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ANINVESTIGATIONOFTHEHEATENERGYBUDGET 
OF A COASTAL BAY 

NedP. Smith 
Harbor Branch Oceanographic Institution 

5600 Old Dixie Highway 
Fort Pierce, Florida 34946 

ABSTRACT 

Hourly surface weather observations from a 54-week period of time in 
1973-74 are used to simulate local air-water heat energy fluxes for Corpus 
Christi Bay, Texas. Results show heat energy gains and losses, and the 
resulting simulated temperatures, varying over three distinct time scales. 
The annual cycle explains 82% of the variance of simulated bay tempera
tures. Approximately weekly variations in the storage term raise and lower 
water temperatures 1-2°C about the seasonal norm from May through 
August, and 3-4°C about the seasonal norm during the rest of the year. 
Diurnal variations are superimposed on both weekly and annual cycles. 
The mean amplitude ofthe diurnal cycle is 0.3°C. Seasonality appears in the 
magnitude and temporal variability of local heat fluxes. Evaporative cool
ing and solar heating are greatest during summer months. Day-to-day 
variations in daily mean net outgoing longwave radiation, sensible and 
latent heat fluxes and water-sediment conduction are significantly greater 
from September through April, when cold fronts move across the Texas 
Gulf coast. The relative importance of individual processes varies over the 
course of a year, but on average the energy budget of Corpus Christi Bay 
involves a near balance between solar heating and cooling by outgoing 
longwave radiation and latent heat flux. 

INTRODUCTION 

The physical processes responsible for energy gains and losses in any body 
ofwater are summarized by the well-known heat budget equation: 

Qt = Qs + Qh + Qm + Qb + Qe + Qa. 
The first three terms on the right hand side represent local heating by 
absorbed incoming solar radiation, sensible heat fluxes and conductive heat 
exchanges between the water column and underlying sediments, respec
tively. The next two terms represent local cooling by net outgoing longwave 
radiation and latent heat fluxes, respectively. The final term represents the 
warming or cooling associated with the importation or exportation of heat by 
currents. The storage term, Qt, in W1m2 

, can be converted to temperature to 
simulate warming and cooling cycles. 

Heat energy fluxes affecting estuaries, and the resulting temporal variabil
ity in water temperature, typically occur over three distinct time scales. A 24
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hour cycle in water temperature occurs as a direct response to variations in 
incoming solar radiation. Diurnal variations in solar heating force similar 
variations in air temperature, humidity, cloud cover and wind speed. Thus, 
the diurnal periodicity is fundamental to many warming and cooling pro
cesses. Quasi-periodic warming and cooling cycles over time scales of one to 
two weeks result from the passage of synoptic scale weather systems through 
the study area. The third time scale is the annual period, stemming from the 
sinusoidal variation of solar heating over the course of a year. To investigate 
the energy budget of a coastal bay over the full range of time scales, 
observations of meteorological variables must be closely spaced in time, yet 
records must extend througha full year to quantify seasonal variations. 

The Texas coastal zone is well suited for investigating meteorological 
forcing on all time scales, and in a variety of forms. The climate is listed as 
"tropical semi-arid" by Critchfield (1974), yet it is anomalous enough to be 
included among the problem climates (Trewartha 1981 ). Anticyclonic flow in 
the middle troposphere over the southern Great Plains in summer months 
suppresses convection and advects relatively dry air into Texas and the lower 
Mississippi Valley. Thus, mid year rainfall amounts are reduced significantly 
in spite ofample moisture in the lower layers ofthe atmosphere. Characterist
ically low mean annual rainfall amounts call attention to the magnitude and 
temporal variability of latent heat fluxes in particular, because of the effect 
the associated evaporative water losses have on fresh water supplied to Texas 
coastal bays. Climatological data (U.S. Department of Commerce 1987) 
indicate a multi-annual scalar average wind speed of 19.3 km/h for the 
International Airport in Corpus Christi, and windy conditions serve to 
enhance both latent and sensible heat fluxes. Frontal passages during winter 
months produce rapid changes in wind speed and direction, air temperature, 
dew point and cloud cover over time scales on the order of one to two weeks. 
As a result of the low latitude setting, diurnal period solar heating in summer 
months is intense. 

Corpus Christi Bay, lying along the northwestern rim of the Gulf of Mexico 
(Fig. 1 }, is an appropriate natural laboratory for investigating local heat 
energy fluxes. A weather station less than 1 km from the south shore of the 
bay, and about 10 km from the center ofthe bay, records routine weather data 
needed to quantify air-water heat energy fluxes. A large surface area to 
volume ratio, combined with a relatively small mean freshwater inflow, 
amplifies both the magnitude and the relative importance of local processes. 
The bay has a surfaceareaof381.75km2,a volumeof1.316 x 109m 3 and thus a 
mean depth of 3.45 m. The 29-year mean discharge for Nueces River, the 
primary tributary to Corpus Christi Bay, is 23.4 m3/s (Diener 1975). Uncor
rected for evaporation, this is equal to 56% of the volume of the bay per 
year. The accumulation of Gulf water in the bay through tidal exchanges is 
similarly slow. Smith (1985) has postulated a half-life for bay water of about 
four months due to tidal flushing. Because of the relatively slow rate at which 
bay water is renewed, advective heat fluxes play a secondary role to local 
processes in the heat budget. 
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FIG. 1. Corpus Christi Bay, Texas, and the weather station on the southern shore. Insert map 
shows the study area in the northwestern Gulf of Mexico. 

This paper presents results ofa study designed to determine which physical 
processes control the heat budget of the bay, and the dominant time scales of 
each. Results indicate that the heat budget of Corpus Christi Bay is largely a 
balance between solar heating and cooling by evaporation and net outgoing 
longwave radiation. Sensible heat flux can be significant in the short term, but 
it is small over annual time scales. Water-sediment conduction plays a 
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relatively minor role throughout the year. The seasonal time scale dominates 
the temporal variability ofwater temperature; quasi-periodic, low-frequency 
variations in warming and cooling processes become more important in 
winter months, when cold fronts move through the study area. In this physical 
setting, the diurnal cycle is a minor perturbation superimposed on seasonal 
and biweekly temperature changes. 

METHODS 

The Data 

Hourly observations were recorded at the weather station from 0000 CST, December 15, 1973, 
through 2300 CST, December 31, 1974. Air temperature and dew point from 2m above a land 
surface were entered to the nearest degree Fahrenheit (0.6°C). Total and opaque cloud cover 
were estimated to the nearest tenth. Air pressure was recorded to the nearest tenth of a millibar. 
Wind direction was recorded to the nearest ten degrees, and wind speed was averaged visually 
and estimated to the nearest knot (1.9 km/hr). Climatological data (U.S. Department of 
Commerce 1963) from the Corpus Christi International Airport indicate that the multi-annual 
mean monthly wind vector has an onshore-directed cross-shelf component throughout the year; 
70% of the hourly observations recorded during the present study at the weather station on the 
south shore of the bay were directed normal to the Texas coast (shoreward). Thus, weather data 
at this coastal station reflect maritime conditions for the most part. 

During an 18-month period of time in 1973-75, an investigation of plankton and benthos 
provided monthly hydrographic data from 14 stations throughout the bay (Holland, Maciolek, 
Kalke, Mullins and Oppenheimer 1975). Water temperatures were recorded to the nearest 0.1oc 
at near-surface, mid-depth and near-bottom levels. Field data were used to calculate the mean 
temperature of the bay for each month, as described in the following section. The availability of 
field data significantly influenced the choice of 1974 as a suitable year for the energy budget 
study. 

Methods ofAnalysis 

The computer program developed to simulate air-water and water-sediment heat exchanges 
was an eclectic compilation of results of many previous studies which focused upon individual 
heat flux processes. Simulations were made over hourly time steps. Results of any given hour's 
calculation of water temperature provide the input value needed for calculating the outgoing 
longwave radiation, the sensible heat flux, the saturation vapor pressure needed for the latent 
heat flux, and the water-sediment conduction during the following hour. Simulations began on 
December 15 to initialize the model with observed water temperatures. 

Incoming solar radiation, or insolation, was estimated using the solar constant suggested by 
Willson, Duncan and Geist (1980). Cloud-top reflection was quantified using values for tropical 
conditions and at the same latitude (Smith 1985). An atmospheric transparency of 0.75 was 
assumed and used both for atmospheric extinction (Miller 1981), and for entering tables of 
surface reflectivity (Payne 1972). Insolation calculations assumed that cloud cover was dis
tributed uniformly from horizon to horizon. Net outgoing longwave radiation was calculated 
from the Stefan-Boltzmann equation, with corrections for the insulating effects of cloud cover 
(Reed 1976) and near-surface vapor pressure (Kondratyev 1969). 

Sensible and latent heat fluxes were calculated with bulk aerodynamic formulas, as suggested 
by Priestley and Taylor (1972). In both expressions, wind speed recorded at the bayside weather 
station was increased (Hsu 1986) to approximate over-water conditions. Latent heat fluxes were 
determined from the specific humidity gradient (Hsu 1978), assuming that the atmosphere at the 
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air-water interface was saturated and equal to the temperature of the water. The gradient was 
defined by assuming that the weather station vapor pressure, recorded 2 m above the land 
surface, represented over-water conditions 10m above the bay surface. 

The flux of heat through the water-sediment interface was calculated for muddy-sand 
sediments, using a conductivity suggested by Geiger (1965) and a thermal difTusivity value from 
List (1963). Twelve, 50-cm thick sub-bottom layers were initialized with a temperature profile 
that assumed an exponentially-damped sinusoidal warming and cooling in the overlying 
medium (Sellers 1965). 

In practice, the 14 hydrographic stations were sampled over a 2-3 day period. Low-frequency 
warming and cooling during that time prohibited a simple weighted averaging of all available 
temperatures to obtain mean values for the bay. A preliminary, though relatively minor 
correction was made to bring all bay segment temperatures together to the same point in time. 
Low-frequency temporal variability was estimated from a preliminary simulation which used 
weather data to quantify warming and cooling rates. These temperature changes were applied to 
individual stations to forecast or hindcast temperatures to midnight on the 15th day of each 
month. Time-corrected water temperatures were then combined into a single, spatially
integrated value by gridding the bay with a resolution of 1 km by 1 km (0.5 km by 0.5 km where 
bathymetric featur~s were significant). Water depths at grid intersection points were estimated 
by interpolating linearly between nearby soundings on navigational chart C&GS 523. Volumes of 
surface, mid-depth and bottom layers within each segment were calculated using the Interactive 
Surface Modeling graphics software ofDynamic Graphics, Inc. The volume ofeach layer, divided 
by the total volume of the bay, provided the weighting factor for the associated temperature 
measurement. Weighted temperatures were then summed to obtain the single, bay-wide mean 
value needed for initializing calculations and quantifying residual fluxes not accounted for by 
local processes. 

The advection term was not calculated directly in this study.lt could only be approximated in a 
very crude way by the heat energy required to force a match, at monthly intervals, between bay
averaged observed temperatures and temperatures simulated by the model. This residual, 
however, contains all of the errors in the calculation of the five local heat energy fluxes. Thus, 
while it may be dominated by the advection term, it will be referred to as the residual heat flux. 

RESULTS 

The Seasonal Cycle 

A good introduction to the results of the calculations is provided by 
summing hourly heat energy gains and losses, and plotting the accumulation, 
in kW-h/m2

, as a function of time. This form ofpresentation compresses both 
axes, and transient features and minor perturbations are suppressed. It is well 
suited for showing the longer period, seasonal fluctuations, however. Results 
are presented in Figure 2 in composite form. 

Energy gains associated with incoming solar radiation are shown at the top 
of the plot. The curve rises relatively slowly early in the year; the mid-year 
accumulation is slightly faster, as a result of higher zenith angles and/or 
lower cloud cover amounts during daylight hours. A plot of total opaque sky 
cover (not shown), filtered to damp diurnal and shorter period variability, 
indicates that cloud cover is somewhat lower from late May to the latter part of 
October, but the decrease is not great. The increase in solar heating therefore 
seems to be primarily a result of higher zenith angles. 

Cumulative energy losses due to net outgoing longwave radiation, shown in 
the second plot, are very nearly constant with time. The slight decrease in 
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FIG. 2. Composite of cumulative heat energy gains and losses calculated for local processes, 
January 1- December 31, 1974. 

cloud cover noted above would, by itself, permit greater radiative energy 
losses, and thus increase the slope of the curve. Combined with higher water 
temperatures, radiative cooling in summer months should be considerably 
greater. However, vapor pressures from June through August averaged 26.2 
mb-twice the mean value calculated for December, January and February, 
and 28% greater than the annual mean. Increased moisture in the lower 
atmosphere tends to insulate the bay, and the net radiative loss is decreased. 
In this case, the vapor pressure correction very nearly cancels the increase 
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which would occur in response to water temperature and cloud cover effects 
combined. 

Sensible heat flux, in the third plot, is shown on an expanded scale. This 
process serves as a heat source on average, however transient periods ofheat 
loss are indicated, especially early and late in the year when cold fronts bring 
relatively cool continental air masses to the Texas Gulf coast. 

The latent heat flux exhibits a seasonality in the sense that the curve 
becomes steepest in mid year. Relatively slight heat energy losses are 
indicated early and late in the year. Evaporative cooling is a function ofwind 
speed and the specific humidity gradient. Low-pass filtered plots of these two 
variables (not shown) suggest that higher midsummer evaporation is due 
more to an increase in the specific humidity gradient than to higher wind 
speeds. The specific humidity gradient exhibits a distinct seasonal variation, 
while seasonally averaged wind speeds vary only slightly. During June
August, over-water wind speeds averaged 24.2 krnlhr-only 0.4 kmlhr above 
the average for the year, and within 1.5 kmlhr of other seasonal means. 

The plot at the bottom ofFigure 2 shows the heat flux into the water column 
through the water-sediment interface. Calculations used assumed values for 
sediment conductivity and thermal diffusivity. Thus, while the temporal 
variability indicated in the plot is probably valid, the magnitude of the 
fluctuations is open to question until thermal properties of bay sediments can 
be verified. Over the longest time scales, this process should show no net heat 
flux. Over shorter periods, however, a net warming or cooling may be 
indicated. Significant changes are expected in spring and autumn seasons, 
but a more subtle net warming or cooling may occur even over annual time 
scales, if, for example, a relatively mild winter follows a relatively intense 
winter, or vice versa. In this study, calculations indicate a very nearly 
balanced condition. The cumulative heat flux through the water-sediment 
interface was only -1.2 kW-h/m2 

, which is 2-3 orders of magnitude smaller 
than any of the other terms. Equally significant is the result that the 
cumulative heat energy per unit area remained small throughout the year. 
Results therefore suggest that water-sediment conduction is the least signifi
cant term contributing to the heat budget of Corpus Christi Bay. 

Table 1 summarizes the above results by providing both seasonal and 
annual mean values. The decision to subdivide the year into four seasons was 
guided by the curves presented in Figure 2, however these definitions are 
somewhat arbitrary. Seasonal mean insolation values show the expected 
summer maximum. A well-defined seasonal cycle is also apparent in the 
latent heat flux averages, with mid year minimum values offsetting the effects 
of absorbed insolation. It is noteworthy that the mean summer evaporative 
heat energy loss is over four times greater than that calculated for the winter 
season. 

Little seasonal variation is apparent in either the net longwave radiation or 
sensible heat flux. Both the sensible heat flux and water-sediment conduction 
remain relatively small in magnitude throughout the year. Mid year negative 
values calculated for water-sediment conduction are consistent with the 
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significant thermal lag of sediment temperatures, as noted above. Residual 
heat fluxes are consistently negative, and no seasonal pattern is apparent As 
noted earlier, and as discussed in the following section, it is likely that this 
term is influenced significantly by errors from the five local heat flux terms, 
even though it may be dominated by advective heat fluxes. 

Small values for the storage term suggest a nearly balanced condition in 
winter and summer seasons. However, pronounced energy gains and losses 
are calculated for spring and autumn, respectively. A harmonic analysis of 
hourly storage values (Panofsky and Brier 1963) indicated that the amplitude 
of the annual cycle was only 22.9 W 1m2

, and that it explained less than 
1% of the variance in the time series. The annual mean calculated for the 
storage term is very nearly zero. Annual mean values for the five other terms 
indicate that the heat budget ofthe bay can be characterized generally as solar 
heating balanced by evaporative and radiative cooling. 

Quasi-periodic, Low-frequency Cycles 

Figure 3 uses 24-hour average energy gains and losses to highlight the low
frequency response to meteorological forcing. In this paper, the term "low
frequency" is used to refer to time scales on the order of 5-10 days. The curve 
for the insolation term combines light and dark conditions in the 24-hour 
averages. While this is not a good representation of either daytime or 
nighttime conditions, it is a necessary step before one can compare this term 
with other processes sharing the same fundamental periodicity. In this 
format, the seasonal variation is relatively subtle. The dominant feature ofthe 
plot is the day-to-day variability associated with changes in cloud cover as 
synoptic scale weather systems move through the study area. Fluctuations 
over these shorter time scales in summer months are about 85% of those in 
spring and autumn, but a seasonality in the variability of 24-hour average 
insolation is a minor feature. 

Diurnally averaged net outgoing longwave radiative losses are shown in 
the second plot of the composite. There is some indication of greater day-to
day variability during months when frontal passages alternate continental 
and maritime air masses and produce low-frequency variations in cloud 
cover. Summer months show less variability, and radiative losses are more 
consistently at lower (less negative) levels. This demonstrates the insulating 
effect ofwater vapor in the lower layers of the atmosphere. 

Low-frequency sensible heat fluxes are distinctly greater in magnitude 
during winter, spring and fall months, when maritime and continental air 
masses alternately blanket the Texas coastal zone. The relatively rapid rise 
and fall of air temperature, combined with slower changes in bay water 
temperature, reverse the sign of the air-water temperature difference over 
time scales on the order of a week. In summer, when both air and water 
temperatures are high, the sensible heat flux term decreases in both mag
nitude and variability. The standard deviation of the 24-hour averages during 
June-August is only 21% of the value calculated for December-February. 
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FIG. 3. Composite of 24-hour average heat energy gains and losses calculated for local 
processes, January 1- December 31, 1974. 

The latent heat flux also responds to alternating air masses, insofar as there 
is a corresponding variation in vapor pressure. The curve shows considerable 
variability early and again late in the year; relatively little is indicated during 
May-August. The standard deviation of daily mean latent heat flux values 
during June-August is 48% of the value calculated for December-February. 
In the case of evaporation, however, mid year is a time of maximum heat 
energy loss, if not maximum day-to-day variability. The maximum in 
evaporative heat energy loss occurs primarily in response to seasonal 
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changes in the specific humidity gradient. As noted above, seasonal variations 
in wind speed were minimal. 

Water-sediment conduction is shown at the bottom of the plot, again on an 
expanded scale. The relatively high specific heat of both water and sediment 
suppresses high frequency fluctuations at all times of year, but a relatively 
large day-to-day variability appears early and late in the year-an indirect 
effect of frontal passages. Mid year fluxes are slightly negative, reflecting the 
temporal lag of sediment temperature, and thus the cooling effect of sedi
ments on a water column which is at its annual maximum temperature. 

The Diurnal Cycle 

Mean diurnal cycles exhibited by the five local heat flux processes were 
investigated by combining the 365 values calculated for a given hour. For 
example, all latent heat flux values calculated for 0100 CST were grouped and 
averaged. This was repeated for all other hours within the diurnal cycle, and 
for each of the other processes. The resulting mean diurnal cycles are shown 
in Figure 4. The insolation term has the most exaggerated diurnal variation . 
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FIG. 4. Average diurnal cycle of heat energy gains and losses for local processes. Averages are 
calculated from the 365 24-hour periods simulated from January 1- December 31, 1974. Symbols 
at right correspond to those introduced in Equation 1. 
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Although over the course ofa year times of sunrise and sunset each vary.by an 
hour and forty-five minutes at this latitude, essentially all of the heating by 
insolation occurs between 0600 and 1900 CST. 

By comparison, other processes-especially water-sediment conduction 
and net outgoing longwave radiation-remain relatively stable throughout 
the course of an average day. The sensible heat flux term changes sign, 
becoming positive during daylight hours, because air temperatures rise and 
fall more than water temperatures do. The net effect is relatively small, 
though. The curve representing the mean latent heat flux is roughly the 
mirror image of the sensible heat flux curve. Values remain negative 
throughout an average day, and greatest heat energy losses are indicated 
during late afternoon hours. 

Temperature Simulations 

The net effect of local heat energy fluxes discussed above, plus advective 
gains and losses, is an increase or decrease in the storage ofheat energy in the 
bay. This can be expressed in units of W-h/m2 

, calories or, perhaps more 
meani:r,.gfully, in terms of the temperature of the bay-spatially averaged, as 
discussed in the preceding section. Figure 5 is a plot of simulated bay 
temperatures for 1974. Calculations were initialized with field data collected 
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FIG. 5. Simulated hourly water temperatures for Corpus Christi Bay, January 1- December 31, 
1974. 
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in mid December, 1973, although the plot begins on January 1,1974. The plot 
continues through the end of the year even though calculations can be 
verified only through mid December, 1974. 

Simulated temperatures indicate net gains and losses of heat energy 
occurring over three distinct time scales. The dominant time scale is the 
annual cycle. A harmonic analysis of simulated temperatures (Panofsky and 
Brier 1958) indicates an annual temperature range of 14.5°C, centered about a 
mean value of 21.7°C. The annual cycle explains 82% of the variance in the 
curve. The annual curve has a somewhat flattened crest: temperatures 
remain between 28-30°C from the latter part of May into early September. 
Superimposed on the annual cycle are quasi-periodic, low-frequency fluctua
tions occurring over time scales on the order of a week. This component 
arises in response to synoptic scale weather systems-especially cold fronts 
moving through the study area. In late autumn, winter and early spring 
months, water temperatures may increase or decrease 2-4°C about the 
seasonal norm. This is about twice the variability calculated for summer 
months. 

The diurnal temperature cycle is a relatively minor perturbation superim
posed on both annual and low-frequency fluctuations. Harmonic analysis of 
the data used to plot Figure 5 indicates that the amplitude of the diurnal 
variation averages 0.3°C. Harmonic analysis of each of the 365 24-hour 
periods provided harmonic constants (amplitudes and phase angles) of the 
diurnal cycle (Panofsky and Brier 1958). The time series used for this purpose 
was a high-pass filtered version of Figure 5. Simulated temperatures were 
smoothed using a low-pass Lanczos filter with a half-power point at 37 hours, 
and high-frequency variations were extracted by subtracting the low
frequency output of the filtering operation from the original time series. 
Phase angles (not shown) indicate that maximum temperatures in the diurnal 
cycle are tightly clustered within a two-hour interval between 1600 and 1800 
CST. Amplitudes are distributed between 0.0 and 0.5°C. Figure 6 is a plot ofthe 
amplitude of the diurnal cycle over the course of the year. Seasonality is 
poorly defined, although there is a suggestion of somewhat higher values in 
mid year. Presumably, the amplitude could be related at statistically signifi
cant levels to any of several meteorological variables-notably cloud cover
but the characteristically low amplitudes found in the Corpus Christi Bay 
study did not encourage a closer investigation of this feature. 

DISCUSSION 

Results of the Corpus Christi Bay study indicate a direct relationship 
between the importance of air-water heat energy exchanges and the time 
scale over which they occur. The annual temperature range is several times 
that ofthe low-frequency temperature range; the diurnal rise and fall in water 
temperature is insignificant for many practical purposes. Energy budget 
studies tend to be site-specific, however, and in another setting, where water 
is shallower, the diurnal variation could assume greater prominence. Smith 
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(1977, 1983) has shown mean diurnal temperature ranges as high as 3-4°C in 
two coastal lagoons where water depths are on the order of 1 m. Presumably 
the annual cycle would not vary significantly as a function of water depth in 
estuarine studies, because the long time scales would allow water tempera
tures to remain in thermal equilibrium with the warming and cooling 
processes. 

In view of the dominance ofthe annual variation in water temperature (Fig. 
5), the small amplitude of the annual periodicity in the hourly storage values 
was surprising. The explanation requires a distinction between causes and 
effects. This result of the Corpus Christi Bay study demonstrates that the 
cumulative effect of even a slight variation in the storage term can be large 
indeed, if the time scale over which it persists is sufficiently long. In this case, 
because of the annual time scale, a slight imbalance that explains only 
1% of the variance in the storage term results in a gradual heating and 
cooling that explains over 80% of the variance in the temperature plot. 

The analog plots (Fig. 3) show that seasonal variability should be thought of 
in terms ofboth seasonal mean fluxes and the low-frequency variability about 
the mean. Day-to-day variations in the 24-hour averages of most of the 
processes considered are distinctly greater from late autumn through early 
spring. One would expect greater day-to-day variability in winter, when cold 
fronts move through the study area. Summer months, in contrast bring 
relatively quiescent weather conditions and a corresponding decrease in 
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FIG. 6. Amplitudes of 24-hour period simulated water temperature variations as a function of 
time, January 1- December 31 , 1974. 
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temporal variability as relatively steady-state conditions are maintained. If 
processes contributing to the storage tenn exhibit a seasonality of this type, it 
follows that the same pattern should appear in simulated bay temperatures. 

For Corpus Christi Bay, the relative importance of individual heat flux 
processes can be quantified by comparing annual and seasonal means listed 
in Table 1. For example, the sensible heat flux provides only 5% of the total 
annual heating. Conversely, the latent heat flux term contributes 
5'rlo of the total heat energy loss. The relative importance can change 
significantly from one season to the next, however. Latent heat energy losses, 
for example, increase from 30% of the total in winter to 6'rlo of the total 
in summer. Similar calculations are not available for other estuaries, but one 
would expect considerable differences to appear. Not only would meteorolog
ical forcing vary considerably from one study site to the next, but the role of 
advection would be much greater in estuaries with larger tidal amplitudes 
and freer connection with the sea. 

The importance ofthe latent heat flux tenn in controlling the heat budget of 
Corpus Christi Bay is accentuated by the semi-arid nature ofthe climate along 
the central Gulf coast ofTexas. Evaporative water losses are more significant 
in view of the approximately 75 em of annual rainfall for the region (fexas 
Water Development Board 1960). The annual average latent heat flux of -109 
W/m2 corresponds to an annual cumulative water loss of approximately 138 
em. Alternately, if surface evaporation is calculated using vapor pressure 
deficits (see Penman 1948, de Bruin 1978), a still higher value results. This 
latter approach was incorporated into a follow-up simulation, and an annual 
water loss of 265 em resulted. Aside from the uncertainty revealed by these 
alternate means of estimating just one of the heat budget tenns, calculations 
suggest that the annual water loss by evaporation constitutes a significant 
fraction of the effective depth of the bay-40 to 77%. Regardless of the exact 

TABLE 1 

Seasonal and annual heat budgets for Corpus Christi Bay, Texas. Heat energy fluxes are in W 1m2• 

Winter averages are calculated from simulations for December, January and February; spring 
represents March-May conditions; summer is defined as June-August; and autumn is Septem

ber-November. 

Winter Spring Summer Autumn Annual 

Incoming Solar Radiation, Qs +118.9 +179.4 +250.6 +173.6 +181.0 
Net Outgoing Longwave Radiation, Qb -41.9 -37.8 -42.8 -47.4 -42.5 
Sensible Heat Flux, Qh +13.5 +7.1 +11.6 +8.9 +10.2 
Latent Heat Flux, Qe ·-39.9 -93.1 -173.8 -1213 -108.8 
Water-sediment Conduction, Om +4.4 -6.0 -3.8 +3.8 -0.1 
Advection, Qa -49.4 -32.2 -38.5 -38.6 -39.6 
Stor!Sez Qt +6.0 +18.7 +3.6 -Z13 +03 
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value, in view of the relatively small amount of annual rainfall, freshwater 
inflow is crucial for maintaining brackish water conditions. 

Another possible source of error in using routine weather data to quantify 
latent heat energy fluxes was the choice of 10m for the denominator of the 
specific humidity gradient term. Although the moisture content of the 
atmosphere was sampled 2m above the ground, that same value is probably 
inappropriate as the denominator of the gradient term. At a height of 2 m 
above the bay surface, the humidity may be significantly higher. If so, the 
measured, over-land value should be applied to a higher level over water. 
Field measurements are not available to suggest what that level might be. A 
value of 10m was used in the calculations, but ifthis is incorrect by even 2-3m 
the resulting calculations would contain errors which would be absorbed by 
the advection term. 

The availability of monthly in situ data made it possible to correct the heat 
storage in the bay over sub-seasonal time scales. Itwas felt that in this way the 
Corpus Christi Bay study would proVide some insight into at least seasonal 
variations in advective heat fluxes. However, calculations indicate a positive 
residual only during the period from August 15 to September 15. During the 
autumn transition season, one might expect that temperature differences 
between the Gulf and the bay would be greatest, because the bay would cool 
faster by virtue of its shallower depth. Autumn cooling does begin in late 
August (Fig. 5), but the fact that seasonal residuals remain negative through
out the year (Table 1) calls into question the ability of the model to single out 
and describe advective heat fluxes accurately by calculating them in this way. 
The negative residual for the year as a whole suggests that on average bay 
waters remain warmer than Gulf waters. This is possible, but the question 
cannot be resolved with the available data base. It is noteworthy in this regard 
that the mean bay temperature of 21.-r>C simulated for 1974 is similar to the 
mean inner shelf temperature of 22.0°C, calculated from surface measure
ments made 14 km offshore during 1976-77 (Smith 1980). Also, itis important 
to keep in mind that advective heat fluxes can occur between Corpus Christi 
Bay and any or all of the other bays and lagoons to which it is connected on its 
landward sides (Fig. 1 ). Thus, the magnitude and relative importance of the 
advective heat fluxes remains open to question and unresolved by the Corpus 
Christi Bay study.lt is clear, however, that an investigation ofthe heat energy 
balance for the bay is incomplete without some way to account for the 
residual, once local heat fluxes have been quantified and summed. 
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ABSTRACT 

The maximum concentrations of heavy metals (zinc, cadmium, copper, 
and lead) in otoliths ofking mackerel (Scomberonwros caval/a) were found 
in very young fish. The apparent decline in content of metals with age and 
length in king mackerel otoliths most approximated a negative power 
curve (r = ax·b). The zinc content ofotoliths was found to vary significantly 
between areas in the southeast U.S. and with the age of the fish. 

INTRODUCTION 

A considerable amount of information is available on the metal content in 
the soft tissue and skeletal structure ofteleost fishes (for example, Vinogradov 
1953; Hall, Zook and Meaburn 1978; Meaburn 1979), but only in recent years 
have the heavy metal contents in otoliths and their relationships to body 
length or age been investigated (Papadopoulou, Kanias and Moraitopoulou
Kassimati 1976, 1978, 1980; Macpherson and Manriquez 1977; Gauldie and 
Nathan 1977). Widespread interest in otoliths developed after Reibisch (1899) 
found that the age of fish could be approximated from the number of rings 
deposited in the otolith. Subsequent research on otoliths of the Teleostei has 
established their composition as aragonite, a polymorph of calcium carbo
nate, and a protein matrix. These substances are deposited in thin layers to 
form the growth zones that make up a chronological record of growth 
(Immerman 1908; Dannevig 1956; Degens, Deuser and Haedrich 1969; 
Pannella 1971). Investigations of the occurrence of heavy metals in otoliths 
are of particular interest, as otoliths remain essentially insulated concretions 
in the labyrinth during the life of the fish. These concretions are made of 
materials that are successively deposited but not removed by physiological 
processes (Mugiya 1964, 1974; Simkiss, 1974). 

1 490 Maylin, Pasadena California 91105 
2 (Send requests to this author) 
:5 NOAA, NMFS, Southeast Fisheries Center, Charleston Laboratory, P.O. Box 12607, Charleston, 
sc 29412 
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Papadopoulou et al. (1976) working on the zinc content of otoliths of chub 
mackerel (Scomber japonicus colias) in the age classes from zero to six years 
concluded that the concentration of zinc in the otoliths was a linear function 
of the age and body length of the fish. In a later study, Papadopoulou et al. 
(1980) found cesium, cobalt, iron, selenium and silver in otoliths of chub 
mackerel. They found that these metals generally decrease in concentration 
with the age of the fish. Macpherson and Manriquez ( 1977) analyzed the 
metal concentration in otoliths of stockfish (Merluccius capensis) and deter
mined that strontium along with calcium, sodium, magnesium, and potas
sium appeared in constant quantity (increased with otolith weight) and that 
iron, copper, and vanadium 9nly appeared in a few samples and therefore 
were contaminants. No attempt was made by them to relate the heavy metal 
concentration to the age of the fish. Gauldie and Nathan (1977) examined 
otoliths of tarakihi (Cheilodactylus macropterus) from New Zealand waters 
for possible contaminants from the extensive volcanic activity in the area but 
found only traces ofzinc, copper, cadmium, nickel, and manganese. However, 
iron occurred in concentrations up to 7 ~g per otolith, and the otolith could be 
placed in three groups by iron content. These groups corresponded to the 
three major fishing grounds of New Zealand. They found no significant 
increase in the iron concentration with the age of the fish. In further work on 
the tarakihi, Gauldie, Graynoth and Illingworth (1980) demonstrated that the 
iron content showed a positive regression on environmental temperature. 

The objectives ofour study were to determine the concentrations ofcopper, 
cadmium, zinc, and lead in otoliths of king mackerel (Scomberomorus 
caval/a) from the U.S. Atlantic and Gulf of Mexico and to determine their 
relation to length and age of the fish and if geographic differences could be 
observed. King mackerel is a migratory species important to commercial and 
recreational fisheries in the Gulf of Mexico and along the Atlantic seaboard of 
the United States (Nakamura and Bullis 1979). 

METHODS 

Otoliths (sagittae) were removed from 89 fresh king mackerel of known fork length (FL in 
mm). The fish were caught in the latter halfof 1978 off Corpus Christi, Texas (15 fish), Grand Isle, 
Louisiana (20 fish), Panama City, Florida (33 fish), and Beaufort, North Carolina (21 fish). The 
otoliths were carefully cleaned and stored dry in \'ials. 

Prior to analysis, the otoliths were immersed in glycerol (for 10-20 sec) to enhance the 
appearance of the growth rings for age detennination. The age in years of the fish was 
detennined by counting the number of opaque rings following the method of Johnson, Fable, 
Williams and Barger (1983). For metal analyses the otoliths were soaked and rinsed five or more 
times in hot, deionized, 18-megohm water to remove the glycerol. The otoliths were then 
weighed, placed with 1 ml of concentrated nitric acid in acid cleaned cylinders and allowed to 
dissolve for 16 hat room temperature. Nine milliliters ofwaterwere added to bring the volume of 
the solution to 10 mi. The zinc concentration of the otolith was detennined by flame atomic 
absorption spectrophotometry (Emmel, Stoer and Stux 1977) using an Instrumentation Labora
tory Spectrophotometer, Model No. 751 4 • The cadmium, copper, and lead concentration of the 
otoliths were determined by the following procedure: 

4 References to trade names do not constitute endorsement by the National Marine Fisheries 
Service, NOAA 
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1) an aliquot ofthe dissolved otolith was pipetted into acid treated digestion tubes; 
2) one milliliter of a digestion acid mixture (HC104 , HN03, H2S04 in the ratio of 24:24~1) was 

added to each tube and heated to near dryness; 
3) five milliliters of 1.0 M sodium acetate - 0.2 M sodium chloride buffer were added; 
4) the concentrations of the metals were determined by anodic stripping voltammetryS. 
Detection limits for zinc, cadmium, copper, and lead were 1.0, 0.01, 0.05 and 0.05 ~g, 

respectively, based on an otolith of0.05 g weight. The glycerol (a single batch ofNo. G-7757 Sigma 
Chemical Company) was analyzed by the same techniques as the otoliths and found to be free of 
heavy metals. 

RESULTS AND DISCUSSION 

Obtaining representative samples of all ages and sizes of fish from various 
locations was difficult for king mackerel because this species is highly 
migratory and different fishing gear types were used, which select different 
sizes of fish, in different areas. Trent, Williams, Taylor, Saloman and 
Manooch ( 1983) reported on the high level of geographic variation of king 
mackerel sizes in the southeastern U.S. 

