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SALINITY, TEMPERATURE AND MIXING ON THE 
TEXAS CONTINENTAL SHELF 

Lauren E. Sahl1 and William J. Merrell, Jr. 1 

Department of Oceanography 
Texas A&M University 

College Station, Texas 77843 

ABSTRACT 

Salinity and temperature data are presented in order to examine variabil
ity of Texas shelf hydrography. Data taken during March 1982 show 
advection of mid-shelf water to the outer shelf. These data also show the 
interleaving and/or turbulent mixing of shelf and slope waters near the 
shelf edge. Data from March 1982, May 1982 and November 1982 show that 
low salinity surface water was present at the shelf edge during most of the 
year. These data indicate that offshore transport of water by advection is 
common. Evidence of such advection would eventually be destroyed by 
shelf-edge processes, such as interleaving or turbulent mixing. 

INTRODUCTION 

That Mississippi River discharge dominates the salinity of Texas shelf 
waters has been documented and described by Lewis (1982), Cochrane and 
Kelly (1986), Smith (1980), and Harrington (1971). The discharge results in a 
brackish wedge on the inner shelf for much of the year. At the shelf edge low 
salinity surface water has been observed and is attributed to convergence of 
shelfwaters and resulting offshore transport of coastal water. 

All these studies were based on coarse sample spacing, thus outlining 
general salinity distributions. This study examines East Texas shelf hydrog
raphy using close sample spacing, both vertically and horizontally. To our 
knowledge it is the only such study on the East Texas shelf and reveals 
features of the hydrography not previously discussed. 

METHODS 

The study area extends from the coast to the continental shelf edge for that part of the shelf 
between Matagorda Bay and Galveston Island. Data from three cruises are used to examine the 
spatial variability and temporal variability of temperature and salinity distributions over the 
continental shelf. 

1 Now at: Texas A&M University at Galveston, Mitchell Campus, P. 0. Box 1675, Galveston, 
Texas 77553 
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All cruises were conducted aboard the R/V GYRE, operated by Texas A&M University. Cruises 
were conducted from March 17 to March 22, 1982, from May 3 to May 4, 1982, and from November 
15 to 16, 1982. On the March and May cruises the Profiling Hardwired Instrumented Sensor for 
Hydrography (PHISH) package was the primary instrument used for data acquisition. The PHISH 
package contains a temperature probe, a pressure sensor, and a conductivity meter. Salinity is 
calculated from conductivity and temperature measurements using formulae from Lewis (1980). 
For data within oceanic ranges, the maximum error of these formulae is about 0.0015o/oo in 
salinity. Included in the instrument package are two 5-liter Niskin bottles that are automatically 
tripped just above the bottom when a weighted line touches the bottom. A more complete 
description of the PHISH system can be found in McGrail, Carnes, Horne, Cecil, Hawkins and 
Halper (1982). 

On the November cruise a Neil Brown CTD (conductivity, temperature and depth) was 
deployed at each station. Salinity was determined from conductivity and temperature measure
ments using the same formulae used to calculate salinities for the PHISH system data. Water 
samples were taken at the bottom of each cast using a rosette sampler. 

Salinity of water samples was determined using a 6230N Grundy Inductive Salinometer. These 
data were used to check the conductivity sensors. Also, reversing thermometer readings were 
taken to check the performance of the temperature sensors. 

During the March cruise, five distinct sections were occupied. Figure 1 shows the bathymetry 
of the study area and the location of the stations. Data from these sections were examined to 
determine the horizontal and vertical variation in the temperature and salinity distributions over 
the shelf. Stations 1 to 18 comprise section A, 20 to 26 comprise section B, 27 to 31 comprise 
section C, .32 to 40 comprise section D, and 40 to 45 comprise section E (Figure 1 ). Vertical 
sections showing the distribution of temperature, salinity, and a 1 (density) were prepared for all 
ofthe sections. 

Horizontal distributions of temperature and of salinity are presented at 10m depth and at the 
bottom or 26.2 a 1 surface, whichever is shallower. The horizontal surface at 10m depth is chosen 
to minimize diurnal effects on the temperature ofthe surface waters. In order to look at the water 
flowing along the bottom and then offthe shelf along a density interface, temperature and salinity 
distributions are mapped on the bottom or the 26.2 a 1 surface, whichever is shallower. 

RESULTS 

Spatial Variation in Hydrography 

Horizontal Distributions 

The temperature distribution at 10m depth (Figure 2a) shows that the 20°C 
and 21°C isotherms on the outer shelf generally parallel the bathymetry, 
while the 18°C and 19°C isotherms on the mid and inner shelf form a thermal 
front which is oblique to the shelfbathymetry. In general, this same pattern is 
evident in the deeper temperature field (Figure 2b). The temperature 
distribution in Fig. 2b shows a mass of colder water on the midshelf in the 
northeast section of the study area. At the shelf edge a tongue of colder water 
is present in the southwest portion of the study area. Figure 2c, which depicts 
the salinity distribution at 10m depth, shows that on the inner shelfisohalines 
are oblique to the bathymetry with a pronounced salinity gradient coinciding 
with the 18°C front. Indeed, at 10 m depth, both the isotherms and the 
isohalines wedge into the coastline, implying that colder, fresher water is 
entering the study area from the northeast. During this time of year (March) 
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FIG. 1. Station locations for March 1982 cruise. Bathymetry is in meters. Letters A to E indicate 
sections. 

coastal currents are usually to the southwest and carry fresher water from the 
Mississippi and Atchafalaya outflow (Kelly and Randall 1980). Near the shelf 
edge a tongue of fresher water entering the study area from the west is 
indicated in the 10m depth salinity field (Fig. 2c). This tongue is also evident 
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in the near bottom salinity field (Fig. 2d). The near bottom temperature field 
(Fig. 2b) shows that this low salinity tongue is relatively cold. The tongue is at 
least 60 km long in the near surface waters and 100 km long near the bottom. 
The tongue ofwater must have an onshore source since it is both fresher and 
colder than the surrounding waters. This implies that inner or mid-shelf 
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FIG. 2A. Horizontal distribution of temperature at 10m depth in March 1982. Contour interval 
is 1°C. 
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waters have been advected offshore. Measuring the distance (in section D) 
between the nearshore 36%o isohaline (at 10m depth) and the 36o/oo isohaline 
near station 37 we calculate an offshore displacement (not necessarily a 
trajectory) of about 40 km. Considering that the shelf width in the study area 
varies from 86 to 174 km this cold, fresh tongue is a major feature. 
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FIG. 2c. Horizontal distribution of salinity at 10m depth in March 1982. Contour interval is 1 %o. 

Cross-shelf'$ydrography 

Vertical sections ofthe cross-shelfhydrography are noteworthy in the detail 
depicted. The general form confirms what is known of seasonal Texas shelf 
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FIG. 2o. Horizontal distribution of salinity at the sea-bottom or on the 26.2 <T1 surface, 
whichever is shallower, in March 1982. Contour interval is 1 o/oo. 

hydrography, with the low salinity water near the coast controlling the water 
density there. Temperatures increase offshore and at this time of the year 
there is no well developed thermocline over the shelf or slope (Sahl 1984). 
Figures 3a and 3b show the salinity distributions for the two cross-shelf 
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sections, A and D. The salinity distributions show that the fresher water on the 
inner shelf may extend at least halfway across the shelf, as in section A. The 
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salinity front that bounds this brackish wedge usually slopes down towards 
the shore, but section D (Fig. 3b) shows that this need not be the case. Offshore 
transport of bottom water· has resulted in a bending of the salinity front. 
Present at the shelf edge in both sections are small scale (ten's of meters 
thick) high and low salinity lenses. Similar structures are not present in the 
temperature field. 

Sections Band C are across the shelfedge only. The salinity distributions for 
these sections are shown in Figs. 4a and b. The salinity field for section C (Fig. 
4b) shows great complexity due to sinall scale lenses of high and low salinity. 
The lenses in section C vary in thickness, reaching a maximum of approxi
mately 50 m. Section B (Fig. 4a) is much less complicated. To examine these 
lenses further, T -S diagrams were drawn for a station with a minimum of 
small scale structures, station 21 (Fig. 5a) and for two stations with small scale 
structures, 30 and 31 (Figs. 5b and 5c). 

Figure 5a is the T-S diagram for station 21 from the surface to 200m. The 
salinity change for this depth range is 0.5o/oo. Waters from 0-90 m are most 
saline. Below 90 m salinities decrease with increasing depth. Temperatures 
decrease with increasing depth. This T -S distribution is for shelf-edge waters 
unaffected by inner or mid-shelf intrusions. On the other hand, T-S distribu
tions for stations 30 and 31 clearly show the effects of mid-shelf water 
intrusions (Figs. 5b and 5c). Below 150m at station 30 and 130m at station 31 
the T-S distribution is very like that of station 21. But above these depths the 
water column is affected by interfingering and/or mixing of waters with 
different T -S signatures. Both stations have the same gross form, a relatively 
straight sloping section, "a bulge", then the straight sloping section that 
begins at 130-150 m. The straight sloping section at the top in both cases is due 
to the fresher tongue of surface water previously discussed. At depth the 
effects of this fresher water mixing with slope waters are shown in the 
sections of the T-S diagrams that bulge. Figure 4b shows that some of this 
mixing is occurring in the form of interleaving indicated by the salinity highs 
and lows in the section. 

Temporal Variation in Hydrography 

On the May and November cruises a section running north-south along 
longitude 95° west was occupied. These data can be used to examine temporal 
variability of the Texas shelf hydrography. 

Station locations are shown in Fig. 6 for these two cruises. Fig. 1 shows the 
station locations for the March cruise, during which section B was occupied 
along 95° west. Salinity data from the two later cruises are shown in Fig. 7. 

As is typical for the spring, a brackish wedge is present on the inner shelf in 
May (Fig. 7a). A halocline has developed over the outer shelf and slope, and at 
the same depth a thermocline is present (not shown). Both the temperature 
(not shown) and salinity fields indicate mixing of shelf waters for November 
(Fig. 7b) with steeply dipping contour lines. This winter mixing is typical of 
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FIG. 6. Station locations for May 1984 cruise (dots) and November 1984 cruise (stars). 

the Texas shelf. Significantly, both sections show relatively fresh surface 
water over the continental slope, though the waters are not as fresh as those 
observed in March. No small scale features are present in the salinity field, as 
are present in the March data set. These data argue that fresher water at the 
shelf edge is not uncommon. 
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DISCUSSION 

Although inner shelf circulation on the Texas shelf is well known, the 
circulation of the mid and outer shelf is not well understood. Inner shelf 
currents are to the southwest for much of the year, driven by the alongshore 
wind component. These currents carry river runoff, creating the brackish 
wedge on the inner shelf. Cochrane and Kelly ( 1986) summarize present 
knowledge on Texas shelf circulation and postulate cyclonic circulation on 
the Texas-Louisiana shelf for much of the year~ The southern limb of the 
cyclone is on the Texas shelf and results in offshore transport. Over the shelf 
edge currents are directed eastward. This type of circulation would result in 
low salinity inner and mid-shelfwater being carried out over the shelf edge. 
The data we present here show evidence ofsuch offshore transport. Moreover 
we are able to resolve much smaller spatial scales than those presented in 
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Cochrane and Kelly (1986). The seasonal surface salinity pattern they present 
shows low salinity water over the slope from May through July. Data 
presented here show this phenomena may start as early as March. The 
phenomena observed here may be on a smaller scale than that reported in 
Cochrane and Kelly (1986). They postulate a gyre covering the whole shelf. 
The salinity pattern observed here could also be explained by an eddy on the 
East Texas shelf, or an advected bolus of inner shelf water. The observed 
pattern may occur in conjunction with larger scale phenomena, such as a 
gyre, and add to the complexity of the general circulation. 

Ifthe salinity pattern reported here is part of the cyclone, we were fortunate 
in March 1982 to sample the eastward limit of the low salinity shelf-edge 
water. Sections C and D (Figs. 4b and 3b) document low salinity water, Aand B 
(Figs. 3a and 4a) do not. Between sections B and C the low salinity water has 
mixed with shelfedge water. The fine-structure in the salinity data (Figs. 3b 
and 4b) is evidence of turbulent mixing and/or interleaving. Similar features 
have been observed by Wright (1976) and Miller (1950) on the New England 
shelf. The T-S pattern for the mixing we observe is similar to that observed by 
Gregg (1975) off the coast of California. This T-S pattern is caused by 
interleaving of different water masses, in this case inner or mid-shelfwaters 
with slope water. The interleaving would lead to small scale mixing until 
eventually the shelf waters would be indistinguishable at the shelf edge. 
These fine-structured features would be transitory, so it is not surprising that 
we do not observe them on all cruises. 

These data then present new insight into Texas shelf circulation. At times 
inner and mid-shelfwater is advected to the outer shelf. At the shelf edge this 
water and slope water mix and/or interleave, producing a complex T -S 
pattern. Diffusion and turbulence eventually destroy the direct evidence of 
shelfwaters. 

This study reveals that close sampling, vertically and horizontally, is 
necessary for Texas shelfhydrographic investigations. Our one meter vertical 
spacing seems to be sufficient, but close as our horizontal spacing is, it is not 
close enough. Most ofthe lenses observed in the salinity and temperature data 
were documented at only one station. This argues for closer station spacing in 
shelf hydrography investigations. 
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ABSTRACT 

Two otter trawls (1.8-m and 4.8-m), two push trawls of differing widths 
(2.1-m and 4.2-m), and a 57 -m long-haul seine were evaluated for sampling 
fishes and crustaceans in a shallow coastal marsh of southwest Louisiana. 
Ease ofuse, number of species captured, and number oforganisms per 1000 
m2 of surface area sampled were compared for each sampling gear. 
Although the otter trawls were easiest to use, they yielded the lowest density 
oforganisms for most species. The wide push trawl was the most expensive 
and cumbersome gear, but yielded the highest number of organisms/1000 
m2 

• The long-haul seine was the most difficult gear to use, but captured the 
most species, the most species per sample, and generally the most organ
isms per sample. 

INTRODUCTION 

Gear selectivity is produced by any characteristic which causes a gear to 
capture a non-representative sample of a population (Kushlan 1974). Many 
techniques for sampling shallow coastal marshes are selective in one way or 
another. Perry (1978) compared an otter trawl to rotenone for sampling a 
Louisiana marsh and reported the former to yield a biased representation of 
the community. Weinstein and Davis (1980) compared rotenone with a seine; 
both methods yielded representative samples of the nekton community 
although rotenone showed a non-significant, but higher, species richness. 

