of the sonobuoy.  
 
 
 
 

F
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Figure 14. Map of all possible acoustic and egg/larvae sampling locations by depth category. 

otal of 86  possible sampling stations: 15 Shallow Sites, 16 Medium Sites, 37 Deep-Soft 
ottom Sites, and 18 Deep-Hard Bottom Sites. 

T
B
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 84 
 



 

 

 
 
 
Figure 15. Plots showing effect of the explanatory variables retained in the reduced model on 

robability of presence of vocalizing red drum in the generalized additive model, GAM. 
AM plots utilize transformed variables plotted against the original values. Effects of 

the 
), 

p
G
variables were determined to be nonlinear (using a spline smoother, s) based on the reduced 
model determined by minimizing an Akaike information criterion statistic. The marks on 
x-axis indicate sampling intensity. Day of Year (Chisq = 25.3459, p < 0.0001, N = 136
Depth in Meters: Depth of site in meters (Chisq = 11.1394, p = 0.0086, N = 136). 
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Figure 16. Plots showing effect of the explanatory variables retained in the reduced model on 
vocalization prevalence in the generalized additive model, GAM. Effects of variables were 

etermined to be nonlinear (using a spline smoother, s) or linear (using a partial correlation 

 
iver 

d
coefficient, partial) based on the reduced model determined by minimizing an Akaike 
information criterion statistic. The marks on the x-axis indicate sampling intensity. Day of 
Year (F = 1.9929, p = 0.1238, N = 71), Depth in Meters: Depth of site in meters (t = 2.1009,
p = 0.0396, N = 71), Proximity To River Mouth: Proximity to the mouth of the Neuse R
from each sampling location in km straight-line distance (t = -2.4768, p = 0.0159, N = 71). 
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igure 17. Plots showing effect of the explanatory variables retained in reduced model on 
eceived level in the generalized additive model, GAM. Effects of variables were determined 
 be nonlinear (using a spline smoother, s) or linear (using a partial correlation coefficient, 

0460, 

F
r
to
partial) based on the reduced model determined by minimizing an Akaike information 
criterion statistic. The marks on the x-axis indicate sampling intensity. Depth in Meters: 
Depth of site in meters (t = 2.4449, p = 0.0183, N = 53), Dissolved Oxygen Of Bottom 
Waters: Average dissolved oxygen in mg/L of bottom waters (below pycnocline, F = 3.
p = 0.0378, N = 53). 
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Figure 18. Plots showing effect of the explanatory variables retained in the reduced model on 
the number of minutes that elapsed between time of sunset and the time of highest received 

vel at sites where red drum were present in the generalized additive model, GAM. Effects 

 
. 

le
of variables were determined to be nonlinear (using a spline smoother, s) or linear (using a 
partial correlation coefficient, partial) based on the reduced model determined by minimizing
an Akaike information criterion statistic. The marks on the x-axis indicate sampling intensity
Day of Year (F = 2.4592, p = 0.0813, N = 38), Proximity to River Mouth: Proximity to the 
mouth of the Neuse River from each sampling location in km straight-line distance (t = -
1.6133, p = 0.1168, N = 38), Substrate Type: Factor representing hard or soft substrate at a 
sampling location (t = -2.4649, p = 0.0194, N = 38). 
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i
cations in greater than 5 meters where red drum were and were not present, sampled with 
nobuoys. Error bars represent standard error. 

gure 19. Plot of mean sound pressure level (dB re 1 µPa 1- 1000Hz Bandwidth, P-P) for 15 
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 Full Moon 

 

 
 
 
Figure 20. Plots showing effect of the explanatory variables retained in the reduced model on 
gg presence in the generalized additive model, GAM. Only spherical eggs 0.85 - 1 mm in 
iameter containing an oil globule  (characteristic of Sciaenid family) collected from 7/29/03 

n 

 N 

 

e
d
– 9/02/03 were used in this analysis. Effects of variables were determined to be nonlinear 
(using a spline smoother, s) or linear (using a partial correlation coefficient, partial) based o
the reduced model determined by minimizing an Akaike information criterion statistic. The 
marks on the x-axis indicate sampling intensity. Day of Year (Chisq = 9.4505, p = 0.0273,
= 32), Proximity to River Mouth: Proximity to the mouth of the Neuse River from each 
sampling location in km straight-line distance (t = -7.8597, p = < 0.0001, N = 32), Dissolved
Oxygen Of Bottom Waters: Average dissolved oxygen in mg/L of bottom waters (Chisq = 
5.6315, p = 0.1284, N = 32). 
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Figure 21. Number of spherical eggs 0.85 - 1 mm in diameter containing an oil globule  

haracteristic of Sciaenid family) collected in association with acoustic sampling sites from 
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(c
7/20/03 – 9/23/03. Eggs fitting the above description were first collected 8/5/03. White 
circles represent full moon and dark circles represent new moon. 
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Figure 22. Sites where neuston tows yielded eggs. Tows were conducted over the 2003 field 
eason in the Neuse River Estuary. Only eggs that fit the description of red rum eggs as 
escribed by Holt et al. 1981 were counted. Graduated symbols represent 0-20, 21 – 60, 61- 

 

s
d
140, 141 – 400, and 400 – 800 eggs captured at site.  All eggs were captured during 5-minute
tows in association with an acoustic sampling site.  
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Figure 23. Total number of red drum larvae collected (N = 17) in association with acoustic 
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sampling on 8/27/03, 9/14/03 and 9/15/03. Collections were attempted from 7/20/03 – 
/23/03. White circles represent full moon and dark circles represent new moon. 9
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Figure 24. Sites where neuston tows yielded larvae. Tows were conducted over the 2003 field
eason in the Neuse River Estuary. Each site is identified by the number of red drum larvae 
aught in the surface tow, followed by the total number of larvae caught in a deep tow. All 

 
s
c
larvae were captured during 5-minute tows in association with an acoustic sampling site. 
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Figure 25. Sites where acoustic sampling was conducted in July 2003 in the Neuse River 

stuary. Graduated size of symbols indicates number of times vocalizing drum were detected 
t each location. Smallest size indicates a sampling station where no vocalizing drum were 

E
a
detected, and larger size indicates vocalizing drum detected on one occasion. 
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Figure 26. Sites where acoustic sampling was conducted in August 2003 in the Neuse River 

stuary. Graduated size of symbols indicates number of times vocalizing drum were detected 
t each location. Smallest size indicates a sampling station where no vocalizing drum were 

E
a
detected, medium size indicates vocalizing drum detected on one occasion, and largest size 
indicates vocalizing drum detected on two or three occasions. 
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Figure 27. Sites where acoustic sampling was conducted in September 2003 in the Neuse 

iver Estuary. Graduated size of symbols indicates number of times vocalizing drum were 
etected at each location. Smallest size indicates a sampling station where no vocalizing 

 

R
d
drum were detected, medium size indicates vocalizing drum detected on one occasion, and
largest size indicates vocalizing drum detected on two or three occasions. 
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