The relationship between years (X) and fork length (Y as millimeters) can 
be described by the equation Y = 598.57 + 63.0914X with a correlation 
coefficient (r) equal to + 0.9770 for the fish used in this study. 

The heavy metal content in king mackerel otoliths varied between location 
and age (Table 1 ). Heavy metal content in king mackerel otoliths were 
generally highest in the first two years (fish less than 835 mm FL) (Table 1). 
The greatest concentration of zinc ( 49.7 JJ..g/g) and copper ( 41.4 JJ..g/g) in an 
otolith occurred in fish of age 0 + (fish less than 500 mm FL). The greatest 
concentrations oflead (15.1 JJ..g/g and cadmium (9.38 JJ..g/g) were found in fish 
of age 1+. 

Examination of the data (Table 1) using multifactor ANOVA (Anonymous 
1986) comparing location, age, and metal content indicated that only zinc 
content varied significantly (P < 0.05) between location and age (P = 0.0261 
andP = 0.0003). We thus consider that while there appears to be relationships 
between metal contents and age, additional sampling is needed to confirm 
these observations. 

The range of zinc concentration in otoliths of king mackerel (below 
detection limit to 49.7 JJ..g/g) was noticeably lower than in those of chub 
mackerel 7 to 70 f.Lg/g) (Papadopoulou et al. 1976). Papadopoulou et al. (1976) 
stated that the zinc concentration of otoliths was a negative linear function of 
age and growth of chub mackerel. They pointed out that the zinc concentra
tion in the young and small fish under three years, was double that in otoliths 
of mature fish. In king mackerel, however, the zinc concentration of the 
otoliths was not linearly related to age and length. However, the relationship 
between age and growth and otolith zinc content was not well represented by 
either linear or negative power curve equations (Y = 3.96 - 0.003X, r = -.57 
andY= 168.8X-·43

, r = -.59). 
A negative power curve (y = ax-b) was found to approximate the apparent 

decline of the metal concentrations in the otoliths with growth in king 

5 Environmental Science Associates, unpublished procedure. 
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TABLE 1 

Mean total weight and metal content of king mackerel otoliths by location and age. 

Locatloa 

FL 
(mm) 

y 
,.. 
(yn) 

No. .,... Otolith 
Wdpt (&) 

-x SD 
Zllle 

X SD 

Metal ee.tat (~) 
Coppa eaau.. 

y SD y SD 
LeM 

-x SD 

Texas 
Texas 

632.5 
763.3 

1 
2 

om 
0.()3 

O.ol 
O.ol 

0.38 
0.49 

0.()4 
032 

0.13 
0.11 

0.10 
0.10 

0.111 
0.01 

0.11 
x' 

0.13 
0.111 

0.13 
0.()4 

Texas 
Texas 

780.7 3 
5 1 

0.()3 
0.()6 

X 
2 

0.56 
0.62 

0.15 0.25 
om 

0.34 X 
mY 

0.01 0.()3 
0.01 

0.()3 

Texas 976.3 6 4 0.()6 X OEl t.oO 0.06 om ND O.ol O.ol 
Texas 935.0 8 1 0.()6 0.75 0.06 ND ND 
Louisiana 910.0 2 1 0.()4 0.49 0.03 ND ND 
Louisiana 994.8 4 2 0.()6 X 0.50 0.42 0.14 0.15 ND 0.01 X 
Louisiana 1,028.0 5 4 0.()6 X 0.62 O.ol 0.02 X ND 0.01 X 
Louisiana 1,111.5 6 3 0.()6 X 0.65 O.Il 0.08 0.111 ND ND 
Louisiana 1,173.7 7 3 0.111 0.01 0.73 0.10 0.10 0.14 ND om 0.()3 
Louisiana 1,070.0 9 1 0.111 0.10 0.()3 ND ND 
Louisiana 1,399.0 10 1 0.11 0.85 0.10 ND ND 
Louisiana 1,350.5 u 3 0.11 X L74 L46 O.o9 0.()4 ND ND 
Louisiana 1,316.0 13 1 0.11 0.38 0.03 X ND 
florida 472.8 0 8 0.01 X O.o9 0.10 o.u 0.15 X X om om 
Florida 581.3 1 11 0.02 0.01 0.22 0.26 0.14 0.13 X 0.01 0.()6 om 
Florida 745.8 2 4 0.()3 X 0.11 O.U 0.09 0.14 X X O.ol 0.01 
Florida 853.8 3 5 0.()4 X 0.16 0.10 0.13 0.14 X X o.u om 
Florida 807.0 4 2 0.()4 X ND 0.04 X ND ND 
Florida 918.0 5 2 o.os O.ol 0.11 0.()6 0.01 0.01 om 0.()3 
Florida 996.0 6 1 o.os 033 0.05 X 0.01 
Florida 1,(8).0 8 1 0.()6 0.75 0.06 ND ND 
North Carolina 704.5 1 4 om X 035 0.22 0.05 0.01 X X om 0.01 
North Carolina 741.3 2 4 0.()3 X O.Il 0.13 0.19 o.os X X X X 
North Carolina 810.8 3 4 0.()3 X 0.49 0.35 0.04 0.()4 ND X X 
North Carolina 4 2 0.()6 X 0.50 0.30 0.15 0.10 ND 0.01 0.01 
North Carolina 901.3 6 4 0.()4 X 0.78 0.13 0.05 0.()3 X X X 0.01 
North Carolina 1,073.5 9 2 0.()6 X 0.47 0.26 0.06 o.os ND ND 
North Carolina 1,165.0 u 0.111 0.51 0.09 ND ND 
1 X = Value less than .005 
2 - =No data 
3 _ND = Not detectable 

mackerel (Fig. 1 ). The maximum concentrations of all metals in the otoliths 
were found in the smaller fish. 

The major accumulation of metals occur in the very early stages in the life 
of fish. Organic matter is also principally concentrated in the center of the 
otolith (Dannevig 1956). Gauldie and Nathan (1977) postulate, from their 
work on the tarakihi, that the metal concentration of the otoliths may be 
largely concentrated in the nucleus. Daily growth increments in pike (Esox 
mordax) observed by Brothers, Mathews and Lasker (1976) begins just after 
the absorption of the yolk-sac. These increments provide the mechanism for 
the permanent deposition of the metals in the nucleus. 

Uptake of any metals in later years is thought to be concealed by the 
addition of the growth increments ofprotein and aragonite crystals; however, 
substantial annual variations appear possible if the metals are available in the 
environment for uptake. Large variations ofmetal uptake in various tissues of 
fish appear to be related to environmental differences in the various fishing 
grounds (Cross, Hardy, Jones and Barber 1973). 

The usefulness ofmetal content of otoliths as an indicator of age and origin 
of fish is suggested by our results from this king mackerel study. However a 
more sensitive procedure such as x-ray fluorescence spectrometry and the 
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FIG. 1. Relationship between mean heavy metal concentration in otoliths and mean fork lengths 
of king mackerel. 

(A) zinc 
(B) copper 
(C) cadmium 
(D) lead 

Numbers in figure are age in years at mean fork length. 

examination of the internal structure of the otoliths is warranted (see 
Calaprice, McShaffrey and Lapi 1971 and Lapi and Mulligan 1981 for reviews 
of this approach). 
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ABSTRACT 

The Rio Carrizal estuary may constitute the northernmost tropical 
estuarine system in the western Gulf of Mexico. This report is a characteri
zation of the biological and hydrographical aspects of this estuary from a 
point near its opening into the Gulf of Mexico to brackish waters upstream 
(24 km). The hydrography of the river, along with changes in bottom 
substrates and shoreline characteristics, combine to produce a gradient of 
tropical flora and fauna up the estuary. 

Tropical seagrass beds, mangrove thickets and brackish water marsh 
comprise three major hydrophyte habitats found along the lower 15 km of 
the estuary. Shoreline and benthic samples ofmacroinvertebrates suggest 
that faunal assemblages of the Rio Carrizal are tropical in character but 
comprised substantially of western Gulf endemic species. 

INTRODUCTION 

Description ofRegion 

South of the Rio Soto la Marina and north of the Rio Tamesi-Panuco, the 
coast of Tamaulipas is a region characterized by low mountains and small, 
ephemeral drainage basins. Perhaps the most tropical of these basins is the 
Rio San Rafael-Carrizal (Fig. 1). The San Rafael begins in the Sierra 
Tamaulipas, a long anticlinal arch formed principally of lower Cretaceous or 
Commanche limestone (Ordonez 1936). Near the base of these mountains, 
the river forms a small lake behind the Republica de Espana Dam before it 
flows into the Rio Carrizal (Fig.1). The Rio Carrizal then flows the remainder 
of the 25 km from its junction with the Rio San Rafael to the Gulf of Mexico 

1 Louisiana Universities Marine Consortium, Chauvin, Louisiana 70344 
2 Department of Biology and Center for Crustacean Research, University of Southwestern 

Louisiana, Lafayette, Louisiana 70504 
3 Resource Protection Division, Texas Parks and Wildlife, 4200 Smith School Road, Austin, Texas 
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FIG. 1. The Rio Carrizal from its junction with the Rio San Rafael to Barra del Tordo. The 
locations ofStations 1-6 are indicated. 

through isolated hills and low mountains of the Sierra de los Maratinas and 
the Sierra San Jose de las Rusias (Ordonez 1936). The principal vegetation 
along stream beds and in higher elevations of these mountains is tropical 
deciduous forest (Leopold 1950). Along the Rio Carrizal, deciduous forest 
extends all the way to the coast where it also surrounds the estuary formed by 
lower reaches of the river. 

The Rio Carrizal is located on the boundary of the Koeppen's Cfa (humid 
subtropical) and Aw (tropical wet and dry) climatic areas (West and Augelli 
1966). In a modification ofthe Koeppen system ofclassification, Garcia (1973) 
placed this system (identified as Lagona Chilillo) along with Laguna Morales 
to the north in the BS1 (h') hw'' climatic area. North of Laguna Morales, the 
Laguna Madre, located in the BS1 (h') hx" climatic area (Garcia 1973), is 
characterized by low annual precipitation (250-700 mrnlyr) and porous 
limestone surface sediments (Contreras 1985). Thorny semi-deciduous up
land brush and a single species of intertidal mangrove, Avicennia nitida 
( = germinans), intertidally are the dominant vegetation of this region (Con
treras 1985). 

Vegetation along the Rio Carrizal is more characteristic of the low decidu
ous forest which is the dominant vegetation in the more tropical regions to the 
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south. Tiznado and Saldana ( 1980) reported three species of mangrove, the 
black [Avicennia nitida ( =germinans)], red (Rhizophora mangle-) and 
"mangle prieto" (probably a common name for the white mangrov~ Lagun
cularia racemosiJ,) in Laguna de San Andres. This estuary is only about 50 km 
to the south of Rio Carrizal but is considered by Garcia ( 1973) to be typical of 
the AW1 climatic region. 

The location of the Rio Carrizal in a transition region between two climatic 
areas, as well as the atypical physiography and vegetation associated with the 
river as it courses to the Gulf of Mexico, creates a unique estuarine setting in 
the Tamaulipan Biotic Province. Yet, this and adjacent coastal systems remain 
poorly characterized in the literature. 

Study Area 

Situated in the southeastern corner of the state ofTamaulipas near 23° 48' 
W, the Rio Carrizal drains substantial portions of the eastern Sierra 
Tamaulipas slope rain forest. Its sinuous course is not intersected by major 
tributaries, and streams which enter the river flow intermittently. The steep 
banks of the river have been carved from sedimentary rock, but point bars, 
sandy beaches, and small islands have formed in the numerous bends along 
the river. Sediment in the river grades from coarse sand and gravel aggregate 
upriver to fine sand mixed with silt in the lagoon at the mouth of the river. 
Depth varies from< 1 m to 7.8 m. Most deeper areas are formed by scouring in 
bends of the river. 

The lagoon at the mouth of the estuary is approximately 3 km long and 0.6 
km wide. Arms of the lagoon, little more than mud flats at low tide, stretch 
approximately 6.5 km north and 4.5 km south, with barrier island spits 
forming their seaward margins. The lagoon opens to the Gulf of Mexico 
through Barra del Tordo, a natural pass. This pass is alternately opened and 
closed depending on climatic conditions, amount of freshwater inflow, and 
storm tides. When closed the estuary is isolated from the open GulfofMexico. 
An extended period of closure (4 years) occurred in the early 1960's during 
drought conditions (H. H. Hildebrand, pe.rsonal communication). The closing 
of the pass in 1979 by Hurricane Anita prompted the Mexican government to 
open a new pass into the lagoon approximately 0.5 km north of the natural 
opening. This pass was open in May 1982 when our study was conducted, but 
appeared in the process of closing rapidly. 

The only major settlement along the course of the river is a small fishing 
village on the southern shore of the lagoon. The major industry in this village 
is fishing. Oysters, crabs, mullet, a few snook, and small bait fish are taken 
from the lagoon, but the majority ofthe fish marketed are taken from offshore 
rock reefs. 

METHODS AND MATERIALS 

Over the last 10 years, we (SCR, NNR, DLF) have made several trips to the vicinity ofRio Carrizal 
and nearshore Gulf of Mexico waters to study the flora and fauna of this region. In May 1982, we 
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organized a team of marine scientists for a more comprehensive investigation ofthe Rio Carrizal 
estuary. Studies were conducted from 23-25 Ma~- 1982 and included a variety of physiographic 
and biological obsen'ations. 

We selected 12 stations along a 24 km stretch of the estuary from the most upstream reaches 
na"igable by a 5 m boat to the mouth near Barra de Tordo (Fig. 1). 

Hydrographic measurements-water temperature, pH, dissolved oxygen and conducthity
were made with an Emironmental Data S~·stems Series 4000 hydrolab. These measurements 
were made at 1-m inten·al depths at all stations on 24 May and at stations 1, 2, 3, 4, 5 and 6 on 25 
May. Dissolwd nutrients and water column chlorophyll a were determined on replicate water 
samples from the surface and 1 or 2m depth. These samples were taken at stations 2, 3 and 5.-\ on 
25 Ma~-, fixed in the field, and analyzed according to the methods described by PuJich and 
Rabalais (1986). 

The faunal component of the Rio Carrizal estua~- was described from zooplankton samples, 
benthic cores, and random macrofaunal samples from shallow water and shore margins. 
Zooplankton tows were taken just below the surface for 1-min inten·als with a #10 (153 JL) mesh 
net with a 0.5 m opening. The amount of water filtered was measured with a General Oceanic 
Model2030 digital flowmeter. The duplicate samples were presen·ed with 5°/o buffered formalin. 
The presence of SC)lJhozoans and ctenophores was noted in the field and these organisms 
removed from the samples b~- adding Chlorox. Samples were analyzed in the laboratory 
according to standard zooplankton techniques. Standing crops were expressed as a total number 
of indhiduals perm3 ofwater. Zooplankton samples were taken at stations 1, 2, 3, 4, 5 and 6 on 25 
May. 

Benthic cores (7.5 em diameter and 20 em deep) were taken at 1 m depth along the banks 
adjacent to hydrographic station. The contents of the cores were washed through a 0. 5 mm mesh 
screen and preserved in 1Qo/o formalin containing rose bengal as a \ital stain. These samples 
were returned to the laborato~- where the organisms were identified to the most specific possible 
taxon and counted. 

Invertebrate macrofauna! samples were taken as random collections from rocks and hea,ily
fouled mangrove roots, in shallow water near the edge of the river and at near shore intertidal 
and upper tidal terrestrial habitats on exposed river banks and vegetated upper shores. The 
location of shoreline and submerged vegetation was noted and vegetation samples were taken at 
each of the stations. 

Species diversity (H") of zooplankton and benthic communities was determined by a modified 
Shannon-Weiner index (Pielou 1966). 

RESLLTS 

Physical data 

Hydrographically, the Rio Carrizal is a graded, highly stratified estuary (Fig. 
2). Surface water salinities ranged from 21.14%o at the station nearest the Gulf 
of Mexico to brackish water (2.04%o) at the most upriver station. Salinities 
increased with depth throughout the estuary and were highest in bottom 
waters at the deepest stations (e.g. station 28, salinity = 30%o + ). At station 6, 
the water column was homogeneous with respect to salinity. Shallow up
stream reaches of the study area (stations 1-2A) exhibited inverse thermal 
stratification, with a pronounced thermocline in the upper meter of the water 
column; highest temperature (33°C +)was recorded near bottom at a depth of 
2m (station 1). A positively heterograde temperature profile was evident at 
station 28-4 with highest temperature (31-33°C) near 2 m depth, and lowest 
temperature at bottom; at the deepest station (28) minimum temperature of 
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less than 25°C was recorded below a depth of7 m. The upper water column (2 
m) was mixed at stations 6, 5A and 4A, and graded to slightly lower 
temperature at depth. Water column pH decreased with depth and exhibited 
the greatest range at stations 2B and 3 where it decreased from 8 + at the 
surface to below 7 near the bottom (6. 75 m ). There was little variation in pH at 
the stations nearest the Gulf ofMexico (stations 6 and 5A). Except at station 1, 
dissolved oxygen also decreased with depth at all stations, with surface highs 
ranging from 7-10 ml/1. Anoxic waters were encountered below about 3m at 
almost all stations except those near the mouth of the river. Secchi disc 
readings indicated moderately turbid waters, and ranged from 86 em at 
station 1 to 137 em at stations 3A and 5. 

The eutrophic nature of the estuary was reflected in the water nutrient 
measurements (Table 1 ). Ammonia levels were typical of an estuary with 
high organic input and ranged from 4.2 J.LM on the surface at station 2 to 9.9 
J.LM in 2 m of water at station 5A. Concomitantly, nitrate levels were low 
( < 0.05 J.LM) at all stations. Phosphate levels varied from a surface concentra
tion of 5 J.LM at station 5A to 7.1 J.LM in 1m ofwater at station 2. Chlorophyll a 
levels ranged from 10 f.Lg/1 at station 5A to 94 f.Lg/1 in 2m depth at station 4. 

Flora 

Four different vascular plant communities were found growing in and 
along the river's edge: tropical deciduous forest, brackish water marsh, 
mangrove thicket, and seagrass beds. Three species of mangrove, black 

TABLE 1 

Ammonia, nitrate, phosphate and chlorophyll a measurements from stations 2, 4, and 5A. 
Replicate measurements of ammonia and phosphate are included for all stations, all depths. 

Nitrate and chlorophyll a measurements were not replicated. 

Statioo Sample Ammonia Nltrate Phosphate Chlorophyll a 
Depth (JJM) (JJM) (JJM} (JAW~) 

2 Surface 4.5 0.05 6.0 28 
4.2 5.9 

1m 6.1 5.9 37 
4.8 7.1 

4 Surface 5.2 0.05 5.7 20 
6.4 5.6 

2+ m 5.2 5.8 94 
6.2 5.6 

SA Surface 4.7 0.05 5.0 10 
6.4 6.4 

2m 9.0 53 20 
9.9 5.4 
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(Avicennia germinans), red (Rhizophora mangle), and white (Laguncularia 
racemosa), were found growing along the banks of the river in the classical 
ecological relationship of other tropical lagoons (Thorn 1967). Red man
groves, with their characteristic prop roots forming a water-front understory, 
grew in the shallow water at the edge of the estuary. Black mangroves ( 4-8 m 
in height) grew behind this red mangrove fringe on more elevated ground. 
White mangroves were found occasionally interspersed with black and red 
mangroves. The mangrove communities comprised the dominant aquatic 
vegetation from stations 6 to 3. Red and white mangroves were found as far 
upstream as station 2B (surface salinity 6.05o/oo) and black mangroves were 
found upstream of station 1A (surface salinity 3.15%o). 

At stations 1 and 2A h.alophytic herbs (primarily Borrichia jrutescens and 
Batis maritime) and grasses (Paspalum vaginatum and Phragmites com
munis) dominated the riparian plant community. These species were well
established along point bars, islands, and other locations where alluvial 
sediments accumulated along the river banks. Between stations 1 and 2 
upstream, localized patches of alligator weed (Altemanthera philoxeroides) 
were observed in quite shallow waters near the river bank. 

Submergent vegetation occurred in the lagoon behind the barrier island 
(station 6) and upriver at station 5A where Halodule wrightii covered 20 acres 
(200-300 g dry weight/m2

) in 0.1-0.3 m of water. A few sprigs of Ruppia 
maritima were found floating at station 5A, but rooted material was not 
located. 

Macrophytic algae were not common upriver beyond station 5A, although a 
single sample ofEctocarpus sp. was found on a live oyster at station 3. At the 
brackish water stations (1, 2) filamentous green algae (Order Cladophorales) 
were occasionally found attached to vegetation and submerged sticks. Higher 
up the slopes of the river bank, beyond the brackish water marsh and 
mangrove zone, tropical deciduous vegetation occurred; Acacia sp. and 
ebony dominated in that habitat. 

Fauna 

As with the plant communities, there was a predictable salinity-associated 
gradation of the invertebrate fauna along the estuary. Zooplankton species 
diversity (H") and total number of species were highest in the saline waters at 
the mouth ofthe estuary (Table 2). Standing crop, on the other hand, was high 
at all stations except station 1 where the lowest salinities were recorded and 
station 4 where ctenophores and Aurelia sp. occurred. Acartia tonsa was the 
dominant zooplankter at all stations but contributed most to the total number 
of individuals at upriver sites. Zoeae of the river shrimp Macro brachium sp. 
were collected only at station 1. Paracalanus crassirostris, Upogebia sp. 
zoeae, Sagitta sp. (Table 2), Pseudodiaptomus coronatus, Euterpinna acutif
rons and Oikopleura sp. were common at the most marine stations. Gam
marid amphipods, Cymadusa compta, Gammarus mucronatus andAmpelisca 
abdita and the harpacticoid copepod Metis sp. were collected at station 6. 
These species are commonly associated with seagrass beds. 
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TABLE2 

Total number (no.) ofzooplankton species /m~, species diversity (H"), standing crop, and total 
number of selected zooplankton species for stations 1-6,25, May 1982. 

5Station 1 2 3 4 ' 
Total no. species 17 16 14 16 19 36 
Species diversity (Hj 2f> .03 .(17 .70 1.60 L95 
Standing crop 
(total no. of individualslm3 x 100) 2,571 87,914 58,601 4,001 23,090 46,046 

noJm3 of dominant species 

Acartia tonsa 2,496 81,712 58,220 3,178 15P,1 Zl,652 
(%of species present) (97.1) (99.8) (99.4) (78.0) (68.7) (60.1) 

Upogebia sp. zoea 0 3 170 68 47 244 

Sagitta sp. 0 0 51 140 900 191 

Paracalanus crassirostris 0 0 0 13 'b_733 ~696 

Core samples along the length of the lower Rio Carrizal indicated changes 
in species composition, and dominance and diversity in the benthic commu
nity (Table 3). Species diversity (H") increased down river to station 4; 
decreased at station 5 and then increased slightly at station 6. Some benthic 
species such as the polychaete Streblospio benedicti sp., SpluJeroTTUJ sp., 
Corophium sp., and insect larvae found at upriver stations were not collected 
at stations near the mouth of the estuary. Neritina virginea, Spio pettiboneae, 
Parandalia sp., Munna sp., and Parahesione luteola were collected only at 
stations 5 and 6 nearer the mouth of the estuary. Other species were collected 
at stations along the length of the river. Mediomastus californiensis was 
collected at 5 of the 6 stations sampled and was a dominant species at 5 of 
these stations. Grandidierella bonierroides was collected at 4 stations but was 
a dominant organism only at station 3. Only two species, Mediomastus 
californiensis and Upogebia a.f.finis, were among the most dominant species at 
more than one station. Juveniles and adults of two decapod crustaceans, 
Callianassa louisianensis and Upogebia a.f.finis were collected in benthic 
cores at some ofthe same stations where the zoeal stages were common in the 
zooplankton samples. Most of the species collected in the benthic cores are 
common estuarine species throughout the Tamaulipan Biotic Province. 
However, the polychaetes Parandalia sp. (a dominant species at station 4), 
and Cab ira incerta, have never been reported from this region. Other species, 
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TABLE3 

Number of species, density (no./m3
), total no. ofindividuals/m3, species diversity (H''), and taxa 

ofmacroinvertebrates from all core samples combined at stations 1-6,25 May 1982. 

Station 1 2 3 4 s 

Number of species 
Density (no./m~ 
Total no.of individuals/m3 

Species diversity (H") 

4 
3.5 
40 
.79 

10 
4.5 
51 

1.06 

7 
1.8 
20 

1.60 

8 
1.8 
22 

1.85 

7 
5.1 
58 

1.22 

8 
5.6 
63 

137 

Polychaetes 
Mediomastus californiensis 
Streblospio benedicti 
Nereidae 
Pectinaria gouldii 
Parandalia sp. 
Cabira incerta 
Spiochaetopteros costaTUm 
Chaetopteridae 
Parahesione luteola 

• 
• 

0 

0 

0 

• 

• 
• 
0 
0 
0 

• 

0 

0 
0 

0 

Capitellidae 0 

Crustaceans 
Callianassa louisianensis 
Hemicyclops sp. 
Podocopid ostracod 
Callinectes sp. megalopae 
Talitroidid amphipod 
Edotea montosa 
Grandidierella bonie"oides 
Upogebia sp. 
Mysidopsis bahia 

0 

0 

0 
0 
0 
• 

0 
• 
* 

0 
0 

0 

• 

0 

0 

0 

Molluscs 
Crassostrea spat 
Tagelus sp. 
Neritina virginea 

* 
0 

* 

Miscellaneous 
Nemertea 0 
Insect larvae 0 

Taxa (presence 0, absence -, major dominant: > 10% of total no. of individuals *) 
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such as Neritina virginea, range no further north than the bays of extreme 
southern Texas. 

The macrofauna! invertebrates collected in shallow water along the river 
banks and in shoreline areas (stations 1 to 6) graded from freshwater tolerant 
species to marine species. This gradation was most obvious in the decapod 
crustaceans which constituted the major component of the macroinverte
brates sampled, but was evident also in the non-decapods, particularly the 
molluscs. The gradation was primarily an additive phenomenon (Table 4), 
with the number of marine species increasing as samples were taken nearer 
the coast, and with most of the brackish or oligohaline species remaining a 
component of the assemblage (except at the most seaward station). 

The decapod fauna at station 1 was composed of freshwater tolerant 
estuarine species - Uca marguerita, U. spinicarpa, Sesarma cinereum, S. 
reticulatum, S. americanum, Callianassa louisianensis and Eurypanopeus 
depress us. Similarly, the molluscan .fauna was typical of oligohaline habitats 
Polymesoda sp., Mytilopsis sp., Brachiodontes sp., and Neritina usnea. At 
station 2, four additional decapods were found ( Upogebia affinis, Uca vocator, 
Aratus pisonii, and Callinectes sapidus ), as well as another mollusc (Melam
pus sp.). The collection ofAratus pisonii, the mangrove tree crab, at station 2 
corresponded to the most upriver extent ofblack mangroves. At station 3 a few 
oysters (Crassostrea ) and two additional decapod species (Alpheus 
heterochaelis and Goniopsis cruentata) were found. The first dense clumps of 
oysters were collected at station 4, along with many more species not present 
at upstream stations (Table 4). It was also at station 4 that the most upstream 
distribution of the marine scyphozoan, Aurelia, occurred. It was observed in 

T..uiLE4 

Number of decapod crustacean species collected at each station along the Rio Carrizal estuary 
(see Fig. 1 for station locations) and number of species that were not collected at the adjacent 

upstream station. 

Station Number of Decapod Number of Decapod Crustaceaa 
Number Crustacean Species Species Collected at a 

Station that~ not 
collected at the adjacent 
Upstream Station 

1 7 
2 11 4 
3 13 2 
4 13 4 
5/SA 21 6 
6 29 23 
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the surface waters from station 4 to 6, and a dense aggregation was found in 
the bottom 1 m ofwater at station 4. 

Oyster reefs heavily-fouled with barnacles, bryozoans, and hydroids were 
more extensive at the next downstream station (5). A number ofxanthid crab 
species (Panopeus lacustris, Panopeus simpsoni, Eurypanopeus depressus, 
Erytium limosum, and Menippe adina) associated with the extensive oyster 
reefs and shallow subtidal and intertidal muddy shores, occurred at station 5, 
but not at station 4. The semiterrestrial species, Cardisoma guanhumi, Ucides 
cordatus and Uca vocator, were dominant along the higher river banks. The 
macroinvertebrate fauna attributed to station 6 was collected from a diversity 
ofhabitat types along the periphery of the lagoon and included seagrass beds, 
oyster reefs, intertidal mud flats, and less frequently flooded wind-tidal flats. 
Consequently, because of this diversity of the microhabitats and the marine 
nature of this station, a more diverse fauna was collected at station 6 for both 
decapod crustaceans (Table 4) and non-decapod species. Decapods from the 
vicinity of station 6 included a possibly undescribed (presumed endemic) 
species of Callianassa (nr. C. guassutinga) and a variant form of the pin
notherid crab Pinnixa cristata, which occurred as an apparent commensal of 
this mud shrimp (Manning and Felder 1988). 

Collections of decapod crustaceans from the Rio Carrizal estuary, suggest 
that the macroinvertebrate fauna is more tropical in affinity than is the warm
temperate fauna of either the northern Gulf of Mexico or the Atlantic 
Carolinean. However, it is also characterized by the common occurrence of 
Gulf endemics, ranges of which may extend here from the northern Gulf of 
Mexico (e.g. Menippe adina; Williams and Felder 1986) or from the south
western Gulf of Mexico (e.g. Callinectes rathbunae and Uca marguerita; 
Williams 1974; Barnwell and Thurman 1984). One endemic, Uca subcylin
drica, is restricted to an area of the western Gulf of Mexico which roughly 
corresponds to the coastal and nearshore boundaries of the Tamaulipan 
Biotic Province from near Corpus Christi, Texas, to near Tampico, Mexico 
(Rabalais and Cameron 1983). Another, Uca spinicarpa, ranges broadly over 
the shores of the Gulf, both north and south of the Tamaulipan province. 

DISCUSSION 

The lower 24 km of the Rio Carrizal is a graded estuary which supports 
many tropical plant and animal species. In May 1982, the water column in this 
system was well-mixed 5.5 km from the pass at Barra del Tordo, but upstream 
from that point it was stratified and bottom waters in the deeper portions of 
the river were anoxic. Winds and tides were probably responsible for 
maintaining a mixed water column in the lower portion of the river. Tidal 
currents were observed pushing flotsam as far up river as station 4, and 
afternoon sea breezes would usually generate 0.25 to 0.5m swells in the 
lagoon. Farther up the estuary where tidal influence was less pronounced and 
the river was protected from the winds by its steep banks, a mixed water 
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column may be achieved during periods ofpeak river flow. Flow in the upper 
portions of the river was undetectable in May 1982. 

Periodic flushing by fresh water, generally considered to be the sign of a 
healthy estuary (Cross and Williams 1981), may have never been common in 
this semi-arid region; however, it may have become even more infrequent as 
a result of the construction of the Republica de Espana Dam on the Rio San 
Rafael. The saber crab (Platychirograpsus typicus), and tarpon (Megalops 
atlantica), species common to less turbid freshwater streams and estuaries, 
were once common in the Rio Carrizal (H. H. Hildebrand, personal communi
cation). These species were not observed during the present study. 

Low standing crops of macroalgae were found at all points sampled along 
the river, despite the apparent availability ofnitrogen in the form ofammonia. 
Low pH levels (which indicate high carbon dioxide content) in bottom waters 
also suggested that decomposition oforganic material was actively occurring. 

Even though the amount of fresh water entering the Rio Carrizal has been 
reduced by the damming of the Rio San Rafael, the graded nature of the fauna 
and flora is maintained along the length of the estuary. The increa_sing 
dominance of mangroves down river, along with the progressive addition of 
more-marine macroinvertebrate species, identify the Rio Carrizal as a graded 
estuary. The upper reaches were marked by the predominance of brackish 
water plants and animals in biological assemblages along the banks of the 
estuary. Changes in benthic macroinvertebrate species diversity (H'') from 
station 1 to station 6, with peak values at station 4, suggest the blending oflow 
salinity and high salinity assemblages along the length of the estuary. 

The dominance of estuarine zooplankton species (e.g. Acartia tonsa) and high 
standing crop values up river was indicative of low flow conditions during this 
survey. High flow conditions would result in the flushing of estuarine species 
down river, temporarily replacing them with lower salinity populations. An 
increase in zooplankton species diversity (H'') from stations 2 to 6 was a result of 
increased numbers of marine species at the mouth of the river. 

Perhaps the most unique aspect of the Rio Carrizal estuary is the tropical 
nature of its floral and faunal assemblages. In the Tamaulipan Biotic Prov
ince, the Rio Carrizal is the only system in which tropical forest communities 
have been reported contiguous to tropical marine communities. These 
marine communities are unique to the Tamaulipan Biotic Province and may 
represent the northernmost extension of many tropical species along the 
western coast of the Gulf of Mexico. Some of these tropical species may rarely 
range northward to the lower Texas coast but are not permanently estab
lished there because of colder climatic conditions. The mangrove thickets 
along the banks of the river are reminiscent of typical tropical mangrove 
associations found in the Laguna Terminos estuary (Thorn 1967). The 
mangroves, in turn, support many of the tropical macroinvertebrate species 
collected along the shoreline stations. Superimposed on this tropical charac
ter, regional endemism in species assemblages of aquatic organisms may 
serve to further distinguish the system. This is evident in the decapod 
crustacean assemblages, and it remains to be seen whether similar patterns 
can be detected in other taxocenes. 
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The hydrography and biology of the Rio Carrizal estuary is probably 
influenced by seasonal fluctuations in freshwater inflow and the intrusion of 
salt water into the upper reaches of the estuary as a result of storm tides. To 
better understand this system, further investigations conducted on a seasonal 
basis will be necessary. 
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ABSTRACT 

Two distinct morphological types (morphs A and B) of sand seatrout, 
Cynoscion arenarius, larvae were collected in west Louisiana coastal 
waters in the winter and early spring of 1981-1982. The two larval morphs 
were separable by three pigment differences: 

1) the presence or absence of a melanophore on the dorsal midline 
(hypomere 16-17); 

2) the number of melanophores on the preanal finfold; and, 
3) the size oflarvae at the initiation oflateral pigment formation. 

Based on data obtained from growth analyses, both morphs were assumed 
to deposit daily growth increments in their saccular otoliths; the data were 
used to generate a linear growth equation for each by using analysis of 
covariance. Morph A grew significantly faster (0.20 mm d-1) than morph B 
(0.14 mm d-1

). Combined length frequency and age-size at capture data 
indicate that sand seatrout spawning may have begun in December in t 981 
but had definitely begun by early January 1982. The two morphs were 
separated in horizontal space and little overlap occurred in their distribu
tion. 

INTRODUCTION 

The sand seatrout, Cynoscion arenarius (Ginsburg), ranges from southwest 
Florida (Roessler 1970) throughout the Gulf of Mexico (Gulf) to the Bay of 
Campeche, Mexico (Hildebrand 1955) and is among the most abundant fishes 
in Louisiana estuaries and in the shallow northern Gulf (Gunter 1945; 
Christmas and Waller 1973; Shlossman and Chittenden 1981; Herke, Rogers 
and Grimes 1984). Because of its abundance, sand seatrout are a major 
component of the northern Gulf recreational and commercial groundfish 

1 The University of Maryland, Center for Environmental & Estuarine Studies, Chesapeake 
Biological Laboratory, Solomons, Maryland 20688-0038 
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fishery landings (Roithmayr 1965; Gutherz, Russell, Serra and Rohr 1975; 
Shlossman and Chittenden 1981; Nakamura 1981). The current controversy 
over the fishery status of red drum (Sciaenops ocellatus) and spotted seatrout 
(Cynoscion nebulosus) may make the sand seatrout fishery even more 
important in the future. 