Selectivity and gear efficiency are directly related. Selectivity is an expres
sion of the difference in numbers or length frequency captured by a sampling 
gear from what is actually present in the water body (Backiel and Welcomme 
1980). Efficiency is the percentage of organisms in the path of a gear that is 
captured (Kjelson and Johnson 1978). Efficiency of a 4.9-m otter trawl was 
estimated by Loesch, Bishop, Crowe, Kuckyr and Wagner ( 1976) for Penaeus 
aztecus (45°/o), Micropogonias undulatus (25°/o), and Leiostomus xanthurus 
(6°/o). Kjelson and Johnson (1978) found higher catch efficiencies for Leios
tomus xanthurus (32°/o) using a larger trawl (6.1-m). Watson (1976) reported 

1 The Unit is supported by Louisiana State University Agricultural Center, Louisiana Depart
ment ofWildlife and Fisheries, and the U.S. Fish and Wildlife Service. 
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mean catch efficiencies for penaeid shrimp using 15-m and 21-m electrical 
otter trawls of 54% and 35% respectively. Macketts (1973) and Kjelson and 
Colby (1977) determined catch efficiencies of 3.0-m, 4.6-m and 6.1-m otter 
trawls for several common marsh fishes. Relative efficiencies were greater 
for the largest trawl. 

Selectivity and efficiency of the various sampling gears used in shallow 
coastal marshes must be quantified to yield the best possible estimates ofsuch 
important population characteristics as stock size, recruitment and diversity. 
Improved knowledge of the selectivity and efficiency of, and the problems 
inherent in, each gear should help fisheries biologists choose the sampling 
gear that best meets their needs. Towards this end we compared two widths of 
otter trawls, two widths of push trawls and a long-haul seine for ease of use, 
number of species captured, and number of individuals captured/1000 m2 

sampled. 

MATERIALS AND METHODS 
Sample Collection 

Sabine National Wildlife Refuge in southwestern Louisiana fits the description of brackish 
marshes provided by Chabreck (1972). Four stations were sampled: two deep stations, averaging 
4 7 and 45 em deep, and two shallow stations, averaging 19 and 24 em deep. All stations were open
water areas and all sampling gears were used in the same sections of each station. 

Sampling began 19 April1982 and ended 31 July 1982. The study was divided into eight2-week 
periods during which each of the sampling gears was used once at every station during each 
period. Thirty two samples were taken with each gear. The five sampling gears were: 

1) 57-m long-haul seine 
2) 1.8-m otter trawl 
3) 4.9-m otter trawl 
4) 2.1-m surface push trawl 
5) 4.2-m surface push trawl. 

Trawl dimensions and mesh sizes of the push and otter trawls conformed to the gear 
specifications of similar nets commonly used in estuarine studies in Louisiana (Hartman 1984). A 
long-haul seine is not commonly used in Louisiana, so its mesh size was chosen to approximate 
the mesh of the trawls. 

The long-haul seine was 57 m long and 1.2 m deep with a 4.8-mm woven delta-type mesh. The 
seine was used in a manner similar to that described by Kjelson and Johnson (1974). A bag 1m 
deep with an opening 1.2 m x 1.0 m was situated at one end of the seine. The other end was fixed 
to an otter trawl board, which was attached by a 23-m rope to the airboat. The bag end ofthe seine 
was attached to a stationary, vertical post to fix that end of the net in an upright position. The net 
was deployed in a straight line as the airboat was pushed away from the post. The seine was thus 
stretched in a straight line between the airboat and the post before sampling began. The airboat 
was moved in a circular direction until it was goo from the beginning position; it was then turned 
to draw the net across the post and pulled so that the net stayed against the post until only a small 
enclosure containing the capture organisms remained at the bag end of the seine. The lead lines 
of the enclosure were then pinched together and the whole end was lifted onto the airboat deck. 
The average area fished was 1700 m2

• 

The push and otter trawls were used for five minutes each at 2000 rpm (maximum safe rpm's 
for our airboat). Average velocity for all trawls was determined by using each for five minutes in a 
canal that ran parallel to a road. Distance traveled was then measured and divided by the elapsed 
time to determine velocity. The mean value of five repetitions was used. Surface area fished by 
each gear was determined by multiplying the distance traveled in five minutes by the mouth 
opening of each gear. 
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The 4.9-m otter trawl consisted of a 16-mm bar mesh body and a 6.3-mm bar mesh tail. Each 
otter trawl board measured 40 by 76 em and was attached by a 23-m line to a bridle slung 
underneath the airboat. Average velocity was 1.35 m/s. With a mouth width of 2.5 m (Loesch et al. 
1976), the surface area fished by this trawl was 1012 m2 

• 

The 1.8-m otter trawl had an 8-mm bar mesh body and 4.8-mm bar mesh tail. The otter trawl 
boards measured 25 by 46 em. It was fished in the same manner as the larger trawl except at a 
velocity of1.8 m/s. With a mouth width of1.35 m (field measurement), the surface area fished was 
729m2

• 

Both push trawl nets had a 6.3-mm bar mesh body and a 3.2-mm bar mesh tail (Hartman 1984 ). 
The single push trawl net was attached to a rectangular hollow aluminum frame 2.1 m wide and 
was adjusted to fish from the surface to just above the bottom. It was pushed by the airboat for 5 
minutes at a speed of 1.8 m/s. The total surface area sampled was 1140 m2• 

The double push trawl (Herke 1969) was similar to the single push trawl but fished an area 
twice as wide. It was pushed for 5 minutes at a speed of 1.2 m/ s, and sampled 1567 m2

• 

The long-haul seine and otter trawls were used at all stations on the same day. One week later 
both push trawls were used at all stations. Order of use of each gear at each station was rotated so 
that the use of one gear would not continually bias the catch of another. 

All samples taken with each gear were placed in individual mesh bags and preserved in a 
cooler containing ice and water. All fish and crustaceans were sorted to species, counted and 
measured. Fish standard length, shrimp total length and crab carapace width were measured in 
5-mm increments. For example, all organisms measuring 20 to 24 mm were assigned to the 20 
mm length class. 

Data Analysis 

The variance among gears in the number of species captured per sample was tested with a 
split-plot model analysis ofvariance (Steele and Torrie 1980) using SAS (1985) procedures. PROC 
GLM was used to help correct for unbalanced data. This model used Type II sums ofSquares with 
gear and station as main effects. The design blocked on period and utilized interactions as error 
terms. Duncan's Multiple Range Test (Steele and Torrie 1980) pinpointed significantly different 
(P < 0.05) variance among gear types. 

The number captured/1000 m2 was log transformed (log (number/ 1000 m2 + 1)) to help 
correct for non-normality of distribution and these numbers were tested in the same split-plot 
analysis of variance design described above. All zero catches were included in the analysis. 
Duncan's Multiple Range Test pinpointed significant differences in numbers captured among 
gear types. 

RESULTS 

Over 138,000 fishes and crustaceans representing 47 species were captured 
during the study. Brevoortia patronus dominated the catch and Anchoa 
mitchilli was second overall. Over half ofthe total catch by numbers was made 
up of these two species. The next most numerous species captured were three 
euryhaline forms; Cyprinodon variegatus, Palaemonetes sp. and Poecilia 
latipinna. 

The effects ofvarious mesh sizes on numbers captured appeared small. The 
large otter trawl had a tail mesh width only 3.0 mm greater than the smallest 
mesh, which was in the tails of the push trawls, and the mesh size of all other 
gears varied by no more than 1.6 mm. Few individuals less than 24 mm were 
captured by any gear during the first six periods of the study (Table 1). Data 
from the final two periods were not used in this table because the 4.9-m otter 
trawl was not used at all shallow stations during this time. 

Agreater percentage of the catch ofthe 4.9-m otter trawl (having the largest 
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TABLE 1 

Percentage catch of each gear in selected length classes during the first six sampling periods. 

Gear 
Length class Long-haul Push Trawls Otter Trawls 
(mm) Seine single double 1.8-m 4.9-m 

0-14 0.0 0.0 0.0 1.3 0.5 

15-19 0.1 0.1 0.2 1.9 0.6 

20-24 1.6 0.8 1.8 3.6 1.5 

25-29 8.6 10.9 21.1 9.5 7.5 

30-34 28.2 15.5 36.5 28.6 15.2 

35-39 32.2 22.9 18.6 16.7 14.1 

40-44 19.7 27.0 9.8 9.6 17.9 

45-49 5.2 2.0 4.5 5.7 9.7 

50-74 2.9 7.1 3.3 12.2 12.2 

75-99 1.0 1.9 2.8 8.4 15.6 

100+ 0.2 1.2 0.8 1.9 4.7 

mesh) was composed of fish less than 20-mm standard length, which was 
greater than all other gears except the 1.8-m otter trawl (Table 1). Both otter 
trawls captured greater percentages of large organisms than the other gears 
(Table 1). 

Each gear was compared using three criteria: 1) ease of use, 2) number of 
different species captured, and 3) number captured/1000 m2 fished. 

Ease ofUse 

Although each gear required only one person, two people operated all gears 
more efficiently. Clear differences in effort and time were required to sample 
a station with each gear. The long-haul seine required by far the most; about 
an hour was required to set and retrieve the seine, remove all organisms, and 
reload the net onto the boat. Seine samples with large amounts of small fish 
and debris took up to 1.5 hours to finish. A sampling run with either push trawl 
averaged 25 minutes from start to finish, while an otter trawl sample involved 
the least effort and only required approximately 15 minutes. 

Some negative aspects were found for each gear. The otter boards of the 
4.9-m trawl had a tendency to fall over in water less than 20 em deep, making 
shallow water sampling with this gear impossible. The depth of the long-haul 
seine (1.2 m) created some problems when sampling in shallow water. 
Organisms were trapped in folds of the netting as the net was being pulled 
past the post and escaped. Hundreds of organisms, especially the smaller 
finfish, probably escaped in this fashion at the shallow stations. All other gears 
proved adequate for marsh work in water depths ranging from 10 to 70 em. 
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Mugil cephalus and Elops saurus easily leaped over the float lines of the seine; 
many were observed escaping from the net in this fashion. Both the 1.8-m 
otter trawl and the single push trawl had relatively small mouth openings, 
making avoidance of these gears easier. The push trawls required assembly 
in the field, and transportation of the net frames to the field was cumbersome, 
particularly for the double push trawl. Itwas difficult to set the push trawls at a 
sampling depth whereby the net frame would not become imbedded in the 
mud but would still sample the entire water column. All samples were 
retaken when net frames became imbedded in the bottom. 

Number ofSpecies 

The most species were captured with the long-haul seine (39), while the 
single push trawl captured the fewest (25), and the other gears captured 
similar numbers of species (31-34) (Table 2). The long-haul seine also 

TABLE2 

Number of species, mean number of species per sample, total numbers, mean number per 
sample and mean number/1000 m2 captured with each gear. 

Long-haul Push Trawls Otter Trawls 
Seine double single 4.9-m 1.8-m 

Number of 
species 39 34 25 32 31 

Mean species 
per sample 10.0 8.9 6.6 8.5 7.3 

Total number 45,491 48,449 20,560 7,273 12,710 

Mean number 
per sample 1,421 1,514 642 250 397 

Mean Number 
per 1000m2 888 1,001 563 247 613 

captured significantly more species per sample than the other gears (Table 
3), averaging 10.0 species per sample, versus 8.9 for the double push trawl, 
8.5 for the 4.9-m otter trawl, 7.3 for the 1.8-m otter trawl and 6.6 for the single 
push trawl (Table 2). 

Number Per 1000 m 2 Sampled 

A major source ofvariation within capture numbers was the differing area 
sampled by each gear. Maximum water depth during sampling was 65 em, 
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TABLE3 

Results of Duncan's Multiple Range Test on number of species captured/sample and on log 
transformed catch of selected species/1000 m2 for all gears. Gear catches are highest to lowest 

left to right, and those not underscored by the same line are significantly different. 

Number of species/sample LHS Of! SOT LOT se:r 

Catch/1 ooom2 

All taxa combined LHS DET SET SQT LQT 
Callinectes sapidus SQI LQT LHS DPT SPT 

Penaeus aztecus LQT SQT DPT LHS SPT 
Brevoortia patronus 
Anchoa mitchilli 

LHS 
LHS 

DPT 
DPI 

SPT 
SPT 

LQT 
LQT 

_sQI_ 

SQT 

Micropogonias undulatus LQT LHS SQI SPT DPT 
Mugil cephalus DPT SPI LHS LQT SOT 

Cynoscion arenarius U:iS. LQT DPT SPT SOT 

* Gear abbreviations are: LHS long-haul seine, OPT double push trawl, SPT single push trawl, 
LOT 4.9-m otter trawl, SOT 1.8-m otter trawl. 

mean water depth was 22 em for the shallow stations and 46 em at the deep 
stations. Except for the push trawls not sampling the bottom 3-8 em, each gear 
fished the entire water column. Therefore, the surface area fished by each 
gear during a sampling run was determined and divided into the catch 
numbers for each sample taken to standardize data. The resulting figure was 
multiplied by 1000 to provide an estimate of the number of individuals 
captured per 1000 m2 of surface area fished per sample. These catch per unit 
area values (Table 4) were then treated statistically as described above. 
Duncan's Multiple Range Test pinpointed significant differences among 
gears (Table 3). 

The long-haul seine and double push trawl captured significantly more 
individuals overall than all the other gears (Table 3). The double push trawl 
had the highest catch/1000 m2 (1,001) while the 4.9-m otter trawl had the 
lowest (247) (Table 4). The low catch of the 4.9-m trawl as compared to the 
other gears may be due to its inability to sample in extremely shallow water. 
Water levels were very low during the last two periods and only one sample 
was taken with the 4.9-m otter trawl at the shallow stations because the trawl 
boards would not stand up. Four samples were taken during this time at the 
shallow stations with each of the other gears. Also during this time, numbers 
of several cyprinodont forms ( Cyprinodon variegatus, Fundulus grandis, 
Poecilia latipinna) were extremely numerous, elevating catch numbers of the 
other gears. 
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TABLE4 

Mean catch/1000 m2 for all taxa combined and selected taxa by each gear. 