Despite its abundance and importance, little life history information on 
sand seatrout is available (see Cowan 1985, for review). Early developmental 
stages of sand seatrout were first described by Daniels (1977). However, 
recently several authors have suggested that the taxonomic status between 
sand seatrout and weakfish, Cynoscion regalis, remains unclear and that 
literature on C. regalis, might apply to sand seatrout (Moshin 1973; Weinstein 
and Yerger 1976; Cowan 1985; Ditty 1989). Also in a recent study, Paschall 
(1986) could not separate Gulf of Mexico juvenile sand seatrout from Atlantic 
coast weakfish by using electrophoretic techniques. In addition, several 
studies (Ditty 1984; Cowan 1985; Ditty 1986) have collected two distinct 
morphological types (morphs) of sand seatrout larvae in Louisiana coastal 
waters. 

Barger and Williams ( 1980) reviewed the literature on sand seatrout and 
stated that there were insufficient data for age and growth analyses. Shloss
man and Chittenden ( 1981) examined the reproduction, movements and 
population dynamics of juvenile and adult sand seatrout in Texas waters and 
determined growth for fish 40 mm total length (TL) and larger. They 
suggested that annuli on scales could be used to age sand seatrout as 
accurately as length-frequency data even though Benefield (1971) reported 
that "clearly defined annuli were difficult to distinguish." No quantitative 
information has been published on age and growth of larval sand seatrout in 
northern Gulf coastal waters. 

The objectives of this study were to: 
1) briefly describe the pigment differences between morphs of sand 

seatrout larvae; 
2) estimate larva growth rates from increments in saccular otoliths; and 
3) use age-size at capture to estimate spawning time in Gulf coastal waters. 

Possible explanations for the existence of the two larva morphs and for 
differences in their growth rates are discussed. Differences in larvae growth, 
morphology and pigmentation have been used diagnostically to compare lab
reared and wild larvae of the same species (Houde and Swanson 1975; 
Fukuhara and Kuniyuki 1978), to assess nutritional condition oflarvae reared 
in the laboratory (Yin and Blaxter 1986) and captured in the sea (O'Connell 
1980; Hewitt, Theilacker and Lo 1985; Theilacker 1986). Ontogenetic charac
ters have been used to examine systematic relationships in many studies 
(Kendall, Ahlstrom and Moser 1984, for review). Pigment anomalies have also 
been used as a population character in plaice (Pleuronectes platessa L.) (De 
Veen 1969). 
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METHODS AND MATERIALS 

Ichthyoplankton Collections 

A total of 4,100 larval sand seatrout were collected during five mid-monthly cruises from 
December 1981 to April1982 in west Louisiana coastal waters on a sampling grid consisting of37 
stations on five transects. The grid was located from west of Sabine Pass, Texas to east of the 
Mermantau River, Louisiana (Fig. 1). The two longest transects extended to the shelfbreak (200 
km) and the others, which were about 65 km long, extended to the 18-m depth contour. 

A 60-cm, opening and closing, paired "bongo type" BNF -12 plankton sampler fitted with 335 
and 500 ~m mesh nets was used for all collections. Sampling consisted of tO-minute stepped 
oblique tows from near bottom to surface at a retrieval rate between the five steps of 
approximately 20 rn/min. 

Larvae for pigment analyses (N = 250; 125 Morph A, 125 Morph B) were selected randomly 
from samples collected in March and April that were preserved in 10% buffered formalin in 
seawater in the field and later transferred to 4% buffered formalin. Larvae used for the age 
analyses (N = 149) were taken from the 500-~m nets at stations A-1, A-8, B-2, B-6, C-1, C-5, D-2, 
D-7, E-1 and E-8 (Fig. 1) in March and April and preserved in 100% isopropanol. To assure 
adequate preservation, the isopropanol was changed once within 48 h after returning to the 
laboratory. 

Otolith Preparation and Age Determination 

Otolith preparation and age determination was based on Taubert and Coble (1977). Saccular 
otoliths were removed, mounted in Permount on a glass microscope slide and, ifsufficiently thick 
to prevent a direct increment count, ground in the sagittal plane with No. 600 ultra-fine silica
carbide sand paper until the core was reached. Otoliths were etched in 5% EDT A (ethylene 
dinitrilotetracetic acid) for 15-45 seconds, polished, covered by a cover slip, and observed using a 
polarized oil immersion light microscope at 400-1000 x . Three independent increment counts 
were made on each otolith. To prevent bias, the reader was not made aware of the prior counts, 
the size of the larva or the morph. Replicate counts never differed by more than 
7.5%, so the three counts were averaged to give a final estimate. Maximum otolith diameter 
and larvae TL were measured to the nearest 0.01 and 0.1 mm, respectively, with ocular 
micrometers in oil immersion and dissecting microscopes. 

Estimation ofLarvae Growth 

Larva age was estimated by adding four to the number of otolith increments counted. Many 
marine fish larvae do not form otolith increments until the yolk-sac is absorbed (Brothers, 
Matthews and Lasker 1976; Campana 1984) and other sciaenids begin increment deposition four 
to five days after hatching (Peters, Devane, Boyd, Clements and Powell1978; University of Texas 
Mariculture Program Report 1982-1983; Warlen and Chester 1985). Consequently, we added four 
days to account for yolk -sac absorption time even though Peters and McMichael ( 1987) reported 
increment deposition beginning on the day of hatch in sagittae of lab-reared larval red drum. 

Linear growth models were used to examine the age and growth data for larval sand seatrout 
based on the work of Warlen (1981), Beckman and Dean (1984), Govoni, Chester, Hoss and 
Ortner (1985), Essig and Cole (1986), and Cowan (1988). Analysis of covariance (ANOCOVA) was 
employed to determine differences in growth rates between morphs and in the ratios of otolith 
diameter to larva TL and increment number. 

2 Tareq and Co., 8460 SW 68th Street, Miami, FL 33143 
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FIG. 1. Density and distribution of sand seatrout, Cynoscion arenarius, larvae by month, Jan to 
Apr 1982. The distributions are separated by morphological type. The densities are as follows: 
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• = >250 

per 100 m:5 of water filtered from all plankton tow types. Also shown is sampling grid indicating 
station location and configuration including selected isobaths. SP = Sabine Pass, Texas; CR = 
Calcasicu River, Louisiana; MR = Mermentau River, Louisiana. Tick marks are 30 minute 
increments of latitude. 

RESULTS 

Pigmentation 

Many of the sand seatrout larvae from the Gulf of Mexico possessed a 
melanophore on the dorsal midline opposite a large melanophore in the anal 
fin base typical of weakfish from the Atlantic. With increased larva size, the 



Occurrence, age and growth of two sand seatrout larva morphs 43 

dorsal melanophore was located near the posterior third ofthe dorsal fin base 
(hypomere 16-17; Ditty 1989). However, not aU larvae possessed the dorsal 
melanophore; those that did not were classified as morph A. Larva morph A 
pigment characters were generally consistent with the series described by 
Daniels (1977) and clarified by Ditty (1989) for larvae up to 5 mm standard 
length. 

Morph B larvae possessed all of the general external pigment characters 
described for morph A, with the following differences: 

1) the presence of the dorsal melanophore; 
2) the number ofmelanophores on the pre-anal finfold (morph A typically 

had one whereas morph B larvae > 5 mm TL always had two melanophores, 
and there were often three); 

3) the size of larvae at initial lateral pigment formation. Larval sand 
seatrout morph A began lateral pigmentation at an average size of about 12 
mm TL. Lateral pigment formation on morph B. typically began when larvae 
were approximately 8 mm TL. Little over-lap of the characters described 
above occurred between the two morphological types. On occasion, the dorsal 
melanophore was not visible on small ( < 3.5 mm TL) morph B larvae but the 
other characters could be used to separate the morphs, particularly in larvae 
greater than 5 mm TL. 

Age and Growth 

Sand seatrout (both morphs; N = 149) larvae examined for age analysis 
ranged from 2.2 to 11.1 mm TL and were estimated to be from 10 to 70 d old. 
The pooled linear growth equation was (P < 0.0001; r = 0.74) L<•> = 0.173(t) 
+ 1.480 mm where L(t) = TL in mm and (t) = age in days (increment number 
+ 4). Interpretation of ANOCOVA suggests that morph type A grew signifi
cantly faster than morph B (Table 1-A; Fig. 2). The growth equation ofmorph 
A (N = 81), useful to predict TL up to age 70 d, is L(t) = 0.197(t) + 1.220 mm. 
The equation for morph B (N = 68), useful to predict TL to an age of60 d, is L(t) 
= 0.142(t) + 1.459 mm. 

TL was regressed on saccular otolith maximum diameter to detect differ
ences between morphs (Table 1-B). The regression slopes for morphs Aand B 
were significantly different from zero. However, the intercepts and slopes 
were not significantly different between morphs so a pooled equation L(D) = 
0.937(D) + 0.282 where L(D) = log10 at log10 otolith diameter (D), useful to 
predict relationships for both morphs from 2.5 to 11 mm TL, is appropriate. 
The model r was 0.90 and the slope of the pooled regression did not differ 
significantly (P > 0.05) from unity. 

Slopes of the regressions of increment number to otolith diameter were 
significantly different from zero and between morphs (Table 1-C). Otoliths of 
morph B larvae had more increments per unit diameter. This indicates that 
morph B otolith increments were narrower than morph A of similar age, 
suggesting slower growth or different rates of increment deposition. Otoliths 
from both morphs had no distinct or abrupt changes in increment width from 
the primordium to the distal edge. 
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TABLE 1 

Summary data from analyses of covariance to detect differences in: (A) growth rates, (B) otolith 
diameter and (C) increment number between two morphs ofsand seatrout, Cynoscion arenarius, 

larvae collected form January to April, 1982. 

A. Dependent variable: Lanae Total Length 
DF 

Source 
Model 3 
Age (slope = O) 1 
Morph A orB (same intercepts) 1 
Age/morph (same slopes) 1 
Error 146 
Corrected Total 149 

B. Dependent variable: loeto Total Length 
DF 

Source 
Model 3 
Log1o of otolith diameter (slope = 0) 1 
Morph A orB (same intercepts) 1 
Log1o of otolith diameter/morph (same slopes) 1 
Error 146 
Corrected Total 149 

c. Dependent variable: .lacrement Number 
DF 

Source 
Model 3 
Otolith diameter (slope= 0) 1 
Morph A or B (same intercepts) 1 
Otolith diameter/morph (same slopes) 1 
Error 146 
Corrected Total 149 

l-=0.84 
PR >F 

0.0001** 
0.0001** 
0.0001** 
0.()()()1** 

l-=0.90 
PR>F 

0.0001** 
0.0001** 
0.0621(NS) 
0.1438(NS) 

l-=0.81 
PR> F 

0.0001** 
0.0001** 
0.0001** 
0.0490* 

* Statistically significant ( PR < 0.05) 
** Highly significant (PR < 0.01) 
(NS) Not significant 

Spawning Time 

All larvae collected in January and February (N = 20) were morph B; 
however, only one 3.9 mm TL larva was collected in January. Both morphs 
were collected in March (N = 203) and April (N = 3,876) (Fig. 1 ). The monthly 
modal lengths ofmorph B larvae in February and March were 2.5 and 5.5 mm 
TL, respectively. Based on our age and growth data, the morph B larva 



Occurrence, age and growth ojtwo sand seatrout larva morphs 45 

12 ........ 
E 
E 10 ........ 

:I: 8.... 
0 
z 6w 
..J 

..J 4 
~ .... 20 .... 

0 

Solid Line is Morph A 
Dashed Line is Morph B 

+ + 

1 0 20 30 40 50 60 70 
ESTIMATED AGE (days) 

FIG. 2 Regression oflarva total length (mm) on age (increment number + 4) at time ofcapture of 
larval sand seatrout. 

collected in mid-January may have been as old as 24 to 25 d. This suggests 
limited spawning may have begun in December 1981. Larvae of the modal 
lengths in February and March were approximately 15 and 36 d old, respec
tively. Length-frequency data from all sand seatrout collected (N = 4,100), 
combined with information on larva age and growth, indicate spawning had 
definitely begun by early January 1982. 

Interpretation of monthly modal lengths from April data is more com
plicated since many larvae of both morphs (2,283 morph A; 1,593 morph B) 
were collected. Most morph A larvae collected in March were small (Fig. 3) 
and the monthly modal length of2.5 mm TL indicates larvae to be about 12 to 
14 d old. In mid-April, the monthly modal length ofmorph A larvae was again 
2.5 mm TL although larvae up to 17 mm TL were collected (Fig. 3). Based on 
the growth equation for morph A, a 17-mm TL larva would be approximately 
90 d old and, therefore, would have been spawned in February. 

The modal length of larval morph B decreased from March to April even 
though larvae up to 12.5 mm TL were collected. A modal length of2.5 mm TL 
in April reflects the presence ofmany small larvae in the samples. However, a 
12.5 mm larva would be approximately 85 d old, based on the growth equation 
formorph B. 

Distribution 

In general, sand seatrout larvae occurred inshore of mid-shelf (< 65 km 
offshore), primarily at depths between 10-25 m, and in the eastern portion of 
the study area (Fig. 1). Few were present at stations with depths greater than 
25 m (Cowan and Shaw 1988). Larvae were captured in 66 of the 189 
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FIG. 3 Length-frequency data by month for sand seatrout, Cynoscion arenarius, morphological 
types A and 8 larvae. N = total number caught and measured. Only one Morph 8 larva was 
collected in January. 

ichthyoplankton collections during this 5-month study. Morph A larvae were 
captured at 33 stations and morph B at 40 stations (Fig. 1 ). However, the two 
morphs occurred together only seven times at the 66 stations where larvae 
were collected. Cowan (1985) used available chemical, physical and biolog
ical data, including food abundance (zooplankton biomass), in a multivariate 
statistical analysis (canonical correlation) to attempt to identify water mass 
characteristics explaining the separation of the larval morphs, but none were 
identified. The two morphs were similar in their statistical lodgings (canon
ical factor scores) on several environmental variables collected concurrently 
with the ichthyoplankton (Cowan 1985, Chapter 4). 

DISCUSSION 

The distinct physiological (growth rate), ecological (spatial distribution) 
and morphological (pigment pattern) differences between the two morphs 
pose several questions: are they two species or subspecies, two distinct 
populations of the same species, hybrids, or a result ofwide natural variation 
in the phenotype of one species exhibiting variation at the population level? 
As previously mentioned, the taxonomic status between C. regalis and C. 
arenarius is unclear. A recent study by Paschall (1986) showed that sand 
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seatrout from the Gulf were similar on 53 alleles at 21 loci to weakfish (C. 
regalis) (Nei's unbiased genetic identity similarity coefficient = 0.970) from 
Atlantic east coast waters and suggested the phylogenetic separation of the 
two is uncertain. Adult sand seatrout and weakfish cannot be separated 
meristically and Ginsburg (1929) noted the similarity between the two in his 
original description of C. arenarius. Sand seatrout (particularly morph B) and 
weakfish larvae exhibit very similar pigmentation and their reliable separa
tion is not possible based on Daniels (1977) description of larval sand seatrout 
(Stender 1980; Ditty 1989). Daniels (1977) illustrated (Fig. 8) one 7.5 mm 1989 
SL larva with the dorsal melanophore present (i.e., morph B); the others she 
illustrated did not have dorsal melanophore (i.e., morph A). This may account 
for Stender's (1980) inability to distinguish Gulf of Mexico sand seatrout 
larvae from those of the silver seatrout (Cynoscion no thus) and weakfish (C. 
regalis) from Atlantic east coast waters. 

Although daily growth increments have not been validated in the sagittae of 
larval sand seatrout, they were found· in otoliths ofspotted seatrout, Cynoscion 
nebulosus, from the Gulf (McMichael and Peters, personal communication 3). 

We assumed that increments in the saccular otoliths of larval sand seatrout 
from northern Gulf coastal waters also were deposited daily. 

Interpretation of our data suggest that morph A grew significantly faster 
than morph B. However, the estimated daily growth rates of0.197 mm d-1 for 
morph A and 0.142 mm d- 1 for morph B. are within the ranges of those 
reported for laboratory reared C. nebulosus (Taniguchi 1979) and for other 
larval sciaenids (Warlen 1981; University of Texas Mariculture Program 
Report 1982-1983; Beckman and Dean 1984; Warlen and Chester 1985; Peters 
and McMichael1987; Cowan 1988). Seasonal variation in growth rate due to 
differences in temperature between months was assumed to be small since 
most ( ~95%) of the larvae of both morphs used in the age analyses were 
collected in April at stations with surface temperatures ranging from 20-21 oc. 

It is known that environmental conditions in oceanic waters can vary 
sufficiently to cause wide variability in larvae condition and growth rates 
(Theilacker 1978; O'Connell1980; Theilacker 1986). Even though the morphs 
were growing at different rates, neither morph appeared starved and Ditty 
(1989) found no significant between-morph differences in body proportions 
of preflexion larvae. These data are presently insufficient to determine the 
taxonomic significance ofthe two larval sand seatrout morphs but suggest the 
need for further taxonomic and population studies of Gulf of Mexico Cynos
cion. 
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REDESCRIPTION OF LARVAE OF THE PINFISH, 
LAGODON RHOMBOIDES (LINNAEUS) (PISCES, 

SPARIDAE) 

Glen G. Zieske 
Louisiana Department ofWildlife and Fisheries 

P.O. Box 98000 
Baton Rouge, Louisiana 70898-9000 

ABSTRACT 

Larvae ofthe pinfish,Lagodon rhomboides (Linnaeus), were collected in 
the Northern Gulf of Mexico off the central coast of Louisiana. Mor
phometric, meristic and pigmentation characters of fifty-five larvae, 
ranging from 3.4 to 14.0 mm standard length (SL), are discussed. Fin ray 
development begins at 4.3 mm SL and is complete by 12.7 mm SL. The 
juvenile stage is fully reached by 13.9 mm SL, at which time pigmentation 
resembles that ofthe adult and fin ray development is complete. 

INTRODUCTION 

Adult pinfish, Lagodon rhomboides, range from Cape Cod and Bennuda to 
Yucatan, ·including the Gulf of Mexico and the Bahamas (Caldwell 1957; 
Yocum 1971). Presently there are no recreational or commercial fisheries for 
the pinfish in the Gulf, probably due to the species' small size. Spawning takes 
place offshore, probably near the surface (Hildebrand and Cable 1938; 
Caldwell1957; Springer 1957; Cameron 1969; Hansen 1970) in Atlantic coast 
waters. There is no literature on spawning area in the Gulf of Mexico, 
however larval pinfish are found inshore between the months of October and 
April (Ditty 1986; Ditty and Zieske, in reView). 

Larval development of the pinfish was first described by Hildebrand and 
Cable (1938) from larvae collected near Beaufort, N.C. Although this descrip
tion was based on specimens from 5.0 to 40.0 mm long, overall sample size 
was small for the smaller larvae, with a lack of specimens over much of the 
size range. 

The current study includes larvae less than 5.0 mm SL, and describes 
distinctive pigment patterns not reported by previous workers. 

Specimens examined were collected by the Louisiana Department of 
Wildlife and Fisheries for the Louisiana Offshore Oil Port (LOOP), off the 
central coast of Louisiana. Additional specimens were obtained from the 
Oregon II cruises of 1983 for the South East Area Marine Assessment Program 
(SEAMAP) in the Northern Gulf of Mexico. 
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MATERIALS AND METHODS 

Larvae from the LOOP project (Fig. 1) were collected from November 1982 to April1984 with a 
60 em diameter BNF-opening/closing type frame, equipped with 363 micron mesh nets. Larvae 
from the SEAMAP project were collected using a 60 em diameter MARMAP bongo frame equipped 
with 333 micron mesh nets. Upon collection, plankton samples were fixed in 10% fonnalin and 
later preserved in 70% ethanol until fish larvae could be removed and examined. LOOP 
specimens were deposited at the Louisiana Department of Wildlife and Fisheries, Baton Rouge 
office, while SEAMAP larvae were on loan from the SEAMAP archive center, Bureau of Marine 
Research, Florida Department of Natural Resources, St. Petersburg, Florida. 

Larvae ofLagodon rhomboides were examined under a microscope equipped with an ocular 
micrometer. Fifty-five larvae, ranging from 3.4 to 13.9 mm SL, were examined. Data were 
grouped for fish within each developmental size class (pre-flexion, flexion, post-flexion and 
juvenile) and measurements were converted into percentages of SL. All measurements and fin 
ray counts were made on the left side of the fish. 

At least 10 specimens from each size class were examined, with one specimen from each range 
being stained with alizarin (Brubaker and Angus 1984) for drawing and fin ray count purposes. 
The following measurements were made: 

Standard length (SL) - symphysis of upper jaw to tip of notochord (preflexion larvae) or 
posterior edge ofhypurals (flexion and post-flexion larvae). 

Predorsallength (POL)- symphysis of upper jaw to dorsal origin. 
Preanal length (PAnL)- symphysis ofupper jaw to anal origin. 
Prepelvic length (PPvL)- symphysis of upper jaw to base of pelvic fin. 
Snout length (SnL) - symphysis of upper jaw to anterior margin of eye. 
Head length (HL) - symphysis of upper jaw to posterior edge of operculum. 
Orbit diameter (00) - horizontal diameter of orbit. 
Maxillary length (MxL) -length of maxillary bone as measured on edge of greatest length. 
Anus/anal fin gap (Gap) - posterior margin ofanus to first anal fin element base. 
Body depth at cleithrum (BDc) - vertical distance between dorsal body margin and ventral 

symphysis of cleithrum. 
Body depth at anus (BOa) -vertical distance between dorsal body margin and ventral tip of 

anus. 

DESCRIPTION OF LARVAE 

Identification 

The specimens used in this description were identified as Lagodon rhom
boides by comparing pigment patterns, myomere counts, fin development 
and overall appearance with larvae described by Hildebrand and Cable 
(1938). 

Morphometry and Pigmentation 

Table 1 summarizes morphometric values of the specimens of Lagodon 
rhomboides in percentage of SL. Larvae are grouped in preflexion, flexion, 
postflexion and juvenile stages. Pigmentation patterns are described for 
preflexion (3.4- 4.9 mm SL), flexion (5.0- 7.9 mm SL) and postflexion (8.0 11.9 
mm SL) larvae, and juveniles (12.0- 13.9 mm SL), specimens ranging from 
12.0 to 12.9 mm SL are considered early juveniles due to completion of fin ray 
development (Table 2). 



/ 

/ 
/ 

Redescription ojLagodon rhomboides larvae 53 

• 

• 
e- Plankton stations 

• 
• 

91.00 w 

~ 

& 
~ 

U 29. 0 0 N 

90.00 'vl 

FIG. 1. Study area off the coast of Louisiana. 
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TABLE 1 

Summary of morphometries of larval Lagodon rhomboides given in percentage of SL, (mean, 
standard deviation and range). 

Pre-fleDon Flexion Post-Dexion Juvenile 
(3.4-4.9 DlDl) (5.0-7.9 DlDl) (8.0-11.9 DlDl) (12.0-13.9 DlDl) 

D =10 D =15 D =20 D =10 

PDL 37.78±1.78 
35.20-40.00 

32.31±0.36 
31.90-32.90 

3280±0.52 
31.90-33.20 

PAnL 54.21±0.50 
53.40-55.00 

52.44±052 
51.90-53.20 

52.02±0.66 
50.90-5260 

PPvL 31.34±0.70 
30.30-32.10 

33.12±0.19 
32.90-33.40 

SnL 4.67±059 
4.00-5.80 

7.®±055 
6.10-8.00 

7.04±031 
6.70-7.50 

7.94±0.17 
6.80-8.20 

IlL 22.02±0.60 
21.3()..23-00 

26.82±0.68 
25.80-Z7.90 

23.40±0.82 
22.40-24.50 

24.16±0.11 
24.00-24.30 

OD 9.28±0.91 
8.10-10.60 

1059±0.24 
10.20-11.00 

8.99±0.45 
8.30-9.70 

9.26±0.36 
8.90-9.80 

MxL 4.11±434 
0.00-8.70 

10.68±0.18 
1050-11.00 

9.76±034 
9.20-10.10 

8.80±0.25 
8.50-9.10 

GAP 8.00±1.64 
5.90-10.00 

2.19±1.90 
0.00-4.50 

BDc 20.12±132 
18.20-22.40 

23.12±0.12 
22.90-23.30 

22.49±0.41 
21.90-23.00 

2234±0.22 
22.00-22.60 

BDa 1634±1.85 
13.20-19.60 

18.08±0.18 
17.80-18.40 

19.64±1.36 
18.00-21.10 

21.82±1.04 
20.90-23.40 

Preflexion Larvae (Fig. 2-A,B) 

The smallest larva available for examination measures 5.4 mm SL. One 
melanophore is present on the nape. The only pigment is in the dorsal midline 
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TABLE2 

Summary of fin development sequence in larvae ofLagodon rhomboides; measurements given in 
mmSL. 

Buds Rays FuU Complement 
Fin Appear Appear of Rays 

Dorsal 5.4 105 
Anal 5.4 105 
Caudal 

Principal 43 1L6 
Secondary 5.7 12.2 

Pelvic 8.4 10.5 12.7 
Pectoral 33 43 12.2 

of this larva. Pigment in the ventral midline is characteristic, with one 
melanophore just anterior to the cleithral symphysis, another on the isthmus 
and a third in the vent area (Hildebrand and Cable 1938). There is a series of8 
- 12 melanophores along the ventral midline from the origin ofthe anal finfold 
to the base of the caudal fin. The dorsal surface of the visceral mass and the 
posterior surface ofthe anus are both heavily pigmented. One melanophore is 
present ventral to the otic capsule of the developing hind-brain. By 4.9 mm SL 
a small melanophore is present on top of the head. In specimens under 4.0 
mm SL, a fmfold extends from the top of the head to the visceral mass, 
interrupted only by the anus. Principal caudal rays and pectoral rays start to 
develop by 4.3 mm SL. 

Flexion Larvae (Fig. 2-C) 

Larvae between 5.0 and 7.9 mm SL undergo flexion and some new 
pigmentation starts to develop. By 5.9 mm SL 2 - 4 punctate melanophores are 
present at the base of the developing caudal fin rays. Two or three 
melanophores occur dorsally on the caudal peduncle. Also present are 2 - 4 
melanophores internally over the notochord between the middle ofthe dorsal 
flnfold and base of the caudal fin. As larvae reach 6.9 mm SL the nape 
melanophore becomes imbedded in the nape musculature, and the internal 
melanophores over the notochord are more visible. Larvae 7.0 - 7.9 mm SL 
are completing flexion and show no great change in pigmentation patterns. 
There can be up to six melanophores present on the dorsal surface of caudal 
peduncle, and pigment at the base of the caudal fin rays tends to be more 
stellate than punctate in these larvae. A remnant of the finfold can be seen in 
the anus- anal fin gap oflarvae 5.4- 7.8 mm SL. Dorsal and anal fin rays begin 
to develop by 5.4 mm SL, and by 5. 7 mm SL the secondary caudal fm rays are 
apparent. 
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FIG. 2. Developmental series of Lagodon rhomboides: (pre-flexion) A-3.4 mm B-4.5 mm; 
(flexion) C-5.2 mm; (post-flexion) D-8.4 mm E-10.8 mm; (juvenile) F-13.8 mm. 
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Postflexion Larvae (Fig. 2-D,E) 

Larvae 8.0 - 11.9 mm SL have completed flexion. By 8.9 mm SL the head 
pigmentation is more dense, and the melanophore under the otic capsule is 
embedded and difficult to see, but can be viewed by rolling the larva onto its 
dorsum and looking down through either gill opening. Characteristic ventral 
midline pigment described in preflexion larvae is still present. The pigment 
on the dorsal surface of the visceral mass is less dense than in younger larvae. 
Nape pigment has moved deeper into the musculature, and the melanophores 
on the dorsal surface of the caudal peduncle are still present. The 
melanophore at the nape can no longer be seen in larvae greater than 9.5 mm 
SL, and larvae larger than 9.6 mm SL show slight dorso- and ventro-lateral 
scattering of pigment. By 10.9 mm SL larvae are more dorso- and ventro
laterally pigmented; head pigment starts to spread anteriorly onto the snout 
and is more dense than in smaller larvae. The vertical bands of pigment 
characteristic in the juvenile of this species begin to form in larvae 11.0- 11.9 
mm SL, however the pigment observed in the younger larvae is also present. 
Four of five larvae in this size range possess 1 - 3 melanophores under the 
outer edge of the preoperculum. The internal melanophores over the 
notochord are still visible but may be slightly obscured by the vertical band 
pigmentation. Head pigmentation continues to spread anteriorly onto the 
snout. By 10.5 mm SL development of dorsal and anal fins is complete, and by 
11.6 mm SL the principal caudal rays have completed development. 

Juveniles (Fig. 2-F) 

Specimens 12.0 - 13.9 mm SL are considered early juveniles due to 
completion of fin formation. All of these specimens had 1 - 3 melanophores 
under the outer edge of the preoperculum. Vertical band formation continues 
and is complete by 13.6 mm SL. By 13.4 mm SL the snout is densely pigmented. 
Characteristic pigmentation of juveniles consists of: 

seven vertical bars on the sides of the body, 
ventral midline pigmentation as mentioned for younger larvae, 
internal melanophores over the notochord and 
one melanophore below the otic capsule. 

By 12.7 mm SL all fin formation is complete and the full adult complement is 
present for each fin. 

COMPARISON WITH OTHER LARVAE 

Larval sparids are often confused with the larvae of other families offishes, 
most frequently the haemulids, gerreids and sciaenids (Fig. 3). Sparids can 
easily be distinguished from haemulids by myomere count; 24 in sparids and 
26- 27 in haemulids (Watson 1983). Sparids are also easily distinguished from 
gerreids (at sizes larger than 4.5 mm SL), by the presence in gerreids of an 
extremely protrusible under jaw with a premaxillary spine that extends up a 
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A 

B 

FIG. 3. Larvae of families commonly confused \'\-;th spa rids. 
A: Haemulidae (7.5 mm) 
B: Gerreidae (10.0 mm) 
C: Sciaenidae (7.4 mm). 

groove between the eyes. Sparids differ from sciaenid larvae by the presence 
in sciaenids oflonger anus-anal fin gap and a melanophore at the angle ofthe 
lower jaw (Powles and Stender 1978). Furthermore, in northern Gulf of 
Mexico specimens the dorsal fin base is longer ihan the anal fin base in larval 
sciaenids, but are approximately equal in length in larval sparids. 

Other sparids that are frequently collected in the northern Gulf of Mexico 
are Diplodus holbrooki, Archosargus probatocephalus, Stenotomus caprinus 
and Calamus spp. 

Larvae of D. holbrooki have not been described. Juveniles of D. holbrooki 
have five vertical bars on the sides of the body (Hildebrand and Schroeder 
1928), whereas at comparable sizes or stages of development, larvae of L. 
rhomboides have seven. 

Ten specimens ofA. probatocephalus were examined for comparison with 
L. rhomboides. Juveniles of both species exhibit similar pigmentation pat
terns with seven vertical bars on the sides of the body, but they are readily 
discernible from each other during larval stages by differences in ventral 
midline pigmentation. 
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A. probatocephalus larvae lack the ventral melanophore series described 
here for L. rhomboides, and have only two melanophores on the anal fin "base. 
These data agree with those of Hildebrand and Cable (1938). 

Larvae of S. caprinus and Calamus spp. are poorly known, therefore 
comparisons with larval L. rhomboides are not possible at this time. 
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ABSTRACT 

The growth rate, density, age structure, size structure and commercial 
size structure of 40 populations of the hard clam, Mercenaria mercenaria 
(L.) in the coastal waters ofGeorgia are described. The hard clam grows to a 
commercial size in 2 to 3 years throughout the coastal area of Georgia, 
excepting under extreme environmental conditions. Mean clam densities 
up to 151 clams m-2 occurred, with an overall mean density of22 clams m-2 

for the 40 populations. In non-fished or unexploited clam populations, a 
wide range of clam sizes (up to 11.8 em in shell length) and clam ages (up to 
40 years) may occur; however, the range ofclam sizes and ages is narrowed 
in the presence of light or heavy fishing pressures. The range decreases 
with increases in fishing pressure. 

INTRODUCTION 

The hard clam, Mercenaria mercenaria (L.), fishery in the State of Georgia 
dates back to 1880 with peak landings of clams occurring in 1908 (Walker 
1984a). Since 1932 and prior to 1981, clam landings have occurred in only 5 
years in Georgia. With the increase in demands for clams by consumers and 
the decline in clam landings in traditional northern U.S. clamming areas due 
to pollution and overharvesting (National Marine Fisheries Service 1977), 
interest in clamming in Georgia has steadily increased among local as well as 
out-of-state fishermen. This coupled with the potential for mariculture of this 
species (Walker 1983; Walker 1984a,b) has led to a re-emergence of the 
fishery in Georgia with low but steadily increasing landings reported since 
1981. 

At present, the majority of the clam populations in Georgia represent 
natural unexploited populations. With time and increases in fishing pre
ssures, these populations will undergo dramatic changes in population 
dynamics. Thus at this time, it would be useful to obtain baseline studies on 
undisturbed clam populations as well as on those already disturbed by fishing 
for future comparisons. 
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The purpose of this study was to assess the status ofclam populations in the 
coastal waters of Georgia. This report describes distribution, densities, 
growth rates, population age structure, population size structure and com
mercial size structure for unharvested versus harvested clam populations in 
the coastal waters of Georgia. 

METHODOLOGY 

Clams were collected from 40 populations of coastal Georgia ( 13 from Wassaw Sound, 15 from 
Harris Neck, 1 from Crooked River, 1 from Cumberland Island, 7 from Christmas Creek and 3 
from Ossabaw Island) by taking three 0.44 m2 quadrat samples per site. A 66 x 66 em square PVC 
frame was thrown on to the creek bottom and clams were dug by hand to a depth of6 em, placed in 
field sampling bags and marked as to locality. Clams were returned to the laboratory, where they 
were counted, measured for shell length (longest possible measurement, ie., anterior-posterior), 
and aged by shell sectioning techniques (see Rhoads and Lutz 1980; Rhoads and Pannella 1970). 
Growth curves for each clam were determined by measuring shell length at each summerannual 
ring increment. 

Clams at each station were categorized according to the following commercial size groups: 
juveniles, <38 mm; pre-legal littlenecks, 38 to 44.4 mm; littlenecks, 44.4 to 67.0 mm; cherry
stones, 68 to 77 mm; and chowders >78 mm in shell lengths. This classification scheme is similar 
to Godwin's (1967) scheme except that his littleneck size class (38 to 68 mm) was divided into pre
legallittlenecks, those <44.4 mm and legallittlenecks, those >44.4 mm (Walker 1984a). 

The criteria for classifying harvested and non-harvested populations is somewhat arbitrary. 
Nonharvested populations occur either in areas closed to the taking of shellfish or in opened 
areas where harvesting is not known to have occurred (both by personal observations and by 
talking with the six clammers in Georgia). Lightly harvested populations are those which 
fishermen have been observed or have reported working. Heavily fished populations are those in 
which clammers have been observed harvesting numerous times per year as well as over several 
years. 

Recruitment is defined, in this study, as clams that survived the first year, i.e., successful 
recruitment. Hard clams have a rapid growth rate in Georgia and after one year of growth, most 
predators are unable to prey upon them. Actual recruitment (i.e., the total number of clam spat 
that settled per year) is unknown, as well as mortality rates. 

RESULTS 

The annual mean growth measurements of the various clam populations 
are given in Table 1. In 95% of populations sampled, clams reach a mean 
marketable size (44.4 mm in shell length or 25.4 mm in shell width) in 2 to 3 
years; while, individual clams obtain this size in from under 2 to 7 years. The 
exceptions to this are Sapelo Sound Station 9 and Cumberland Island Station 1 
in which 5 and 4 years of growth were required before commercial size was 
obtained, respectively. 

An example of population shell size and age structure is given in Figure 1. 
Clams were aged up to a maximum of 40 years with an overall mean age of 
10.8 years. In terms of shell length, the largest clam found was sized to 11.83 
em with an overall (N = 40 populations) mean shell length of7.21 em± 1.12 
em S.D. Overall, clams less than 10 years old accounted for 60% of the har
vested animals; whereas, clams 11 to 20, 21 to 30 and those greater than 30 
years old accounted for 25%, 13% and 2% respectively (Fig. 2). As clam popu
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TABLE 1 

Mean shell length in mm of hard clams, Mercenaria mercenaria, per annual band for each 
population. 