GEAB 
SPECIES Long-haul Push Trawls Otter Trawls 

Seine Double Single 4.9-m 1.8-m 

All 
Callinectes sapidus 
Penaeus aztecus 
Brevoortia patronus 
Anchoa mitchilli 
Micropogonias undulatus 
Mugil cephalus 
Cynoscion arenarius 

888.0 
4.2 
7.0 

513.2 
259.4 

17.5 
1.2 
1.1 

1001.0 
3.3 

32.8 
370.0 
119.0 

1.3 
4.5 
0.1 

563.0 
2.0 

10.3 
128.3 
91.7 

2.5 
1.4 
0.0 

247.0 612.0 
8.0 16.4 

43.1 39.2 
64.9 68.6 
62.2 33.6 
24.8 10.7 

0.7 0.4 
0.4 0.0 

The 1.8-m otter trawl captured significantly more Callinectes sapidus/1000 
m2 than all other gears (Table 3), capturing 16/1000 m2 

, followed by the 4.9-m 
otter trawl with 8/1000 m2 (Table 4). The greater catch ofthe 1.8-m otter trawl 
versus the larger, 4.9-m otter trawl may be due either to different trawling 
speeds or to mesh sizes. The 1.8-m trawl was pulled 0.45m/sec faster than the 
4.9-m otter trawl, making net avoidance of the smaller otter trawl more 
difficult. During the first six periods, the 1.8-m otter trawl captured a greater 
percentage of Callinectes sapidus with carapace widths less than 20 mm (38% 
for the 1.8-m otter trawl versus 25% for the 4.9-m otter trawl). The push trawls 
probably captured fewer of these species because they are unable to catch 
organisms residing in or on the bottom sediments. The front bar of the push 
trawls was set to ride on the bottom and would tend to ride over any organisms 
directly on the bottom. Organisms would have to be a few centimeters off the 
bottom to be swept over the front bar and into the net. At the deeper stations 
we were unable to consistently set the push trawl so that the front of the frame 
would ride on the bottom sediments; organisms at those stations probably had 
to be several centimeters off the bottom for them to be captured. Although the 
long-haul seine sampled the bottom sediments, it took about five minutes 
from the time sampling was finished until the net could be lifted into the boat. 
Many Callinectes sapidus probably escaped during this time. It also moved 
relatively slowly, probably allowing many crabs to escape capture by burrow
ing into the bottom. 

Penaeus aztecus results were similar to those for Callinectes sapidus. The 
otter trawls and the double push trawl captured significantly more Penaeus 
aztecus than the long-haul seine and single push trawl (Table 3). Catch/1000 
m2 was highest with the 4.9-m otter trawl, (43) followed closely by the 1.8-m 
otter trawl with 39. The long-haul seine probably captured few Penaeus 
aztecus for the same reasons cited above for Callinectes sapidus. The differ
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ence in catch between the push trawls is probably due to shrimp being able to 
avoid the mouth of the single push trawl (2.1 m wide), but not the wider mouth 
(4.2 m) of the double push trawl. Assuming 45°/o trawl efficiency using the 4.9
m otter trawl (Loesch et al. 1976), efficiency of the other gears for catching 
Penaeus aztec us is 40°/o ( 1.8-m otter trawl), 35°/o (double push trawl), 11% 
(single push trawl) and 8% (long-haul seine). 

Brevoortia patronus was the most common finfish captured. There was no 
statistical difference in the number captured/1000 m2 by the long-haul seine 
and the double push trawl (Table 3). The 1.8-m otter trawl captured the 
fewest/1000 m2 but only slightly less than the 4.9-m otter trawl (Table 4). The 
high catch/1000 m2 seen with the push trawls as compared to the otter trawls 
may be due to the ability of the push trawls to sample an area before it had 
been disturbed by the airboat. Fish were observed moving away from the 
airboat as it neared them, thus, the push trawls captured many gulf menhaden 
before they vacated an area, whereas the otter trawls captured only those that 
had not retreated from the area. 

Results for Anchoa mitchilli were similar to those for Brevoortia patronus; 
the long-haul seine captured significantly greater numbers/1000 m2 than all 
other gears except the double push trawl, and the otter trawls captured the 
fewest (Table 3). Differences between push and otter trawls are probably due 
to factors already described for Brevoortia patronus. 

The 4.9-m otter trawl and the long-haul seine captured the greatest number 
of Micropogonias undulatus/1000 m2 (Table 4), significantly more than the 
other gears (Table 3). Catch by the push trawls was least. The low push trawl 
catches are probably due to the inability of these gears to catch benthic 
organisms. Assuming 25% efficiency of the 4.9-m otter trawl (Loesch et al. 
1976), efficiel)cy of the other gears in capturing Micropogonias undulatus was 
18% (long-haul) seine, 11% (1.8-m otter trawl), 2% (single push trawl) and 
1% (double push trawl). 

Few statistically significant differences were found among the sampling 
gears in the catch of Mugil cephalus (Table 3). Both push trawls captured the 
largest number/1000 m2 

, and both otter trawls captured the least (Table 4). 
Differences in catch between push and otter trawls are probably due to factors 
discussed previously for Brevoortia patronus. 

The long-haul seine captured the most Cynoscion arenarius (Table 3). This 
species, along with other larger and more mobile species (Lepisosteus 
ocul(,ltus, Elops saurus, Pogonias cromis) were taken in relatively small 
numbers, but most often were captured using the long-haul seine. While 
these species were able to avoid the openings of the push and otter trawls, 
they were less able to avoid being encircled by the seine. 

SYNOPSIS 

Each type of fishing gear used in this study varied widely in the type of 
species captured, number of species captured, number of individuals cap
tured, and ease of use. Fisheries biologists should base their choice of 
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sampling equipment on the objectives of their study and their target species, 
not primarily on ease of use, equipment at hand, or expense. 

Although difficult and time consuming to use, the long-haul seine captured 
the greatest number of species, the greatest number of species per sample, 
and greater numbers ofindividual organisms more often than any ofthe other 
sampling gears. Of those tested, it may be the preferred gear for the capture of 
anchovy, menhaden, most go by species, seatrout, ladyfish, drum, and gar. It is 
best used in an area slightly shallower than the depth of the net. 

The push trawls were relatively easy to use, but were expensive and time
consuming to build and tended to capture large numbers of a few species of 
fish. The push trawls are best used when a researcher is interested in 
sampling both near-shore and open-water areas of a shallow, coastal marsh. 
They were highly maneuverable and their attachment to the front of a boat 
would allow them to be used close to a shoreline. A possible improvement for 
the push trawls would be to add a tickler chain several centimeters in advance 
of the mouth opening to force benthic organisms off the bottom. The double 
push trawl is more efficient than its smaller counterpart for most species and, 
of those tested, should be the gear of choice for all cyprin-odontiform species, 
silversides, grass shrimp and mullet. In water too deep to sample the entire 
water column it would be preferred to the otter trawl for the capture of surface 
swimming fishes. 

Easiest and least expensive to use, the otter trawls appeared to have the 
lowest overall efficiency for capture of many species. However they were the 
most efficient gears for penaeid shrimp, spot, Atlantic croaker and blue crab. 

In shallow water(< 1m deep), a push-otter trawl (Rogers 1985) may be a 
good compromise between the push trawls and otter trawls used in our study. 
It would combine the positive aspects of push trawls (maneuverability, ability 
to catch organisms before disturbed by the airboat) with those of the otter 
trawls (ease of use, inexpensive, captures benthic organisms well) to provide 
one gear suitable for capture of all but the larger fish taxa. 
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ABSTRACT 

On coastal wind-tidal flats of South Texas, stable carbon isotopic compo
sition of resident semiaquatic insects reflects the isotopic signature of 
cyanobacterial mats, the dominant primary producers. As evidenced by the 
abundance of insect populations, the transfer of marine cyanobacterial 
biomass to insect food webs is a major pathway of carbon flow in this 
intertidal ·environment. Three distinct plant nitrogen sources are de
lineated from the nitrogen isotope data set: blue-green algae, upland plants, 
and plants of a freshwater playa area; however, additional nitrogen mea
surements are necessary to demonstrate trophic relationships between 
insects. 

INTRODUCTION 

Wind-tidal flats in the Laguna Madre region of the northwestern Gulf of 
Mexico are a specialized intertidal habitat where large daily tidal fluctuations 
are absent and arid, windy climate exists (Sorenson and Conover 1962, 
Copeland 1966). Cyanobacteria (blue-green algae) of the genera Lyngbya 
and Microcoleus are the dominant benthic algae on such flats, forming 
extensive mats capable of significant primary productivity and nitrogen 
fixation (Pulich and Rabalais 1986). Despite the large amount of algal biomass 
produced, pathways of secondary production on these flats are poorly 
delineated. Due to the alternating cycles of tidal inundation and drying, the 
habitat is best described as semiaquatic with salt-tolerant insects comprising 
the dominant macrofauna present during non-flooded periods. 

An abbreviated insect food web can be postulated for these flats during the 
predominant low tide exposure periods. Direct consumption of blue-green 
algal carbon and nitrogen can occur by the various herbivorous or phytosap
rophagous groups found there (e.g. Collembola, Coleoptera and Diptera) 
(Daly, Doyen and Ehrlich 1978). In certain seasons, limnichid beetles and fly 

1 Resource Protection Division, Texas Parks and Wildlife Dept., 4200 Smith School Rd., Austin, 
TX 78744 
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larvae achieve standing stocks of thousands of individuals per square meter 
of algal mat (Pulich, unpublished results). These insect consumers in turn can 
provide food for the abundant predatory Hemipterans (e.g. shorebugs) and 
Coleopterans (tiger and carabid beetles) present (Daly et al. 1978). This 
proposed scheme represents a novel pathway of substantial, primary transfer 
of energy and material from marine algae to a semiaquatic food web. 

While other marine ecosystems (e.g. salt marshes and seashore beaches) 
support minor associated insect food webs (Pfeiffer and Weigert 1981, Cheng 
1976), the wind-tidal flats system appears unique in its domination by insect 
primary consumers. 

Stable carbon and nitrogen isotopic compositions of the flora and insect 
fauna were investigated at a typical Padre Island, Texas wind-tidal flat. 
Previous isotope studies of marine ecosystems have traced carbon flow 
through salt marsh (Haines 1976, Hackney and Haines 1980), seagrass 
meadow (Thayer, Parker, La Croix and Fry 1978; Fry and Parker 1979; Fry, 
Lutes, Northam, Parker and Ogden 1982; Fry, Scalan and Parker 1983), 
mangrove community (Rodelli, Gearing, Gearing, Marshall and Sasekumar 
1984), and phytoplankton-based food webs (Gearing, Gearing, Rudnick, 
Requejo and Hutchins 1984), but no isotope work has related to food web 
studies of habitats dominated by blue-green algae. 

In each system, isotopic fractionation of carbon between consumers and 
their diets is 2 per mil (o/oo) at most, and generally much less (Fry and Sherr 
1984). Thus the dominant plant species present in the ecosystem impart a 
characteristic isotopic signature to the organic carbon of consumer groups. 
The influence of seagrass or Spartina carbon is detectable as 813C values in 
the range of -10 to -15%o, while phytoplankton influence is represented by 
such values from - 18 to - 22o/oo, and mangrove carbon by values from -25 to 
- 28o/oo. 

Since the semiaquatic insects range from the flat margin (adjacent to C3 and 
C4 vegetation) to far out on the open flats, a large potential gradient exists 
between 813C offood sources. The diets of such insects could include C3 plant 
carbon (813C -22 to - 29%o) or C4 plant carbon (813C -11 to -15%o) at the 
margin and algal mat carbon on the flats (813C -12 to -14%o) (Behrens and 
Frishman 1971; Calder and Parker 1973; Fry, Jeng, Scalan and Parker 1978). 

While carbon isotopic variations are related to the primary source of the 
element and vary by ::5 + 2o/oo with the trophic level, nitrogen isotopic ratios 
depend not only upon the source of the nitrogen but are positively frac
tionated as much as + 3 to + 5%o when passing from one trophic level to the 
next (Miyake and Wada 1967; Wada and Hattori 1976; Macko, Lee and Parker 
1982; Rau 1982; Minigawa and Wada 1986; Wada, personal communication). 

MATERIALS AND METHODS 

The study site was located adjacent to the Upper Laguna Madre opposite Baffin Bay, Texas (Fig. 
1). Collecting stations were established in three different plant habitats: "A"- on the open flats; 
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FIG. 1. Site map of Padre Island wind-tidal flat study area. 

"B" - at the flat margin in the salt-tolerant vegetation; and, "C" - in a small, dried-up, 
freshwater playa about 1 km from the flat margin. Dominant insects were sampled at these 
stations during daylight hours five times in 1984 (5 June, 19 July, 5 September, 1 October, and 14 
November) and on 22 August 1985. Specimens were captured with nets, picked by hand from 
surface algal mats, or dug from the sediments. Vascular plants at the two upland stations were 
collected at random and represent the most abundant local species. 

The study primarily concentrated on resident, ground-dwelling insects (plus spiders) occur
ring at the three stations. Flying insects (e.g. flies) which breed and remain near the flats were 
also analyzed, since these appeared to be cons,umers of algal mats during their larval stage. A 
number of other flying insects (dragonflies, butterflies, etc.) were excluded, as they were 
considered transients to the flats. 

All specimens were returned to the laboratory alive on the same day of collection and then were 
maintained frozen until they were oven dried at 90°C for 15 to 20 hours. Dried, whole insects or 
plant parts were cleaned by brushing if necessary and ground in a Wiley mill (40 mesh screen). 
Initially, all samples were treated with dilute HCl for thirty minutes to insure removal of 
carbonates. When carbonates were later determined to be absent in insects and vascular plants, 
only algal mat samples were subsequently acid-treated. 
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Carbon dioxide for 813C analysis was produced by a sealed-tube method adapted from Sofer 
(1980), using 5 to 10 mg dry weight of powdered sample when available. Following cryogenic 
purification ofthe carbon dioxide produced, isotopic measurements were made using an isotope 
ratio mass spectrometer (VG Micromass Ltd., Model 602E). Samples for nitrogen isotope 
measurements were prepared by a sealed-tube method similar to that of Macko (1981). Purified 
nitrogen gas was measured in a Model 6-60-RMS isotope ratio mass spectrometer (Nuclide 
Corporation). 

The precision of isotopic measurements was determined by replicate analyses of samples and 
laboratory standards. For carbon analyses, the overall precision for biologic samples, including 
sample preparation and mass spectrometry, is ±0.17o/oo for a 2 sigma range of pooled standard 
deviations from four measurements of samples run in triplicate. The standard deviation is 
± 0.061 o/oo for the four most recent periodic checks of standard preparation while the precision for 
the instrumentation alone is ± 0.010%o. Precision for nitrogen isotopic analysis is somewhat less 
being approximately ± 0.25o/oo for overall sample preparation and measurement. 

In most cases the analyses were performed on individual insects in an effort to establish the 
ranges ofvariation for each ofseveral species. The only exceptions were for the minute limnichid 
beetles and collembola which required pooling of 20 to 50 individuals to give a sample of a size 
suitable for analysis. 

TABLE 1 

Carbon isotope values (813C) for selected biota of the Padre Island wind-tidal flat environment. 
A. B. c 

Sample Type Open Tidal Flats Tidal Flat Margin Freshwater Playa 

PLANTS 

Cyanobacteria (mat) -11. 5±0 .5(N=10)* 

Seagrass (detritus) -11.8 

c3 Plants 
Bat is maritima -22.4 
Bacopa monnieri 
Machaeranthera phyllocephala 
Suaeda linearis 
Eleocharis (sp.) 
Salicornia virginica 
Borrichia frutescens 
Sesuvium trianthemoides 
Salicornia bigelovii 
Limonium nashii 
Heliotropium curassivicum 

-24.1 
-24.4 

-25.7 
-26.0 

- 27 .1 
-27.6 

-24 .4 

-24.6 

-26.3 

-29.0 

c 4 Plants 
Fimbristylis caroliniana 
Paspalum monostachyium 
Schizachyrium scoparius 
Panicum (sp.) 
Spartina patens 
Sporobolus virginicus 
Flaveria opposi tifolia 
Monanthochloe littoralis 

-ll. 5 
-11.7 
-1 2.4 
-12.9 
-13.3 
-13.7 
-1 5.3 

-10.6 
-ll. 5 
-1 1. 7 

-12.9 
-13.3 

INSECTS 
Coleoptera 

Carabidae 
Tachys pallidus 
Tachys (sp.) 
Diplochaetus lecontei 
Scarites subterraneus 

Limnichidae 
Staphylinidae 
Chrysome l idae 

- 14 . 3±1 . 3(N=7) 

-14.0±0.6(N=2) 
-11.2 

-12.9±l.O(N=3) 
-17 .6±0 .7(N=3) 
- 15.5±2 .0(N=2) 

- 21.9 

-17.5 
-21.2 
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Cicindelidae 
Cicindela 
c. hamata 
c. togata 

pamphila -11.8±1.4{N=15) 
-19.3±2.4{N=17) 

-11.7±1.1{N=16) 
-17.5±2.5{N=22) 
-15.3±1.2{N=S) 

-17.0±2.5{N=13) 
-16. 7±l.O{N=10) 

Hemiptera 
Saldidae 

Pentacora 
Lygaeidae 
Pentatomidae 

sphacelata -12.9±1.2{N=S) -13.1±0.8{N=7) 
-23.4 
-22.9 

-13.4 

Collembola 
Poduridae -14.4 

Orthoptera 
Gryllidae 

Nemobius 
Gryllus (

(sp.) 
sp.) 

-21.2 
-20 . 5 

Diptera 
Bombyliidae 
Asilidae 
Sphaeroceridae 

(Sphaerocerid? 
Ephydridae 

(Coelopid

pupae) 

ae?) 

-13.1 
-11.4±0.0(N=2) 
-12.9±0.4(N=2) 

-8.3 

-17.4±2.8{N=12) 
-13.3±0 . 3(N=2) 

-20.2 
-17 .9±3. 7{N=6) 

Hymenoptera 
Formicidae 

(small) 
(large) 

-15.6 
-9 .8 

SPIDERS 
Araneida 
Lycosidae -13.1 -18.8±1. 77(N=4) 

*Value represents mean ± one standard deviation for N individual samples. Single values are for 
a single sample. 

RESULTS AND DISCUSSION 

The carbon isotopic composition of dominant plants (Table 1) ranged from 
blue-green algal mat on the flats (at -11.2 to -12.6%o), to C4 plants (mostly 
grasses at -12 to 14o/oo) and C3 plants (- 23 to - 29%o) at the flat margin or 
surrounding the freshwater pond. Species·surveys revealed the dominance of 
C3 over C4 plants at the flat margin and the fresh-water pond. At the flat 
margin, Salicornia spp., Borrichia, Limonium, Batis and Machaeranthera had 
much higher percent cover compared to grasses e.g. Spartina spp., 
Sporobolus, MonanthochlOe and Paspalum. At the freshwater playa, Heliot
ropium, Bacopa, Sesuvium and Eliocharis formed the entire vegetative com
munity of the dried pond bed. 

The most common macrofauna encountered on the exposed flats were the 
insects and spiders whose o13C values are listed in Table 1 (Column A). 
Phytosaprophagous species ( e.g. limnichid beetles, various dipterans) 
yielded the most positive values (- 8.3 to - 14.0o/oo), while predatory types 
(carabid and rove beetles; shorebugs genus Pentacora) were slightly more 
negative ( -11.2 to -14.3o/oo). The most common species of the predatory tiger 
beetles on the flats was Cicindela pamphila, which occurred during the 
summer and early fall months and appeared restricted to this environment 
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and the flat margin.lt showed a narrow range of813Cvalues (- 9.6 to -13.5o/oo, 
avg. -11.8o/oo). On the one occasion (22 August) when numbers of another 
species, C. hamata, were found on the flats, 813C values were substantially 
more negative (average -19.3o/oo, range -14.5 to - 21.8%o). Thus, except for 
C. hamata, insect 813C values on the open flats were within ± 3o/oo of the algal 
mat source of organic carbon (avg. 813C -11.5o/oo). 

At the flat margin (Table 1, Column B), most of these insect species 
displayed a wider range of 813C values. Detritivores and microphytic grazers 
(e.g. Collembola, various dipterans, ants) showed more positive values 
( -13.3 to -15.6%o), while macrophyticherbivores (e.g. crickets and hemipte
rans) reflected the C3 plant carbon (ca. - 21 to - 23o/oo). Among the predators, 
shorebugs (genus Pentacora) were the least negative (avg. -13.1 o/oo) and two 
species of carabid beetles of the genus Tachys were distinguishable based on 
average 813C values ( -12.9 vs. -17.6o/oo). Although three species of tiger 
beetles occurred in this habitat, only C. hamata indicated a wide selection of 
food sources 813C ranging from -10 to - 21.8o/oo, avg. -17.5o/oo), typical of a 
generalist found in a variety of habitats (Fry et al. 1978). C. pamphila and C. 
togata appeared considerably less negative, averaging - 11.9 and - 15.3o/oo 
respectively, with a maximum range from -11 to -17.2o/oo. 

Except for the tiger beetles, C. hamata and C. togata, different species of 
insects occurred at the freshwater playa as compared to the tidal flats (Table 
1, Column C). C. pamphila was not observed in this freshwater environment. 
C. hamata again showed the widest range of 813C ( -13 to - 20.5o/oo, avg. 
-17.0%o). C. togata, which occurred only during the warm spring and 
summer months, ranged from -15.8 to -19.5%o (avg. -16.6%o). Common, 
potential food sources for tiger beetles in this environment (viz. chrysomelid 
beetles, bombyliid flies) exhibited 813C values close to -21 o/oo. This station 
clearly demonstrated the maximum contribution of upland C3 vegetation to 
the tissue carbon of these two species of tiger beetles. 

Delta 13C values for the predatory tiger beetle allow an assessment of 
possible feeding niches occupied by the three species (Fig. 2). A statistical 
evaluation of differences in population means of813C of tiger beetles is given 
for ten cases of unequal populations in Table 3. The computed t-value, 
number of degrees of freedom, and probability of the means being equal are 
listed. There is a very great significance to the difference between C. 
pamphila and C. hamata 813C values on both the algal flat and at the flat 
margin, and between C. togata and C. pamphila at the margin. Lesser, but still 
significant differences are found for the 813C of populations of C. hamata 
between the algal flat and the flat margin and for C. togata between the flat 
margin and the fresh water playa. Other differences shown are of little or no 
significance. 

The distribution of carbon isotope ratios was skewed toward negative 
values for all populations of C. hamata examined. In fact, 813C at the flat 
margin or on the open flats was more negative (avg. -17.5 and -19.3o/oo 
respectively) than at the freshwater playa (avg. -17.0o/oo). In contrast to C. 
hamata, C. pamphila appeared to rely on a different food source whether at 
the flat margin or out on the open flat (range -10 to -13o/oo). Similarly, C. 
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FIG. 2. Distribution of&13C values for three dominant species oftiger beetles found on or near 
the wind-tidal flat study area. 
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TABLE2 

Nitrogen isotope values (315N) for representative plants and selected animals of the Padre Island 
wind-tidal flat environment. 

Sample Type 

PLANTS 

Blue-Green Algae mat layer 1.6 ± 0.5 (N =3) 
Diatom-Green Algae layer 4.3 
Halodule (detritus) 5.6 

C3 Plants (at flat margin) 
Salicornia virginica 7.4 
S. bigelovii 6.8 
Batis maritima 4.9 
Borrichia frutescens 4.9 
Limonium nashii 4.1 
Suaeda linearis 4.1 

C3 Plants (at freshwater playa) 
Bacopa monnieri -0.4 
Heliotropium currassivicum 0.9 

C4 Grass 
Sporobolus virginicus 2.8 

PRIMARY CONSUMERS 

Sphaerocerid fly pupal cases 0.8 

PREDATORS 

Coleopterans 
Cicindela hamata 4.8 1.3 (N =5) 
C. togata 6.7 0.9 (N =5) 
C. pamphila 9.7 2.3 (N =3} 

togata used a narrow range offood at both the flat margin ( -13 to -17%o) and 
the freshwater playa (range -16 to -19%o). These narrow ranges in food 
selection are typical of specialists restricted in feeding habits (Fry et al. 1978). 
Therefore, niche selection by C. pamphila and C. togata may be dependent on 
distinct food requirements satisfied only in the specific habitats they occupy. 

The nitrogen isotopic composition of three distinct sources of plant nitro
gen are given in Table 2. A + 1.6%o value for the blue-green algal mat 
represents the lowest trophic level for fixed nitrogen. This is significantly 
different from two other groups of plants growing in close proximity. Six 
species of C3 plants growing at the margin of the algal flats had an average 
value of 5.4%o and a single C4 grass, Sporobolus, had a o15N value of 2.8o/oo. In 
the freshwater playa area the two dominant C3 species of plants, Bacopa and 
Heliotropium, had nitrogen isotopic compositions much "lighter" than the 
blue-green algal mat (avg. 0.3%o). In this environment there may be several 
processes which fractionate the nitrogen isotopes to produce this effect. 
Possibly recycling of "upland" plant material could lead to the lower values by 
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TABLE3 

Tests of significance between two sample means of8 13C ofCicindelids. 

Variates (common attribute) t N (p) 

Cicindela pamphila-C.hamata (flat) 10.29 30 <<.001 

c. pamphila-C. hamata (margin) 8.392 36 <<.001 

c. pamphila-C. togata (margin) 5.868 19 <<.001 

flat-playa (C. hamata) 2.480 28 -0.02 

flat-margin (C. hamata) 2.164 37 -o.o4 

margin-playa (C. togata) 2.125 13 -o.o5 

c. hamata-C. togata (margin) 1.837 25 -0 . 09 

margin-playa (C. hamata) 0.522 33 -0.61 

c. hamata-C. togata (playa) 0.375 21 -0.71 

flat-margin (C. pamphila) 0.163 29 -0.83 

xl x2 

t 

+ E(x2i - x2)2[E(x,i - xl)2 
* u,+ ~,] rNl + N2 2 

N 2 

p values interpolated from standard tables of t-test of 
significance. 

incorporation of isotopically light ammonium or nitrate from rainwater 
(Wada, Imaizumi and Takai 1984). There also may be secondary sources of 
nitrogen, for example, atmospheric nitrogen fixed by a different primary 
producer having less fractionation than the blue-green algae of the open, 
saline flat environment (Macko, Entzeroth and Parker 1984). No algal mat 
material was evident in the playa area. 

The only measurement in this study of nitrogen isotopic composition of a 
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primary consumer of the blue-green algal mat is represented by the pupal 
cases of the sphaerocerid flies. The 815N value of 0.8%o is actually "lighter'' 
than the algal mat material instead of "heavier" as predicted from previous 
studies. That is, there has been an apparent negative fractionation of the 
nitrogen isotopes in this instance. This fractionation may be complicated by 
the fact that the pupal cases consist almost solely ofchitin, an end product ofa 
specialized biochemical pathway. Since nitrogen isotope fractionation prob
ably takes place in the biochemical pathways within the organism, this 
chitinous material may represent a "sink" for isotopically light nitrogen. 
Schimmelmann and DeNiro ( 1986) report isotopic heterogeneity for chitin of 
various arthropod sources including insects with the nitrogen being isotopic
ally lighter for the chitin than for other animal portions. In the case of the 
cicindelids, the three tiger beetles were distinctly different in their nitrogen 
isotopic composition. Cicindela hamata was the lightest, C. togata was 
intermediate, and C. pamphila the most positive with values of 4.8, 6.7, and 
9.7%o respectively. Differences between these three predatory species may be 
attributed to the number of steps in their respective food webs from the initial 
plant sources to the grazers which are consumed by the tiger beetles. Thus, 
despite the fact that three distinct plant sources of nitrogen are recognizable 
at the Padre Island tidal flat, the flow of this nitrogen into the higher trophic 
levels is more difficult to follow compared to carbon. The precise food web of 
each animal species is, as yet, uncertain and is a good subject offurther study, 
especially by nitrogen "stable isotope ecology." 

ACKNOWLEDGMENTS 

We wish to thank Dr. P. L. Parker of the University of Texas for his helpful 
discussions and Dr. Stan Wellso and his colleagues ofthe U.S. Department of 
Agriculture, Michigan State University for assistance in identification ofsome 
insect species. Funding was provided in part by the University of Texas and 
the Sid Richardson Foundation. 

LITERATURE CITED 

BEHRENS, E.W. and S.A. FRISHMAN. 1971. Stable carbon isotopes in blue-green algal mats. 
Journal ojGeology. 79:94-100. 

CALDER, J.A. and P.L. PARKER. 1973. Geochemical implications of induced changes in C13 
fractionation by blue-green algae. Geochimica et CosmochimicaActa. 57:133-140. 

CHENG, L. ed. 1976. Marine Insects. North-Holland Publishers, Amsterdam. 581 pp. 
COPELAND, B.J. 1966. Effects of decreased river flow on estuarine ecology. Journal ofWater 

Pollution Control Federation. 38:1831-1839. 
DALY, H.V., J.T. DOYEN and P.R. EHRLICH. 1978. Introduction toinsectBiologyandDiversity. 

McGraw-Hill, N.Y. pp. 188-198. 
FRY, B., W. JENG, R.S. SCALAN and P.L. PARKER. 1978. 813C food web analysis ofa Texas sand 

dune community. Geochimica et CosmochimicaActa. 42:1299-1302. 
----·R. LUTES, M. NORTHAM, P.L. PARKER and J. OGDEN. 1982. A 13C/12C compari

son of food webs in Caribbean seagrass meadows and coral reefs. Aquatic Botany. 14:389
398. 



Organic Carbon and Nitrogen from Marine Cyenobacteria 37 

-----and P.L. PARKER. 1979. Animal diet in Texas seagrass meadows: &13C evidence
for the importance of benthic plants. Estuarine and Coastal Marine Science. 8:499-509. 

_____ and E.B. SHERR. 1984. &13C Measurements as indicators of carbon flow in 
marine and freshwater ecosystems. Contributions in Marine Science. 27:13-47. 

_____, R.S. SCALAN and P.L. PARKER. 1983. 13C/12C ratios in marine food webs of the 
Torres Strait, Queensland. Australian Journal ofMarine and Freshwater Research. 34:707
715. 