Annual Baud 
101 2 3 ~ 5 6 7 8 9 

Wa:r.saw Sound Population 
1 'l!J.7 41.8 46.3 55.3 58.9 62.3 62.6 65.2 
2 22.0 38.2 50.4 58.8 64.8 105 75.2 105 
3 25.0 425 57.3 67.1 7l.7 76.9 80.7 83.8 85.7 88.2 
4 25.1 42.9 56.4 65.7 70.7 73.9 74.2 76.8 82.1 79.8 
5 22.8 4L1 53.9 62.0 65.6 68.2 7L6 74.1 74.3 15,{, 
6 255 36.2 46.1 50.9 56.1 61.3 66.0 68.1 68.7 69.8 
7 23.4 39.4 49,{, 57.1 67.2 64.4 67.2 73.3 
8 24.3 39.9 53.2 60.0 64.3 67.1 63.2 70.4 7L4 7l.6 
9 23.9 42.0 57.2 65.7 105 74.0 76.3 77.2 79.0 79.9 

10 21.3 70.2 53.4 61.Q 65.1 67.0 69.8 7L7 73.2 73.1 
11 2L5 41.3 55.3 64.0 69.9 73.7 76.8 79.7 83,{, 85.9 
12 24.3 42.1 57.3 66.1 7L6 75.4 78,{, 79.5 80.8 83.0 
13 25.8 43.2 565 64.8 70.1 73.9 78.3 79.1 8L7 81.6 

St. Catherine's Sound 
1 21.2 36.1 48.7 54.7 6L1 65.6 70.5 7l.6 75.4 73.0 
2 23.9 40.0 53.0 61.6 67.0 70.7 73.6 74.8 75.0 77.9 
3 23.0 36.9 525 60.8 615 73.4 77.1 78.7 81.6 83.8 

Sapelo Sound 
1 Tl.O 42.1 52.7 60,{, 65.0 65.1 66.9 68.4 69.8 7L1 
2 2L1 4L7 53.8 62.0 69.0 7l.1 75.7 76.0 78.3 80.4 
3 23.2 38.9 53.3 6L2 665 70.2 73.7 76.1 78.3 78.7 
4 25.5 37.2 48,{, 56.8 625 66.2 68.1 70.8 7l.9 74.3 
5 24.7 39.8 53.4 60.7 66.2 66.4 68.4 70.1 71.9 74.7 
6 25.6 41.6 54.9 61.8 66.4 69.4 7l.3 73.1 74.8 76.0 
7 25.5 39,{, 49.1 55.3 59,{, 62.8 64.7 66.2 67.1 68.6 
8 'l!J.O 46.9 57.8 6L7 65.0 68.4 69.1 70.0 69.3 70.6 
9 16.8 26.9 35.9 42.1 46.6 50.1 50.4 525 53.1 54.0 

10 26.2 44.9 53.0 59.1 59.1 
11 3L6 45.6 54.8 6L5 66.4 69.6 7l.1 73,{, 75.8 76.8 
12 28.5 47,{, 59.3 65.9 69.5 73.0 74.8 15,{, 715 76.8 
13 305 44.3 56.7 65.6 73.9 80.7 83.4 89.9 92.5 
14 25.9 4L4 52.3 59.3 64.1 67.7 70.9 7l.2 73.7 74.9 
15 33.0 47.2 565 62.8 67.2 70.4 7l.6 74.7 76,{, 80.8 

Christmas Creek 
1 235 4L5 53.4 60.8 65.1 68.3 70.2 73.0 73.9 73.4 
2 26.5 42.2 545 62.3 67.0 69.6 7L7 73.5 74.2 76.4 
3 24.5 4L9 54.2 6LO 65.5 685 70.8 7L5 73.3 74.7 
4 T7.1 44.1 55.3 62.8 67.3 70.9 73.2 75.0 76.2 76.9 
5 26.6 42.4 54.3 60.8 64.5 66.0 67.9 66.8 69.8 70.9 
6 84.7 42.9 53.3 59.6 60.7 64.0 67.1 69.5 7L4 7l.2 
7 26.4 44.5 56.3 67.0 7L9 75.3 77.3 79.4 80.8 82.0 

Cumberland Island 
1 165 26.0 38.3 47.3 53.5 56.8 59.7 62.0 62.0 64.8 

Crooked River 
1 24.9 40.1 53.2 64.1 70.5 76.2 79.7 82.2 83.7 85.1 
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FIG. 1. Growth curve (a) (mean shell length ± one standard error), age, structure (b), and size 
structure ofhard clam (c), .Yercenaria mercenaria (L), population 4 from Christmas Creek, Uttle 
Cumberland and Cumberland Islands, Georgia. 
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FIG. 2. Hard clam, Mercenaria mercenaria (L.), age structure in populations not fished, lightly 
fished, heavily fished, and overall data. Data are given as mean percent ± one standard error. 
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lations were fished, the percentage ofolder clams was reduced; whereas, the 
percentage of juveniles increased as fishing pressure increased (Fig. 2). Most 
populations appear to be growing populations as exhibited by the presence of 
successful recruiting individuals in the younger year classes. Christmas 
Creek Station 4 (Fig. 1) is the major exception in that in this dense population, 
only two individual clams were less than 10 years old. There has apparently 
been virtually no successful recruitment to this population in 12 years. 
Wassaw Sound Station 3 also had only 3 individuals less than ten years ofage, 
with the majority of the clams being over 20 years ofage. 

In terms of commercial size grouping, juveniles accounted for 3% of the 
overall population (N = 40 populations) with pre-littlenecks, littlenecks, 
cherrystones and chowders accounting for 4%, 32%, 28% and 33% respectively 
(Fig. 3). Chowders dominated in numbers in 40% of the populations. Cher
rystones and littlenecks dominated in numbers in 38% and 22% of the clam 
populations respectively. Decreasing fishing pressure seemed to decrease 
the relative abundance of larger size classes; chowders dominated in non
fished stations (N = 27) and percentages progressively decreased in areas 
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FIG. 3. Relative overall percentages of commercial grouping of hard clams, Mercenaria mer
cenaria (L.), from all populations sampled in coastal Georgia. Percentage of commercial 
groupings of clams in non-fished, lightly fished and heavily fished clam populations. Data are 
given as mean percent ± one standard error. 
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lightly fished (N = 11) and areas intensely fished (N = 2). The percentage of 
littlenecks increased with an increase in fishing pressure (Fig. 3). 

Mean clam densities ranged from less than 1 to 151 clams per square meter 
(Table 2); whereas, individual samples ranged from 0 to 216 clams per square 
meter. Overall average density of the 40 clam populations sampled was 22 
clams per square meter. Large differences in clam numbers per sample per 
station were observed. For instance, at Christmas Creek Station 5, the number 
of clams per sample was 95 from a shelly area and 4 and 14 from a more 
muddy area. 

DISCUSSION 

The results of this study show that the growth rate of the various clam 
populations in coastal Georgia result in a marketable product in 2 to 3 years. 
These rates agree with growth rates observed in other natural clam popula
tions in Georgia (Walker 1984a, Quitmyer, Hale and Jones 1985; Walker and 
Stevens 1988). Furthermore, they agree with growth rates obtained from 
hatchery reared clam seed in Georgia (Walker 1984a,b), in South Carolina 
(Eldridge, Waltz, Gracy and Hunt 1976; Eldridge, Eversole and Whetstone 
1979) and in Florida (Menzel1964). 

Of the 40 clam populations, only clams at Cumberland Island Station 1 and 
Sapelo Sound Station 9 required more than three years of growth to obtain a 
mean marketable size. At Sapelo Sound Station 9, clams occurred on top ofan 
oyster reefwell above the mean low water mark. Clams here occur in.a dense 
substratum of dead oyster shell and are estimated to be uncovered from the 
tide for 6 hours per tidal cycle. At the Cumberland Island Station, clams occur 
in a substratum ofsand and Spartina alternijlora short form roots. Clams here 
are estimated to be uncovered approximately 8 hours per tidal cycle (mean 
tidal amplitude in Georgia is 2.1 m, Johnson, Hillestad, Shanholtzer and 
Shanholtzer 1974). Clams at Cumberland Island Station 1 required 4 years 
versus 5 years at the Sapelo Sound Station to obtain commercial size. It may be 
that substratum (in this case, clams growing in dense shell substratum) and 
related current regime inhibits clam growth more than moderate increases in 
exposure time. For instance, in Sapelo Sound Stations 9 and 10, the two 
populations occur within 12 meters of each other. Stations 9 and 10 occur on 
the same oyster reef, but clams at Station 10 occur in a shelly mud substratum 
and are estimated to be exposed for 5.5 hours per tidal cycle. Yet clams at 
Station 10 grew almost twice as fast as those at Station 9 with only an 1/2 hour 
greater exposure time. Another example of this may be the clam populations 
in Beach Creek (St. Catherine's Stations 1 and 2). Both populations occurred 
within approximately 4 meters of each other. Clams at Station 1 occurred in a 
shelly-sand substratum at the mean low water mark; whereas, those at 
Station 2 occurred in mud up on the creek bank and are estimated to be 
uncovered for approximately 6 hours per tidal cycle. Yet clams at Station 2 
have a higher mean size per year than those at Station 1. Thus it appears that 
substratum and the related current regime in certain cases may be more 
inhibitory to clam growth than exposure time. 
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TABLE2 

Habitat type, substratum type, mean density of clams, Mercenaria mercenaria, ± standard 
deviation per m2

, and relative commercial harvesting pressure per population. 

Area/StatJc. Habitat SUstrataa Maua~ ee...adal 
1)pe 1)pe per•2 ~ 

Wassaw Sound 
1 Intertidal Flat SheiiJSand 8.8 ± 7.7 IDtease 
2 Intertidal Flat SbcU/SaDd 203 ± 8.9 IDtease 
3 Creek Mud 13.5 ± 18.4 Noae 
4 Feeder Creek Sbeii/Mud 3.0 ± 1.5 Noae 
5 Feeder Creek Sbeii/Mud 413 ± 309 Ligbt 
6 Feeder Creek Sbeii/Mud <1 Noae 
7 Feeder Creek Sbeii/Mud 32 ± 4.5 Noae 
8 Feeder Creek Sbeii/Mud 18.0 ± 8.9 Noae 
9 Feeder Creek SbeiVMud 6.8 ± 4.1 Noae 

10 Feeder Creek Saud/Shell 36.0 ± 45.0 Ligbt 
11 Creek Shell 14.0 ± 102 Ligbt 
12 
13 

Creek 
Creek 

Sbdi/Sand 
Sbeii/Mud 

10.0 
12.8 

± 
± 

s.o 
152 

Noae 
Noae 

St. Catherine's Sound 
1 Creek Sbeii/Mud 10.1 ± 5.6 Light 
2 Creek Mud 11.5 ± 83 Ligbt 
3 Sound -Intertidal Flat Sbeii/SaDd 2.1 ± 1.6 Ligbt 

Sapelo Souod 
1 Feeder Creek SheDJMud 4.0 ± 3.5 Noae 
2 Creek SheD/Mud <1 Ligbt 
3 Creek SheDJMud 10.1 ± 5.7 Ligbt 
4 Creek SheDJMud 3.0 ± L4 Noae 
5 Creek SheDJMud 23.0 ± 14.1 Noae 
6 Feeder Creek SheDJMud 8.1 ± 6.7 Noae 
7 Feeder Creek Sbeii/Mud 7.0 ± 4.8 Noae 
8 Feeder Creek SheDJMud 50.0 ± 2L3 Noae 
9 Intertidal Flat Shell 21.o ± 89 Noae 

10 Iutertidal Flat SheDJMud 20.0 ± 16.1 Noae 
11 Creek SbcD/Mud 46.6 ± 25.7 Noae 
12 Feeder Creek SheDJMud 1LO ± 10.8 Noae 
13 Feeder Creek SheDJMud 6.1 ± 5.8 Noae 
14 Creek SheDJMud 42 ± 2.6 Ligbt 
15 Creek Shc:DIMud 53 ± 33 Ligbt 

Crooked Rive~' 
1 River Saod <1 Ligbt 

Christmas Creek 
1 Feeder Creek SheDJMud 34.1 ± 19.6 Noae 
2 Feeder Creek SheD/Mud 6.1 ± 3.9 Noae 
3 Feeder Creek Shell 73.5 ± T12 Noac 
4 Feeder Creek Mud/Shell 15LO ± 102 Noae 
5 Feeder Creek SbeDtoMud• 85.7 ± 92.6 Noac 
6 Feeder Creek Sbeii/Mud 143 ± 7.7 Noac 
7 Feeder Creek SbeD/Mud 67.7 ± 52.1 Noae 

Cumberland Island 
1 Intertidal Flat Sand/Grass 10 to 15•• Noae. Creek bottom had only small area of sheU; most ofcreek bottom was mud. High density of 

clams (95 per sample) occurred in sheD bottom; whereas, 14 and 4 dams occ:urred per 
sample in mud. 

• • Estimated. These animals were collected while accompanying commercial clammers. 
Out of the 1817 clams harvested, 66 were jmeoiles, 2 pre-littlenecb, 1741littleoecb, 
6 cherrystones and 1 chowder. 
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The life span ofthe hard clam, Mercenaria mercenaria, is estimated to be 40 
years (Hopkins 1930; Comfort 1957). Although clams were aged to a max
imum of40years in this study, most clams were less than 10years of age (Fig. 
3). The maximum hard clam age found in this study agrees with those found 
in other clam populations (Table 3). 

Chowders are the dominant size class of clam populations of coastal 
Georgia. This is in agreement with the results of a clam resource survey of 
Wassaw Sound (Walker, Fleetwood, and Tenore 1980) and of the coastal 
waters ofGeorgia (Godwin 1968; Walker and Rawson 1985). The results differ 
from a clam resource survey in South Carolina where littlenecks were found 
to dominate (Anderson, Keith, Mills, Bailey, and Steinmeyer 1978). The 
difference between states may be attributed to the presence or absence of a 
viable clam fishery. In South Carolina, a viable fishery exists and the larger 
and older clams have probably been fished out over time. Reduction oflarger 
size and age classes of clams due to fishing pressure was also seen in this 
study (Fig. 3). On the other hand, chowders dominated in numbers in non
fished areas. With increases in fishing pressure, the percentage of chowders 
and cherrystones decreased; whereas, the percentages of juvenile clams and 
littlenecks increased. The low percentage of juvenile (0 and 1 year old) clams 
in this study may be attributed to sampling error. Clam were collected by 
hand, an ineffective method of collecting small individuals. 

Theoretically, therefore as fishing occurs, older and larger clams will be 
removed and with time and, according to the level of harvesting pressure, 

T.-\BLE 3 

Maximum age of the hard clam, ,\tercenaria mercenaria, reported from ,-arious geographical 
areas of the Atlantic and Gulf of Mexico coasts. 

Location Maximum Age Reference 
in Yean 

FIShers Island, NY 15 Malinowski 1985 
Barnegat Bay, NJ 8 to 9 Kennish 1978 
Delaware Bay, NJ 36 Lutz and Haskin 1985 
Vll'ginia 20 Haven and Loesch 1973 
Core Sound, NC 32 Peterson et aL 1985 
Cape Lookout, NC 19 Peterson et al. 1983 
Coastal Georgia 40 This study 
Little Tybee Island, GA 34 Walker 1984a 
Kings Bay, GA 25 Quitmyer et aL 1985 
Boca Ciega, FL• 22 Saloman and Taylor 1969 
Christmas Bay, TX** 14 Craig and Bright 1986 

• For the Southern hard clam, Mercenaria campechiensis 
• • For the Texas hard clam, Mercenaria mercenaria texana 
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smaller, younger clams will dominate. This has also been observed in the 
New York area. Within heavily fished areas in Great South Bay, clams were 
found to be under four years of age (i.e., the age that clams reached 
marketable size); whereas, areas that are closed to fishing contain older and 
larger clams with lower proportions of juveniles or littlenecks (Greene 1978). 
In Barnegat Bay, New Jersey, no clams were found over 9 years of age 
(Kennish 1980) and Peterson, Duncan, Summerson, and Beal (1985) attrib
uted this absence of older clams to fishing pressure. 

In the clam populations of coastal Georgia, mean clam densities ranged 
from 0 to 151 adult clams per square meter. These densities agree with 
densities reported in other clam resource surveys in Georgia (Godwin 1967, 
1968; Walker et al. 1980; Walker and Rawson 1985). Reported clam densities 
from other areas throughout the United States are given in Table 4. In 
Georgia, clams occur frequently in dense numbers; however, generally the 
area of the bed is small and the beds often occur within the creek system in 
inaccessible areas. For instance, in Wassaw Sound, Georgia, a clam popula
tion with a mean of 50 clams per square meter covered an area of approxi
mately 90 m2

• 

The clam populations of coastal Georgia consist of both harvested and 
unharvested populations. In unharvested populations in Georgia, chowders 
generally dominate in numbers (Godwin 1968, Walker et al. 1980, Walker and 
Rawson 1985) with the population being comprised of older individuals 
(Walker 1984a, Walker and Stevens 1988), MacKenzie (1979) describes 
unharvested clam populations as those that exhibit sparse and sporadic 
setting, declining setting densities of spat, increased predation of juveniles 
and are comprised mostly of relatively old clams. Malinowski (1985) con
cludes that even in populations with low rates of annual successful recruit
ment (due to sporadic setting and/or to predation) into the adult age classes, 
an unharvested population will ultimately result in dense assemblages of 
clams with time. From the data presented in this study, Malinowski's 
characterization ofold populations is more applicable to Georgia populations 
than MacKenzie's. Sporadic and low setting densities are the rule in Georgia 
(personal observation) regardless of whether or not the population is being 
harvested. Recruitment is a gradual event in Georgia with spawning possibly 
occurring over most of the year (Pline 1984). Gonadal studies show that peak 
spawning in Georgia occurs in fall and spring, but that spawning occurs over a 
10-month period (Pline 1984). This may account for the absence of any major 
sets occurring in Georgia. Thus it appears that a few individuals successfully 
recruit to the population each year resulting in dense numbers ofolder clams 
in unharvested populations over time. 

Beal (1983) hypothesized that dense assemblages of neighboring large 
clams (80m-2

) may protect smaller clams from predation. Kennish (1978) 
observed clam populations that were without juveniles. He hypothesizes that 
this indicated an inverse association between adults and juveniles. He further 
states that adult populations may preclude successful settlement of young 
clams because of competition for food. Therefore successful recruitment of 
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TABLE4 

Hard clam, Mercenaria mercenaria, densities reported for natural clam populations. 

No. ..-2Location Refereace 

U.S.A. 
Maquoit Bay, ME *860 Dow and Wallace, 1951 
Barnstable Harbor,MA 1 Sanders et aL, 1962 
Narragansett Bay, RI 4 Russell,1972 
Greenwich Bay, RI 2to12 Stickney and Stringer, 1957 
Greenwich Bay, RI 215 Stringer,1955 
Long Island Sound, cr 0.9 MacKetme, t.m 
Northport Bay, NY 65 MacKetme, t.m 
Great South Bay, NY 18.4 MacKenzie, t.m 
Islip, NY Buckner, 1979 

Open areas 16 
Oosedareas 30 

Patchogue Bay, NY 81 Greene, 1978 
East Patchogue Bay, NY 16 Greene, 1978 
Patchogue Bay, NY 50 Greene, 1978 
Barret Beach, NY 16 Greene, 1978 
East Islip, NY 11 Greene, 1978 
Goose Creek, NY 10 Kaplan et IlL, 1915 
Raritan Bay, NJ 14 MacKetme, t.m 
Raritan Bay, NJ Stoll Campbell, 1965 
Little Egg Harbor, NJ 34 Carriker, 1961 
Chinocoteague Bay, MD 1 Wells, 1957 
Poquoson Flats, VA 5 Loesch and Haven, 1973 
Johnson Creek, NC 6.4 Peterson et IlL, 1983 
Back Sound, NC 2to 10 Peterson et Ill., 1984 
Santee River, SC 18to24 Rhodes et IlL, t.m 
North Inlet, SC 6 Dame, 1979 
Coastal Georgia 0.1 to21 Godwin, 1968 
Christmas Creek, GA 151 This Study 
Wassaw Sound, GA Oto 100 Walker et IlL, 1980 
Coastal Georgia Oto91 Walker and Rawson, 1985 
Colorado Lagoon, CA 556 Crane et IlL, 1915 
Christmas Bay, TX Oto5.6 Craig and Bright, 1986 

Great Britain 
Southampton Waters 6 to 8 Ansell, 1963 
Southampton Waters 03 to 123 Hibbert, 1976 

*This population of juveniles was undergoing heavy mortality due to overcrowding. 
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Mercenaria mercenaria may be regulated by density-dependent factors, i.e., 
when density of adults is high, juveniles are forced to settle in unoccupied 
areas (Kennish 1978). Unfortunately, Kennish (1978) gave no density esti
mates and his population was comprised ofindividuals less than 9 years old. If 
one looks at the four densest populations in the Christmas Creek area 
(Stations 3, 4, 5 and 7, i.e., 74, 151, 86 and 68 clams m-2 respectively), only 
Population 4 would support Kennish's conclusions that dense adult popula
tions preclude successful recruitment. In Population 4, only 
1.5% of the clams are less than 12 years old. Thus it would appear that 
adults may preclude recruitment. Yet in Populations 3, 5 and 7, there are 
clams in nearly all year classes, suggesting that there has been recruitment 
every year for the last 10 years into each of these populations. The majority of 
the populations would support Beal's hypothesis that dense assemblages of 
large clams protect smaller clams. Populations 3, 5 and 7 are approximately 
equivalent to his experimental density of 80 m-2 • Population 4 has almost 
twice that density. Thus it appears that the density of adult clams needed to 
preclude successful recruitment may be much greater than that envisioned 
by Kennish. 

The results of this work are important to the development of the hard clam 
fishery in coastal Georgia. Firstly, in 38 of 40 clam populations studied, clams 
grew to marketable size in 2 to 3 years, whereas in the New York area, it 
requires 4 to 5 years to obtain marketable size. This excellent growth was 
found throughout the higher saline waters of coastal Georgia. The two 
populations that exhibited poor growth rate occurred under extreme en
vironmental conditions. Secondly, this excellent growth rate and marketabil
ity of this clam makes it an excellent candidate for aquaculture in coastal 
Georgia. Thirdly, clam populations in Georgia will undergo dramatic changes 
in size and age-structure as the fishery continues to grow. The larger and 
older clams will be cropped out of the populations over time. Eventually, clam 
populations will be dominated by the smaller age classes, i.e., littlenecks. 

In terms of the fishermen, populations dominated by littlenecks (most 
valuable size class in monetary terms) are desirable. In terms of population 
biology, however, it may not be so desirable. Clam reproductive potential 
increases with size according to a power function (Peterson 1983). Chowders 
produce more eggs and sperm than an equivalent number of littlenecks. 
Since successful recruitment is reflected in only a few clams being added to 
the population per year, the removal of chowders (probably the major 
spawners) could eventually harm the fishery. Chowders, when marketable, 
go for 3 to 4 cents each versus 10 to 30 cents each for littlenecks. Thus while 
chowders may not be important in monetary terms, their probable reproduc
tive potential may be eliminated through normal fishing practices. The 
reproductive potential ofchowders in Georgia is currently being investigated. 
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ABSTRACT 

Mortality and condition of the American oyster, Crassostrea virginica, 
were studied on sixteen 0.1-hectare sites on reefs in Galveston Bay, Texas. 
Oyster mortality was evaluated by three methods-the box-count method 
(number of articulated empty shells/number of articulated empty shells 
plus live oysters), the catch-curve method (log frequency versus size), and 
by tray experiments in which open tray, closed tray, and predator-inclusion 
trays (in which an oyster drill, Thais haemostoma was enclosed in each) 
were used. Estimates of average annual mortality based on the catch-curve 
method (0.76) and open-tray analyses (0.61) were similar but these 
methods contrasted with box counts. Mortality determined by the catch
curve method did not correlate significantly with oyster density; however, 
mortality was high and density values were low at the extremes of oyster 
distribution. A weight/volume condition index was positively correlated 
with a gonadal index. Glycogen concentration was negatively correlated 
with salinity whereas intensity (i.e., weighted incidence, WI) of infection by 
Perkinsus marinus was positively correlated with salinity. The glycogen 
values of oysters from reefs with greater than a light infection level (WI > 
2.00; n = 7) showed a significant negative correlation with WI. 

High mortalities were apparently the result of frequent flooding at low 
salinity sites, but appeared to be caused by the oyster drill and disease (due 
to the protozoan P. marinus) at high-salinity sites. Percentage of boxes is 
likely related to short-term mortality, whereas mortality estimated by the 
catch curve method is a measure of longer term mortality. Percentage of 
boxes was highest at the highest salinity sites where disease was most 
prevalent. Glycogen concentrations decreased as salinity increased, which 
may be related to more favorable trophic conditions in fresher water and/or 
higher levels of disease in saltier water. 

INTRODUCTION 

Factors ofmortality in the American oyster Crassostrea virginica (Gmelin), 
which ultimately determine the distribution of the species, are well docu
mented (Butler 1954a; Galtsoff 1964). Along the Gulf of Mexico, the major 
1Environmental Protection Agency, Office ofToxic Substances (TS-798), 401 Street SW, Washing
ton,D.C., 20460 
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causes of mortality in high-salinity areas are the Southern oyster drill Thais 
haemostoma L. and the pathogenic protozoan Perkins us ( =Dermocystidium) 
marinus (Mackin, Owen and Collier 1950). In areas with a mean salinity of 
15%o or more, oyster drills sometimes deplete an oyster reef in a short time 
(Burkenroad 1931; St. Amant 1938; Schechter 1943; Butler 1953, 1954a, 1954b; 
Gunter 1955, 1979; Menzel, Hulings, and Hathaway 1957; Galtsoff 1964; Van 
Sickle, Barrett, Ford, and Gulick 1976). Severe mortalities due to P. marinus 
have been reported in oysters from all the Gulf states (Mackin, Owen, and 
Collier 1950; Mackin 1953; Ray, Mackin, and Boswell 1953; Ray 1954, 1966a; 
Dawson 1955; Quick and Mackin 1971; Beckert, Bland, and May 1972; Ogle 
and Flurry 1980; Soniat 1985). Because of the importance of drill predation 
and Perkinsus disease to oyster populations, Cake (1983) included these 
factors in a Habitat Suitability Index (HSI) model for the American oyster in 
the Gulf of Mexico. 

In the condition index of Hopkins ( 1949), which has often been used in the 
assessment of oyster quality and marketability, dry weight of the oyster meat 
is compared with the volume of the shell cavity (Engle 1950; Haven 1961; 
GaltsofT 1964; Walne 1970; Ogle 1979; Lawrence and Scott 1982; Soniat and 
Ray 1985). Hopkins, Mackin, and Menzel (1954), using the measures of 
condition index and glycogen content, found that the quality of Louisiana 
oysters was highest in late winter and early spring and lowest in late summer 
and early fall. Monitoring of the gonad in the form of a gonadal index is also 
important in the study of the annual cycle of oyster condition (Soniat and Ray 
1985). Some environmental factors that influence oyster condition include 
population density, availability of food, water temperature and salinity, 
character of the substrate, and pollutants (Engle 1950; Korringa 1952; Butler 
1954a; Haven 1961; GaltsofT 1964; Scott and Lawrence 1982). Parasitism by P. 
marinus sometimes also affects the condition index and glycogen content 
(Mackin, 1951; Ray et al. 1953; Ray and Chandler 1955; Quick and Mackin 
1971). 

The purposes of this study were to: 
(i) determine mortality rates and condition ofoyster from reefs in Galveston 

Bay, Texas, 
(ii) evaluate the strength of the relationship between measures of oyster 

mortality and measures of oyster condition, and 
(iii) compare various methods for estimating mortality and condition. 

MATERIALS AND METHODS 

Study Area and Sample Sites 

The Galveston Bay estuarine system is located on the northeastern Texas coast The bay 
complex has a mean depth of about 2.2 m (range, 0.5 to 3 m), a water surface area of 135,170 
hectares, and a volume of3 x 109m 3 (Copeland and Bechtel1971). The estuarine system consists 
of upper and lower Galveston Bay, East Bay, West Bay, and Trinity Bay (Fig. 1). Oysters were 
collected from 16 reefs of the Galveston Bay complex from 16 May to 11 June 1985, and tray 
experiments were conducted from 10 June to 11 August 1985. 
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FIG. 1. The Galveston Bay Complex showing sampling sites (reefs). YC =Yacht Club, RB = Red 
Bluff, DO = Dow, BE = Beasley's, FI = Fisher's, SL = San Leon, SW = S~itchover, TD = Todd's 
Dump, AF = April Fool, NR = North Redfish, SR = South Redfish, VU = Vingt et un, HA = 
Hannah's, MO = Moody's, EG = Elm Grove, FR = Frenchy's, CA = Carancahua (first sampling), 
CN = Carancahua (second sampling), CO = Confederate. 

Population Studies 
Populations were estimated in May and June 1985 on sixteen 0.1-hectare reef sites (Fig. 1). 

Living oysters and boxes (articulated empty shells) were collected by a diver, who sampled 
within a 0.25m2 grid. Live oysters and boxes within 30 such sample grids per study site were 
removed, counted, and separated into 2.5-cm size classes. An index of precision (D) -a ratio of 
the standard error to the arithmetic mean - was calculated to determine the error associated 
with the density estimate (Elliot 1977). The percent boxes (PB)was determined, and catch curves, 
which are useful in visualizing oyster mortality at the different reefs, were constructed for most of 
the study sites (Mackin 1961a). The curves were constructed as a graph of logarithm of the 
percent frequency ofoccurrence ofoysters in 25-cm size classes. Survival rate (S) was calculated 
as: 

S="i.':=oaNa 

"i.':=oNa+"i.':=oaNa-1 

where Na = the number of individuals in each size class, I':= Na is the total number in the0 

sample, and I':=oaNa= o+Nt +2N2+ .. . wNw (Robson and Chapman 1961). 
Mortality rate (MORT; Table 1) was calculated as 1 - S. 
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Tray Experiments 

Tray experiments were conducted at a high-salinity site (Confederate Reef= CO), a moderate 
salinity site (April Fool Reef= AF) and a low salinity site (Beasley's Reef= BE). The trays (area, 
0.25m2 ) were constructed of 1.2-cm mesh galvanized hardware cloth; 10 oysters were placed in 
each tray. Open trays had no lids and were thus easily accessible to predators; closed trays were 
covered with hardware cloth. Spat trays were open trays in which 25 clean oyster shells, used as a 
substrate for settling oyster larvae, were placed; predator inclusion trays were closed trays in 
which one Southern oyster drill Thais haerrwstoma L. was included. Three open trays, three 
closed trays, and three spat trays were used at all three sites, but predator inclusion trays were 
used only at the high salinity site (CO). When the trays were checked and cleaned (at about 
biweekly intervals), dead oysters were counted and replaced. Oysters of commercial size (7.6
12.5 em) were used in all the tray experiments. 

Condition Index 

Twelve adult oysters, randomly sampled from each reef site and cleaned of debris and fouling 
organisms, were used for the determination of condition index, parasitism, gonadal index, and 
glycogen content. The total intact volume of the oysters (pooled) was determined by water 
displacement in a spouted container. The oysters were then removed from the container, 
numbered, and "length" (umbo to bill) of the right valve of individual oysters was measured. The 
length range was 6.1 to 12.5 em. The oysters were shucked, the meats were placed on wire mesh 
grids to drain, and the valves were retained for pooled volume measurement by water 
displacement. The total internal cavity volume of the 12 oysters could then be calculated by 
subtracting the total volume of the valves from the total intact oyster (pooled) volume (Galtsotf 
1964). 

To determine dry weight, we oven-dried three pooled 5-g samples of homogenized tissue in 
tared watch glasses at 80 - 85°C for 48 hours. After the samples were weighed, they were again 
dried and weighed to constant weight on a top-loading electronic balance to the nearest 0.01 g. 
The dry weight of the 12 oysters was calculated and used to determine the Condition Index of 
Hopkins (1949) as follows: 

Condition Index- total dry weight (g) x 100 
shell ca\ity volume (ml) 

Parasitism 

We removed a piece of mantle tissue of about 4 mm2 from near the ventral edge of the labial 
palps to determine the intensity infection by the oyster parasite Perkins us marinus. The parasite 
was detected by using the thioglycollate culture method of Ray (1966b), and an intensity code 
value of 0 (uninfected) to 6 (heavily infected) was assigned to each tissue sample (Quick. and 
Mackin 1971). Percent infection and the mean disease intensity, expressed as the weighted 
incidence (WI), were calculated for each reef according to the equation of Mackin (1961b): 

WI= Sum of disease code numbers 

numbers of oysters 

Gonadal Condition 

The diameter of the adductor muscle and gonadal thickness were measured with vernier 
calipers. Each oyster was cut with a razor blade across the gonad while it was held above a tared 
250-ml beaker. The beaker collected internal fluids to be included in the determination of meat 
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wet weight. To standardize the gonadal thickness of oysters of different sizes, we calculated a 
gonadal index (Soniat and Ray 1985) as follows: 

Gonadal Index= __a_v_e_ra...;;g;....e...;;g;_o_na_d_a_l_th_ic_k_n_e_ss_(,;_m_m___.:_)__ x 100 
average diameter of adductor muscle (mm) 

A gonadal smear was examined microscopically for the presence of eggs or sperm (Loosanoff 
1942). Percent "spawnability" was determined as the percent of sexually developed oysters in the 
sample (Ogle 1979). 

Glycogen 

The tared beaker containing the meats of the 12 oysters was weighed on a top-loading 
electronic balance to the nearest 0.01 g. The oyster meats were then homogenized in a blender 
for 4 minutes at low speed and 1 minute at high speed (Burklew 1971 ). Three 5-g subsamples of 
the homogenate were analyzed for glycogen content (expressed as percent of oyster dry weight) 
by the extraction technique of Burklew (1971), which is a modification of the methods of 
Calderwood and Armstrong ( 1941) and Seifter, Dayton, Novic, and Muntwyler ( 1950). A Beckman 
DB Spectrophotometer was used to determine glycogen colorimetrically; glucose was used as a 
standard. 

Statistical Analysis 

All statistical analyses were conducted with the Statistical Analysis System package (Helwig 
and Council1979) installed on a Vax 8600 computer at the University of New Orleans. 

RESULTS 

Oyster density ranged from 0.27 1m2 at Carancahua Reef to 521m2 at 
Confederate Reef (Table 1 ). The error of the density measure was generally 
less than 20% (D < 0.20), yet D values ranged from 0.11 at Beasley's and 
Moody Reefs to 0.68 at Carancahua Reef (Table 1). Percentage of boxes 
averaged 5.4% and ranged from 0% (Beasley's and Hannah's Reefs) to 
33.3% (Carancahua Reef). Annual mortality averaged 0.77 for all reefs, and 
ranged from 0.99 (Elm Grove Reef) to 0.54 (Todd's Dump Reef). 

Oyster condition, as measured by the condition index (CI), was highest at 
Confederate Reef (11.5) and lowest at Red Bluff Reef (5.8); mean CI for all 
reefs was 6.9 (Table 1). Condition index was significantly correlated (-r = 
0.437),p = 0.025), N = 15; Table 3) with the gonadal index (GI), which ranged 
from 5.3 (Frenchy's Reef) to 28.0 (Vingt et un Reef) with a mean of 16.5. 

Weighted incidence (WI) of disease (range 0-3.40, mean = 1.43; Table 2) 
was highest at high salinity sites (e.g. Confederate and Carancahua Reefs) and 
lowest at low salinity sites (e.g. Dow and Beasley's Reefs). In fact, one of the 
strongest correlations in the study was between WI and salinity (-r = 0.570, p 
= 0.003, N = 16; Table 3). Weighted incidence also showed a close significant 
correlation with percentage of boxes (-r = 0.621, p = 0.001, N = 16; Table 3). 