GEARING, J.N., P.J. GEARING, D.T. RUDNICK, A.G. REQUEJO and M.J. HUTCHINS. 1984. 
Isotope variability of organic carbon in a phytoplankton-based, temperate estuary. Geo
chimica et CosmochimicaActa. 48:1089-10-98. 

HACKNEY, C.T. and E.B. HAINES. 1980. Stable carbon isotope composition of fauna and 
organic matter collected in a Mississippi estuary. Estuarine and Coastal Marine Science. 
10:703-708. 

HAINES, E.B. 1976. Stable carbon isotope ratios in the biota soils, and tidal water of a Georgia 
salt marsh. Estuarine and Coastal Marine Science. 4:609-616. 

MACKO, S., L. ENTZEROTH and P.L. PARKER. 1984 Regional differences in stable nitrogen 
and carbon isotope ratios in the Gulf of Mexico. Naturwissensch4ften. 27:S.374-375. 

_____, W.L. LEE and P.L. PARKER. 1982. Nitrogen and carbon isotope fractionation by 
two species of marine amphipods: laboratory and field studies. Journal of Experimental 
Marine Biology and Ecology. 63:145-149. 

MINIGAWA, M. and E. WADA. 1986. Nitrogen isotope ratios of red tide organisms in the East 
China Sea: A characterization of biological nitrogen fixation. Marine Chemistry. 19:245-259. 

MIYAKE, Y. and E. WADA. 1967. The abundance ratios of 15N/14N in marine environments. 
Records ofOceanographic Works in Japan. 9:32-53. 

PFEIFFER, W.J. and R.G. WEIGERT. 1981. Salt marsh consumers. pp. 87-112. In L.R. Pomeroy 
and R.G. Weigert (eds.) The Ecology ofa SaltMarsh. Springer-Verlag, N.Y. 

PULICH, W., JR. and S. RABALAIS. 1986. Primary production potential of blue-green algal 
mats on southern Texas tidal flats. Southwestern Naturalist. 31:39-47. 

RAU, G.H. 1982. The relationship between trophic level and stable isotopes of carbon and 
nitrogen. pp 143-148.1n W. Bascom (ed) Biennial Report for 1981-1982 of the Southern 
California Coastal Water Research Project. Long Beach, California. 

RODELL!, M.R., J.N. GEARING, P.J. GEARING, N. MARSHALL and A. SASEKUMAR. 1984. St
able isotope ratio as a tracer of mangrove carbon in Malaysian ecosystems. Oecologia. 
61:326-333. 

SOFER, Z. 1980. Preparation of carbon dioxide for stable carbon isotope analysis of petroleum 
fractions. Analytical Chemistry. 52:1389-1391. 

SORENSEN, L.O. and J.T. CONOVER. 1962. Algal mat communities of Lyngbya conjervoides 
(Agardh) Gomont. Publications Institute Marine Science University ofTexas. 8:61-74. 

THAYER, G.W., P.L. PARKER, M.W. LA CROIX, and B. FRY. 1978. The stable carbon isotope 
ratio of some components of an eelgrass, Zostera marina, bed. Occolgia (Berl.) 35:1-12. 

WADA, E., and A. HATTORI. 1976. Natural abundance of 15N in particulate organic matter in 
the North Pacific Ocean. Geochimica et CosmochimicaActa. 40:249-251. 

_____, R. IMAIZUMI andY. TAKAI. 1984. Natural abundance of 15N in soil organic 
matter with special reference to paddy soils in Japan: biogeochemiCal implications on the 
nitrogen cycle. Geochemical Journal. 18:109-123. 



Contributions in Marine Science. (1987) Vol. 30:39-47. 

THE ROLE OF HURRICANES IN DETERMINING 
YEAR-CLASS STRENGTH OF RED DRUM 

Gary C. Matlock 
Texas Parks and Wildlife Department 

4200 Smith School Road 
Austin, Texas 78744 

ABSTRACT 

The hurricane season in Texas coincides with the red drum (Sciaenops 
ocellatus) spawning period. Hurricanes may impact year-class strength by 
increasing the numbers and/ or survival of juvenile red drum recruited into 
bays. Bag seine collections during the period 1962-1975 in the Laguna 
Madre and Galveston Bay systems are used to examine recruitment after 
Hurricanes Beulah (1967) and Fern (1971). Trammel net collections during 
the same period in the lower Laguna Madre are used to examine year-class 
strength through age 3. Both hurricanes reduced bay salinities 20 to 25%o, 
and the number of juvenile red drum in the Laguna Madre increased. Year
class strength may have been increased through above average transport of 
larvae to nutrient-rich bays and higher survival rates in intermediate 
salinities (15-25%o) caused by hurricanes. 

INTRODUCTION 

The red drum (Sciaenops ocellatus) is an estuarine-dependent sciaenid that 
ranges from Tuxpan, Mexico in the Gulf of Mexico to Massachusetts in the 
Atlantic Ocean (Matlock 1984 ). Adults spawn in the nearshore oceanic waters 
from August through January with a peak in September or October. Larvae (2
11 mm) are transported through passes into estuarine nurseries where they 
remain for 3 to 5 years before returning to the ocean or gulf. Economically 
important estuarine fisheries exist throughout most of its range. The strength 
of these fisheries depends in part on the transport of eggs and larvae to 
suitable nursery areas. 

The hurricane season coincides with the spawning peak for red drum. 
Strong tidal surges and heavy rains in estuaries usually result. So, hurricanes 
may play a major role in producing strong year classes of red drum. Recent 
work on Pacific mackerel (Scomber japonicus) and other marine fishes 
indicates that recruitment variability is closely linked to large-scale climactic 
events (Sinclair, Tremblay and Bernal 1985; Winters, Wheeler and Dalley 
1986). Between 1962 and 1974, Hurricanes Cindy, Beulah and Fern moved 
across the Texas coast during the peak red drum spawning period (Sep-Oct) 
(Henry, Driscoll amd McCormack 1975). Hurricane Cindy made landfall 
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north of Galveston, Texas, on 17 September 1963. Hurricane Beulah moved 
inland between Brownsville, Texas and the mouth ofthe Rio Grande River on 
20 September 1967, and affected the coast from Matagorda Bay to the lower 
Laguna Madre with 25 to 76 em ofrain and heavy flooding in 4 days. Hurricane 
Fern moved inland near Matagorda on 10 September 1971 and moved south 
toward Laredo. Almost 12 and 9 em of rain fell ·on Corpus Christi and 
Brownsville, respectively, in 24 hours (NOAA 1971a, 1971b) causing some of 
the worst flooding since Hurricane Beulah (Kingston 1985). Hurricane Edith 
moved parallel to the Texas coast in the Gulf of Mexico during 11-30 
September 1971. 

Breuer (1968) reported a "bumper crop" ofred drum produced in 1967 as a 
result of Hurricane Beulah. However, he presented little supporting evidence 
and did not address possible causative mechanisms. This study presents 
additional data that indicate that strong year classes of red drum occur after 
some hurricanes. The possible role of salinity reductions caused by hur
ricanes in increasing red drum survival is examined. 

MATERIALS AND METHODS 

Fish caught in bag seines in the Laguna Madre (affected area) and Galveston Bay (unaffected 
area) were used to determine abundance of juveniles during the period 1962-1975. However, 
data from Galveston Bay were collected only during 1962 through 1969. Multifilament bag seines 
were 18.3 m long and 1.8 m deep with a 1.8-m square bag in the center and 9.5-mm stretched 
mesh webbing. Seines were pulled along shore in a standard fashion at three to ten stations 
monthly where seiners thought they would catch juvenile (age 0, 20 to 100 mm total length) red 
drum and spotted seatrout (Breuer 1968, Matlock 1984 ). The net was extended from shore, pulled 
about 30m with one end on shore, and the end in the water was pulled to shore while the end on 
shore remained stationary. Mean annual catch (no.!hectare) in each bay system was calculated 
by pooling data for each year from all seine hauls during the period January-June; fish could 
escape the gear in other months. Standard errors of the pooled monthly means were calculated 
because data from individual seine hauls no longer exisL Plots of these means ( ± 1 SE) for the 
Laguna Madre were visually compared to those for Galveston Bay. 

Sub-adult relative abundance in the lower Laguna Madre during fall (Oct-Nov) 1961 through 
spring (April-May) 1975 was determined using multifilament trammel nets. Nets were 366m 
long, 1.2 m deep with 7.6-cm and 22.8-cm stretched mesh in the inside and outside walls, 
respectively (Matlock 1984). They were used during the day each fall and spring 2-3 times at 12 
sites where netters thought they would catch red drum and spotted seatrouL No collections were 
made in spring 1964 or fall1967. Each net was set in the shape of a rectangle (100 x 200m) with 
the shore as one side (200m). The enclosed area was struck by driving the boat through the area 
and slapping the water with oars (Dailey, Matlock amd Hegen 1986). Each red drum was counted, 
and the total length (TL) was measured to the nearest 5 mm. The mean number of red drum 
caught per set (no./set) in each season each year and associated standard errors were calculated 
using a ratio estimator (Cochran 1977). Ages were assigned to each fish caught during spring 
1968-1975 based on its TL and the age-TL key of Matlock (1984), and the mean no./set was 
calculated for each age class in the catch. Mean monthly salinities in the Laguna Madre and 
Galveston Bay systems for the period January 1962 through December 1975 were obtained from 
Martinez (1965, 1966, 1967, 1968, 1970, 1971, 1972, 1973, 1974, 1975), Hawley (1963, 1964, 1965), 
Johnson (1964, 1965), More (1965) and Osburn (1963). Plots ofthese data were visually inspected 
to determine the relationship between hurricanes and salinity and year-class strength of red 
drum. 
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RESULTS 

Hurricane Cindy (1963) had no apparent effect on salinity or red drum year 
class strength. Salinities in the Laguna Madre before and after this hurricane 
remained at 40 to 50%o (Fig. 1 ). Mean bag seine catches after Cindy were 

1962 J 1963 J 1964 J 1965 J 1966 J 1967 J 1968 J 1969 J 1970 J 1971 J 1972 J 1973 J 1974 J 1975 J 

FIG. 1. Mean monthly surface salinity (%o) in the Laguna Madre and Galveston Bay systems 
during 1962 through 1975. Arrows indicate years of hurricanes affecting Texas coast. 

similar to those before (Fig. 2). No salinity data were available for Galveston 
Bay before January 1964, but mean bag seine catches fluctuated without 
pattern immediately before and after the hurricane (Fig. 2). 

Hurricane Beulah greatly reduced salinities, and the number and/or 
survival of red drum recruited to the Laguna Madre increased in fall 1967. 
These fish were first caught in bag seines in 1968, and catches in the upper 
and lower Laguna Madre were higher in 1968 than in any other year (Fig. 2). 
Catches in the unaffected Galveston Bay system in 1968 were similar to those 
in other years. Catches in the lower Laguna Madre were generally increasing 
before Hurricane Beulah (Fig. 2) as salinities were decreasing from about 
45%o (Fig. 1 ). Catches in the upper Laguna Madre and Galveston Bay during 
the pre-Beulah period were generally stable orvaried without pattern (Fig. 2). 
Salinities in the upper Laguna Madre before Hurricane Beulah generally 
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FIG. 2. Mean juvenile (age 0) red drum catch (no./ha) in bag seines during the period January
June each year in the Laguna Madre and Galveston Bay systems. Arrows indicate years of 
Hurricanes Cindy (1963), Beulah (1967), and Fern and Edith (1971). 

increased to about 60%o, decreased to about 30o/oo and then increased to about 
50o/oo (Fig. 1 ). Salinities in Galveston Bay fluctuated without pattern between 
15 and 25o/oo (Fig. 2). 

The strong 1967 year class was evident in trammel nets in the lower Laguna 
Madre in fall1968 (Fig. 3) and for 3 years thereafter (Fig. 4). 
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FIG. 3. Mean catch (no.! set) of sub-adult red drum in trammel nets in the lower Laguna Madre 
each fall (F) and spring (S) during the period 1961-1974. Arrows indicate years of hurricanes 
affecting Texas coast. 

Bag seine catches in the Laguna Madre also increased in 1972. Mean 
monthly salinities dropped 20 to 25o/oo in fall (Aug-Oct) 1971 with the passage 
of Hurricane Fern. However, no bag seine collections were made in the 
Galveston Bay system. The strong 1971 year class in the lower Laguna Madre 
was evident in trammel nets in fall 1972 and spring 1973 as age I fish, in fall 
1973 as age II, and fall 1974 as age IV fish (Fig. 4). However, the total fish 
caught in trammel nets after Hurricane Fern did not increase until spring 
1973 (Fig. 3). 
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DISCUSSION 

Hurricanes can probably increase red drum year-class strength (recruit
ment) through a series of events affecting several life history stages. This 
multistage development of year-class success resembles that proposed by 
Sette (1950). A greater number of larvae can be transported to low salinity, 
nutrient-rich estuarine nurseries during and after hurricanes than normally 
occurs. Pelagic eggs and larvae are passively transported from gulf spawning 
sites through barrier island passes (Matlock 1984, Norcross and Shaw 1984, 
Shaw, Wiseman, Turner, Rouse and Condrey 1985). Hurricanes can increase 
the volume ofwater subsequently entering estuaries by temporarily creating 
new passes and by storm surges through existing passes. For example, before 
Hurricane Beulah there were no continuously open bay-gulf passes into the 
upper Laguna Madre, but at least three passes were opened for several 
months after Beulah (Martinez 1967). Tides were almost 2m above normal 
along the entire coast in late September 1967 (Martinez 1967). 

Survival of these newly recruited larvae during the "critical period" (Hjort 
1913) is probably enhanced by an abundant food supply, especially rotifers 
and zooplankton, created by enhanced productivity. Episodic climactic 
events that produce freshwater input stimulate primary productivity by 
providing a new source ofnutrients (Flint 1985). Hurricanes Beulah and Fern 
produced heavy rains and major flooding in the Laguna Madre. But, Beulah 
had a much greater effect than Fern in the lower Laguna Madre (Henry et al. 
1975). This may explain why recruitment to bag seines was greater after 
Beulah than Fern. It may also explain why age I red drum were not recruited 
to trammel nets until 18 months after birth during Fern as opposed to 12 
months after Beulah. Growth after Fern may have been slower than after 
Beulah. However, no data are available to examine this possibility. 

Salinity reduction in estuaries caused by hurricanes can also have negative 
effects. Survival of 24-hour red drum larvae was about 80°/o at 30o/oo and 
65°/o at 15o/oo in the laboratory (Holt, Godbout amd Arnold 1981). However, 
as red drum grow, tolerance to low salinity (10o/oo) increases (Crocker, Arnold 
Deboer and Holt 1981). Salinities in the Laguna Madre after Hurricanes 
Beulah and Fern may not have declined sufficiently to reduce larval survival. 
Salinities were averaging 40 to 50o/oo before each hurricane and dropped to 10 
to 20%o two months later. 

If hurricanes affect year class strength by increasing recruitment to 
suitable estuarine environments, then stocking hatchery-reared fish directly 
into estuaries may increase red drum abundance during low recruitment 
years. However, many biotic and abiotic factors, including food availability, 
predator types and densities, habitat amount and quality, and environmental 
conditions will play a role in determining stocking success. For example, if 
salinity rapidly declines below 10o/oo shortly after stocking, survival will 
probably be low. Matlock, Kemp and Heffernan (1986) reported there was no 
survival of stocked fish in August 1980 after Hurricane Allen dropped 
salinities in St. Charles Bay, Texas to Oo/oo. This salinity reduction may have 
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directly affected survival through increased osmotic stress (Holt et al. 1981) or 
indirectly by reducing the primary food supply of juvenile red drum (Colura, 
Matlock and Maciorowski 1988). Additional research is needed to quantify the 
relationships between red drum recruitment and these factors. 
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ABSTRACT 

Euchaeta marina is an abundant carnivorous copepod in the epipelagic 
zone of temperate to tropical latitudes. During summer months in the 
eastern Gulf of Mexico most of the population occurred above 100 meters 
throughout the diel period, however diel vertical migration was apparent. 
The daytime center of the total population was near 50 meters. At dusk the 
population ascended, the center occurring at 20-30 meters by night fall. The 
centers of adult and copepodid V stages showed a midnight descent from 
near the surface to 40-60 meters followed by a pre-dawn ascent to around 
10-15 meters. Copepodid stages IV and smaller gave no evidence of a 
midnight descent and remained centered at 30 meters throughout the 
night. Cyclic feeding was apparent with feeding rates in adult females being 
higher at night than during the day. The diet of adult females consisted of 
small crustaceans less than 1 mm body length. Adult males do not feed. The 
daily impact of predation by Euchaeta marina on metazoan zooplankton 
was estimated at less than 1% of the total available resources. 

INTRODUCTION 

The copepod Euchaeta marina is an important predator in the epipelagic 
zooplankton community from temperate to tropical latitudes (VerVoort 1963). 
In the subtropical northeastern Atlantic numerical abundance was estimated 
at 0.54o/o of the copepod population (Roe 1972). Our data show it to be 3 to 8°/o 
of the total copepod population by numbers in the upper 10QO meters of the 
eastern Gulf of Mexico (Hopkins 1982; Hopkins, Bennett and Shuert 1979) 
making it one of the dominant copepod species and the most abundant 
member of the genus. Aspects of trophic ecology have been studied for a 
number of Euchaeta species. Diet composition has been investigated for 
Euchaeta media, E. hebes, E. acuta, E. concinna, E. norvegica, E. scotti and E. 
timidula (Geinrikh 1958, Wickstead 1962, Mullin 1966, Harding 1974) and 
experimental work on prey selectivity has been done on E. elongata (Yen 
1982) and E. norvegica (Bamstedt and Holt 1978). No information is available 
on feeding chronology for any member of this genus, and the reported 
information on the natural diet of this family of copepods has been based on 
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analysis of relatively few specimens. 
Data for this study were obtained during the summer months at 27°N, 86°W 

in the eastern central Gulf of Mexico between 1975 and 1982. This station, 
while essentially in oligotrophic boundary waters, has many tropical
subtropical gyre characteristics (Vinogradov 1970, McGowan 1974, Long
hurst 1976, Hopkins 1982). The location has been well studied as to species 
composition, diel distribution and standing crop of both zooplankton and 
micronekton (Hopkins 1982, Morris and Hopkins 1983, Hopkins and Lancraft 
1984) and investigations have been made on the trophodynamics ofa number 
of the zooplankton and micronekton species (Hopkins and Baird 1977, Baird 
and Hopkins 1981, Heffernan and Hopkins 1981, Hopkins and Baird 1981, 
Hopkins and Baird 1985a,b, Bennett 1986). This paper adds to this growing 
body of information by reporting on the trophic ecology of Euchaeta marina. 
Information will be presented on its vertical distribution, diet composition 
and feeding chronology. A consideration of the impact of this abundant 
predator on its available resources will also be discussed. 

METHODS 

Plankton samples used for this study were taken on two summer cruises in 1975 and 1976 on 
the RIV COLUMBUS ISELIN, and two summer cruises in 1980 and 1982 on the RIV BELLOWS. RIV 
COLUMBUS ISELIN samples (designated CI) were taken with 162 J.Lm mesh collapsible square
mouth plankton nets, either 0.19 m2 or 0.44 m2 in the mouth area, which were mounted in the 
mouth ofa closing Tucker Trawl (see Hopkins and Baird 1975; Hopkins, Baird and Milliken 1973). 
Depth was controlled with a conducting cable-depth transducer system. Tows were horizontal 
and depth variation was limited to ± 5 meters. A detailed explanation of these samples is 
presented in Hopkins (1982). 

RIV BELLOWS samples (designated FS) were collected using 202 J.Lm mesh, circular-mouth 
opening/closing plankton nets, either 0.28 m2 or 0.44 m2 in mouth area. Depth was monitored 
using wire angle and a meter wheel, and was recorded with a time-depth recorder. In most cases 
multiple nets were fished simultaneously at several depth horizons. 

Trawling speed was two knots and tow duration ranged from 13 to 136 minutes (Table 1 ). The 
volume of water sampled was estimated with digital flowmeters mounted in the mouth of each 
net, these recording only when nets were open. 

TABLE 1 

Collection Data 

CRUISE DATE #SAMPLES RANGE OF TOW DURATION IN MINUTES 
USED AND AVERAGE IN PARENTHESES 

RN COLUMBUS ISELIN June 1975 46 45-93 
(57) 

RN COLUMBUS ISELIN June 1976 14 42-136 
(63) 

AN BELLOWS June 1980 26 13-34 
(34) 

RN BELLOWS July 1982 24 18-72 
(34) 
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Euchaeta marina were preserved, sorted and counted in both FS and CI collections using either 
an entire sample or an aliquot. Individuals from FS samples were also counted, measured and 
then sex and developmental stage determined. Total body length, from the tip of the rostrum to 
the end of the caudal rami, was measured to the nearest 0.1 mm. 

Total number of E. marina from FS and CI samples were grouped into twelve 2-hour time 
intervals to reveal the diel distribution pattern ofthe total population. Additionally, FS data were 
re-grouped into eight 3-hour time intervals to show individual diel vertical patterns for each sex 
and for the later copepodite stages. Mean depth of the population, the depth above which 50% of 
the individuals resided, was calculated for each time interval. This depth was defined as the 
population center. 

Forty-six FS samples were used to investigate feeding chronology in adult females, copepodid 
IV and younger stages. Histological preparations were made on 10 undamaged individuals from 
each sample and each developmental group when sufficiently abundant using standard histolog
ical techniques. Consecutive 7 IJ.m thick sections were cut and mounted on slides for staining. 
The slides were stained with hematoxylin and eosin. 

Longitudinal sections through the gut were examined for the amount of food in the fore- and 
mid-gut areas combined and in the hind-gut area. An average of 10 sections were examined for 
each copepod, enabling a composite three-dimensional_picture of gut fullness to be developed. 
Based on the composite picture, an arbitrary scale of 0 to 4 was used to indicate the degree of 
fullness where 0 = empty, 1 = 25% full, 2 = 50% full, 3 = 75% full, and 4 = 100% full. Thus, 
category 1 would represent the lowest and category 4 the highest level of feeding. 

Diet composition was analyzed by examining all sections of 40 adult females with full guts 
(category 4) and 10 adult males. 

RESULTS 

Vertical Distribution and Population Structure 

The vertical distribution data of the four cruises were combined for Figures 
1 and 2. The combination was justified because analysis of several years of 
data revealed little interannual change in vertical structure of dominant 
species. The vertical distribution patterns in Figs. 1 and 2A indicate that 
Euchaeta marina maintained a population center near 50 meters during the 
day. There was a net upward movement at dusk with a new center at 20 to 30 
meters by 2000 hrs. Subsequently there was a period of sinking of the 
population center near midnight (0000-0200 hrs.) which was followed by a 
second apparent migration toward the surface before dawn. Shortly after 
dawn the population center returned to the daytime depth of50 meters where 
it remained until dusk. This diel pattern was apparent in each of the data sets 
(i.e., both the FS and CI series) used in preparing Figs. 1 and 2A. 

Although the mean depth of the population (Figs. 2A-E) is considered a less 
reliable indicator of synchronous movements in a population (Pearre 1979), 
the period of sinking from the surface described above is apparent in Fig. 1 
(0000-0200), where 10 samples taken above 30 meters show few individuals 
present compared with the 8 samples taken below this depth which show at 
least 4 tin1es the number of individuals. 

Based on FS samples, adults ofboth sexes and copepodid stage V individuals 
(Figs. 2B-E) showed little variation in vertical distribution from that described 
above for the total population. However, copepodid IV and smaller stages (Fig. 
2F) maintained a nighttime population center at 30-40 meters and did not 
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show the "midnight sinking" pattern. Shortly after dawn and throughout the 
day, the distribution ofcopepodid IV and younger stages coincided with that of 
the remainder of the population. 

The combined percentage of immature and mature females (65°/o) in the 
population was nearly twice that of males (35%) based on FS samples (Table 
2). The percentages of adults of both sexes combined (35% ), copepodid stage 
V(30°/o) and remaining earlier stages (35°/o) in these collections were roughly 
equal. The percentage of the last category is probably artificially low because 
of escapement losses of the smaller Euchaeta stages through the plankton net 
meshes. Gravid females, identified as those with attached egg sacs, were 6°/o 
of the population or approximately one-third of the adult female numbers. 
The actual abundance of gravid females was probably under-estimated since 
some ofthe egg sacs may have been dislodged during sample processing. Egg 
sacs contained a mean of10 blue eggs (range 5 to 13) which averaged 0.28 mm 
in diameter. 

Feeding 

All fullness data were grouped into hourly intervals to determine feeding 
chronology. The percentage ofindividuals that showed categories 1 through 4 
was plotted against time to represent the chronology of individuals that fed at 
least at a minimum level. A second plot was made of the percentage of 
individuals that showed a category of ;:::: 2. This was taken to represent 
individuals that had greater success in feeding. Plotted with this, was the 
percentage of individuals with at least a category 2 or higher hindgut fullness. 
The two plots were overlaid to follow passage of food through the gut. 

TABLE2 

Numerical distribution of sexes and copepodid stages of Euchaeta marina. Data are from FS 
samples only (see Methods). 

Class Average% Range 

Males 35 6-57 
Females 65 43-94 

Adults 35 0-75 
Adult males (8) (0-24) 

Adult females (20) (0-25) 
(non-gravid) 

Gravid females (6) (0-26) 
Stage V 30 2-86 

Stage V males (19) (0-57) 
Stage V females (11) (0-33) 

Stage IV and smaller 35 0-98 
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Results of gut fullness studies (Fig. 3A) indicated that adult females fed to 
some extent throughout the diel cycle but with a higher percentage of 
individuals showing evidence of feeding at night. Figure 3B, which presents 
data for only the more "successful" feeders (gut fullness categories 2-4 ), 
reveals that a rapid increase in fore- and mid-gut fullness occurred by early 
evening (2000 hrs). This was followed by a three-hour period ofdecline. Then 
gut fullness increased and was highest at 0100 hrs, with 80% ofthe individuals 
examined showing category 2-4 gut fullness. During the morning (0400-1200 
hrs), incidences of category 2-4 gut fullness in the population decreased to an 
average of20% ofthe individuals examined. This was followed by an increase 
to a 45°/o incidence at 1400 hrs. In mid-afternoon (1500 hrs) guts were least 
full, with none of the individuals examined containing food (Fig. 3B). The 
percentage of hind-guts with 50% or greater fullness tracked combined fore
and mid-gut fullness (Fig. 3B), though displaced one hour later. We looked for 
depth related trends in feeding activity of adult females from different depth 
horizons but found none. 

Figure 4 shows the results of feeding chronology analysis for night samples 
(1800-0600 hrs) of combined copepodid IV and younger stages of males and 
females. Generally, feeding levels for these groups were low throughout this 
period, although some minor peak periods were evident. Based on those 
individuals with 50% or greater gut fullness, feeding intensity increased at 
2200 hrs, this being followed by a decline by 0100 hrs to near zero level. Our 
data show a second apparent increase in feeding intensity between 0400-0500 
hrs. 
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The diet composition study based on fore-and mid-gut contents indicated 
that adult female E. marina ingest small crustaceans, primarily copepods. 
Identifiable copepods were mostly small harpacticoids and cyclopoids (Table 
3). Some fragments ofearly copepodid stages of calanoids were found as well. 
Among the recognizable food were fragments of species of Oncaea, 
Microsetella, and Centropages. 

Adult males appeared not to feed. Histological examination revealed thin, 
thread-like guts which contained no food. Feeding appendages, for example 
the mandible and maxillipeds, were also noticeably reduced in sized com
pared to those of females and younger male stages. 

DISCUSSION 

Vertical Distribution and Feeding Chronology 

Other studies have shown the vertical depth range of E. marina can be 
exte,nsive, in excess of 2 kilometers in the Caribbean (Owre and Foyo 1967, 
Roe 1972) and in the Atlantic (Leavitt 1938). However the species is essentially 
epipelagic in these areas with as much as 96% of the population occurring in 
the upper 100 meters. Data for the eastern Gulf of Mexico are similar, 
indicating that the vertical range ofE. marina is at least 1 kilometer but with 
most of the population occurring in the upper 100 meters (Hopkins 1982, and 
present study). Using night samples and integrating over depth there were an 
average of 1355 individuals under a square meter of sea surface in the upper 
100 meters at 27°N, 86°W. 
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TABLE3 

Stomach contents of 40 adult female Euchaeta marina 

Copepod No. Stomach Contents 

copepod mandible and 2nd maxilliped 
2 crustacean fragment 
3 Oncea fragments; copepod fragments 
4 copepod fragments 
5 copepod fragments 
6 crustacean fragments 
7 Microsetella fragments 
8 Pleuromamma pigment organ; copepod fragments 
9 harpacticoid-like thoracic segments 
10 crustacean fragments; copepod 2nd maxilliped 
11 Centropages-like fragments 
12 crustacean spines; fragments 
13 2 copepod mandibles; Corycaeus-like fragments 
14 copepod fragments; piece of feeding appendage 
15 copepod fragments 
16 amphipod-like gnathopod 
17 harpacticoid-like spines 
18 crustacean fragments 
19 copepod fragments 
20 Oncaea periopod segment 
21 Oncaea-like periopod segment;crustacean spines 
22 crustacean spines 
23 copepod fragments 
24 mandible; crustacean spines 
25 copepod periopod segment 
26 copepod-like fragments 
27 copepod-like feeding appendage 
28 crustacean spines and fragments 
29 copepod fragments 
30 Oncaea-like periopod segment; crustacean fragments 
31 crustacean spines 
32 crustacean fragments; spines 
33 copepod fragments; crustacean spines 
34 crustacean fragments 
35 harpacticoid-like periopod segment 
36 copepod fragments 
37 copepod-like fragments 
38 crustacean spines 
39 copepod-like fragments 
40 copepod mandible; crustacean fragments 

Diel vertical patterns ofEuchaeta marina vary regionally. Roehr and Moore 
(1965) located the population center at 154 meters during the day and 104 
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meters at night in the Florida Straits. Roe (1972) on the other hand indicated a 
possible reverse migration in which the population descended from 40 
meters during the day to 50 meters at night. The present data show a daytime 
center near 50 meters with an ascent to near 30 meters occurring after dusk 
(1800 hrs). A period of sinking occurs around midnight which is followed by a 
second ascent to near the surface just prior to dawn. E. marina can also be 
found at the surface in dense patches, this being recorded during the day in 
the Caribbean (Owre and Foyo 1976), as well as at night in the eastern Gulf of 
Mexico (present study). The "midnight sinking" observed here has not 
previously been reported for E. marina or for any other member of the genus. 
The "midnight sinking" was absent in stages younger than copepodid V. 