Glycogen averaged 12.4% of oyster dry weight for the sampling period 
and ranged from 4.8% for oysters sampled from Elm Groove Reef to 
21.1% for those at Vingt et un Reef (Table 1). GJycogen content decreased as 
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TABLE 1 

Sample date, oyster density (number/m2), index of precision (D), percentage of boxes (PB), 
percent mortality (MORT), condition index (CI), gonadal index (GI), weighted incidence {WI), 
glycogen concentration (GLY, percent dry weight), temperature (TEMP, oq, and salinity (SAL, 
%o) from the various sample sites. Abbreviations for the study sites are defined in the caption for 

Fig.1. 

SITE DATE DENSrrY D PB MORT Cl Gl WI GLY TEMP SAL 

AF 5!25185 15lfl Oil 8.9 0.58 6.3 16.6 3.0 14.1 1:1.0 13.0 
BE 619185 34.93 0.11 0.0 0.74 6.8 17.5 0.00 15.0 29.5 7.5 
co 5/16185 52.00 0.19 10.5 0.74 11.5 1:1.1 3.40 5.6 1:1.0 24.0 
CN 6/11/85 Oil 0.68 33.3 7.5 16.0 3.33 6.3 29.0 31.o 
DO 5/18185 15.20 0.13 0.5 0.72 6.6 15.8 0.00 17.7 1:1.0 5.5 
EG 6/3185 18.67 0.15 0.7 0.99 6.3 17.7 0.08 4.8 29.0 12.0 
FI 5/19185 2.1:1 0.29 5.9 0.93 24.5 0.08 26.0 3.5 
FR. 6/4185 11.07 0.22 1.2 0.86 6.0 5.3 0.17 11.8 29.0 12.0 
HA 500185 3lf7 0.25 0.0 0.80 7.3 14.6 0.83 6.6 15.0 12.5 
MO 6/8185 18Il 0.11 1.4 0.90 7.1 132 0.00 132 29.0 1l.o 
RB 6/6185 44.40 0.18 4.0 0.64 5.8 15.4 1.75 11.3 29.5 8.5 
SL 5a7185 1337 0.16 4.8 0.84 6.0 11.9 2.08 16.0 29.0 13.5 
sw 5112185 17.47 0.14 9.7 0.77 62 9.4 3.17 9.7 15.0 12.5 
TD 5/18185 4.67 0.20 2.8 0.54 62 112 2.8 18.8 24.5 12.0 
vu 5/13185 23.33 0.19 0.5 0.70 7.5 28.0 0.08 21.1 26.0 3.5 
YC 6/6185 45.47 0.19 2.9 0.78 6.5 19.1 2.17 13.4 30.0 7.5 

salinities increased (T = -0.429, p = 0.028, N = 15; Table 3). Glycogen 
concentrations were not significantly related to any of the biotic factors or to 
water temperature (Table 3). 

Results of the tray experiments are presented in Table 2. Data from the spat 
trays are not given since no spatfall occurred. Mortality was lower in closed 
than in open trays and was highest in the predator inclusion trays. Mortality 
was higher at the moderate salinity site (April Fool Reef, 13%o) than at the 
high-salinity site (Confederate Reef, 24%o). 

Four extreme patterns (and intermediate ones) were observable from the 
size-class analysis of living oysters (Fig. 2). Some reefs (Red Bluff, Yacht Club) 
had many size classes (2:: 4) and many oysters(> 100), whereas other reefs 
had few size classes and few oysters (Carancahua Reef). Many size classes 
and few oysters were found at Fisher's Reef and few size classes and many 
oysters were present at Elm Groove Reef. 

Catch curves for the various reefs are shown in Fig. 3. They typically have 
an ascending left limb and a descending right limb. The steepness of the 
descending right limb ofcatch curve is in estimate ofmortality. Thus, greatest 
mortalities are observable at Elm Grove; Fisher's and Moody's Reefs, whereas 
lowest mortalities are found at Todd's Dump and April Fool Reefs. 

Correspondence was good between mortality as measured by the catch
curve method and that estimated from the tray experiments. Average annual 
mortality was about 0.61 (average weekly mortality x 52 weeks/yr) from_ 
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TABLE2 

Percentage of oysters dead in trays from a high salinity site (Confederate Reef = CO), a moderate 
salinity site (April Fool Reef= AF) and a low salinity site (Beasley's Reef= BE). Open trays were 
those without lids which allowed for ready access by predators. Closed trays were designed to 
exclude predators, and predator inclusion trays were those in which an oyster drill was placed in 
a closed tray. Ten oysters were placed in each ofthree trays (Tt = tray 1, T2 = tray 2, T3 = tray 3). 
Occasional missing oysters were not considered in the calculation of"percent dead". Trays were 
checked at approximately biweekly intervals. Dates listed are times when the trays were 
checked. Predator inclusion experiments were conducted only at Confederate Reef. Dashes are 

used to indicate no data. Summary statistics (means) are included at the bottom of the table. 

SITE DAtE OPEN TRAYS CWSEDTRAYS PREDATOR INCLUSION TRAYS 
Tl n n Tl n n Tl n n 

co 6/25185 10 10 0 10 10 0 10 20 14 
AF 6!25185 14 10 0 13 0 0 
BE 6/25185 0 0 0 13 0 0 
co 7/9185 10 0 0 0 0 0 10 0 0 
AF 7/11185 10 10 0 10 0 0 
BE 7/11185 0 0 0 0 0 0 
BE 1!25185 0 0 0 0 0 0 
AF 1!25185 0 0 0 0 0 
co 7flb/85 0 0 10 0 0 0 0 10 0 
co 816185 0 0 0 0 0 0 10 0 0 
AF 818/85 0 0 10 0 10 
BE 818185 0 0 0 0 0 0 
co 8121/85 0 0 0 0 20 0 20 0 20 
AF 8(l2J85 10 0 11 0 10 0 
BE 8(l2J85 0 0 0 0 0 0 
Summary statistics (means) 
co 2.7 2.0 7.6 
AF 4.3 3.5 
BE 0.0 0.9 

open trays (Table 2) versus 0. 77 from the catch curve method (MORT). In 
contrast, the average percentage of boxes was only 5.4%. No significant 
relationship between catch-curve mortality (MORT) and oyster density was 
found(T = -0.249,p = 0.198,N= 15). 

DISCUSSION 

An analysis of size class distributions (Fig. 2), mortality rates (Table 1 ), and 
tray data (Table 2) is useful in inferring specific causes of mortality. Oysters 
from Trinity Bay were generally smaller and populations there were com
posed of fewer size classes than were those from other parts of the bay 
complex. As judged from the tray data from Beasley's Reef (Table 2), little 
mortality occurred on reefs in Trinity Bay during the study period. Substantial 
mortalities were recorded (Table 2) at higher salinities (Confederate and 
April Fool Reefs) where drills and disease were prevalent (T.M. Soniat and 
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TABLE3 

Kendall Tau Beta correlation coefficients, significance levels, and number of samples. Abbrevia
tions for the variable names are given in Table 1. 

MORT DEN CI GI WI GLY SAL 1EMP 

PB -O.cm -0.084 -0.127 0.017 0.621 -0.240 0.340 -0.018 
0.691 0.562 0.517 0.928 0.001 0.215 0.037 0.926 

15 16 15 16 16 15 16 16 

MORT -0.249 0.011 -0.038 -0315 -0375 -0.020 0.163 
0.198 0.956 0.843 0.110 0.062 0.920 0.419 

15 14 15 15 14 15 15 

DEN 0.068 0317 -0.017 0.029 -0.154 0.340 
0.728 0.087 0.928 0.882 0.414 0.080 

15 16 16 15 16 16 

CI 0.437 0.010 -0.126 o.cm -0.136 
0.025 0.960 0.518 1.(0) 0.506 

15 15 15 15 15 

GI -0.051 -0.067 -0.274 0.090 
0.786 0.719 0.147 0.645 

16 15 16 16 

WI -0.262 0.570 -0.1.38 
0.179 0.003 0.486 

15 16 16 

GLY -0.429 -0.123 
0.028 0.541 

15 15 

SAL -0.064 
0.745 

16 

M.S. Brody unpublished observation). In contrast, high mortalities at low 
salinity sites were the result of frequent freshwater flooding (T.M. Soniat and 
M.S. Brody, unpublished observation) which, as compared with the relatively 
unrelenting pattern of mortality at high salinity sites, is highly intermittent. 

As expected, mortality from tray experiments (Table 2) was lower in closed 
than in open trays; it was highest in the predator inclusion trays. Unexpect
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edly, mortality was higher at the moderate salinity site (April Fool Reef; 13%o) 
than at the high salinity site (Confederate Reef; 24o/oo). However, Perkinsus 
disease and drills were present at both April Fool and Confederate Reefs (T.M. 
Soniat and M.S. Brody, unpublished observation) where the mortality was 
relatively high, and absent at Beasley's Reef, where the mortality was low. 

Percentage of boxes, as stated by Mackin (1961a), is sometimes used as a 
quick estimate of mortality in the absence of planting and harvesting data, or 
the long-term use of trays. As Mackin (1961a) pointed out, the "box count" 
method is not a measure ofmortality rate per se, since there is no indication of 
the time required to produce the boxes observed or of the time taken for the 
boxes to cease being boxes. One might expect a positive relationship to exist 
between percentage of boxes and mortality rate as calculated from the catch
curve method (CCM), but none was shown. A Kendall-Tau correlation (T) 
between percentage of boxes and mortality was not significant ( T = -0.077, p 
= 0.691, N = 15; Table 3). Thus, percentage of boxes was neither a mortality 
measure nor (at least in the present study) correlated with mortality as 
measured by the catch-curve method (Robson and Chapman 1961; Mackin 
1961a). The number of boxes present on a reef is probably related to recent 
mortality (S.M. Ray, personal communication), whereas mortality estimated 
by the catch-curve method is a measure of the longer term mortality. 

Seasonal changes in glycogen content, gonadal index, condition index, and 
the level of parasite infection were determined in several previous studies of 
American oysters (e.g., Hopkins et al. 1954; Engle 1958; Haven 1961; Soniat 
1982; Soniat and Ray 1985). 

Three of the highest glycogen values were from Trinity Bay: Vingt et un 
Reef, 21.1%; Dow Reef, 17.7%; and Beasley's Reef, 15.0%. This region of 
the Galveston Bay estuarine complex has been subjected to frequent freshwa
ter flooding (Hofstetter 1977, 1983). Oysters have been found to "fatten" 
rapidly after floods; the inorganic nutrient load of the freshwater influx may 
be an important factor in stimulating phytoplankton production (Nelson 1947; 
Korringa 1952; Gunter 1953). Decreases in freshwater input have been cited 
as perhaps contributing to reduced oyster condition (Hofstetter 1982). Al
though prolonged periods of freshwater result in high oyster mortality, 
American oysters can survive for a limited time in salinities of less than 5%o. 
According to Hofstetter (1977), oysters of the Galveston Bay estuarine com
plex have survived in salinities of 2%o or less for at least 4 weeks when water 
temperatures were 20°-27°C. Thus survivors of flooding or new recruits to the 
reefs of Trinity Bay could have benefited from the freshwater input of the 
Trinity River and smaller watersheds. 

Glycogen reserves, high at the initiation of gametogenesis, often decline as 
gametes develop in marine bivalves (Galtsoff 1964; Gabbott 1975; Bayne 1976; 
Sastry 1979); under favorable conditions, however, both glycogen and lipids 
accumulate in the oyster, and growth and gametogenesis can occur simulta
neouslywhen food is abundant (Walne 1970; Gabbott 1976). Oysters at Todd's 
Dump, a reef in lower Galveston Bay (Fig. 1 ), had a high glycogen content 
(18.8%) and a low spawnability (58%; see Smith1986). The oysters of 
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Todd's Dump were perhaps at the point in their annual cycle where the 
gonads were still maturing, and glycogen content was still high. Spawnability 
was also 58% at Frenchy's Reef (see Smith 1986), but oysters there lacked 
high glycogen content noted in those at Todd's Dump. The low gonadal index 
(GI) in oysters from Frenchy's Reef (5.3, the lowest GI at the reefs sampled) 
indicated that the oysters there had recently spawned, and the glycogen 
reserves had not yet been restored. Although glycogen reserves may be used 
during gametogenesis (Galtsoff1964; Gabbott 1975; Bayne 1976; Sastry 1979), 
glycogen values there showed no significant correlation with the gonadal 
index. 

Glycogen content did not correlate significantly with condition index. 
Correlation between condition index and glycogen content was also poor in a 
study of the two oyster condition measures made by Ingle (1949). Soniat and 
Ray (1985) reported a positive correlation between oyster condition index and 
carbohydrate levels and also between condition index and lipid levels on one 
reef over a 1-year period. A possible reason for the low correlation in this 
study was that, just before spawning, a greater proportion of the oyster's body 
weight would be composed of germinal tissue low in glycogen (Gabbott 1975; 
Newell and Bayne 1980). Condition index could therefore remain high until 
spawning, whereas glycogen content would already be declining due to the 
proliferation of the gametes at the expense of glycogen reserves. Condition 
index values at Confederate Reef and Carancahua Reef were among the 
highest observed (11.5 and 7.5), but the glycogen values there were among 
the lowest. 

Two of the lowest glycogen values in this study were found in the oysters 
from reefs of West Bay: 5.6% at Confederate Reef and 6.3% at Carancahua. A 
contributor to these low glycogen levels may have been the high incidence of 
infection withPerkinsus marinus. Mackin (1961a) reported that the depletion 
of glycogen in heavily infected oysters is a result of the parasite's destruction 
of Leidig cell tissue and the replacement of this tissue with fibrous tissue and 
leukocytes. Glycogen values for oysters from all the reefs in our study showed 
a negative trend with increasing weighted incidence (WI), but this trend was 
not significant at the p < 0.05 level. However, the glycogen values of oysters 
from reefs with greater than a light infection level (WI > 2.00; n = 7) showed a 
significant negative correlation with WI ( T = -0.714, p = < 0.05) According to 
Mackin (1961a), light infections have little effect on the host oyster. 

Sexually mature oysters were present at each of the reefs sampled. Water 
temperatures, ranging from 24.5° to 30°C, were suitable for spawning (Ingle 
1951; Hayes and Menzel1981; Cake 1983). Changes in the gonad during the 
oyster's annual cycle were described by Loosanoff (1942). When the gonad is 
ripe it is the adult oyster's largest organ, but the thickness of the gonadal layer 
decreases during the spawning period as gametes are discharged. In a spent 
oyster the gonadal index, glycogen content, and condition index are all low 
(Hopkins et al. 1954; Galtsoff 1964; Soniat and Ray 1985). The gonadal index 
(GI) was lowest (5.3) at Frenchy's Reef (Table 1 ), and highest (28.0) at Vingt et 
un Reef. The salinity of 3.5o/oo at Vingt et un Reef was, however, not optimal for 
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spawning (Cake 1983), although mature gametes were present. In oysters at 
Dow Reef, exposed to a salinity of 5.5%o, gametes were also mature and 
spawnability was 100%. Butler (1949) reported that oyster gametogenesis 
was inhibited at salinities below 6%o; thus, mature gametes may have been 
retained in oysters of Vingt et un and Dow Reefs because of the low salinity 
there. Glycogen could then have accumulated in the absence of the demands 
of renewed gametogenesis. 

Condition index was positively correlated with gonadal index. This rela
tionship was not expected at this point in the oyster's annual cycle. Lee, 
Kurtzman, and Pepper (1960) observed that the dry solids content of the meat 
of southern oysters was high from March to June, just before the spawning 
season, and then declined to the yearly low in August. Ruddy, Feng and 
Campbell (1975) reported that gonadal development was the major factor 
determining a rise in the oyster weight. The water content of many marine 
bivalves has been found to be the lowest when the gonads are fully developed; 
it then increases during spawning (Sastry 1979). Dry weight decreases as the 
gametes are discharged. Once spawning began in Galveston Bay, gonadal 
index decreased and condition index and carbohydrate levels continued· to 
decline until the occurrence of a late summer spawning peak (Soniat and Ray 
1985). Condition index was not correlated with the weighted incidence of the 
parasite Perkins us marinus, although other studies have shown that moderate 
and heavy infections caused loss of meat weight (Ray et al. 1953; Ray and 
Chandler 1955). As in the study of Soniat (1982), the parasite's effects on the 
oyster condition index may have been obscured by the reproductive cycle, the 
generally light level of infection, and the pooling ofoysters for condition index 
determination. 

The mean weighted incidence (WI) of infection by Perkins us marinus was 
1.43 for the study period. The Wls were lower for the reefs of Trinity Bay and 
East Bay than for upper and lower Galveston Bay and West Bay. The weighted 
incidence was lowest (0; no infection) for Dow, Moody's and Beasley's Reefs 
and highest (3.40) at Confederate Reef. The WI of infection by P. marinus was 
strongly correlated with salinity (T = 0.570,p = 0.003).Perkinsus marinus has 
been shown to be prevalent in waters of high salinity and temperature in 
many studies (e.g., Mackin et al. 1950; Mackin 1951; Ray and Chandler 1955; 
Soniat 1985). In the present study \\'1 and temperature were not significantly 
correlated; however, temperature varied little throughout the estuarine 
system during the short study period. High-salinity waters from the Gulf of 
Mexico enter the estuary primarily through the Bolivar Roads Tidal Pass. Gulf 
waters also enter West Bay through the San Luis Pass. Infection was heaviest 
in West Bay and decreased progressively to lower Galveston Bay to upper 
Galveston Bay. The discharge of fresh water by the San Jacinto and Trinity 
rivers is a key factor in the maintenance oflow levels of infection in the upper 
portion ofthe estuarine complex and East Bay (Hofstetter 1977). Although the 
salinity range in East Bay may be suitable for P. marinus, levels of infection 
have remained low - perhaps because oyster densities are low there 
(Hofstetter 1977) and a nearby source of infective agents is lacking. The 
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density of oysters and their degree of isolation have been reported to 
influence infection levels (Ray and Chandler 1955; Mackin 1961b). 

High mortalities were apparently the result of frequent flooding at low
salinity sites but appeared to be caused by the oyster drill and disease by 
Perkins us marinus at high salinity sites. Percentage ofboxes is likely related to 
short-term mortality, whereas mortality estimated by the catch curve method 
is a measure of longer term mortality. Percentage of boxes was highest at the 
higher salinity sites where disease was most prevalent. The condition index of 
oysters corresponded directly to the reproductive state (as measured by the 
gonadal index). Glycogen concentrations decreased as salinity increased, 
which may be related to more favorable trophic conditions in fresh water 
and/or higher levels of disease in saltier water. 
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ABSTRACT 

Nekton was sampled monthly by trawl in Calcasieu Lake, a chenier-plain 
estuary in southwestern Louisiana, from October 1983 to August 1986. 
Additionally, nekton was sampled monthly by seine in Calcasieu Lake and 
in three tributaries of the estuary from September 1985 to August 1986. For 
each sample, number of individuals and total biomass of each species were 
recorded and individuals of commercially-important species (penaeid 
shrimps, Brevoortia spp., sciaenids) were weighed and measured. Nekton 
assemblages of Calcasieu Lake were identified by detrended correspon
dence analysis (DCA), performed separately on data from trawl samples 
and from seine samples. Both analyses demonstrated the importance of 
seasonal changes in species composition in the estuary. Additional patterns 
in species composition were specific to each data set. DCA of trawl data 
identified a group of species that was regularly sampled and a group that 
was sampled sporadically. Analysis of seine samples identified an assemb
lage characteristic of marshy shorelines and one characteristic of open 
shorelines. 

In all seasons, penaeid shrimps, sciaenids and Brevoortia patronus were 
among the most important forms in the estuary. These species appeared as 
postlarvae or small juveniles, and grew to adult sizes within the estuary. 
While in the estuary, several of these species moved into freshwater 
tributaries of the estuary. These tributaries comprise an important nursery 
area for many estuarine species. 

INTRODUCTION 

The Calcasieu Estuary of southwestern Louisiana includes a large lagoon 
(Calcasieu Lake) and associated waterways. It is a typical "chenier-plain 
estuary" (Gosselink, Cordes and Parsons 1979). The estuary and adjacent 
Gulf of Mexico waters are highly productive, accounting for a large propor
tion of Louisiana's shellfish and finfish resources (NMFS 1986). The Calcasieu 
estuary is presumably a crucial component in maintaining the commercial 
fisheries of southwestern Louisiana, but its nekton species are poorly known. 

1 Present address: Office of Information Resource Management, Room 2310, A&l Building, 
Smithsonian Institution, 900 Jefferson Dr. SW, Washington, D.C. 20560 
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Past research on the nekton of the estuary concentrated on particular 
marshy areas draining into Calcasieu Lake (Herke, Rogers and Grimes 1984) 
and on upstream, oligohaline reaches (Felley and Felley 1986; Thompson and 
Fitzhugh 1986). Some nekton collection sites within the lake were included in 
a survey of adjacent Gulf of Mexico waters (DeRouen, Hann, Casserly, 
Giammona and Lascara 1983). The aim of this study was to investigate in 
detail the nekton fauna of the Calcasieu Estuary, sampling all species 
assemblages that might interact with the estuary. This study was part of a 
multidisciplinary survey of the Calcasieu estuarine ecosystem (DeRouen and 
Stevenson 1987). 

This study and Felley (1987a) together define the nekton faunas of the 
Calcasieu Estuary. Felley (1987a) concentrated on the faunas of waterways 
(bayous) draining into the estuary, and on the effects ofhuman activities upon 
various species. The present study identifies the structure of the Calcasieu 
Lake fauna and the utilization of oligohaline nurseries by early life stages of 
particular estuarine species (Rozas and Hackney 1983, 1984). 

MATERIALS AND METHODS 

Monthly samples were taken at locations S1, S2, S4, W, N, and I (Fig. 1) from October 1983 to 
August 1986 (except from May 1985 through September 1 985). Samples were taken at location H 
from October 1983 to April 1985, but this location could not be sampled in fall 1985 due to low 
water levels. Sampling at location H was subsequently discontinued. Trawl samples were also 
taken from other locations in the lake (indicated by unlabelled dots in Fig. 1) at three-month 
intervals from October 1983 to May 1985. Each trawl sample was taken with a 4.9 m commercial 
trawl (2.54 em square mesh) with otter boards (60.5 x 31 em), towed at 6 krnlhr for to min. 
Replicate trawls were taken at each location from October 1983 to April 1985. There were oyster 
reefs at stations Wand I, the substrate at all other locations was soft. 

Seine samples were taken from September 1985 through August 1986 from the shoreline 
adjacent to stations S1, S2, S4, W, Nand I. Lengths ofthe shoreline (6-8 m) were seined with a 9.1 
m, 5 mm mesh bag-seine. The substrate was soft at locations S1, S2, S4 and I, and soft sediment 
mixed with shell at locations W and N. Spartina altemijlora grew into the intertidal zone at 
stations W, S4 and S2. Intertidal zones at other locations were not vegetated. Seine samples were 
taken from Choupique Bayou, Bayou d'lnde and Contraband Bayou at locations indicated by 
prefixes of P, D and C, respectively (Fig. 1), from September 1985 through August 1986. The 
substrates in these bayous were primarily soft. At each bayou location, a flat-seine (3.7 m, 3 mm 
mesh) was pulled along 5-8 m of shoreline. 

Water temperature, dissolved oxygen, pH and conductivity were measured V\'ith a series 4000 
Hydrolab at all locations. Measurements were taken just above the bottom and just below the 
surface. Beginning in September 1985, these measurements were also taken at 1-m intervals in 
the water column. 

All nekton were preserved, some in 10% formalin, some packed in ice for other analyses 
(DeRouen and Stevenson 1987). On occasion, a species was so abundant that a subsample was 
taken and total numbers and biomass were estimated. Otherwise, all individuals were sorted and 
identified to species, and total weight of the species in that sample was determined (to 0.1 g). 
From each sample, up to 25 randomly chosen specimens ofcommercially important species were 
individually measured and weighed. Measurements were total length (tip of rostrum to distal end 
of the telson) for commercial shrimps (Penaeu.s spp.) and standard length for fishes (Brevoortia 
spp. and all sciaenids). Length-frequency distributions were then used to study temporal and 
spatial occurrences of particular size classes. 
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INTRACOASTAL 

WATERWAY 

FIG. 1. Map of Calcasieu Estuary, indicating sampling locations. Trawl collections were made 
monthly or quarterly from locations with prefixes of"l", "N", "W", "H" or "S". From September 
1985 to August 1986, seine collections were made from shorelines adjacent to all labelled 
locations, except for location "H". Trawl collections were made at irregular intervals from 
unlabelled localities. 
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The method of detrended correspondence analysis (DCA) was used to identify patterns of 
variation (temporal or spatial) in species composition of samples. The DECORANA program (Hill 
1979) was used to calculate DCA ordinations in this study. DCA yields information on the 
similarity and differences of particular samples based on the species found in these samples. 
Gauch (1982) discussed DCA (a form of reciprocal averaging; Hill1974) and reviewed a number 
of examples of its use. Kenkel and Orloci (1986) considered DCA to be one of the better metric 
methods for summarizing community data, though they suggested that no one ordination 
method can be guaranteed to be appropriate under all circumstances. 

The data subjected to DCA are in the form of a species-by-sample matrix. The matrix contains 
numbers of individuals of each species in each sample. DCA then ordinates (arranges) species 
according to trends in their occurrence in particular samples and simultaneously ordinates 
samples according to trends in occurrence of particular species in these samples. For example, 
DCA might identify species A and B as similar, because they tend to occur in the same samples. 
Species C and D (which co-occur but are never found with A and B) would be identified as a 
different set of species. The same analysis would also identify the samples containing Aand B as 
samples from the same species assemblage, and would show that samples containing C and D 
represent a different assemblage. DCA produces a set of axes, each axis summarizing a separate 
pattern of variation of species and samples. Both species and samples are represented graphic
ally according to their scores on an axis. Interpretation of community patterns involves 
inspection of sample and species scores on an axis, and determination of the likely reason why 
certain species or samples are ordinated close to one another, while others are distant from each 
other. 

Rare species may present a problem in DCA., as the occurrence of a species in only one or two 
samples may produce a DCA axis that separates only those samples from all the rest. DECORANA 
allows "down-weighting" of rare species, which reduces their effects on the overal1 analysis. The 
down-weighting option was used for this stud)·. Rare species can overly influence DCA results, 
but their occurrence in particular samples might reflect local conditions of interest (this was 
found to be the case in the seine-sample data). Thus, rare species were not excluded, but the 
down-weighting procedure reduced their effects on DCA results. 

A separate DCA was run on data for trawl samples and lake seine samples. For each data set, 
DCA was performed on a matrix containing numbers of al1 species collected at all locations. In 
this study, DCA identified community patterns ofspatial variation (change in species composition 
over diverse gradients) and temporal variation (primarily change in species composition over 
seasons). These trends were interpreted by noting the dates and locations ofsamples with similar 
scores, and by inspecting the patterns of species scores on these axes. 

RESULTS 

Physicochemistry 

Waters of Calcasieu Lake are subject to the wide variation in phy
sicochemistry usual in estuaries (LaufT 1967). The lake is shallow and easily 
mixed by winds, so dissolved oxygen levels tended to be high (usually 
between 5.0 and 11.0 mg/1, depending on the season, with a yearly mean of 8.2 
mg/1) and homogeneous throughout the water column. Pockets of low
oxygen water were occasionally recorded (lowest was 2.2 mg/1), but hypoxia 
was unusual. Values of pH within Calcasieu Lake were usually between 7.0 
and 8.3 (range 6.2- 9.1, mean 7.6). 

Temperature and salinity were highly variable in the Calcasieu Estuary, 
reflecting patterns of freshwater inflow and saltwater exchange with the Gulf 
of Mexico. Figures 2 and 3 illustrate seasonal variation in temperature and 
salinity for the north and south ends of Calcasieu Lake (north-end stations 
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included Nand I, south-end stations were those with prefixes ofS, W, or H; Fig. 
1 ). Monthly data summarized in the figures were collected from one or more 
years, and from two to eight locations at the north end, and four to eight 
locations at the south end. Thus, the standard-error bars about each monthly 
mean reflect both variation among locations in a year and variation over 
years. 

Temperature ranged from 6.0 to 31.0°C over the study period. Wide 
variation between north- and south-end locations was evident from January 
to March (Fig. 2), reflecting inflow of cool freshwater in these months. From 
April to May, temperatures increased steadily throughout the lake. Tempera
tures were high from June to August, began dropping in September, and 
dropped steadily from October to December. 

Salinity was widely variable in the lake, but was consistently lower in the 
north end, due to the input of freshwater from the Calcasieu River and bayous 
that drained upland watersheds. The rainy season (usually December 
through May, according to Geraghty, Miller, Vander Leeden and Troise 1973) 
produced a decline in salinity at the north end of the lake that was especially 
apparent from December through April (Fig. 3). Throughout the lake, salinity 
was highest from July through September, when rainfall over the Calcasieu 
drainage and estuary was local and intermittent. 

Patterns of variation in salinity and temperature are summarized in Fig. 4, 
which presents coefficients of variation for these variables. The variation 
illustrated in Fig. 4 subsumes variation between years, between the two ends 
of the lake, and between stations within each end. Thus, Fig. 4 illustrates the 

o N. End 
30 • S. End 

(.) 
0 t2 

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

FIG. 2. Temperature variation in Calcasieu Lake. North-end stations had prefixes of "I" or "N"; 
south-end stations had prefixes of"H", ''W" or "S" (Fig. I). Circles represent monthly means from 
1983 to 1986, bars represent 2 standard errors about the mean. 
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f)G 3. Salinity variation in Calcasieu Lake. North-end stations had prefixes of"l" or "N"; south
end stations had prefixes of"H", ''W", or "S" (Fig. 1). Circles represent monthly means from 1983 
to 1986, bars represent 2 standard errors about the mean. 

variation in conditions to which a species might be exposed at any time in 
Calcasieu Lake. Variation was high for both variables from January to March, 
tended to decrease from April through June, was low from July through 
September, and rose dramatically from October through December. 

Seasonal variation in the lake's physicochemistry can be summarized as 
follows: 

In winter (January-March), temperatures and salinities were low and quite 
variable. 

Spring (April-June) was characterized by rising and less variable tempera
tures and salinities. 

Summer (July-September) was a season of high temperatures and 
salinities, with little variation. 

Fall (October-December) was characterized by declining and variable 
temperatures, and highly variable salinities. 

In terms ofphysicochemistry, the estuary was most predictable in summer 
and least predictable in fall and winter. 

The three bayous feeding the upper estuary were estuarine in their lower 
portions and freshwater in their upper portions. Physicochemistry of the 
three bayous was differentially affected by human impacts. Bayou d'Inde 
receives municipal and industrial wastes. Contraband Bayou receives 
municipal wastes, and Choupique Bayou does not receive either municipal or 
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FIG. 4. Coefficients ofvariation (C.V.) for temperature and salinity in Calcasieu Lake. Each point 
represents the coefficient of variation calculated for a month, over all localities within the lake 
and all years. 

industrial wastes. Felley (1987a) details the physicochemistry of these bay
ous, and associated human impacts. 

Nekton Assemblages 

A total of 121 species ofnekton (macroinvertebrates and fishes) were found 
within the Calcasieu Estuary and associated waterways. Of these, 34 were 
typically freshwater forms, considered in detail by Felley (1987a) in an 
analysis of bayou nekton assemblages. Raw data for all collections is given in 
DeRouen and Stevenson (1987). The most regularly-occurring species of 
Calcasieu Lake are included in Tables 1 and 2. Gosse link et al. (1979) provide 
a referenced outline of life-history, foods, and habitat preferences of nekton 
species of the Calcasieu Estuary and other chenier-plain estuaries. Informa
tion on biology of particular species discussed here can also be found in Kilby 
(1955), Simpson and Gunter (1956) and Hoese and Moore (1977). 

Trawl Data 

A total of296 trawls were taken from October 1983 to August 1986. The most 
frequently occurring forms (taken in over 50% of trawls in all seasons) were 
Callinectes sapidus, B. patronus, Leiostomus xanthurus and Micropogonias 
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TABLE 1 

Nekton species found in trawl samples from Calcasieu Lake, by season. Samples were taken from 
October 1983 to August 1986 (see text for details of dates and trawling methods). Number of 
samples is given in parentheses. Given under each season is the percentage of trawls in which a 
species occurred, abbreviated as "Fq" (frequency), and the average number of individuals 
sampled per hour of trawling (under "Num"). Abbreviations following species' names corres

pond to those in Fig. 5. 

Species Winter Spring Sommer Fall 
{109} {64} {42} {81} 

Fg Nom Fg Nom Fg Nom Fg Nom 

Molluscs 
Lolliguncula brevis (WLL) 2 0.1 14 22 10 1.0 4 02 

Decapods 
Penaeus aztecus (PENA) 22 3.7 62 155.7 38 17.1 38 1U 
P. setiferus (PENS) 39 22.4 81 88.6 93 446.9 95 358.1 
Ca//inectes sapidus (CALL) 81 60.8 95 102.8 81 21.8 84 33.0 

Fishes 
Brevoortia patronus 53 255 94 70.7 55 12.1 54 53.9 
Dorosoma cepedianum 11 0.8 5 03 10 0.9 11 0.9 
Anchoa mitchil/i (AMIT) 24 5.1 33 6.1 24 17.9 36 14.4 
Ictalurus furcatus (IFUR) 1 0.1 
Arius felis (AFEL) 10 12 34 12.9 43 18.6 22 11.0 
Urophysis floridana (UFLO) 5 03 5 03 
Prionotus tn'bu/us 3 02 16 2.1 7 3.0 
Caranx hippos (CHIP) 12 1.9 
ArchostJTgUS probatocephalus (APRO) 13 1.6 3 02 2 03 2 0.1 
Cynoscion arenarius (CARE) 5 03 37 8.0 52 18.7 63 19.0 
C. nebulosus (CNEB) 13 1.0 3 03 2 0.1 20 2.4 
Leiostomus Xll1llhurus (LXAN) 61 21.6 67 r/.1 57 26.0 74 32.7 
Micropogonias undulatus (MUD) 72 293 95 123.4 86 593 90 32.2 
Pogonias cromis (PCRO) 26 42 9 1.1 14 1.0 30 6.1 
Sciaenops ocellatus (SOCE) 1 3 02 
Chaetodipterus faber ( CF AB) 1 9 0.6 26 13 7 1.5 
Mugil cephalus (MCEP) 41 195 8 0.8 5 0.4 20 8.0 
Trichiurus lepturus (TLEP) 5 0.7 22 13 7 0.4 5 0.4 
Peprilus alepidotus 3 0.2 12 2.1 1 
P. bwti 12 5.0 28 8.0 10 1.0 2 02 
Gtharichlhys spilopterus (CSPI) 8 1.7 20 2.6 71 18.1 28 95 
Etropus crossotus (ECRO) 1 6 0.4 33 6.8 17 3.1 
Paralichthys lethostigma (PLET) 9 0.9 23 2.7 29 2.7 11 12 

undulatus (Table 1 ). Penaeus setiferus was a frequently occurring species in 
all seasons but winter, and Penaeus aztecus was a frequently occurring 
species in spring. In summer and fall, Cynoscion arenarius was found in more 
than 50% of trawls. 

DCA produced three axes that summarized variation in species occurrence 
and abundance. The first axis contrasted all other samples with a sample 
containing only Hemicaranx amblyrhynchus. Axis 2 summarized seasonal 
variation in species occurrence and axis 3 differentiated certain species that 



Nekton assembalges ofthe calcasieu estuary 103 

TABLE2 

Nekton species found in seine samples taken in Calcasieu Lake, September 1985 to August 1986. 
Number of samples is given in parentheses. Percentage of samples in which a species occurred is 
given under "Fq" (frequency), while average number per sample is given under "Num". 

Abbreviations following species names correspond to those in Fig. 6. 