The apparent "midnight sinking" seen in the population has been shown to 
occur in chaetognaths (Pearre 1973) and a model was proposed in which the 
diel vertical migration of Sagitta elegans was influenced by a positive 
phototaxis and a light-controlled geotaxis. It was suggested that feeding 
satiation also influenced this balance and caused "midnight sinking" of S. 
elegans individuals with full guts. The feeding data in the present study 
suggest that "midnight sinking" in E. marina may also be influenced by the 
degree of satiation in the population. Feeding activity in adult females based 
on incidence of relatively full guts (i.e., categories 2-4 fullness, Fig. 3) appears 
higher before sinking occurs, and the apparent movement away from the 
surface of the population center may be the result of many members of the 
population either actively or passively descending to deeper waters after 
successful feeding. Nearly a 2-fold increase in microzooplankton is encoun
tered in moving from 50 to 30 meters (Hopkins 1982). The pre-dawn ascent in 
the population would allow those individuals to feed again in more food-rich 
waters before returning to daytime depths. Our data show an increase in 
stomach fullness in adult females just prior to the dawn descent (Figs. 2 and 
3). 

Copepodid IV and younger stages showed.low levels of feeding throughout 
the night including the period when adult females and other older stages 
were undertaking the midnight descent. This suggests that ingestion is less 
cyclic and feeding to satiation may occur to a lesser degree in the juvenile 
stages. This may offer a possible explanation for the lack of an apparent 
midnight descent in the younger stages (see Fig. 4B). 

Several theories have been proposed to explain the adaptive value of 
vertical migrations (see McLaren 1963, Angel 1984, for reviews). Among the 
proposed ideas is that vertical migrations occur in order to provide mecha
nisms for horizontal dispersal of a population (dispersing of the gene pool) 
and to reduce from three dimensions to two the space necessary to search for 
mates. Both of these considerations have application to E. marina in this 
study. Variations in current shears in this environment will result in disper
sion of this population where only some of the population migrates at any 
given time, and where ontogenetic differences exist in migratory behavior. 
There is some indication in our data that synchronous migrations also occur 
among reproductively active individuals to enhance contact for mating. The 
surface swarm collected in one of our night samples corroborates this 
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suggestion in that the swarm showed a higher percentage of adults than in 
other shallow collections. Even though the male:female (1 :2) ratio remained 
the same as elsewhere, there was a noticeably higher occurrence of females 
with attached spermatophores and males with spermatophores extruded on 
the fifth leg. Since adult males do not feed, reproduction would be the most 
obvious reason for their migration to the surface. 

The most compelling reasons for migration in E. marina in this study are 
those of food availability and avoidance of visual predation. The former is 
discussed above. As to the latter, visual acuity of predators declines with 
diminishing light levels and hence increasing depth. E. marina should select 
a daytime depth where its perceptible visual cues to predators are minimal. 
Whether this is true for this species remains to be examined. 

Diet Composition and Predation Impact 

The diet of Euchaeta marina is reflected in its feeding appendages. This 
species, as typical of the genus, has large maxillipeds with long, stout setae 
that appear poorly suited for filtration. These appendages indicate feeding 
modes involving the capture oflarge particles and carnivory. The data on diet 
composition support this conclusion in showing that adult females fed 
exclusively on small copepods and other crustaceans as has been found for 
other members of the genus (Wickstead 1962, Mullin 1966, Harding 1974, 
Hopkins 1985). Among the small crustacean food, recognizable prey items 
belonged to a variety ofprey types (e.g., Oncaea, Microsetella, and Corycaeus). 
Based on the size distribution of these prey at the sample site and on their 
occurrences in the guts (Table 3), these prey mostly belong in a size class of 
less than one mm. Yen's (1982) data on Euchaeta elongata, a 4.0 mm species, 
showed a preference for prey smaller than 1 mm (Pseudocalanus spp., 0.95 
mm body length). Based on this ratio ofpredator to prey size, we would expect 
the optimum prey size for E. marina to be 0.8 mm. The number of small 
metazoan plankton in the size range (up to 1 mm) ingested by E. marina was 
estimated to be 30 to 35 times more abundant than > 1 mm zooplankton in the 
eastern Gulf of Mexico, with 94 of the numbers of the < 1 mm zooplankton 
being concentrated in the upper 200 meters (Hopkins 1982). The data also 
indicate that a maximum in numbers and biomass of this size fraction occurs 
at 25 meters. The initial ascent of E. marina at dusk to near 30 meters 
correlates with the vertical distribution of this small prey. 

Our data indicate that adult males ofEuchaeta marina do not feed. This has 
been shown in adult males of two other species, Euchaeta scotti (Mullins 
1966) and E. antarctica (Hopkins 1987), and in the males of species of several 
other copepod genera as well, e.g., Calanus tenuicornis, Gaetanus (Gaidius) 
brevispinus, and Scaphocalanus magnus (Mullin 1966). 

In experiments with adult female E. norvegica fed a mixture ofnatural prey, 
average ingestion rates were less than one individual per day (Bamstedt and 
Holt 1978). Adult female E. elongata, however, showed higher capture rates 
(0.67-3.18 prey•predator-1•day- 1

), (Yen 1982). In the present study usually only 
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one prey individual was recognizable, with a maximum of three items. Other 
unidentifiable food material, however, was also observed. A rough estimate of 
capture rates is possible through energetics modeling. Daily metabolic needs 
of adult female Euchaeta marina can be gauged from existing metabolic data 
on this species and its congeners. Respiration rates for adult female Euchaeta 
marina run at experimental temperatures (28.0 - 29.2° C) similar to those at 
the study site range from 2.24 to 2.69 ~-tL 0 2•animar1•hour-1(x = 2.47 ~-tL 
0 2•animar1•hour-t, Ikeda 1970). Assuming an oxycaloric equivalent of 4.7 
Kcal•liter 0 2-

1
, (Gordon 1977), the daily metabolic needs of adult females can 

be estimated as 2. 79 x 1 o-4 Kcal•day-1
• Similarly, the energy yield ofprey items 

can also be estimated from available data. Average dry weights for small 
(< 1.0 mm) calanoids at the study site were estimated at 0.010 mg. Assuming 
that Gulf of Mexico crustaceans contain 60°/o protein, 38% fat and 2% 
carbohydrates on a dry weight basis, and that the caloric content of protein, 
fat, and carbohydrate are 4.5, 9.5, and 4.0 Kcal•gm-1

, respectively, (Gordon 
1977), then the caloric yield of an average small ( < 1.0 mm) calanoid is 
approximately 6.40 x 10-5 Kcal. Based on these calculations, an adult female 
would have to consume at least four of these prey per day or 0.040 mg dry 
weight of crustacean prey to meet respiratory demands alone. These calcula
tions suggest that E. marina may feed during each of the peak periods shown 
in Figure 3B, or that they capture more than one prey item during each 
feeding period. Occurrences of unidentified food in guts is some evidence of 
multiple prey captures and for multiple feeding periods in this species. 

The impact ofEuchaeta marina on the available resources at the study site 
also can be estimated, within broad limits, from feeding data. Assuming 
minimum ingestion rates of2 to 4 1.0 mm prey/day for adults and copepodid V 
individuals and from 1 to 2 preyI day for copepodid IV and earlier composite 
individuals, then the population would be removing at least 1990 to 3980 prey 
per day in the upper 100 meters. Crustaceans< 1.0 mm body length in the 
upper 100 meters average 852,000 m2 in the eastern Gulf of Mexico (Hopkins, 
unpublished data). E. marina, then, is potentially capable of removing at least 
between 0.23 and 0.47°/o of the available microcrustacean resources in the 
upper 100 meters daily, with the grazing impact being greatest at the centers 
of abundance of Euchaeta marina. These ingestion rates are based on 
minimum needs to meet respiration demands. More or larger prey would 
have to be consumed than these numbers indicate ifgrowth and reproduction 
are to be achieved. Also, the numbers of copepodid stages IV and smaller E. 
marina undoubtedly have been underestimated as a result of escapement. 
Because of these factors our value for predation impact is probably low. If it 
were off by as much as 100°/o, however, the rate of impact would still be less 
than 1°/o of the available crustacean resources< 1.0 mm in size per day. If it is 
assumed that the crustacean microzooplankton replacement time is at least 
every 2-6 weeks in tropical-subtropical waters then the impact of this one 
species on available food resources indeed seems small, despite the relative 
abundance ofE. marina in the epipelagic layers. The zooplankton community 
is diverse at low latitudes, however, with approximately 200 species of 
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copepods alone (Owre and Foyo 1967), many of these being omnivorous or 
predacious. If as Hayward and McGowan (1979) suggest, zooplankton popu
lations at tropical-subtropical latitudes are principally predator controlled, 
then predator pressure has to be considered incrementally in terms of the 
cumulative effect of many carnivore-omnivore species. 
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ABSTRACT 

The fiddler crab U. rapax is a tropical species which ranges northward to 
the East and West coast of Florida. It is replaced on the Gulf of Mexico by a 
temperate form, U. virens, which it closely resembles in structure. We 
compared the two taxa biochemically at 21 loci and found them virtually 
indistinguishable. However they showed distinct differences in male pre
mating (visual and vibrational) displays. These characters, in addition to 
those reported by others (differences in hemolymph amylases and ability to 
acclimate to colder temperatures) indicate that the two forms are sibling 
species which have probably diverged relatively recently (within 50 
thousand years). 

Comparisons between the premating displays of other structurally simi
lar fiddlers show similar magnitudes of behavioral difference but genetic 
divergence is much more pronounced. Thus, behavioral differences appar
ently can arise in advance of genetic ones, probably as a consequence of 
intersexual selection for arbitrary characteristics of male display. 

INTRODUCTION 

Fiddler crabs (Genus Uca) are abundant in temperate salt marshes (Monta
gue 1980), as well as subtropical and tropical intertidal communities through
out the world (Crane 1941, 1943; Macnae 1968; Icely and Jones 1978). In her 
treatise on the group, Crane ( 1975) recognized 62 species but extensive 
collections and surveys in other locales have led to the description of several 
new taxa (e.g., George and Jones 1982) and to range extensions for several 
established species (Barnwell and Thurman 1984 ). In most cases, morpholog
ical differences between species allow for their clear taxonomic separation 
but as in many speciose groups, some taxa diverge in ecology, physiology and 
behavior while showing little structural change. Such physically indisting

1 Department of Biology, University of Wisconsin, Eau-Claire, WI 54701. 
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uishable forms are well known among arthropods (e.g., Crozier 1983) and 
often pose problems for taxonomists working with preserved material. 

Species difficult to separate morphologically are not uncommon among 
decapod crustaceans (Knowlton 1986). Knowlton distinguished between 
"sibling" species, which are closely related genetically and morphologically 
similar (e.g., Panopeus species "complex": Turner and Lyerla 1980; Williams 
1983; Sullivan, Miller, Singleton, Scheer and Williams 1983; Alpheus "com
plex": Knowlton and Bert, forthcoming) and "cryptic" species which are also 
structurally similar but whose genetic affinities are not particularly close 
(some Uca: Salmon, Hyatt, McCarthy and Costlow 1978; some Trapezia: 
Huber 1985) or are unknown. 

Several species of fiddler crabs found along the U.S. Gulf of Mexico coast 
closely resemble species which are found elsewhere in the United States or in 
the Caribbean. Uca virens, a Gulf coast species, was originally distinguished 
from a structurally similar east coast species, U. pugnax, by its unique male 
premating displays ("waving" patterns of the enlarged claw; temporal pat
terns ofvibrational signals; Salmon and Atsaides 1968a). Salmon and Atsaides 
(1968b) also described differences between the premating displays of U. 
virens and its other close relatives ( U. longisignalis, U. rapax, U. burgerst) 
found in the United States. Selander, Johnson and A vise (1971) showed that U. 
virens is distinct genetically from U. pugnax, U. minax, and U. longisignalis, 
and that each of these species is a genetically distinct entity. 

Von Hagen ( 1975) could find no structural characters to distinguish U. 
virens from U. rapax, although Barnwell and Thurman ( 1984) found that 
these two forms differed in mobility of hemolymph amylases. They deemed 
this evidence insufficient to justify separation into distinct taxa and therefore 
considered the northward range of U. rapax to encompass those temperate 
locales reported to be occupied by U. virens. However, U. rapax is a tropical 
species known for its inability to acclimate to colder temperatures and to 
survive at temperate latitudes (Vernberg 1959a, 1959b; Vernberg and Tashian 
1959; Miller and Vernberg 1968). 

In this paper, we address two issues. First, we compare the behavior of U. 
rapax and U. virens and supplement the available data (Salmon 1967; Salmon 
and Atsaides 1968b; Salmon 1971) on their premating displays. Second, we 
analyze their differences in electromorph mobilities to determine if these are 
sibling or cryptic species. Finally, we summarize evidence demonstrating that 
ethological data are useful for distinguishing between these and other 
structurally similar fiddler crab taxa. 

METHODS 

Behavioral Analyses 

The techniques used to record and analyze male fiddler crab displays have been described 
elsewhere (Hyatt 1977; Salmon, Ferris, Johnston, Hyatt and Whitt 1979). Briefly, male visual 
courtship consists of extensions and retractions (''waving" displays) of the enlarged claw. In U. 
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rapax and U. virens, extensions and retractions are embellished by "jerks" whose number and 
duration constitute important species-typical temporal features (Crane 1975). Displays were 
recorded on film or video tape when the male faces the camera. Temporal data are taken by 
counting film frames (or video sweeps) from the beginning to the end of the display. We 
measured the number of jerks per wave and the duration of each jerk (onset of one jerk to the 
onset ofthe next) within each offour consecutive waves shown by single crabs. 