Species Winter Spring Summer FaD 
(16) (13) (15) (14) 

Fg Num Fg Num Fg Num Fg Num 

Decapods 
Penaeus aztecus (PENA) 94 29.7 60 7.0 57 6.5 
P. setiferus (PENS) 37 3.8 41 107.5 87 29.4 64 14.7 
Palaemonetes intermedius 30 24.2 23 0.4 20 03 
P. pugio (PALP) 93 148.7 82 53.3 67 743 71 63.0 
P. vulgaris 56 5.6 11 03 79 6.7 
Callinectes sapidus (CALL) 63 12.5 35 0.8 67 3.5 50 23 

Fishes 
Elops saurus 11 0.1 7 0.1 
Alosa chrysochloris (ACHR) 11 0.1 20 03 
Brevoortia patronus (BP AT) 100 1168.0 94 533.7 40 14.1 36 2.6 
Anchoa hepsetus 11 1.7 13 13 14 0.1 
A. mitchilli (AMIT) 50 12.5 76 231.9 87 59.1 79 31.5 
Arius felis (AFEL) 6 0.2 33 0.8 
Cyprinodon variegatus (CVAR) 25 03 6 0.1 29 0.8 
Fundulus grandis (FGRA) 50 1.6 11 03 33 0.7 21 0.5 
F. simi/is (FSIM) 7 0.2 20 0.2 14 0.2 
Poecilia latipinna 7 0.1 14 0.2 
Membras martinica (MMAR) 12 0.2 35 2.8 73 5.5 29 1.8 
Menidia beryl/ina (MEND) 93 46.9 71 9.4 53 4.4 57 18.5 
Syngnathus louisianae (SLOU) 7 0.1 11 0.1 7 0.1 
Oligoplites saurus (OSAU) 40 1.7 
Lagodon rhomboides (LRHO) 32 3.6 23 0.2 '1:1 0.4 
Bairdiella chrysoura (BCHR) 11 1.1 26 3.4 
Cynoscion arenarius (CARE) 29 2.4 46 6.4 14 0.2 
Leiostomus xanthurus (LXAN) 37 25.1 23 23 14 0.2 
Micropogonias undulatus (MUND) 100 299.9 64 8.9 33 0.6 64 28.0 
Mugil cephalus (MCEP) 37 6.8 23 0.9 33 1.5 29 0.6 
M. cumna (MCUR) 17 183 26 13 
Gobionellus boleosoma (GBOL) 6 0.1 6 0.1 20 0.2 29 0.9 
Gobiosoma bosd (GBOS) 37 0.8 6 0.1 36 0.6 
Sphoeroides parvus 6 0.1 13 0.1 

occurred irregularly (i.e., sporadically in small or large numbers) from the 
more commonly-collected species. Fig. 5 illustrates species scores on axes 2 
and 3. Abbreviations for species are in Table 1; note that not all species listed 
in Table 1 are illustrated in Fig. 5. 

A particular seasonal assemblage was most easily characterized by those 
species that appeared in abundance only in that season. For example, the 
winter assemblage included Archosargus probatocephalus and Mugil 
cephalus, two species that were commonly taken in winter, but were either 
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FIG. 5. Detrended correspondence analysis (DCA) of nekton species from trawl samples within 
the Calcasieu Lake. Axis 1 differentiated one sample from alJ others, and is not illustrated. Axis 2 
represented seasonal variation in nekton assemblages. Axis 3 differentiated species of regular 
occurrence from those that were of irregular occurrence and whose capture reflected special or 
unusual conditions at that locality and time. Abbreviations are given in Table 1. 

absent or were taken infrequently in other seasons (Table 1 ). The winter 
fauna also included some rarely caught freshwater forms taken in the upper 
lake near the mouths of bayous, such as Jctalurus jurcaius (taken in Decem
ber, Table 1) and Lepomis macrochirus. The spring assemblage was identifi
able by the appearance of such characteristic species as Lolliguncula brevis, 
P. aztecus, Urophysis jloridana, Prionotus tribulus, Trichiurus lepturus, Pep
rilus burti and Paralichthys lethostigma. Some of these species (notably P. 
aztecus) could be found in winter or summer, but were most abundant in 
spring. Common summer species were Arius jelis, Caranx hippos, Lagodon 
rhomboides, C. arenarius, Chaetodipterus faber, Peprilus alepidotus and 
Etropus crossotus. There were no species that appeared exclusively in fall. 
The seasonal faunas merged in some months. In March (the last month of 
''winter"), a number ofcharacteristic spring season forms began appearing in 
the lake, such as L. brevis and T. lepturus. Also, some members of the winter 
fauna were found regularly in December (Cynoscion nebulosus, and M 
cephalus, in particular). A species' score on axis 2 tended to reflect the season 
in which it formed an important part of the nekton assemblage. Exceptions 
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included P. aztecus (most abundant in spring, but grouped with winter 
species), A. probatocephalus (most common in winter, but grouped with 
spring species), and E. crossotus (most common in summer, but grouped with 
fall species). 

Some species were found in relatively high numbers in all seasons (Table 1) 
and were part of any season's characteristic assemblage. These included P. 
setijerus, C. sapidus, B. patronus, Anchoa mitchilli, L. xanthurus, M undulatus, 
Pogonias cromis and Citharichthys spilopterus. In general, these species' 
scores on axis 2 identified them with the season in which they were most 
abundant. An exception was B. patronus, which was most common in spring 
but was grouped with summer species. The fall assemblage (for which no 
characteristic species could be identified) included some commonly
occurring species that had peaks ofabundance in this season (e.g., P. setijerus 
and A. mitchilll). 

The third DCA axis differentiated the commonly-caught species from a 
diverse group of species that were caught only under special conditions. The 
latter were termed species of irregular occurrence (as they were either taken 
in small numbers, or they occurred sporadically in relatively high numbers). 
Species commonly found in a season's trawl samples tended to have low 
scores on this axis. Irregularly-occurring species with high scores included 
Dorosoma cepedianum, ljurcatus, C. nebulosus, P. cromis, Sciaenops ocellatus 
andM cephalus (Fig. 5). Appearance ofthese species in a particular trawl was 
linked to special and localized conditions associated with the sampling site. 
For example, 1 jurcatus and D. cepedianum are freshwater forms that were 
found at locations where salinity was low. Pogonias cromis was mostly taken 
in trawls which passed directly over oyster reefs. Sciaenops ocellatus, C. 
nebulosus and M cephalus are very active forms that can easily evade a trawl 
(Mugil sp., in particular, could often be seen jumping over the trawl). These 
species only appeared in trawls taken in very cold conditions (when these 
forms may have been swimming too slowly to evade the trawl) or during very 
turbid conditions (when they may not have realized they were within the 
trawl). DCA grouped all of the above as species that were not found with the 
"normal" assemblage of a season. 

Patterns of species abundances and occurrences were relatively constant 
over the course of this study. No yearly differences were apparent in overall 
species composition (as judged by DCA). However, there were some differ
ences in particular species' abundances from one year to another (data in 
Felley 1987b). For example, fall 1983 (when the study was initiated) was 
characterized by higher numbers of L. rhomboides and lower numbers ofD. 
cepedianum than the other two years. In winter 1985, there were more P. 
aztecus and P. setiferus than in 1984 or 1986, whereas in spring 1986 more 
flatfishes were taken than in 1985. 

Seine Data 

Table 2 lists seasonal occurrences and average numbers of species col
lected by seine. Frequently occurring species were those found in more than 
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50% of the samples over the whole year or in a particular season. Species 
occurring frequently in all seasons were Palaemonetes pugio, C. sapidus, A. 
mitchilli and Menidia beryllina. Species frequently taken in winter were the 
species listed above, as well as B. patronus (which was also commonly found 
in spring}, Fundulus grandis and M undulatus. Frequently occurring species 
of other seasons were P. aztecus (spring), P. setiferus (summer and fall), and 
Palaemonetes vulgaris (fall and winter). 

Sample data were subjected to DCA, which produced three interpretable 
axes. Axis 1 distinguished one sample from the rest. In October 1985, the 
sample from station S4 (Fig. 1) contained three species that were either never 
found again in the lake (Larimusjasciatus) or that were rarely found at other 
times but were very abundant in this collection (Acetes americanus and 
Xiphopenaeus kroyen). Some local condition affecting only this site may have 
accounted for the occurrence of these species. This axis was not interpreted 
further. Axes 2 and 3 identified nekton assemblages associated with particu
lar seasons (axis 2) or particular types of shorelines (axis 3) (Fig. 6). 

Seasonal variation in species composition was pronounced (Table 2). Some 
species were found throughout the year. These species' DCA scores tended to 
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FIG. 6. Detrended correspondence analysis (DCA) of nekton species from seine samples within 
Calcasieu Lake. Axis 1 differentiated one sample from all others, and is not illustrated. Axis 2 
reflected seasonal '\·ariation in nekton assemblage structure. Axis 3 differentiated species on the 
basis of type of shoreline where they were most common. Open shoreline had little cover and/or 
relatively high wave action. Marshy shorelines had much cover provided by Spartina altemijlora 
gro"ing in the water, and had relatively low wave action. Abbreviations are given in Table 2. 
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group them with the seasonal assemblages in which they were most abun
dant (Fig. 6). For example, P. pugio, B. patronus, F. grandis, and M undulatus 
had scores identifying them with the winter assemblage, while P. setiferus, A. 
mitchilli and Membras martinica had scores reflecting their importance in 
summer and fall assemblages. Other species were only found in the lake in 
certain seasons. Among the shore shrimps, P. vulgaris was found in fall and 
winter, Palaemonetes intermedius primarily in winter and spring. Both 
species were much less common than P. pugio, the dominant shore shrimp in 
the lake. A large number of species appeared in the lake in spring and 
summer, including Elops saurus, Alosa chrysochloris, A. jelis, Oligoplites 
saurus, Bairdiella chrysoura and Sphoeroides parous. Gobies (primarily 
Gobionellus boleosoma and Gobiosoma boscl) were most common in fall and 
winter. These trends are reflected in species scores (Fig. 6) and species 
frequencies and densities (Table 2). 

Axis 3 contrasted samples at two stations (W and S2) ~th those taken 
elsewhere. These localities had higher numbers ofcyprinodontids (including 
Cyprinodon variegatus, F. grandis and Fundulus similis) as well as of M. 
beryllina (Fig. 6). These species seemed to be associated with low-energy 
shorelines where vegetation grew into the water. Actively swimming forms 
such as Mugil spp., B. patronus, A. mitchilli and C. arenarius tended to be 
found on open shorelines where wave-action could be relatively high. 

Life History of Individual Species 

Months of occurrence and spatial distribution were investigated for par
ticular size classes of commercial shrimps, menhaden, and several drum 
species. For each species, four size-ranges were identified, corresponding 
generally to the following age classes: youngest recruits to the estuary, small 
juveniles, large juveniles, and adults. 

Commercial shrimp (Penaeus spp.) size-groups (and corresponding age 
classes) were as follows: 

15-25 mm total length (earliest postlarval recruits to the estuary); 
26-55 mm (small juveniles, representing young recruits of the year); 
56-80 mm total length (large juveniles, representing older recruits of that 
year); 
81 + mm (adults). 

These groups were derived from information in George (1962), Baxter and 
Renfro (1967) and Gaidry and White (1973). In winter and early spring, 
individuals of sizes 56-80 mm probably represented small overwintering 
individuals. Seine samples contained postlarvae and both juvenile classes, 
trawl samples primarily included large juveniles and adults. Gaidry and 
White (1973) felt that large juveniles and adults represented individuals ready 
to leave the estuary. 

The brown shrimp (P. aztecus) was typically a spring and summer species. 
Adults first appeared in March (water temperatures > 17°C), postlarvae in 
April (water temperatures > 20°C). Postlarval and small-juvenile recruits 
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appeared irregularly from April through November, with highest numbers 
appearing from April through June. April through June was a period of peak 
abundance for P. Aztecus in both trawl and seine samples (Tables 1 and 2). 
Gro-wth and numbers were high in this period, with spring recruits growing to 
60-80 mm by June. Generally, numbers per sample dropped dramatically 
after July. In spring, P. aztecus was found throughout Calcasieu Lake and in 
the estuarine portions of the bayous (in salinities > 2-3%o, dissolved oxygen 
levels > 4.0 mg/1). After June, P. aztecus appeared only sporadically in the 
bayous. This species was not found in the freshwater portions of the bayous. 
These patterns of recruitment, abundance and distribution correspond to 
those reported in other studies ofP. aztecus (Gaidry and White 1973; George 
1962; Herke et al. 1984; St. Amant, Broom and Ford 1966). 

The white shrimp (P. setiferus) was found in the estuary throughout the year 
(Table 3) and in summer and fall appeared throughout the estuary and into 
freshwater tributaries. This species was abundant in the estuary from spring 
through fall (Tables 1, 2; Felley 1987a). Adults and large juveniles occurred in 
low numbers in trawl samples from January and February, and began 
appearing in abundance in March. Recruitment of postlarvae occurred 
intermittently from spring through fall, with peaks in March-April (lake 
temperature 17-20°C) and in June-July. Postlarvae were found throughout 
the lake and in the estuarine portions of the bayous. From July to October, 
juveniles were found in the most upstream portions of the bayous (Table 3), 
often in large numbers (Felley 1987a). In the freshwater reaches, individuals 
occurred in water \\ith conducthity as low as 0.14 mmhos/cm, and with 
dissolved oxygen as low as 2.5 mg!l. \Villiams (1955) noted that small P. 
setijerus preferred salinities less than 10%o, and Renaud (1986) showed thatP. 
setijerus was less sensitive to low oxygen levels than P. aztecus. Other studies 
ofthe estuarine cycle ofP. setiferus (Baxter and Renfro 1967; Gaidry and White 
1973; He.rke eta/. 1984) have shown patterns of recruitment, abundance and 
distribution similar to those found here. 

Gulf menhaden (Brevoortia patronus) was an important component of the 
estuarine assemblage. All indi\'iduals identifiable to species (i.e., juveniles 
and adults) were B. parronus. Brevoortia gunteri is found in the northwestern 
Gulf of Mexico (Hoese and Moore 1977) but was at best a rare and minor 
constituent of the Calcasieu Estuary fauna. Size classes and corresponding 
life-history stages, derived from information in Jones, Martin and Hardy 
(1978), Lassuy (1983) and Nelson and Ahrenholz (1986), were as follows: 10
30 mm (larvae), 31-59 mm (small juveniles), 61-100 mm (large juveniles), 
100+ mm (adults). Larvae and small juveniles were collected primarily by 
seine, large juveniles and adults primarily by trawl. 

Brevoortia patronus occurred in the estuary in all months of the year. 
Recruitment of lan~ae occurred from November through July (Table 3), with 
highest numbers of larvae occurring from January through June. This size
class was typically found throughout the estuary and well into freshwater 
reaches of the bayous. \Vhile early life-stages were abundant in the freshwa
ter reaches, utilization of these areas declined as individuals grew. Small 
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TABLE3 

Seasonal and spatial distribution of size-classes of some commercially important species of the 
Calcasieu Estuary. For each species and size-class, "X" indicates occurrence in Calcasieu Lake, 
"X+" occurrence in Calcasieu Lake and estuarine portions of tributaries, "X+ +"occurrence in 

Calcasieu Lake and in both estuarine and freshwater portions of such tributaries. 

Species Month 
Size (mm~• Jan Feb Mar !I!: Ma Jun JUI ~ Sep Oct Nov Dec 

Penaeus aztecus 
15-25 X X+ X+ 
26-55 X+ X+ X+ X X+ X+ X 
~ X X X+ X+ X+ X X X X 
81+ X X X X X X X X X X 

Penoeus setifeJUS 
15-25 X+ X+ X+ X+ X X+ X X+ 
26-55 X X X X+ X+ X++ X++ X X 
~ X X X X X X++ X+ X++ X++ X X 
81+ X X X X X X X X X++ X X X 

Brevooniapatronus 
1~30 X+ X++ X++ X++ X++ X++ X++ X X++ 
31-60 X X X X+ X++ X++ X+ X+ 
61-100 X X X X X X X X X X X 
100+ X X X X X X X X X 

Cynoscion arenarius 
1~30 X X 
31-60 X X X X X+ X X 
61-100 X X X X X X X X X X X 
100+ X X X X X X X X 

Leiostomus xanthwus 
20-30 X+ X++ X++ 
31-60 X X+ X++ X++ X++ 
61-100 X X+ X++ X X+ X X+ X X X 
100+ X X X X X X X X X X X X 

M"u:ropogonios undulatus 
1~20 X+ X+ X++ X++ X X X+ 
21-50 X X++ X++ X++ X++ X X X X+ 
51-100 X X X X++ X X+ X X X+ X 
100+ X X X X X X X X X X X X 

Measurements are total length for Penaeus spp., standard length for fishes. 

juveniles appeared in collections from Calcasieu Lake from February 
through August, but did not enter the bayous until May. Large juveniles and 
adults did not enter the bayous (it is unlikely that they were present there but 
never sampled). Large juveniles were found in every season in Calcasieu 
Lake (Table 3), while adults appeared in the lake in fall, winter and spring. 
Larvae recruiting to the estuary in winter apparently grew into the adult size
class by fall. 

Cynoscion arenarius was typically a summer-fall species in the Calcasieu 
Estuary (Table 3).1t could be found in the estuary in all seasons, but was most 
abundant from spring through fall (Table 1, 2). This species was primarily 
confined to Calcasieu Lake and was only rarely found in the estuarine 
portions of bayous that feed the lake (Table 3). Size categories (and associated 
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life-history stages), derived from information in Shlossman and Chittenden 
(1981), were as follows: 10-30 mm (earliest postlarval recruits); 31-60 mm 
(small juveniles); 61-100 mm (large juveniles); 100+ mm (adults). The two 
smallest size categories were collected mostly by seine and had peak 
abundances in spring and summer (Table 2). Large juveniles were found 
year-round in trawl samples, while adults were found in trawl samples from 
spring through fall (Table 3). These larger size classes had peak densities in 
summer and fall (Table 1 ). Apparently, most juveniles and adults moved into 
the Gulf of Mexico in winter and spring, a movement pattern reported in an 
Atlantic coastal estuary by Vetter (1982). Shlossman and Chittenden (1981) 
investigated life-history of C. arenarius, finding patterns of recruitment and 
movement similar to those reported here. 

Leiostomus xanthurus was ubiquitous in the Calcasieu Estuary. Size classes 
and associated life-history stages, derived from information in Johnson 
(1978) and Kobylinski and Sheridan (1979), were as follows: 20-30 mm 
(postlarvae), 31-60 mm (small juveniles), 61-100 mm (large juveniles), 100+ 
mm (adults). The two smallest size classes appeared mostly in seine samples, 
large juveniles in both seine and trawl samples, and adults primarily in trawl 
samples. In the Calcasieu Estuary, earliest recruits and small juveniles 
appeared in large numbers from late \\inter to spring (Table 2, 3), corres
ponding to dates in Parker (1971) for recruitment to Texas bays. \Vithin a 
month of entering the estuary, postlarvae and small juveniles could be found 
in the freshwater reaches of the bayous. Indhiduals were found in the bayous 
until early summer (Table 3), and left as they grew to large-juvenile sizes. 
From late spring through winter, large juveniles could be found in seine and 
trawl samples from Calcasieu Lake. Adults were found year-round within 
Calcasieu Lake, but apparently did not use the bayous to any extent. 
Postlarvae entering the estuary in \\inter grew to the 100+ mm size-class by 
fall (Table 3). 

A1icropogonias undulatus was another ubiquitous species in the Calcasieu 
Estuary. Size classes and corresponding life-history stages (derived from 
information in Johnson 1978) were as follows: 10-20 mm (postlarvae), 21-50 
mm (small juveniles), 51-100 mm (large juveniles), 100+ mm (adults). 
Postlarvae and small juveniles were taken mostly in seine samples, large 
juveniles in both seine and trawl samples, and adults almost exclusively in 
trawl samples. Postlarval recruits began appearing in fall (Table 3), with peak 
abundance of smaller individuals in \\inter and spring (Table 2). These 
individuals grew to the adult size-class by fall. Peak abundance of M 
undulatus in trawl samples was in summer and fall (Table 1 ). Postlarvae and 
small juveniles exploited the entire estuary and freshwater areas that feed 
into the estuary (Table 3). By summer, recruits had grown to large-juvenile 
sizes and were lea\ing the bayous. Adults were taken only in Calcasieu Lake. 
Life-history summaries oLi\1. undulatus in the Gulf ofMexico are provided by 
Kobylinski and Sheridan (1979) and \\7ard, Armstrong and The Matagorda 
Bay Project Teams (1980). Life-history oLM. undulatus in Calcasieu Estuary is 
a bit different from that presented by \\-ard et al. (1980) for this species in 
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Matagorda Bay (where M undulatus is apparently much less abundant than it 
is in the Calcasieu Estuary). They reported that juveniles left the bays for the 
Gulf of Mexico in July, while the Calcasieu Estuary juveniles were abundant 
until fall. 

DISCUSSION 

Analysis ofnekton assemblages ofthe Calcasieu Estuary allowed identifica
tion of species groups associated with different seasons and with local 
environmental conditions. Each assemblage identified by DCA was com
prised of species that were ecologically similar, in terms of their temporal-or 
spatial occupation of the estuary. The structure of these assemblages seemed 
stable from year to year. Trawl data showed that absolute abundances of a 
particular species may differ from one year to another, and a rare species 
might appear in low numbers in one year and be totally absent in another. 
However, the trawl data-set strongly suggests that the structure of the 
Calcasieu Estuary nekton-assemblage does not change dramatically from 
one year to the next. The common species ofone year are the common species 
ofthe next, and species rare in one year are likely to be rare the next. Thus the 
assemblages identified by both data sets are likely to be characteristic of the 
Calcasieu Estuary in any year. 

There are important ecological differences among the species of each 
assemblage, differences that were not revealed by this analysis. In fact, the 
members of an assemblage can include species that use the estuary in very 
diverse ways--seasonal visitors, residents, forms using the estuary as adults 
or as juveniles. This diversity of utilization patterns is related to the species' 
differing life-histories. Insight into why certain species tend to co-occur in 
collections may be gained by classifying species by the manner in which they 
use the estuary. 

McHugh (1967) suggested classifying nekton species according to the 
importance of the estuary in the species' life-cycle (his classification was used 
by Felley (1987b), and a modified version by Thompson and Fitzhugh (1986), 
to categorize species of the Calcasieu Estuary). McHugh identified the 
following groups: 

(A) marine species which may spend their entire life-cycle outside the 
estuary, but which appear irregularly in the estuary; 

(B) marine species that spawn and spend much of their life-cycle outside 
the estuary, but use the estuary as a nursery area (adults may visit the estuary 
on a regular or irregular basis); 

(C) marine species which pay regular visits to the estuary, usually as adults; 
(D) anadromous and catadromous species; 
(E) truly-estuarine species, which complete their entire life-cycle within 

the estuary; and 
(F) freshwater species. 
McHugh's category A (marine species appearing irregularly in the estuary) 

included a number of forms normally found in inshore areas. Examples of 
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such species collected in seine samples were Opistlwnema oglinum, Sar
dinella aurita, Anchoa hepsetus, Lutjanus griseus, and the three species which 
accounted for axis 1 of the DCA of seine samples. Examples among species 
collected by trawl were Synodus joetens, Centropristis philadelphica and 
Pomatomus saltatrix. Members of this category appeared in low frequencies, 
and were generally seen in summer and fall. They appeared when Calcasieu 
Lake most resembled the Gulf of Mexico (i.e., when temperatures and 
salinities were highest, and physicochemical variability was lowest). 

Category B (offshore-spawning species that use the estuary as a nursery) 
included some of the most important components of the lake's nekton. 
Examples were penaeid shrimps, sciaenids, B. patronus and many other 
species (see Felley 1987b). Members of this category recruited to the estuary 
on different schedules. Juveniles of fall-winter spawners appeared in seine 
samples from fall through spring (B. patronus, M undulatus, L. rhomboides, 
M cephalus). Juvenile P. aztecus and L. xanthurus appeared in spring, as did 
C. spilopterus and P. lethostigma. Species that first appeared as postlarvae or 
juveniles in summer and fall included P. setijerus, A. mitchilli, C. arenarius 
and C. faber. Many of these species utilized the freshwater areas of the 
estuary, appearing in these reaches within two or three months of their first 
appearance in the estuary. These forms left the bayous for the lake after 
growing to juvenile sizes. Once in Calcasieu Lake and adjacent Gulf waters, 
these species formed the basis of the area's commercial fisheries. 

Members of category C (marine species that visit the estuary as adults) 
included a different set of species in every season. Winter species included U. 
jloridana, P. tribulus, A. probatocephalus and P. cromis. Spring speCies 
included L. brevis, U.jloridana, T. lepturus, and P. burti. Species characteristic 
of summer were A. felis, Bagre marinus and P. alepidotus. Etropus crossotus 
and Syngnathus louisianae were summer-fall species. Members of this 
category were readily collected by trawl, but not by seine. These forms enter 
the estuary as adults, and either prefer deeper water or can easily evade a 
seine. Members of this category that were collected by seine included small 
species (S. louisianae) or slow-moving, sedentary species (e.g., A. felis, 
Gobiesox strumosus). 

Category D ( anadromous and catadromous forms) included only Alosa 
chrysochloris among species collected in the Calcasieu Estuary. It was 
commonly found in summer and fall in the south end of Calcasieu Lake, in 
salinities similar to those of the Gulf of Mexico. As pointed out by Thompson 
and Fitzhugh (1986), migration of such species may be disrupted by the 
saltwater barrier at the head of the Calcasieu Estuary (which also alters the 
salinity and temperature regimes of the upper estuary). 

Truly-estuarine species (Category E) included species of Palaemonetes, 
and members ofthe families Cyprinodontidae and Atherinidae. Species in this 
category tended to be small-sized shore-dwellers. Thus, they were well 
represented in seine samples, but occurred rarely in trawl samples. This 
group included those species most characteristic of marshy shorelines 
(especially certain cyprinodontids). Members of this group were also tolerant 
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of low salinity and could often be found in freshwater tributaries (e.g., P. 
pugio, C. variegatus, F. grandis and Syngnathus scovelli; Felley 1987a). 
Species in this category showed seasonal cycles of abundance, and some 
species groups showed patterns of seasonal replacement throughout the 
year. For example, in Calcasieu Lake, species of Palaemonetes showed 
patterns of abundance and replacement similar to those found by Sub
rahmanyam and Coultas (1980) in a Florida salt-marsh: P. pugio was the 
dominant species throughout the year, P. intermedius was most abundant in 
winter and spring, and P. vulgaris was only found in fall and winter. In 
seasons when they were not collected from Calcasieu Lake, P. intermedius 
and P. vulgaris may have moved to areas which were not sampled (perhaps 
into the waterways of prairie areas surrounding the lake). 

Freshwater species (category F) formed an identifiable assemblage within 
the bayous (Felley 1987a), but were a minor component of Calcasieu Lake. 
They appeared in estuarine habitats primarily in winter and spring, when 
high rainfall and runoff produced low-salinity conditions. Felley (1987a) 
found that most freshwater forms retreated to the upstream areas of the 
bayous in summer and fall (when high-salinity water intruded into the 
bayous). Thus, freshwater forms showed a seasonal pattern of occurrence 
that was directly opposite of species in category A. Salt-tolerant freshwater 
forms such as D. cepedianum and Dorosoma petenense occurred irregularly in 
the lake throughout the year. 

Classifying species by both life-history and by occurrence in particular 
spatio-temporal assemblages (identified by DCA) revealed the following 
patterns. Members of groups Aand F were apparently intolerant of the range 
ofvariation ofphysicochemical parameters in the estuary, and appeared only 
when the estuary's physicochemistry approached marine or freshwater 
conditions, respectively. The other groups were tolerant of estuarine condi
tions and appeared in the estuary according to schedules dictated by their life
histories. Among these species, the truly-estuarine species (category E) 
appeared year-round (though some showed dramatic cycles of abundance). 
The more sedentary category-E forms predominated among the species 
characteristic of low-energy shorelines, while many members of categories 
B, C, and D (migratory, actively-swimming forms) predominated along high
energy shorelines. Members of categories B and C appeared in seasonal 
''waves". Members of category B demonstrate the importance of oligohaline 
nursery-areas in the Calcasieu drainage (Felley, 1987a). The species most 
important to local commercial fisheries are members of this category and 
several of these species use the entire estuary and appear in abundance in the 
freshwater reaches. Rogers, Targett and Van Sant ( 1984) and Rozas and 
Hackney (1983; 1984) have suggested the importance of oligohaline nursery
areas in other estuaries. 

The two collection methods were biased against certain life-history groups. 
Seine sampling was biased against collection of category B adults and 
members of category C. Trawl sampling collected these forms, but was biased 
against collection of category B juveniles and members of category E. 
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Sampling bias associated with trawls was further reflected in DCA axis 2, 
which included some common species (e.g. Mugil cephalus, Cynoscion 
nebulosus) which could only be collected under conditions where they could 
not evade the trawl. 

The patterns of distribution and their correspondence to species' life
histories match what has been found in other estuaries of the Gulf of Mexico 
(Gunter 1967; Livingston 1975; Subrahmanyam and Drake 1975; Sub
rahmanyam and Coultas 1980). These patterns are related to both environ
mental conditions in the estuary, and life-histories of the species. There has 
been disagreement, however, on the relative importance of life-history or 
environmental conditions a~ determiners of a species' appearance in an 
estuary. Subrahmanyam and Coultas (1980) felt that appearance ofestuarine 
and marine species was not tied to physical factors, but was determined by 
life-history schedules. Conversely, McHugh (1967) stressed the importance of 
temperature and salinity in determining seasonal appearance of estuarine 
species. Dahlberg (1972) and Hackney, Burbanck and Hackney (1976) ex
plained trends in assemblage differences in terms of salinity regimes in 
different habitats. Of the species collected from the Calcasieu Estuary, 
members of categories A and F seem limited by estuarine physicochemistry, 
while members of category E are not so limited. It is difficult to separate the 
relative importances of life-history parameters and physicochemical toler
ances for species in categories B and C. These species have been under 
selection for both life-histories and physiological tolerances that allow them 
to exploit the estuary in certain seasons. 

The commercially important species may be found throughout the estuary 
in particular seasons, and many ofthese species use oligohaline tributaries as 
nursery areas. The Calcasieu Estuary is highly productive of these species 
(NMFS 1986). Low-salinity areas of the estuary and its tributaries are 
important components maintaining this productivity (Herke et al. 1984; Felley 
1987a), as they are in many estuaries (Rozas and Hackney 1983, 1984). The 
function of oligohaline nursery areas differs among species. The forms 
investigated here fell into two groups, based on their pattern of use. Brevoor
tia patronus and M. undulatus entered the oligohaline reaches at small sizes 
and left as they grew. Others entered at a range of sizes and remained for a 
particular season (P. aztecus and L. xanthurus in spring, P. setijerus in 
summer and fall). 

The oligohaline reaches may be used by estuarine-marine species for a 
number of reasons. There may be unexploited food resources in these areas 
(as freshwater areas subsidize detritus and nutrients to estuaries, Post and de 
Ia Cruz 1977). These reaches may be free of some of the larger predators that 
exist in the estuary (i.e., larger sciaenids). Finally, the freshwater environ
ment may allow these species to rid 'themselves of parasites that cannot 
tolerate such low salinities (Rohde 1984). These reasons are obviously not 
mutually exclusive. As shown by Felley (1987a), human impacts reduce the 
value of freshwater-estuarine bayous as nursery areas. Human modifications 
of waterways distant from the estuary may result in reduced production of 
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commercially-important species. When assessing the effects of human im
pacts on estuaries, reduction in the value of such nursery areas shou.ld be 
considered. Freshwater tributaries of the estuary are an integral part of the 
estuarine ecosystem, and should be considered when studying the estuary. 
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ABSTRACT 

The genus Pleuromamma is an important component of copepod as
semblages from boreal through tropical latitudes. Four species are abun
dant in the eastern Gulf of Mexico, with their numerical ranking being P. 
gracilis > P. piseki > P. abdomina/is > P. xiphias. All species are strong diel 
vertical migrators. Vertical distributions are complex, being uneven at 
night, which results from migrating and non-migrating components of 
each species. A size versus depth trend is apparent in that during the day, 
the larger late stage individuals center the deepest while at night the 
reverse occurs, with this group occurring shallowest. Adult males in 
general have their population centers deeper than adult females, a pattern 
more discernible at night than during the day. All four species are omnivor
ous and feed on phytoplankton, protozoans and metazoans (mostly crusta
ceans). The larger species show the greatest diet diversity. A feeding cycle 
is apparent with the adults of all species feeding primarily at night. Since 
most of the Pleuromamma populations occur in the 30-200 m zone at night, 
it is in this zone that their feeding activity is greatest. Pleuromamma is an 
important forage genus for micronekton and receives predation pressure 
both day and night from mesopelagic fishes and shrimps. The diel migra
tions of Pleuromamma, however, distribute populations across large vert
ical ranges over the diel period thus spreading out predation pressure in 
time and space and ensuring "sanctuary" for species maintenance. 

INTRODUCTION 

Species of the copepod genus Pleuromamma are conspicuous members of 
the oceanic zooplankton from boreal to tropical latitudes and because of their 
strong diel migratory behavior, are found throughout the upper 1000 m 
(Moore and O'Berry 1957; Roe 1972b, 1984; Hayward and McGowan 1979; 
Owre and Foyo 1967; Hopkins 1982). The genus plays a significant role in the 
oceanic food web and constitutes important, even preferential, forage for 
midwater micronekton (e.g., Foxton and Roe 1974; Merrett and Roe 1974; 
Hopkins and Baird 1977, 1985a; Baird and Hopkins 1981; Heffernan and 
Hopkins 1981; Gorelova 1981; Clarke 1980, 1982; Kinzer 1982; Scotto di Carlo, 
Costanzo, Freisi, Guglielmo and Ianora 1982). 
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Aspects of a tropical-subtropical food web are being investigated in the 
eastern Gulf of Mexico and the importance of Pleuromamma in this ecosys
tem has been well documented (Hopkins and Baird 1977, 1981, 1985a; 
Heffernan and Hopkins 1981; Lancraft, Hopkins and Torres 1988). This paper 
presents information on the abundance, distribution and aspects of the 
trophic biology of members of this genus found in the eastern Gulf. 

METHODS 

Samples were taken on three consecutive midwater trawling cruises of the RV COLUMBUS 
ISELIN during June of 1975 and 1976 and September of 1977. The epipelagic zone (0-200 m) was 
sampled in 1975, the upper mesopelagic zone (.200-500 m) in 1976 and the lower mesopelagic 
zone (500-1000 m) in 1977. Vertical distribution results, consequently, are based on composites of 
data from all three years and assume similarity in migration patterns from year to year. 
Horizontal tows were made at 22 depth horizons at various times in the diel period. Sampling was 
with collapsible plankton nets mounted in the mouth of a messenger-operated opening-closing 
Tucker trawl (Hopkins, Baird and Milliken 1973; Hopkins and Baird 1975). The plankton nets 
were of 165 ~m mesh and constructed with a mouth width to length ratio of 1 to 5. The net mouth 
was square and either 44 x 44 em or 66 x 66 em in dimensions. Towing speed was 1.5-2.5 knots 
and tow duration was 45 minutes in the upper 50 m and 60-240 minutes at deeper horizons (Table 
1 ). Sampling depth was monitored with wire angle measurements for tows shallower than 50 m, 
and with a depth transducer and digital deck readout system at deeper levels. A time-depth 
recorder provided a depth trace for each tow and volumes filtered were estimated with 
mechanical dial-type flowmeters. Only those samples for which the trawl successfully opened 
and closed and which exhibited relatively horizontal depth traces were analyzed (Table 1 ). 

Collections were preserved in a seawater-formalin solution ( -10% v /v) buffered with borax. 
For counts, samples were subdivided with a Motoda box (Motoda 1953) and one aliquot per 
sample was analyzed. Aliquots ranged from 1/64th to the entire collection depending on 
Pleuromamma abundance. Late stage and mature Pleuromamma were identified to species and 
the adults were sexed. Identification to species included copepodid stages III-VI for P. ab
domina/is and P. xiphias and stage VI for P. gracilis and P. piseki. Counts for stages IV and Vofthe 
latter two species were combined. Earlier copepodites were omitted from the analyses. A total of 
at least 100 Pleuromamma individuals were measured ( ± 0.1 mm) when sufficiently abundant in 
a sample. In our collections both the edentata and typica forms (see Steuer 1933) of P. 
abdominalis were found, although the edentata form was rare. These forms were not differ
entiated in the counts. Other species ofPleuromamma were each represented by single forms. 

Formalin preserved indi\iduals of each species were measured, rinsed with a small volume of 
fresh water, blotted dry and transferred to small preweighed aluminum containers for biomass 
estimates. Samples were then put under vacuum desiccation and dried to constant weight. 
Weighing was to the nearest 0.1 or0.01 mg depending on sample size. Regressions for dry weight 
(OW) on metasome length (ML) for the four species were: 

P. xiphias : Log OW = -2.11 + 0.56 ML (r = 0.96) 
P. abdominalis: Log OW= -2.69 + 0.91 ML (r = 0.93) 
P. gracilis andP. piseki: Log OW= -2.86 + 1.14 ML (r = 0.71) 

Potential organic loss from Pleuromamma from storage in our buffered formalin solutions was 
not accounted for. 

The abundances of the various copepodite stages for each species were determined for every 
sample and means were calculated for all "replicate" samples from within a designated time 
period. The means were integrated over the depth horizons sampled to yield estimates of the 
number of individuals under 100 square meters of sea surface in the upper 1000 m of the water 
column. Vertical migration patterns were analyzed by determining the depth centers of 
populations during the day (Zd) and night (Zm Zm)· Because not all individuals migrated, night 
distributions were strongly polymodal; consequently depth centers were calculated both for that 
segment of the population migrating into the upper 200m (Zm) and that remaining below 200m 
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TABLE 1 

Sampling information for RV COLUMBUS ISELIN cruises to 27 oN 86"W in the eastern Gulf of 
Mexico. 

Primary Mean 
sampliag Tow sample 

zones duration No. volume 
Cruise Dates (m) (hrs) Tows (m3) 

C·l 6175 0-200 0.8-1.5 56 640 
C-11 6176 200-500 1.5-2.0 27 920 
C-10 9n7 500-1000 2.0-4.0 18 1990 

Number of Tows 
Depth Day N"Jght 
0 4 5 
5 1 1 
10 3 3 
15 2 4 
30 1 3 
50 5 4 
75 3 
100 3 6 
150 1 3 
200 2 2 
250 1 
300 2 3 
350 2 2 
400 3 2 
450 2 1 
500 2 2 
550 3 2 
600 2 2 
700 2 1 
800 2 1 
900 2 3 
1000 1 2 

Total 45 56 

(Z0 ). Both day and night depth centers for adult stages were determined separately for males and 
females. The depth center was defined as that level below which 50 percent of the population of a 
particular stage, or sex, of a species resided. The daytime samples used in vertical distribution 
analysis were taken in the period of 0800 to 1700 h and the nighttime samples, in the period of 
1900 to 0400 h. 

Species biomasses were estimated by determining the mean weight ofindividuals for each size 
class (< 1.0 mm, 1.0-1.9 mm, 2.0-2.9 mm, 3.0-3.9 mm and > 4.0 mm) using the size-weight 
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regressions above, then multiplying this estimated weight by the number of individuals in each 
size class under 100m2 of sea surface. 

Feeding studies utilized only females. Earlier studies have demonstrated that male diets were 
similar to those offemales (Hayward 1980). Twenty females were sorted from collections made at 
the day (Zd) and night (Zm) centers of distribution, respectively, at 0800-1500 hand 2000-0300 h. 
Each specimen was cleared in lactic acid (Humes and Gooding 1964; Hayward 1980) and 
subjectively scored on the fraction of the stomach area filled with food using 500 x magnification. 
This fraction, expressed as a percent, is defined here as the feeding index. The stomach was 
defined as the widened portion of the alimenta11· canal, e.g. Dakin's (1908) midgut section, from 
the penultimate segment of the thorax to the initiation of the rostrum. A number of females had 
well developed eggs which obscured the gut, in which case the ovaries were removed by 
dissection to verify fullness scoring. In the case of P. abdominalis, two additional sets of 20 
individuals were analyzed from peripds covering dawn (0400-0800 h) and dusk (1700-2000 h) to 
describe the feeding cycle in greater detail. The feeding indices were compared using the non
parametric Mann-Whitne~· 'U' statistic (Sokal and Rohlf 1981 ), a two sample test based on 
measurement rankings. 

For analysis of diet composition, the gut contents of 20 females with full stomachs of each 
species were spread on a microscope slide then mounted in the water base medium CMCP-AF 
(Macmillan Scientific Co., Inc.) and stained with acid fuchsin. The slides were examined under 
oil immersion and recognizable food items were tallied. Species diet compositions were 
compared using a modification of the information index (Travers 1971), the equation being, 

D = log2 N - .L Enilog2ni 
N 

where D is the diversit)· index with a range of 0 - 3.33, I\' is the total incidence ( = 

100%) of all categories of food, and n; is the incidence ('X.) of a single food category. The 
incidence of each food category was calculated as a percent of the total number of incidences of 
all food categories recorded from a species sample ofguts (see Hopkins 1985; 1987). The ten food 
categories were diatoms, dinoflagellates, silicoflagellates, blue-green algae, foraminiferans, 
radiolarians, tintinnids, crustaceans, chaetognaths and golden-green debris. 

RESULTS 

Eastern GulfCharacteristics 

Material for this study was collected during the summer months at 27°N 
86°W (3200 m depth) in "Transition" or boundary waters (Jones 1973) 
adjacent to the eastern Gulf of Mexico Loop Current. The Loop is generated 
when water of Caribbean origin, the Subtropical Undercurrent, pulses into 
the Gulf as an anticyclonic intrusion which enters through the Yucatan Straits 
and exits through the straits of Florida (Leipper 1970; Nowlin 1971; Maul 
1977; Molinari and Mayer 1980). The Loop is identifiable in the eastern Gulf 
by the depth of the 22°C isotherm between 150 and 200 meters; in "Transi
tion" waters this isotherm is less than 100m deep. The position of the Loop 
boundary in June of 1975 and 1976 in the eastern Gulf is shown in Figure 1A. 
We lack data for the position of the Loop in September of 1977, though XBT 
profiles indicate its absence from the vicinity of 27°N 86°W at the time of 
sampling. 

As characteristic of stratified tropical-subtropical water masses, surface 
temperatures in summer are warm, 28-30°C, and the mixed layer shallow, 
extending to 30-50 m (Fig. 1B). Temperatures at the base of the steepest 
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GULF OF MEXICO 

FIG. 1. (A) Sampling location (d) relative to the position ofthe Loop Current; 
(B) Typical summer profiles of temperature and dissolved oxygen at 27"N StY'\\'. 

gradient of the thermocline, at approximately 150 m, are 15-18°C, then 
decrease to 8-9°C by 500 m, and gradually decline to 4-5°C by 1000 m. The 
eastern Gulf is well oxygenated, with the minimum (at -450-500 m) exceed
ing 2.7 ml 0 2L-1 (Nowlin 1971; Hopkins and Lancraft 1984). The water is 
oligotrophic, having an estimated productivity level of less than 50 g C/m2/yr 
(El-Sayed 1972; Hopkins unpublished data) and a zooplankton standing crop 
of 1.2 g DW/m2 (-0.4-0.6 g C/m2/yr) in the upper 1000 m (Hopkins 1982). 
Zooplankton species diversity is high with 21 genera individually contribut
ing more than 1% of total zooplankton biomass in the upper 1000 m 
(Hopkins 1982). 

Vertical Distribution; Population Structure 

Pleuromamma abdominalis 

The vertical distribution of this species was size related (Fig. 2). During the 
day adults were deepest, occurring between 300-500 m. Copepodite stages V, 
IV and III centered at progressively shallower depths. Adults and stage V 
copepodites were concentrated (> 95%) below 250m during the day 
whereas a large portion (33-43%) of the populations of smaller copepodites 
were found shallower than this depth. At night, distributions were more 
complex because the population had migrating and non-migrating compo
nents. Nearly all of the adults migrated into the upper 200m at night whereas 
integration over sampled depth zones indicated that less than one-half 
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Pleuromamma abdomina/is 

DENSITY No./1 00m3 
ADULTS v IV Ill 

DAY NIGHT DAY NIGHT DAY NIGHT DAY NIGHT 
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FIG. 2. 

(37%) of the pre-adult copepodites moved into this zone. Our counts 
showed an uneven vertical pattern for adult and copepodite V stages in the 
upper 200m with maxima occurring in the 5-10 m and 50-75 m zones in the 
adults, and at 5-10 m and 30-50 m in stage V P. abdominalis. Migratingi 
copepodite stages III and IV were mostly in the 30-50 m zone. The non
migrating components for all stages were centered below 250 m. A compari
son of day-night centers of distribution for the migrating segment of the 
population indicated a vertical migration range of310 m for adults and 225m 
for stage III copepodites, the smallest stage considered. The female to male 
sex ratio for adults was approximately 2 to 1. The population center for adult 
males was somewhat deeper than that for females during both the day and 
night. 

Data on standing stocks of P. abdominalis (Table 2) indicated that the day 
abundance estimate was higher than that for night (37000 vs 27200/100 m2

) 

whereas biomass values were comparable (2.8 vs 2.5 g DW/100 m2
). This 

resulted from catching proportionately more of the larger P. abdominalis at 
night. Abundances for adult through copepodite IV stages were similar while 
that for copepodite III was comparatively low (see Discussion). Most of the 
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Vertical distribution ofPleuromamma abdominalis; + indicates numbers 3/100 m~. 
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T.~LE2 

Pleuromamma populations in the upper 100 meters. Zd = day depth center; Zn = night depth 
center for non-migrating population; Zm = night depth center for migrating population (See 

Methods). 

~orDeftlo.-mt 

Tolal 
leagtla 
(mm) 

N..ben 
(NG(l.OOm) 

Da,l N".Pt 

Biomass 
(mgDWI100m1 

Da2: N".Pt 

Sex Ratio 
(female:male) 
Da,l N"!2! 

Populatioa 
Depth Ceata's 

Zd z. Zm 

PlmromamnuJ :riphjas 
adult 
(females) 
(males) 

4.58 
4.81 

2,660 
(1,430) 

2,140 
(1,060) 

1.370 1,100 L161 0.98:1 470 
(455o) 
(493d) 

125 
(1259) 
{143d) 

copepodite V 
oopepodite IV 
copepodite m 
Total 

3.39 
2.47 
1.71 

3,890 
4,030 
3,740 

14,320 

2,400 
1,9m 
1,390 
7,910 

610 
Z70 
130 

2,380 

380 
130 
50 

1,660 

365 
300 
250 

440 
365 
335 

130 
95 
55 

Pleuromantmo abdomina/is 
adult 
(females) 
(males) 

3.18 
3.24 

9,050 
{6,090) 
(2,960) 

9,71JJ 
(6,360) 
(3,360) 

1,630 1,750 2.06:1 1.89:1 TI5 
(3789) 
(387d) 

65 
(56 9) 
(89 d) 

copepodite V 
copepodite IV 
copepodite m 
Total 

2.32 
L70 
1.36 
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TI,040 
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2,8fl) 

7:1,00 
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1~ 
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2,540 
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50 

Pleuronulmma gmciJis 
adult 
(females) 
(males) 

1.81 
1.76 

40,630 
(29,160) 
(12,470) 

10,350 
(4,630) 
(5,71JJ) 

1,520 360 2.34:1 0.81:1 300 
(2909) 
(294d) 

~ 
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(122d) 

PleuronulnrmopiseJci 
adult 
(females) 
(males) 

1.84 
1.76 

11,740 
(5,810) 
(5,220) 

4,71JJ 
(3,110) 
(1,610) 

410 170 0.98:1 L93:1 300 
{3119) 
(305d) 

~ 

(~) 
(68d) 

Pleuronulnrmo gmcilislpiseJci 
c:opepodite v 
c:opepodite IV 
Total (wah aduhs) 

1.39 
0.82 

17090 
16,2tl) 
85,740 

8,450 
7,160 
30,~ 

310 
110 

2,350 

150 
50 

730 

Z70 
130 

320 
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70 
140 

Grand Total 128,870 6~10 1rf!!1 41940 

species biomass (58-69%) was in the adults whereas numerically this stage 
constituted only 24-36% of the population analyzed (Table 2). 

Pleuromamma gracilis, Pleuromamma piseki 

Similarities in size, vertical distribution and morphology necessitated 
considering these two species together. Only the adults were separated to 
species. During the day these species showed a pattern similar to P. ab
dominalis; adults were deepest (300-400 m) while stage V copepodites 
centered shallower, at 200-350 m (Fig. 3). At night, as in the case of P. 
abdominalis, most of the adults migrated, with some individuals reaching 
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Pleuromamma gracilis/P. piseki 

P. gracilis 
ADULTS 

DENSITY No./100 m3 
P. piseki 
ADULTS v IV 

DAY NGHT DAY NIGHT DAY NIGHT DAY NIGHT 
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FIG. 3. Vertical distribution ofPleuromamma gracilis and P. piseki; + = :s 3 individuals/tOO m~. 
IV, Vare for P. gracilis and P. piseki combined. 

near-surface depths (5-10 m). The maximum for P. pisekiwas at 30-50 m and 
that for P. gracilis, somewhat deeper, at 50-75 m. Over half (56
66%) of the stage IV and V individuals remained below 200 m at night. 
Because of this the stage V vertical distribution was strongly bimodal, with the 
peak for migrators occurring at 50-75 m and for non-migrators, at 300-350 m. 
With the exception of a maximum at 250-300 m, stage IV had a rather even 
vertical distribution which extended from 100-300 m. Day-night location of 
population centers indicated a migration range for adult P. gracilis and P. 
piseki of220-240 m, and for stages Vand IV, respectively, of200 m and< 90 m. 
Sex ratios for the two species were quite different in that the daytime ratios 
were 2.3 to 1 for P. gracilis and 1 to 1 for P. piseki. At night these reversed with 
the ratio for P. gracilis being 0.8 to 1 and for P. piseki, 1.9 to 1, probably a 
reflection of an undetermined sampling bias. Adult males and females of both 
species were centered at approximately the same depths during the day; at 
night, males were slightly deeper in the case of P. piseki and considerably 
deeper in the P. gracilis population. 
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Our integrated values for day counts were more than twice those for night 
(85740 vs 30680/100 m2

), with P. gracilis being much more abundant than P. 
piseki (Table 3). One half to two thirds of the net-caught biomass of these two 
species occurred in the adult fraction of the population. 

Pleuromamma xiphias 

The daytime distribution of this large species showed a clear size-related 
pattern in that successively older stages occurred increasingly deeper in the 
water column (Fig. 4 ). Adults, for example, were centered at 450-500 m while 
stage III centered at 200-350 m. Night vertical distributions were uneven, and, 
as with the other species, the fraction (75-85%) of the non-migrating pre
adult populations remained below 200 m. The vertical migration range for P. 
xiphias was estimated at 345m for adults and 195-270 m for copepodite stages 
111-V. The adult sex ratio for P. xiphias was approximately 1 to 1 and centers 
for adult males were found to be somewhat deeper than those for females 
both day and night. 

The daytime population estimate (128,900/m2
) was twice that for night 

(61,500/m2
), with most of the difference occurring in the younger stages 

(Table 2). As in the other species, most of the biomass (58-66%) of the net
caught P. xiphias occurred in the adult stage. 

Feeding 

The gut contents of all four species (Table 3) had common elements, 
though the diets of the larger species, P. xiphias and P. abdomina/is, were 

T.WLE3 

Composition and diversity (D; See Methods) of Pleuromamma diets. Percentages represent 
incidence of occurrence, i.e., the portion of the twenty individuals of each species examined 

having the indicated food items in their stomachs. 

Food Items (%) 

G) -a en 
G)~ a Q ~ .s ~ ~ ... 0 

0 ]= ~ ~ § G) tb 
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Q IXl oe Q! 0 ~ f-1 ~ Species Cl.) 

P.xiphias 75 50 0 40 40 0 5 5 10 100 2.54 
P. abdomina/is 40 60 5 50 10 5 0 15 0 100 2.41 
P.gracilis 35 20 0 5 5 0 0 0 0 100 1.58 
P. piseld 40 20 0 10 5 0 0 0 0 100 1.73 
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Pleuromamma xiphias 

DENSITY No./1 00m3 
ADULTS v IV Ill 
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FIG. 4. Vertical distribution ofPleuromamma xiphias; + indicates number :s 3/100 m:5. 

more diverse. Diet diversity indices for the two smaller species were 1.58-1.73 
while those for the larger species were 2.41-2.54. The diet of all species 
consisted of phytoplankton (predominantly diatoms), protozoans and small 
crustaceans. The most ubiquitous food, found in virtually every gut, was an 
unidentified golden-green debris. 

The Mann-Whitney 'U' test indicated that feeding was mostly at night for all 
members of the genus, with guts being significantly (p < 0.05) fuller at this 
time (Table 4). The more extensive data for P. abdominalis showed inter
mediate stomach fullness values for the dawn and dusk periods, these being 
significantly different from stomach fullness in the other diel periods at p = 

0.1. 

DISCUSSION 

Population Size and Structure 

The genus Pleuromamma is an important component of the copepod 
assemblage in the eastern Gulf where it contributes 10% of the copepod 
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TABLE4 

Average feeding index values (see Methods) for adult females (20 specimens per sample taken 
from their day (Zd) and night (Zm) centers of distribution; dawn and dusk samples taken in the 

upper 200 m. (-) no data. 

---------------TboePeri~~--------------
Dawn Day Dusk N'tgbt 

(0400)-0900h) (0800-lSOOh) (1700-200011) (2000-0300h) 

Pleuromamma xiphias 335 51.75 
Pleuromamma abdomina/is 735 1.65 3.85 26.60 
Pleuromamma gracilis 0.10 20.30 
Pleuromamma piseki 0.01 2355 

biomass over the upper 1000 m (Table 5; Hopkins 1982). At night it can 
account for as much as 30% of the copepod biomass in the 30-200 m zone. 
The importance of this genus has been documented as well for other areas 
such as the Caribbean (Michel and Foyo 1976) the eastern North Atlantic (Roe 
1972a,b) the western Sargasso Sea (Deevey and Brooks 1977) and the Bering 
Sea (Heinrikh 1957). The rank ofabundance for adults (daytime results, Table 
2) in the eastern Gulf is P. gracilis > P. piseki > P. abdomina/is > P. xiphias. 
The same ranking is inferred from Bowman's (1971) data for the western 
Atlantic off Hatteras. In the eastern Atlantic off the Canary Islands, P. piseki is 
slightly more abundant than P. gracilis (Roe 1972b). Comparative biomass 
information for these species is lacking in other studies. Our data, 
nonetheless, indicate that in contrast to numbers, adult population biomasses 
are comparable for three of the species, P. abdomina/is, P. gracilis and P. 
xiphias, with that for P. piseki being relatively low. 

Our daytime estimates ofabundance substantially exceeded those for night 
which is the opposite of what Roe (1972b) found for this genus and what is 
usually the case for zooplankton (e.g., Banse 1964; Clutter and Anraku 1968; 
Baker 1970; Hopkins 1982). The samples discussed here were taken on 
midwater trawling cruises over three summers, with most of the collections 
from the Pleuromamma night zone (< 200m) being taken on cruise C-I ( 1975) 
and those from the day zone (200-500 m) from C-11 (1976). Consequently, the 
results potentially could be influenced by interannual variations in popula
tion size. In addition, estimates were obtained from discrete depth data rather 
than from continuous zone sampling, hence important population maxima or 
minima could have been missed (see Bad cock 1970, and Longhurst and 
Williams 1979, for their critique of this sampling strategy). 

Also, the earlier copepodite stages of all four Pleuromamma species were 
poorly sampled with our particular nets and were either missing from our 
collections or gave low counts. Their relative scarcity undoubtedly was the 
result of escapement (and extrusion; see Vannucci 1968) considering that 
metasome widths of the very early copepodite stages of all four species 
approximate or are less than the net mesh diagonal, 0.23 mm. 
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Vertical Distribution 

Segments of the population of all four Pleuromamma species undergo 
extensive diel vertical migration which can cover hundreds of meters and 
traverse the thermocline. The larger species and the older stages of each 
species have population centers deeper in the water column during the day 
and migrate over longer distances. Adults ofPleuromamma abdomina/is, for 
example, vertically migrate over 300 meters with those reaching the surface 
mixed layer being exposed to a temperature range of 18°C (see Fig. lB). 
During the day P. xiphias is found deepest followed in ascending depth order 
by P. abdominalis, then the ~o-occurring P. gracilis and P. piseki. The day 
population depths are approximately the same as those reported by Moore 
and O'Berry (1957) in the Florida Current, yet with P. xiphias and P. 
abdominalis being shallower than indicated by Roe ( 1972b) in the eastern 
North Atlantic. Also, Roe (1972b) reported a clear separation of adults of P. 
gracilis and P. piseki during the day which was not evident in the present 
study. 

An ontogenetic migration for P. abdomina/is and P. gracilis has been 
described in the Adriatic by Shmeleva and Zaika (1973) wherein the younger 
stages are at depth and occupy increasingly shallow waters as they develop. At 
night the copepodite stage vs depth pattern in the eastern Gulf agrees in 
general with that observed in the Adriatic. During the day, however, when the 
genus is found mostly below 200 m, larger individuals occur deeper. This 
same daytime pattern has been reported as well for P. robusta in the North 
Atlantic (Longhurst and Williams 1979). It is postulated that superior swim
ming capabilities and faster sinking rates of the larger older stages during the 
twilight periods of vertical migration may be an important factor in generat
ing the observed distributions. 

As Roe ( 1972b) found for P. piseki in the northeastern Atlantic, adult males 
ofall four species at night were centered somewhat deeper than females; thus 
female to male ratios at specific horizons can vary significantly over the zone 
ofoccurrence. For example, we found adult female to male ratios of4.9 to 1 for 
P. abdomina lis and 2.3 to 1 for P. piseki in the shallow night maxima at 5-10 m, 
these being much higher than mean values for their entire night zones. Also, 
in waters off New Zealand, Bradford (1970) observed differences in timing of 
upward migrations ofP. gracilis in that males lagged behind females. Overall 
adult female to male ratios for P. abdominalis and P. xiphias, respectively, 
approximated 2 to 1 and 1 to 1 both day and night, which is probably a good 
estimate of their relative abundances in the eastern Gulf. The two smaller 
species, however, gave different ratios over the diel period. The ratio for P. 
gracilis was 2.3 to 1 during the day and 0.8 to 1 at night whereas P. piseki 
showed the reverse pattern with day and night ratios, respectively, being 1 to 1 
and 1.9 to 1. Bowman (1971), also noted differences in the sex ratios of these 
two species. Large diel variations in sex ratios have been reported for 
northeast Atlantic populations of Pleuromamma by Roe (1972a,b) who dis
cussed them in relation to vertical plankton layering and potential sampling 
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bias resulting from horizontal tows. A similar towing strategy was used in the 
present study and this, in combination with vertical layering in the plankton, 
possible time lags between migrations of males and females and possible 
interannual variation in sex ratios (data combined from three different 
years), probably accounts for much of the die I variation recorded here. 

Trophic Role 

The principal diet components indicate, as others have determined for this 
genus (e.g., Heinrikh 1958; Harding 1974; Hayward 1980; Hopkins 1985), that 
eastern Gulf species ofPleuromamma are generalist omnivores. Phytoplank
ton, protozoans and metazoans (mostly crustaceans) were common to the 
diets ofall four species, with the diets ofthe larger species being more diverse. 
This is in keeping with data from Antarctic copepod assemblages that show, in 
general, diet diversity of herbivores and omnivores increases with species 
size (Hopkins 1985). Our data indicate that (as Hayward (1980) found for this 
genus in waters off California) most foraging, at least in adults, occurs at 
night. Much of the population, especially juvenile stages, remains at depth (> 
200 m) at night, however, and their feeding periodicity was not investigated. 
Our recent findings for Euchaeta marina in the eastern Gulf indicate that the 
juveniles of this species, at least, show far less diel periodicity in feeding than 
the adults (Shuert and Hopkins 1987). While the diel feeding pattern for 
Pleuromamma is characteristic of many species of migrating zooplankton 
and micronekton (e.g., Hayward 1980; review in Hopkins and Baird 1977) the 
standard.caveats apply here as they do for all studies of migrating zooplank
ton based on net collections. For example, daytime tows were deeper, thus 
allowing for longer gut clearance time. Also, the shallower nighttime tows 
potentially collected more phytoplankton and thus had more available for net 
feeding. The contribution of these factors to observed trends is unknown. 

Pleuromamma, because of its abundance and co-occurrence with much of 
the predatory micronekton both day and night, is an important forage genus 
in the eastern Gulf and elsewhere (M~rrett and Roe 1974; Gorelova 1978, 
1981; Clarke 1980; Hopkins and Baird 1981, 1985a,b; Hopkins 1982). Members 
of this genus, the larger species in particular, are often preferred food (e.g., 
Merrett and Roe 1974; Clarke 1980; Baird and Hopkins 1981; Hopkins and 
Baird 1985a; Lancraft et al. 1988). Mesopelagic fishes and shrimps concen
trate in the upper 200 m zone at night (e.g., Hopkins 1982; Flock and Hopkins 
1987) where the migrating component of Pleuromamma populations are 
most abundant. Our diet analyses show, for example, that two abundant 
midwater fishes, Lampanyctus alatus and Gonostoma elongatum, feed selec
tively on Pleuromamma, this genus comprising a large fraction of their daily 
ration (Hopkins and Baird 1985; Lancraft et al. 1988). Their respective 
removal rates are estimated at 0.14-0.34% and 0.26% of the > 1 mm 
Pleuromamma numbers which comprises only a small portion of the total 
population. As evident from Figure 5, however, a large number of 
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VERTICAL DISTRIBUTION 
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FIG. 5. Diel vertical distribution ofPleuromamma (biomass of >1.5 mm population) in relation 
to that of micronekton predators known to feed on this genus in the eastern Gulf of Mexico. 
Rectangles include only the vertical range of the population maximum, and not the entire depth 
range of the species in each group. This figure modified from Fig. 6 in Bennett (1986). 

D.~YFOMGERS 

Group 1. Sternoptychid fish : Valenciennellus tripunctulatus [1] 
Group 2. Sternoptychid fish: Argyopelecus hemigymnus [1] 

100 
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NIGHT FORAGERS 

Group 3. Squid: Pterygioteuthus gemmata [5] 
Myctophid fishes: Benthosema suborbitale, Diaphus mol/is, D. perspicillatus, D. 
taaning~ Hygophum macrochir [1] 

Group 4. Myctophid fishes: Diaphus dumerilii, Hygophum taaningi, Lampanyctus alatus, 
Lepidophanes guentheri, Notoscopelus resplendens [1] 

Group 5. Squid: Pyroteuthis magaritifera [5] 
Myctophid fish: Diaphus problematicus [1] 
Penaeid shrimps: Sergestes corniculum (group), Sergestes pectinatus, Sergia splen
dens [3] 

Group 6. Myctophid fishes: Diaphus rajinesquii, Lampanyctus nobilis [1] 
Penaeid shrimp: Gennadas scutatus [2] 

Group 7. Squid: Pterygioteuthis giardi [5] 
Penaeid shrimp: Sergestes sargassi [3] 
Caridean shrimp: Systellaspis debilis [4] 

Group 8. Myctophid fish: Lampanyctus lineatus [1] 
Penaeid shrimp: Sergia robustus [3] 

Group 9. Penaeid shrimp: Gennadas valens [2] 
Group 10. Cardean shrimp: Acanthephyrapurpurea [4] 

1 Gartner, Hopkins, Baird and Milliken 1987; Hopkins and Baird 1977; Hopkins unpublished data 
2 Heffernan and Hopkins 1981 
~Flock and Hopkins unpublished data 
4 Lancraft, et al. 188; Flock and Hopkins unpublished data 
5 Passarella unpublished data 

micronekton species prey on this genus throughout the diel period and the 
cumulated effect of all micronekton species utilizing this resource must be 
determined before the impact of micronekton on this genus can be assessed. 
In any case, the large vertical migrations spread out predation in time and 
space to such a degree that a sufficient fraction ofthe Pleuromamma breeding 
population has "sanctuary" thus ensuring the maintenance of these species. 
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ABSTRACT 

Historically, the occurrence of red tides in Texas coastal waters has not 
been well documented. The most recent bloom of the red tide organism 
Ptychodiscus brevis occurred during October and November, 1986, a time of 
year when many species of commercially important fish spawn and their 
larvae are abundant in local estuaries. Peak density of P. brevis averaged 
7,000 cells/ ml at monitoring sites but transient patches of extremely high 
concentrations (10,000-47,680 cells/ml) were commonly found in the bays 
near Port Aransas during the entire month of October. Hatch rates of 
laboratory spawned red drum eggs were unaffected by all red tide concen
trations tested. However, once hatched, larvae were negatively affected by 
all concentrations > 40 cells/ml, based on dilution experiments with 
natural populations of P. brevis. Larval fish displayed abnormal swimming 
behavior followed by paralysis prior to death. Similar results were obtained 
during field tests with wild caught juvenile red drum. Red tides occurring 
during spawning periods could result in reduced recruitment of the 
affected year-class in following years. 

INTRODUCTION 

About twenty species of dinoflagellates known to cause red tides contain 
toxins that can cause respiratory irritation in humans, contaminate shellfish 
or kill fish (Steidinger 1983). In Texas coastal waters, red tides can be caused 
by the dinoflagellates Ptychodiscus brevis (formerly called Gymnodinium 
breve) or Gonyaulax monilata. Although the historical occurrence ofred tides 
along the Texas coast is poorly documented, it is believed that there have 
been three P. brevis red tides and six or seven G. monilata red tides since the 
earliest documented red tide in 1935 (Wilson and Ray 1956; Snider 1986). Red 
tides with fish kills probably associated with P. brevis were reported as early 
as 1844 off the west coast of Florida (Steidinger and Joyce 1973). The causal 
organism was identified in 1947 by Dr. C. C. Davis (Steidinger and Joyce 
1973). Florida red tides caused by P. brevis occur nearly every year and have 
been well documented in the past three decades. 
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P. brevis red tides are believed to originate in offshore waters(> 16 km) in 
depths of 12 to 37m in Florida (Steidinger 1975). It is assumed thatP. brevis, 
like some other dinoflagellates, form benthic resting cysts which help explain 
their seasonal abundance patterns. Typical background levels for this organ
ism are < 1000 cells/liter for both inshore and offshore Gulf waters, so 
concentrations significantly above this level may suggest the formation of a 
bloom. However, the factors that influence bloom formation have not been 
positively identified. Some of the proposed mechanisms include upwelling 
and intrusion of loop currents (Haddad and Carder 1979; Seliger, Tyler and 
McKinley 1979) and seasonal changes in nutrient concentrations (Dugdale 
1979). The suppression ofzooplankton grazing rates has also been postulated 
as having a role in the initiation of dinoflagellate blooms (Huntley 1982; 
Huntley, Sykes, Rohan and Marin 1986). Temperature and salinity may also 
have a pronounced effect on both the initiation and maintenance ofP. brevis 
blooms. Laboratory studies indicatelhat the optimal temperature and salinity 
ranges for P. brevis are 16-27°C and 27-37%o S respectively (Rounsefell and 
Nelson 1966; Steidinger and Ingle 1972). These environmental conditions, 
required for P. brevis blooms, correspond to a time ofyear when many species 
of larval fish inhabit south Texas estuaries. Although many studies have 
documented the toxic effects of red tide organisms on various species of 
shellfish (Sievers 1969; Wardle, Ray and Aldrich 1975; Robetts, Henderson 
and Medlyn 1979) and adult fish (Sievers 1969; Steidinger and Ingle 1972) 
there have been no published report of studies involving P. brevis toxicity on 
larval fish, many of which are commercially valuable to the fishing industry. 
Red tides occurring during spawning periods could decrease the survival of 
larval fish and possibly result in a significant reduction in year-class strength 
for the affected cohort. 

Our objectives were to 1) monitor the population density ofP. brevis and 2) 
determine the effects ofP. brevis toxins on hatch rates and survival of larval 
red drum (Sciaenops ocellatus ). We also designed an experiment to control for 
effects that may occur when fish were exposed to cells of P. brevis in small, 
closed containers (i.e., laboratory conditions) as opposed to what might occur 
in a natural situation where P. brevis occurs in patches surrounded by 
unaffected water. 

Finally, we report effects of the 1986 red tide on population density oflarval 
red drum from Aransas Pass and Lydia Ann Channel sites in the western Gulf 
of Mexico that are monitored on a regular basis. 

METHODS 

The population density ofP. brevis was monitored daily from 28 September to 5 November 1986 
with water samples collected from two sites in Port Aransas (Fig. 1 ). Site 1 was the University of 
Texas at Austin Marine Science Institute (UTMSI) pier located approximately one mile from the 
mouth of the Port Aransas jetties. Site 2 was the pier at UTMSI Fisheries and Mariculture Center 
located in the Corpus Christi Ship Channel, approximately 3 miles inshore of the jetty mouth. 
Water samples from each site were collected from the surface in 5liter buckets. The sample was 
mixed and a 250 ml aliquot was drawn from it and preserved and stained with Lugol's Iodine. Cell 
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FIG. 1. Water collection sites for determination ofP. brevis concentration. 

density of each sample was determined by averaging counts from 3 replicate 0.1 ml subsamples 
of the aliquot and recorded as mean cells/mi. 

Research has shown that in some laboratory cultures ofP. brevis cells counts were correlated 
with toxicity measured as "mouse units" but that was not true for all cultures (Spikes, Ray, Aldrich 
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and Nash 1968). In this study toxin levels were not measured directly through mouse bioassays; 
instead, larval fish were exposed to toxins released from both whole and dead cells, a situation 
more likely to be experienced by wild larval fish during a red tide outbreak. 

Density estimates for larval red drum were made using standard ichthyoplankton sampling 
techniques in the Aransas Pass Channel near the UTMSI pier. Samples were taken weekly from 
23 September to 28 October 1986 with a 0.5 m diameter conical net with 505 ~mmesh towed at the 
surface for approximately three minutes. The net was equipped with a flowmeter to measure 
water volume sampled. Samples were taken in duplicate or triplicate and the catch was 
expressed as mean number/100m3• 

Laboratory spawned red drum (for details on spawning techniques see Arnold, Bailey, 
Williams, Johnson and Lasswell1977) eggs were used to determine the toxic effects ofP. brevi$ 
on hatch rates. A small number of eggs ( -20-40) were counted and placed into 100 ml pyrex 
beakers which contained either filtered sea water (control) or sea water containing various 
concentrations of P. brevis. In three experiments, eleven different concentrations of P. brevis 
were obtained by making dilutions of naturally occurring very high concentrations collected in 
the field. Actual cell concentrations in each dilution were determined by counting three replicate 
0.1 ml subsamples both before and after the experiments. Variability among subsample counts 
was relatively low. One standard error of the mean averaged 10.6% of the mean and ranged 
from 4 to 22% for all determinations of both experimental and field concentrations. Three 
replicates of each treatment (controls and various concentrations of P. brevis) were set up in a 
completely randomized design (Hurlbert 1984) and fish eggs were allowed to hatch. The 
following day the number of dead eggs and number of larvae were counted to determine hatch 
rate and beakers still containing live larvae were maintained to determine the mortality rate after 
24 h of exposure to the various concentrations of P. brevis. This experimental procedure was 
repeated 3 times throughout the study period using different concentrations of P. brevis and 
controls. 

We tested for the presence of toxic effects on older red drum larvae (21 days old) in a similar 
manner. One liter beakers were filled with filtered sea water (control) or sea water containing P. 
brevis concentrations of 2040, 420 and 30 cells/mi. Fish were placed in each beaker and timed 
until death. 

Because of the fragile nature of P. brevis cells (as evidenced by the fact that they are easily 
broken-up by the surf, releasing toxins into the sea spray) we suspected that laboratory handling 
ofthe red tide organism could increase their toxicity beyond that ofa natural bloom. We designed 
an experiment to ascertain differences in P. brevis toxicity in laboratory versus field conditions 
using one month old red drum. The bottoms and large side segments of four 4 liter plastic pails 
were removed and replaced with fine mesh (2mm) so that fish were unable to escape but water 
and P. brevis cells could move in and out freely. Styrofoam blocks were glued to the rims of the 
pails for flotation. A boat was anchored in an area ofRedfish Bay which had a high concentration 
ofP. brevis (assumed due to the reddish color ofthe water and later determined to be 4 7,680 cells/ 
ml). Two experimental pails were floated directly in the bay at a depth of -12 em (simulating 
natural exposure to toxins) and two were placed into separate containers filled with the same 
water, dipped-up from the surface layer to a depth of -20 em and poured into the buckets 
(simulating handling conditions used in laboratory tests). Four wild captured larval red drum 
(-20 mm standard length) were placed in each pail and timed until death. Fish not used in 
experimental pails were left in the bucket in which they were transported (containing the 
uncontaminated water in which they were caught) to serve as controls. Effects of selected P. 
brevis cell concentrations on hatch rate and survival were tested by ANOVA following arcsine 
transformation of the percentage data to meet the assumptions ofanalysis ofvariance (Sokal and 
Rohlf 1981). 

RESULTS 

Peak densities of P. brevis occurred during 2-14 October 1986 (Fig. 2b). 
Although pier counts reached only 7,000 cells/ml, transient patches of P. 
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FIG. 2. (a) Density of red drum larvae ( ± 1 S.E.) in ichthyoplankton samples taken before, 
during, and after the 1986 red tide bloom (asterisks indicate days on which samples were 
collected) and 

(b) population density ofP. brevis at two sites in Port Aransas. Cell concentrations were derived 
from 3 replicate subsamples (0.1 ml) of a single large (5 L) water sample. 

brevis in extremely high density (10,000-50,000 cells/ml) were commonly 
found in the surrounding area during the entire month of October, 1986. 
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The density of red drum larvae (Fig. 2a) was substantially lower following 
the onset of the red tide bloom than in the one ichthyoplankton sample taken 
prior to the bloom. Densities were at or near 0 during the height of the bloom 
but increased to more than 10/100 m5 10 days after P. brevis cells were no 
longer found in water samples. 

Hatch rates of red drum eggs (Fig. 3) exposed to red tide ranged from 96
100% and in all trials there were no significant differences between treated 
samples and controls (ANOVAP > 0.05). However, once hatched, larvae were 
negatively affected by all red tide concentrations ~ 40 cells/ml (Fig. 3). In 
concentrations ::; 23 cells/ml survival of larval red drum was not significantly 
different from controls but at all greater concentrations, mortality rates 
increased significantly (Table 1). Typically, all fish exposed to any concentra
tion of red tide appeared deformed, swam abnormally, and displayed other 
signs of stress before death. Only fish in controls appeared normal in our 
laboratory studies. Table 1 provides details of statistical tests concerning 
mortality in larval red drum exposed to P. brevis toxins. 

Older larval fish (21-day-old red drum) were also negatively affected by all 
concentrations of P. brevis but survival times were longer than for newly 
hatched larvae (Table 2). In the highest concentration (2040 cells/ml) 
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exposure to increasing concentrations ofP. brevis 
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TABLE 1 

Percent mortality rates from three experiments with newly hatched larval red drum exposed to 
selected concentrations ofP. brevis (cells/ml) during the first 24 hours after hatching. 

Coacaltndoa Results of ANOVA 

~- 0 4 23 40 63 103 00 210 350 476 3500 35000 N F df p 

1 0 8 14 .8L____R 15 15.00 4,10 O.oo03 
2 11 66 87 84 59 15 10.60 4,10 0.0013 
3 22 100 ~ 12 36.69 3 8 0.0001_:]_ 

Values CODDeCted by lines are not significantly different (Tukey's Multiple Range Test), 

TABLE2 

Mortality rates for 21 -day-old red drum exposed to different concentrations ofP. brevis. Where N 
= number of fish exposed to each concentration of P. brevis and mean mortality = the average 
number of minutes that elapsed until death occurred in each fish exposed to the same 

concentration ofP. brevis. (Total exposure time = 48 hours.) 

P. brevis Cone. Mean Mortality 
(ceUs/ml) (Minutes) N 

33 1066 3 
420 413 4 

2040 72 2 
controls 4 

Total exposure time= 48h. · 

mortality occurred in ~1 h. In the lowest concentration (30 cells/ml) fish 
showed signs of stress (i.e., abnormal swimming) after only 1 h of exposure 
but survived for ~15 hours. All fish in the controls survived and appeared 
normal throughout the entire 24 h observation period. 

There was substantial variability in fish mortality rates in the higher P. 
brevis concentrations tested. To determine the influence of our handling 
techniques (i.e., collection, transport, and handling of P. brevis cells) on 
experimental results we conducted field tests to see iffish mortality would be 
reduced if exposure occurred in a natural situation (i.e., without disturbance 
of P. brevis cells). At the test site (P. brevis concentration = 47,680 cells/ml) 
there was a significant difference in mortality rates between larval red drum 
placed directly into the affected bay water (i: death time = 114.3 min., N = 6) 
and those fish exposed toP. brevis bloom poured into the test buckets (i: = 
63.8 min., N = 8, ANOVA, P = 0.005, df = 12, F = 11.32). 
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DISCUSSION 

The populations density of P. brevis was highly variable throughout the 
bloom period. The transient nature of the bloom due to tides and winds 
coupled with the fact that many marine dinoflagellates have the ability to 
migrate vertically resulted in highly variable cell counts between monitoring 
sites at any one time as well as significant diel variation at a site. Our counts 
may not accurately reflect the overall severity ofthe red tide outbreak since at 
any given time, some areas had high concentrations while in other areas they 
were low. 

Toxins produced by P. brevis had no effect on egg hatch rates. Within egg 
membranes embryos are relatively well protected from their external envi
ronment. Conversely, larval fish are highly integrated with their environment 
and thus susceptible to red tide toxins. Not surprisingly, even very low 
concentrations ofP. brevis were very toxic to newly hatched and one-day-old 
larval red drum. Larger larval fish and juveniles are more tolerant of toxins 
than newly hatched larvae, as evidenced by their increased survival time. It 
may be that larger fish are better able to escape exposure to toxins when 
environmental conditions allow for this (i.e., bloom patches surrounded by 
unaffected water). It is also possible that as larval fish grow older they have 
greater potential for recovery. We have no direct data for this hypothesis; 
however, it would be an interesting topic for future research. 

Field test results suggest that physical disturbance does increase the 
toxicity ofP. brevis and as a result could have influenced survival time of fish 
in laboratory tests. However, both treatments resulted in 100% mortality of 
red drum and the mortality rates determined in the laboratory should not 
have been influenced by experimental procedures. Furthermore, naturally 
occurring disturbances (i.e., wave action, currents) are always present so our 
laboratory procedures may be more realistic than the field test (conducted in 
calm water) would indicate. 

The P. brevis bloom occurred after the peak of the red drum spawning 
period which occurs primarily in September. The decrease in density of 
larvae during the bloom was attributable to both toxic effects and the normal 
decrease in larval density as spawning activity diminishes. Nevertheless, the 
precipitous decline in numbers is certainly due in part to toxic effects which is 
corroborated by the increase in density following the bloom. The effect of the 
red tide bloom on the 1986 cohort of red drum in the Port Aransas area was 
minimal due primarily to two factors. First, substantial numbers ofpostlarvae 
reached the seagrass meadow nursery areas in September, prior to the bloom 
(and some possibly survived during the bloom). Second, preliminary analysis 
of concurrent studies showed that demersal postlarvae in seagrass meadows 
were killed only by "direct hits" of a bloom. Due to the patchy nature of 
blooms within the estuary, large segments of the shallow seagrass meadows 
were not directly impacted by the red tide, thus allowing survival of signifi
cant numbers of red drum postlarvae. 
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ABSTRACT 

Low salinity water and an associated dinoflagellate bloom appeared 
suddenly off Galveston, Texas, in early June 1984. An aerial survey showed 
the bloom extended east at least as far as Cameron, Louisiana. High 
discharge from the Mississippi-Atchafalaya Rivers between March and late 
May, and a strong, wind-driven downcoast current preceded the appear
ance of low salinity water and its associated bloom. Within a week of the· 
first appearance of the bloom, demersal fish, numerically dominated by 
Atlantic threadfin (Polydactylus octonemus) began dying early in the 
morning and washing ashore. Calm weather conditions occurred during 
the latter part of the kill and anaerobic silt accumulated on the bottom 
offshore from Galveston. We believe the kill was caused by hypoxia and/or 
hydrogen sulfide production resulting from nocturnal metabolism of the 
bloom and anaerobic decay of dead dinoflagellate cells. A second kill in 
mid-July, numerically dominated by Atlantic croaker (Micropogonias un
dulatus), was probably the bycatch or cull of shrimping vessels working 
offshore. 

INTRODUCTION 

Galveston experiences periodic blooms of phytoplankton (usually diatoms 
or dinoflagellates) in nearshore waters. Depending on the size and composi
tion of the bloom, the organisms may do little more than cause nocturnal 
phosphorescence (i.e., Gonyaulax, Noctiluca) or the bloom may be associated 
with mortalities offish and invertebrates. Mortalities may be caused by toxins 
produced by the plankters; the "red tide" organism, Ptychodiscus ( = Gym
nodinium) brevis has long been known to be associated with fish kills in 
Florida (Rounsefell and Nelson 1966, Joyce 1975, LoCicero 1975, Taylor and 
Seliger 1979) and was responsible for fish kills along the Texas coast in 1955 
(Wilson and Ray 1956) and in 1986-87 (Trebatoski 1988, unpublished data). 

1 Present address: Texas Water Commission, Deer Park, Texas 77536 
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Wardle, Ray and Aldrich (1975) reported "red tides" at Galveston in 1971 and 
1972 caused by blooms (up to 1.88 x 106 cells/1) of Gonyaulax monilata. 
Mortalities of benthic macroinvertebrates and a few benthic fish were 
attributed to toxins produced by the bloom. 

Another cause of mortalities of fish and invertebrates is the creation of 
hypoxic ( < 2.0 ppm 0 2) or anoxic conditions in the water column. These 
conditions may result from oxygen being consumed by combined metabolic 
activities of large blooms at night (especially prevalent in confined channels 
(Knudsen and Bellaire 1975)) or by death and bacterial decomposition of 
large blooms (Griffiths, Dennis and Potts 1979; Forster 1979; Swanson and 
Sindermann 1979; Garlo, Milstein and Jahn 1979; Falkowski, Hopkins and 
Walsh 1980; Officer, Biggs, Taft, Cronin, Tyler and Johnson 1984; Taylor, 
Taylor and Walsby 1985). Prolonged anoxia may produce conditions in which 
sulfate reducing bacteria, normally found deeper in sediments, can survive at 
or near the mud-water interface (Jorgensen 1980). These organisms produce 
hydrogen sulfide and can accelerate mortalities among bottom dwelling 
organisms (Brongersma-Sanders 1957). Widespread benthic mortalities and 
low nekton catches off Freeport, Texas, in 1979 were associated with a 
stratum of hydrogen sulfide-laden water above the bottom (Harper, McKin
ney, Salzer and Case 1981; Pavella, Ross and Chittenden 1983). Hydrogen 
sulfide was also implicated in extensive mortalities in Chesapeake Bay in 
1984 (Seliger, Boggs and Biggley 1985) and suspected in a New Zealand kill 
(Taylor, Taylor and Walsby 1985). 

Hypoxia is relatively common offshore from Louisiana (Gaston 1985; 
Gaston, Rutledge and Walther 1985; Boesch 1985; Rabalais, Dagg and Boesch 
1985; Pokryfki and Randall 1987), but apparently occurs rarely ofT the Texas 
coast (Harper et al. 1981, Rabalais et al. 1985). Available data indicate that 
hypoxia in the northern Gulf of Mexico is usually associated with high river 
discharge, a phytoplankton bloom, and stratification of the water column due 
to calm weather and/or strong temperature-salinity gradients (Gunter 1979; 
Harper et al. 1981; Boesch 1985; Rabalais et el. 1985; Pokryfki and Randall 
1987). The principal source of low salinity water along the upper Texas coast 
is combined discharge from the Mississippi-Atchafalaya River; local dis
charge generally results in only localized salinity reductions offshore (Kelly, 
Schmitz, Ulm, Randall and Cochrane 1985a). The local wind regime causes a 
predominantly westward current (Pokryfki and Randall1987; Cochrane and 
Kelly 1986) and 1.5 to 2 months usually elapse between peak Mississippi
Atchafalaya discharge and the occurrence of lower salinity water ofT the 
upper Texas coast (Temple, Harrington and Martin 1977). 

Atrait ofmany phytoplankton blooms is that they appear "suddenly" and by 
the time researchers begin to investigate a bloom, it is well developed. 
Consequently it is often difficult to determine ifthe bloom was initiated locally 
or if it was transported from elsewhere, and to hindcast events preceding and 
causing the bloom. In the present study we were fortunate to have been 
participating in a research project in which hydrographic data were being 
gathered upcoast and downcoast from Galveston at the same time a bloom 
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appeared suddenly at Galveston in June 1984. We believe we were able to 
correlate this bloom with movement of a water mass, and its already 
developed bloom, into Texas from Louisiana. The main concern of this paper 
is not with the bloom per se. Rather we attempt to correlate hydrographic data 
with the occurrence of the bloom and hindcast a sequence of events that lead 
to the appearance of the bloom at Galveston. 

METHODS 

Various qualitative observations were made throughout the duration of the phytoplankton 
bloom and associated fish kill between 9 and 30June 1984, and a second fish kill in mid-July 1984. 
An aerial survey was made along the shoreline between Cameron, Louisiana, and East 
Matagorda Bay, Texas, on 19 June to determine the horizontal and lateral extent of the bloom 
(Fig. 1). On 21 June visual observations and hydrographic measurements were made during a 
cruise along a transect between Cameron and Galveston (Fig. 1 ). Beach water temperature, 
salinity and dissolved oxygen (D.O.) were measured periodically at Galveston throughout the 
bloom. Wind and current data gathered 8 km off Cameron, Louisiana, and 19 km off Freeport, 
Texas, by Kelly et al. (1985a, b) were examined to determine the physical factors which may have 
preceded the observed phenomenon. 

Mortalities were estimated at several localities along the upper Texas coast (Fig. 2) according 
to established American Fisheries Society guidelines (Pollution Committee 1982). The expansion 
factor used to estimate dead organisms was: 

km of beach affected x 1000 x fish counted 

Sum length of transects (m) 
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FIG. 1. Map ofthe northwestern GulfofMexico showing the approximate area ofcoverage ofthe 
dinoflagellate bloom as determined by overflight and cruise observations. 
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FIG. 2. Map of the upper Texas coast showing locations of beaches surveyed for abundances of 
dead organisms (listed in Tables 1 and 2). Also shown are locations of the current meter otT 
Freeport (Station :H) and an inshore hydrographic sampling station (14) . 

..\erial surveys of the entire Galveston Ba~· complex and Gulf beaches between Rollover Pass 
and San Luis Pass were made on 20 and 29 June. Other information on the extent of the kill was 
pro,;ded by state and federal biologists in Texas and Louisiana. Estimates ofcommercial fishing 
pressure were made throughout the bloom's duration. 

A second fish kill, first reported on 10 Jul~· 1984, extended through at least 11 July. Dead fish 
were observed floating and stranded in some of the general areas affected during the 21-27 June 
kill, and were censused at seYeral of the same localities censused in June. Qualitative observa
tions were made on commercial fishing pressure and presence of dead fish from High Island to 
Freeport. An aerial sun·e~· of the Galveston Ba~- complex and Gulf beaches was conducted on 11 
JuJ~· 1984. 

RESULTS 

General Observations 

The first indication of unusual water conditions at Galveston occurred 
between 9 and 10 June, 1984; the water was relatively clear on 9 June, but on 
the lOth the bloom was present and colored the water brown to reddish brown 
(this coloration was associated with a mucoid or slimy sensation when the 
water was touched). From 11 through 14 June the bloom formed a brown 
band about 10m wide very close to the beach and was associated with a strong 
odor of algae. A water sample collected on 14 June contained several species 
of dinoflagellates with Gymnodinium splendens as the numerical dominant 
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(Laurel Loeblich personal communication). Attempts at culturing these 
dinoflagellates were unsuccessful, but survival did appear to be greater at 
lower salinities. On 15 June the bloom had moved 10-15 m offshore from the 
beach and remained offshore thereafter at Galveston. 

The aerial survey on 19 June revealed that brown water occurred from the 
southwest end of Galveston Island east to at least Cameron, Louisiana. Near 
passes to bay systems, the bloom formed large patches along convergence 
lines. Between bay entrances the bloom frequently formed long, regularly 
spaced parallel lines, suggesting concentration by Langmuir circulation. 
Overall, the brown water varied from being restricted very close to the beach 
to extending an estimated 10 km offshore. Numerous menhaden fishing 
vessels were observed working rather close to shore west of Cameron, and 
nearly all were fishing in or near patches of brown water. Shrimping vessels, 
however, were not working in these regions. 

On 21 June observations and hydrographic measurements were made 
along a transect between Cameron and Galveston (Fig. 1 ). A few parallel 
brown streaks, first noted in the Sabine Pass area, became more numerous to 
the west. Large patches of brown water were first encountered offshore from 
Rollover Pass, Texas, and continued to Galveston. A plankton tow was 
attempted in one patch (29°25.5' N, 94°27.0' W) and the net became clogged in 
about 10 seconds. The plankton sample contained large numbers of Gym
nodinium splendens. 

Hydrographic Conditions 

The bloom was associated with low salinity water. This water mass was at 
least initially restricted to a narrow band close to the beach (hence the brown 
water close to shore). On 14 June a water sample collected at the beach had a 
salinity of 9o/oo, but 21.4o/oo was recorded by the National Ocean Survey (NOS) at 
the end of the Galveston Pleasure Pier, 300m from shore (Fig. 3). On 18 June 
the beach water salinity had increased to 15o/oo while the salinity recorded by 
NOS was 22.4o/oo (Fig. 3). Salinities recorded by NOS did not decrease below 
20%o until19 June, and never got below 16o/oo (21 June). 

On 21 June, during the cruise from Cameron to Galveston, a pronounced 
oxycline was found at 4- to 5-meter depths between Cameron and Sabine Pass 
(Texas-Louisiana border); the water column was hypoxic below these 
depths. Hydrographic data west of Sabine Pass are not available due to meter 
malfunction. 

Winds were calm during 23 through 26 June, and the beach water at 
Galveston became quite clear by 25 June as suspended material settled. 
Water temperature, salinity and D.O. measured at mid-afternoon (1500 
hours) in the surf zone at west Galveston Island on 23 June were 32°C, 25o/oo 
and 5.2 ppm, respectively. On 26 June at 0600 hours, beach water tempera
ture, salinity and D.O. ranged from 28.0-28.5°C, 28.0-30.0o/oo and 5.0-6.0 ppm, 
respectively, between Galveston Bay entrance and the west end of the 
Galveston seawall. 
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FIG. 3. (a) Chronology of events at Galveston, Texas, May- July 1984, before, during and after 
occurrence of mortalities. (b) Details of events in June 1984. Indhidual dots represent surf zone 
salinities measured at Galveston. NOS data recorded about 300m off the beach at the Galveston 
Pleasure Pier. 

Also on 26 June at 1600 hours, a 4-6 em thick layer of black, hydrogen 
sulfide-laden, anaerobic silt was found covering the sandy bottom 200 m 
offshore at Galveston. The salinity and D.O. of a water sample collected just 
above the bottom were 29.5o/oo and 5.0 ppm, respectively. An attempt to 
resample the same locality at 0600 hours the following day, when D.O. should 
have been lowest, was canceled because an onshore wind had arisen, 
creating choppy water conditions. The water column was apparently being 
agitated because the wind carried a strong smell of decaying algae-hydrogen 
sulfide. 

On 29 June the surface salinity in the Galveston Channel was 34%o. The 
bottom water dissolved oxygen was 2.5 ppm. There was no evidence of 
discolored water. 

Mortalities 

Texas Parks and Wildlife Department (TPWD) records indicate large 
numbers of dead fish stranded on Texas beaches between Freeport and 
Galveston in the early day light hours of20 and 22 June 1984. Reports indicate 
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that dead fish appeared to float and begin to strand almost simultaneously 
throughout the affected area. Atlantic threadfin (Polydactylus octonemus ), 
Atlantic croaker (Micropogonias undulatus) and southern kingfish (Menticir
rhus americanus) numerically dominated concentrations of stranded organ
isms on the beaches between Rollover Pass and Freeport (Table 1 ); Atlantic 
threadfin accounted for 79% of the total number. Other surveys conducted 
by federal and state biologists revealed that the kill extended from Sabine Pass 
to about Freeport, Texas, (Fig. 2), and that Atlantic threadfin also numerically 
dominated concentrations of dead fish observed on these beaches. Neither 
dead fish nor brown water were ever seen within any bay system. 

As mentioned previously, commercial menhaden vessels were observed 
fishing in or near patches ofbrown water west of Cameron, Louisiana, during 
the aerial survey on 19 June. TPWD data indicate little commercial shrimping 
activity was recorded from 18 through 29 June; only 7 and 14 shrimp boats 
were observed operating on 20 and 29 June, respectively, between Rollover 
Pass and Port Bolivar. Few shrimping vessels were seen during the beach 
surveys where dead fish were being counted. 

TABLE 1 

Total estimated number of dead organisms found on Gulf beaches between Sabine Pass and San 
Bernard Wildlife Refuge during 23 June and 25 June 1984. A 13.7 meter sampling transect was 
used at Station A; 2. 7 meter transects were used at remaining stations. Size ranges are standard 

lengths except for Callinectes sapidus. 

Statloa coaDt • N.-ber orOl'l!llolams/2.7 meters Estimated,._Species Size Range A 8 c D E ' TeaiNamber ± ZSE 

Crustacea 
CAllinectes sapidus 
Pisces 
Brevooma patronus 
Opisthonema oglinun 
Ancl1oa mitchilli 
Ariusfelis 
Menidia bl!1)lllina 
Pomatomus saltatrix 
Chloroscombrus duysurus 
Bairdiella chrysoura 

7.5-17.5 

5.0 
12.5 
5.0 

22.5-30.0 
7.5 

25.5 
13.0 
2.5-10.0 

12.5-20.0 

0.2 

0.2 
0.4 

0.2 
2.0 
0.6 

2.0 
7.0 

3.0 

1.0 

1.0 

8.0 

1.0 

1.0 
1.0 

1.0 

1.0 

L9 

0.2 
0.2 

<0.1 
0.2 
0.2 
0.2 

<O.l 
0.8 
1.4 
2.3 

113,459 

10,1.30 
10,1.30 
2,026 

14,182 
10,1.30 
10,1.30 
2,026 

50,651 
87,12D 

rn,771 

± 

± 
± 
± 
± 
± 
± 
± 
± 
± 
± 

155,392 

15,694 
15,694 
3,1.39 

18.569 
22,194 
22,194 

3,1.39 
35,092 

149,676 
174,71!} 

Cytwscion llTI!1UIIius 
Leiostomus xanthurus 
Menticirrllus americanus 

7.5 
10.0 
10.0 
12.5-20.5 
23.0-35.5 

2.0 
50.0 
1.6 

1.0 
1.0 

27.0 
6.0 2.0 

13.0 

1.0 
1.0 

1.0 

0.2 
0.3 
0.5 

15.2 
1.6 

17.3 

10,1.30 
20,260 
30,391 

921.852 
91J!!J. 

1,049,493 

± 
± 
± 
± 
± 
± 

15,694 
27,182 
22,194 

627,160 
98,458 

646,909 

Micropogonias w1dulatus 5.0-10.0 
12.5-20.0 0.6 

2.0 
2.0 

6.0 
1.0 

114.0 20.3 
0.6 

20.9 

1,235,890 
36,469 

1,272,359 

± 
± 
± 

1,794,582 
44,277 

1,779,529 

01aetodipterus faber 
Mugil cephalus 
Polytklctylus octonemus 
Astroscopus'y-graecum 

5.0-15.0 
18.0-25.0 
7.5-15.0 

10.0 

0.4 

433.0 

4.0 
3.0 

466.0 82.0 
1.0 

24.0 
1.0 

17.0 

0.7 
0.7 

170.3 
0.2 

44,573 
40,521 

10,353,116 
10,1.30 

± 
± 
± 
± 

84,455 
70,184 

6,134,095 
22,194 

Total 491.2 521.0 84.0 44.0 10.0 138.0 214.7 1310491788 + 7,208,816 
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A second fish kill occurred on 10 July 1985. However, the extent and 
composition of the kill, and associated hydrologic characteristics, differed 
from those associated with the June kill. The July kill was limited to Gulf 
beaches between Rollover Pass and Freeport, lower numbers of dead organ
isms were observed compared to the June kill, and the distribution of these 
organisms was more patchy and uneven than during the June incident. 
Concentrations of dead organisms were numerically dominated by Atlantic 
croaker (Micropogonias undulatus (Table 2), and the majority of dead fish 
were generally larger (>15 em) than those observed during the June kill ( <15 
em). No dead fish or patches of discolored water were seen within Galveston 
Bay entrance or any of the adioining bays. 

Windy weather and choppy brown turbid water occurred during the July 
kill, and large numbers of shrimp boats were operating. Two to five shrimp 
boats/km were observed operating offshore in localities where dead fish 
counts were being conducted. During an aerial survey on 11 July, 79 shrimp 
boats were observed working an area off the beaches near Rollover Pass. 

DISCUSSION 

The only area where hypoxic oxygen levels were recorded during this study 
was off Louisiana; D.O. values were less than 2.0 ppm below a pronounced 
oxycline at 4- to 5-m depth. None of the D.O. determinations were made at 
night or in deeper water. Despite the fact that all D.O. concentrations 

TABLE2 

Total estimated number of dead organisms found on Gulf beaches between Rollover Pass and 
Freeport during 10 and 11 July 1984. A 13.7 meter sampling transect was used at Station F; 91.4 
meter transects were used at remaining stations. Size ranges are standard lengths except for 

Callinectes sapidus. 

Stalloa c..t · N..-. fiiQ!'I!.._I/l.7-*" ~ 
Speda Size .... D E ,. G B1 HZ 113 .... T....N..-. :!:281: 

CnlstMa 
C4Jllin«ta Sllpidw 10.0-15.0 o.m 0.06 O.Q3 om S92 :!: 715 
Pbca 
Rhizopriodon ~ 30.5-40.6 0.12 om S92 :!: 1,278 
.Ariusfe/U 10.0-455 0.39 0.12 0.()9 0.23 0.35 0.17 6,657 :!: 41112 
a.Jorosccmbnu chtysurw 10.0.20.0 0.15 0.20 0.15 0.06 0.12 0.10 3,353 :!: 3,166 
DeatptwusjiUIICtlltw 
TTIIChinoou CIIIYJiinu.f 
Bairrliell4 cluy8ounl 

23.0 
355 
15.0 

O.Q3 
o.m 
o.m 

-
-

<O...ot 
<Om 
<Om 

148 
148 
148 

:!: 

:!: 

:!: 

2S6 
320 
320 

C)nolciorltlmllll'ius 10.~15.0 0.39 o.m 0.06 2P71 :!: 4,oo4 
C)'rtmc:ial nd1ulo.ru.r 35.5-455 0,03 o.os 0.01 394 :!: 494 
Leiostomus Xll1lthww 10.0 0.20 o.m 986 :!: 2,131 
Mmtricin#uu americQ1Jus 
MICT0p080llilu undulatus 

20.5-41,0 
5.o-w.o 

0.03 
83) 0.17 

0.15 0.12 0.20 om 
1.21 

2,466 
41,767 

:!: 

:!: 

1,643 
lfl~ 

Ouletodiptmu faber 
Mugil ceplullus 

10.0.355 
10,0.455 0.09 0.20 

0.03 
0.23 

o.m 
0.58 

-
0.81 

om 
o:n 

296 
9,419 

:!: 

:!: 

320 
5,m 

Po/ydllctylus octonenuu 
Balistes Cllprisau 

15-125 
10.0 

0.79 
0.03 

0.11 
<Om 

3,896 
148 

:!: 

:!: 

8,416 
320 

RqJdlla 
J..epiiJ.ochelys kempii 23.0 o.m .01 148 :!: 320 
Total 0.24 0.09 10.47 0.35 0.89 1.23 1.56 2.12 lla130 :!: 1091419 
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recorded at Galveston were above hypoxic levels, we believe mortalities of 
fish and invertebrates during late June 1984 were probably due to hypoxia 
and/or hydrogen sulfide, not dinoflagellate toxicity or commercial fishing 
activities. A number of factors support this conclusion. First, the dominant 
phytoplankter observed during the bloom, Gymnodinium splendens is not 
known to produce a lethal toxin (Laurel Loeblich personal communication), 
and has been used as a laboratory food for anchovy (Engraulus mordax) 
larvae (Eppley and Harrison 1975) and copepods (Paffenhofer 1970; Esaias 
and Curl1972) (although Fiedler 1982 found that macrozooplankton actively 
avoided a dense layer of G. splendens, and filtration rates of herbivorous 
copepods were significantly reduced within this layer). Second, the majority 
of organisms killed were demersal fish and benthic invertebrates, and a 
dinoflagellate toxin would be expected to kill more species. Third, planktivor
ous Gulf menhaden (Brevoortia patronus) were apparently feeding in patches 
of phytoplankton, because commercial fishing boats were observed concen
trating their efforts within these patches. If the dinoflagellates were produc
ing toxin, the menhaden would probably have either avoided water masses 
with high densities of plankton, or been killed and observed floating on the 
surface. In either case, the boats would have been fishing elsewhere. Fourth, 
black anaerobic silt covering the sand bottom at Galveston in June indicated a 
build-up of hydrogen sulfide which probably resulted from decay of phytop
lankton cells settling to the bottom during the calm weather period in June. 

The appearance ofthe bloom in Galveston can probably be attributed to two 
major factors, i.e. very high river discharge (thus high nutrient concentra
tions) and wind conditions that concentrated the bloom along the coast, then 
caused rapid transport into Texas via a strong alongshore current. 

Combined Mississippi-Atchafalaya discharge was quite large in the spring 
of 1984 and extended from March through mid-June (Kelly et al. 1985a). 
Three distinct peak flows occurred, in March (ca. 35,000 m3/sec), in mid-April 
(ca. 44,000 m3/sec) and in late May (ca. 48,000 m3/sec). We believe water 
discharged in the second (or third) peak was the source of low salinity water 
associated with the dinoflagellate bloom because of the rate of westward 
transport. Data recorded at Galveston suggest that the low salinity water was 
initially close to the coast. The salinity meter off Cameron recorded two low 
salinity pulses, one in mid-May and one on 8 June (Fig. 4); this latter pulse was 
recorded two days prior to the appearance of low salinity water at Galveston. 
The mid-May, but not the June, pulse was also recorded by the meter off 
Freeport. The June pulse was, however, recorded closer to shore during 
routine hydrographic measurements made off Freeport. Two stations, 14 and 
34 (8 and 19 km offshore, respectively) (Fig. 2), were part of a hydrographic 
transect that extended offshore from Freeport (Kelly et al. 1985a). Compara
tive time-depth plots of salinity for these two stations show a strong influx of 
fresher water in June that lowered the salinity at station 14 to about 17%o (Fig. 
5), while the salinity at station 34 remained high. 

Cochrane and Kelly (1986) stated that there is strong coherence between 
wind and current direction along the northern Gulf of Mexico coast. Rapid 
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FIG. 4. Daily salinity records from surface meters located ofT Cameron, Louisiana, and Freeport, 
Texas (from Kelly et al. 1985 a,b ). 

advection of low salinity water from Louisiana into Texas may be explained 
by wind and current data gathered off Cameron, Louisiana, and Freeport, 
Texas (Kelly et al. 1985a,b). Mean winds and surface currents were down
coast (westward) and onshore during the spring (Fig. 6), which produced 
downwelling of surface water and kept fresher water adjacent to the coast
line. Daily wind and current speed and direction data from Freeport indicated 
that while mean surface current flow was downcast in March and April, there 
were frequent current reversals which would have slowed net transport 
toward the Texas coast. In May and through mid-June, surface current flow 
was almost continually down coast; between 23 May and 11 June, speeds were 
mostly between 30 to 60 em/sec, which would have carried water from 
Cameron to Galveston (150 km) in 2.8 to 5.7 days. A switch from a downcoast, 
onshore current to an upcoast, offshore current was recorded on 20 June, 5 
days after the bloom was observed to have moved away from the beach at 
Galveston. This current flow, which would cause an upwelling condition and 
move higher salinity water from offshore toward the coast, persisted until 11 
July, the period of time in which beach water salinities rapidly increased into 
the 30o/oo range. 

Evidence of downcoast currents is also present in cross-shelf salinity 
profiles (which correspond almost exactly with sigma-t isopleths) reported by 
Kelly et al. (1985a,b) (Fig. 6). On 15 May isohalines were slightly tilted toward 
the coast of Freeport, indicating slight downcoast current. On 30 May at 
Cameron and on 11 June at Freeport, strongly tilted isohalines indicated a 
strong pressure gradient producing rapid downcoast current flow. On 20 

1884 
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FIG. 5. Time-depth plots ofsalinity recorded at stations 14 and 34ofT Freeport, Texas (from Kelly 
et al. 1985a). 

June, after the winds had shifted to upcoast and offshore, isohalines at 
Cameron were nearly horizontal. 

Another possible cause of the observed kills is commercial fishing activity. 
Large numbers of demersal fish comprised the bycatch or cull of commercial 
shrimping operations (Bryan, Cody and Matlock 1982). Small patches of 
floating dead fish culled from shrimp boats occur intermittently throughout 
Texas bays and nearshore waters. Commercial shrimping activity was 
relatively low during the June kill and very high during the July incident. 
During the July kill, dead organisms occurred in smaller numbers within a 
smaller area and were numericall_y dominated by Atlantic croaker 
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(Micropogonias undulatus ), which is the most abundant species discarded on 
the white shrimp grounds off Texas (Chittenden and McEachran 1976). In 
addition, the possibility that commercial menhaden fishermen could have 
lost a net catch and caused the June or July kill has been discounted because 
TPWD reports indicate fish kills caused by menhaden fishing activity are 
numerically composed of 99% gulf menhaden. Our surveys found no 
menhaden vessels fishing off Texas and relatively few dead menhaden. These 
observations support our conclusion that commercial fishing activity was not 
primarily responsible for the June kill but was probably the source ofthe dead 
fish observed in July. 

We suggest the sequence of events which produced the June 1984 phyto
plankton involved Mississippi-Atchafalaya runoff which reduced salinities 
and transported nutrients into the Gulf, supporting a large phytoplankton 
bloom. The low salinity water and its associated bloom were concentrated 
near the Louisiana shore by winds, and then driven alongshore into Texas as 
a "jet" by the strong alongshore wind component in May. Oxygen consump
tion at night by phytoplankters, and by decay processes as the phytoplankton 
cells died and settled to the bottom, created an oxygen deficit which was 
intensified by stratification of the water column during calm weather condi
tions. These conditions ultimately resulted in the production of hydrogen 
sulfide which may have been responsible for most mortalities. 

Because of the potential impact on coastal fisheries, further studies of the 
causes and effects of hypoxia are essential. Low D.O., however, is not always 
associated with mortalities; hypoxic D.O. values were reported off Freeport, 
Texas, coincident with reduced benthic abundances, but research divers 
found no evidence of widespread mortalities (Harper, McKinney and Nance 
1984). We believe that the generation of hydrogen sulfide may be more 
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important in causing mass mortalities than low D.O. per se, and recommend 
that studies on the fate and effect of hypoxia routinely include the measure
ment of hydrogen sulfide in bottom waters and sediments. 
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