Acoustical signals are detected with accelerometers or contact microphones and recorded on 
tape. They are then analyzed from traces made on a storage oscilloscope and measured directly 
from the screen. These signals usually consist of two or more "pulses" separated from one 
another by a relatively short interval. A cluster of closely spaced pulses is called a "sound;" 
consecutive sounds are separated by wider intervals than those between pulses. Species reliably 
differ in one or more of the following temporal properties of their vibrational signals: number of 
pulses per sound, sound duration, pulse repetition rate and intervals between consecutive 
sounds (Salmon et al. 1978; Salmon et al. 1979). 

For U. virens, our sample of vibrational signals consisted of recordings from Texas (n = 2 
males), Mississippi (n = 3) and Louisiana (n = 2) obtained during the summer of 1967. Waving 
displays were filmed during August (1985) from four crabs (1.10-1.60 em carapace width) found 
in Ochlockonee, Florida, filmed at 18 fps using a super 8 camera and telephoto lens. All subjects 
were waving at "medium" intensity (unstimulated by nearby moving females). The first four 
consecutive waves produced by each male were used for detailed analysis. Air temperatures 
during filming ranged from 27-30°C. 

Uca rapax occurs on the East and West coast of Florida (Salmon 1967). Our samples consisted 
of crabs from both coasts (Fort Pierce, summer of 1985; Osprey and Sarasota, summers of 1966 
and 1985, respectively). Vibrational displays were recorded from five crabs from each coast. All 
recordings were obtained within 10 minutes after the onset of sound production, some 45-60 
minutes after sunset. The first ten consecutively produced sounds per male were chosen for 
analysis, as described above for U. virens. Air temperatures ranged from 21-25°C. Waving 
samples were obtained from 4 males (1.40-2.01 em carapace width) filmed at Sarasota and 4 at Ft. 
Pierce. Again, the first four consecutive medium intensity waves were selected for analysis. Air 
temperatures during filming ranged from 29-32°C. 

Statistical analyses of the differences between displays were based upon formulae given in 
Siegel (1956) and Zar (1984). 

Electrophoretic Analyses 

Electromorph analyses were based upon 15 U. rapax from Fort Pierce, 15 from Sarasota, and 15 
U. virens, from Ochlockonee, FLorida. Individuals were examined for isozyme patterns at 21loci 
(Table 1 ). Skeletal leg muscle or viscera were homogenized in 0.2 ml of0.1 Tris-HCl, ph 7.0 at 4°C, 
with a Potter Elvejhem pestle. Extracts were centrifuged for 20 minutes at 27,000 x gat 4°C. The 
super,natants were then subjected to electrophoresis in starch gels (Sigma starch, lot45E-0282 or 
85F-0421). Staining procedures were as described in Kettler and Whitt (1986). Genetic distances 
between each ofthe three samples (East coast, West coast U. rapax; U. virens) were determined 
by the method ofNei (1978). 

RESULTS 

Premating Displays 

The vibrational signals ofUca rapax from each coast showed no differences 
in the number of pulses per sound (X2 = 0.01, p > 0.20) or in sound duration 
(X2 = 1.49, p > 0.20; median tests corrected for continuity; Fig. 1 ). However, 
comparison of the number ofpulses per sound and the sound duration shown 
by U. virens and both populations of U. rapax (pooled) revealed highly 
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TABLE 1 

Enzymes, nomenclature, tissue sources and electrophoretic conditions used in this study. 

Enzyme Locus EC Tissue Buffer 
system abbreviation number source system 

Aspartate amino
transferase 

Aat-1 ,2 2.6.1.1 muscle TC* 

Esterase Est-1,2,3 3.1.1.1 viscera EBT** 

Glucose phosphate 
isomerase 

Gpi 5.3.1.9 viscera EBT 

Glutamate 
dehydrogenase 

Gdh 1.4.1.2 muscle TC 

Glycerol-3-phosphate 
dehydrogenase 

G-3-pdh 1.1.1.8 muscle TC 

I soc it rate 
dehydrogenase 

ldh-1 ,2 1.1.1.41 muscle TC 

Lactate 
dehydrogenase 

Ldh 1.1.1.27 muscle TC 

Malate 
dehydrogenase 

Mdh-1,2,3 1.1.1.37 muscle TC 

Mannose phosphate 
isomerase 

Mpi 5.3.1.8 muscle EBT 

6-Phosphoglucate 
dehydrogenase 

6-Pdg 1.1 .1.44 muscle TC 

Phosphoglucomutase Pgm 2.7.5.11 muscle TC 

Protein Prot-1 ,2 muscle TC 

Superoxide dimutase Sod-1 ,2 1.15.1.1 viscera EBT 

* Tris-Citrate, pH 7.0 (Whitt 1970). 
** Tris-EDTA-borate, pH 8.6 (Wilson, Whitt and Prosser 1973). 

significant differences (X2 = 145, p < 0.001 for pulses; X2 = 64.4, p < 0.001 for 
durations). Salmon and Atsaides (1968b) showed that U. virens produces only 
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FIG. 1. Distribution ofvibrational characters for Uca rapax and U. virens. Data are based upon 
10 consecutively produced sounds per crab for five crabs from each coast for the former and 10 or 
more sounds (from 7 crabs) for the latter. 

a few (1-3) short pulses in its sounds while typical sounds of U. rapax contain 
several (4-7) longer pulses. The distribution ofintervals between consecutive 
sounds produced by U. virens was significantly shorter than those between 
consecutive sounds of East coast U. rapax (X2 = 16.1, p < 0.001), but not West 
coast U. rapax, indicating that the spontaneous rate of "calling" in U. virens 
was often more rapid than in U. rapax. 
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Pulse repetition rates/sec (mean ± SD) were 3.53 ± 0.49 for East coast U. 
rapax, 3.69 ± 0.79 for West coast U. rapax and 2.11 ± 0.25 for U. virens. An 
ANOVA revealed significant differences among the means (F = 60.58, p < 
0.05). Further analysis (using a Tukey test) showed that whereas pulse 
repetition rates were similar for U. rapax from both coasts, those for both 
populations of U. rapax were significantly faster than those shown by U. 
virens. Thus U. rapax and U. virens exhibited differences in three of four 
measured parameters of their vibrational displays. 

Waving display durations (mean ± SD) (Table 2) ranged from 4.52 ± 1.48 
seconds for U. virens to 6.09 ± 0.85 seconds for East coast U. rapax. These 
differences were statistically significant (one-way ANOVA, F = 5.60, p < 0.05). 
Again, a Tukey test indicated no differences between the two populations of U. 
rapax, but waving duration of U. virens were significantly shorter than those 
of East coast U. rapax. 

P&tterns of jerking during waves by U. virens differed from both populations 
of U. rapax while those shown by U. rapax from both coasts were statistically 
identical (Table 2). Uca rapax showed about twice the number of jerks during 
waving extension, each of which lasted less than half as long as those shown 
by U. virens. Return portions of the wave were usually accomplished with two 
(or rarely, three) jerks in U. rapax but uniformly with one jerk in U. virens 
(Fig. 7 in Salmon and Atsaides 1968b). Finally, the return movement of the 
claw took 0.82-1.02 seconds for U. rapax but averaged 0.44 seconds for U. 
virens. 

Electrophoretic Results 

Of the 21 loci examined, 14 were fixed for the same allele in both species 
and 7 were polymorphic (Table 3). With the exception oftwo loci ( esterases 1, 
2) which showed small differences in allelic frequencies, all other poly
morphic variation was negligible. Nei genetic distances between the three 
groups were: E vs. W coast U. rapax = 0.016; E coast U. rapaxvs. U. virens = 
0.010; W coast U. rapax vs. U. virens = 0.035. 

DISCUSSION 

Biochemical Differences 

Our analysis indicates that U. virens and U. rapax show little evidence of 
genetic differentiation. Two-thirds of the loci were fixed for the same allele. 
For those loci which were polymorphic, allelic frequencies were similar 
though genetic distances between west coast U. rapax and U. virens were 
somewhat greater than those between east coast U. rapax and U. virens. The 
lack of biochemical differences was surprising as the loci sampled have 
clearly separated other morphologically similar fiddler crabs (Selander et al. 
1971, Salmon et al. 1979), as well as other decapods (Turner and Lyerla 1980, 
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TABLE2 

Temporal patterns (mean± SD) of waving display shown by Uca rapax from the east and west 
coasts of Florida, and by U. virens from northwestern Florida. N = 4 waves/male from each of 4 

males/sample (16 waves/sample). Values are in seconds. 

Character Uca rapax (East) Uca rapax (West) Uca virens 

Wave Duration 6.09 ± 0.85 4.89 ± 1.71 4.52 ± 1.48 

Extend: 
Number Jerks 17.69 ± 2.21 14.81 ± 5.52 7.25 ± 2.14 

Return: 
Number Jerks 2.44 ± 0.63 2.06 ± 0.44 1.00 ± 0.00 

Extend: 
Jerk Duration 0.28 ± 0.072 0.28 ± 0.068 0.56 ± 0.20 

Return: 
Jerk Duration 0.42 ± 0.13 0.40 ± 0.10 0.44 ± 0.11 

Huber 1985). For the present, clear biochemical separation between the 
species rests upon Barnwell's (in Barnwell and Thurman 1984) survey of 
hemolymph amylases. Two forms of the enzyme were distinguished. The 
slower migrating form was characteristic of crabs collected in temperate 
locales where U. virens is found exclusively (East Texas to northwestern 
Florida). The faster migrating electromorph was characteristic of populations 
to the South, where U. rapax is found exclusively (Miami, Florida; the Yucatan 
peninsula, Colombia and Brazil). Obviously, such differences between a 
continuously distributed population could not occur if its members were 
interbreeding. 

The evidence presently available, then, suggests that the two forms are 
sibling species, so recently differentiated that there has been insufficient time 
for the accumulation of significant genetic differences. This hypothesis is 
supported by the specific enzyme systems which have diverged. Esterases 
and blood proteins are rapidly evolving electromorphs tracking changes in 
genes over as short a period as 20-50 thousand years (e.g., Sarich 1977). 

Behavioral Divergence and Taxonomy 

Crane ( 1941) first recognized that the waving displays offiddler erabs were 
species-typical movements. Comparative studies by Altevogt ( 1966, 1970), 
and reviews by von Hagen ( 1975) and Salmon ( 1967) showed that the 
vibrational signals of males also varied from one species to the next in 
spectral energy distribution and temporal pattern. The two types of displays 
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TABLE3 

Frequencies of electromorphs at polymorphic loci found in Uca rapax from the east and west 
coasts of Florida, and in U. virens from northwestern Florida (N = 15 crabs/ sample). 

Enzyme 

Esterase-1 

Esterase-2 

Esterase-3 

Glycerol-3
phosphate 
dehydrogenase 

Glucose 
phosphate 
isomerase 

lsocitrate 
d ehyd rogenase-2 

Protein-2 

Uca rapax {East) 

A= 0.967 
B = 0.033 

A= 0.733 
B = 0.267 
c = 0.000 

A= 0.633 
B = 0.367 

A= 0.967 
B = 0.033 
c = 0.000 

A= 0.567 
B = 0.000 
c = 0.433 

A= 1.000 
B = 0.000 

A= 0.967 
B = 0.033 
c = 0.000 

Uca rapax {West) Uca virens 

A= 1.000 A= 1.000 
B = 0.000 B = 0.000 

A= 0.766 A= 0.533 
B = 0.233 B = 0.100 
c = 0.000 c = 0.367 

A= 0.677 A= 0.467 
B = 0.333 B = 0.533 

A= 0.967 A= 1.000 
B = 0.000 B = 0.000 
c = 0.033 c = 0.000 

A= 0.500 A= 0.600 
B = 0.167 B = 0.200 
c = 0.333 c = 0.200 

A= 0.800 A= 1.000 
B = 0.200 B = 0.000 

A= 0.967 A= 1.000 
B = 0.000 B = 0.000 
c = 0.033 c = 0.000 

are also functionally linked; each serves as sexual attractants ("calling" 
signals) during the day (waving) or at night (vibration; reviewed in Salmon 
and Atsaides 1968b). Ofthe greatest importance, differences between species 
in their vibrational and visual displays are genetically determined (Salmon 
and Hyatt 1979) and are correlated with specific patterns of mate choice by 
females (Salmon et al. 1978). Not surprisingly, then, display differences have 
consistently provided reliable criteria for separating morphologically similar 
species (Table 4). In each case, behavioral conclusions have ultimately been 
corroborated by relevant biochemical genetic data. 

Why, then, have morphological taxonomists been reluctant to accept 
conclusions based upon ethological (sexual display) characters? In part, it is 
because behavioral data cannot provide a means for sorting previously 
collected material (Knowlton 1986) and in that sense fail to resolve past 
identification problems. Another reason is that some taxonomists are so 
deeply committed to diagnoses based upon structure that conclusions based 
upon other criteria are ignored. For example, Barnwell and Thurman (1984) 
claimed that all the species described by Salmon from the Gulf coast were not 
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TABLE4 

Differences between premating displays of morphologically similar male fiddler crabs. All pairs, 
with the exception of Uca virens and U. rapax, are cryptic species. 

Species Wave Wave Pulses/ Sound Pulses 
Pairs Duration "Form" Sound Duration per s 
(Reference) (s) (typically) (s) (typically) 

Uca speciosa 
Uca spinicarpa 
(Salmon eta!. 1979) 

""0.48 
rv 1.07 

Minor chela and 
leg movements 

differ 

3-4 
5-10 

Both similar 
(0.5-0.8) 

5-6 
10-11 

Uca pugilator 
Uca panacea 
(Salmon eta!. 
1978) 

Both 
similar 
(1.0-1.3) 

Chelae and leg 
movements differ 

5-10 
8-27 

Both similar 
(0.5-0.8) 

8-13 
21-26 

Uca virens 
Ucarapax 
(this study) 

Both 
similar 

"Jerking" patterns 
differ 

1-3 
4-7 

0.2-1.5 
1.0-2.0 

2 
3-4 

Ucamordax 
Uca burgersi 
(von Hagen 1983, 
1984)* 

Both 
similar 
(4.0-4.2) 

"Jerking" Patterns 
differ 

10-22 
2-6 

1.5-2.5 
3.0-4.0 

"'7 
"'1 

* All values for sound comparisons are approximations as different units were measured. These 
species also differ in mechanism employed to produce their calling sounds ("rapping" in U. 
mordax; "honking" in U. burgerst). 

compared to sympatric associates with which they might be confused. In fact, 
the comparisons were made (Salmon and Atsaides 1968b) but since they were 
ethological rather than structural, the studies were criticized " ... for ignoring 
standard taxonomic principles." Barnwell and Thurman cited Felder (1973), 
von Hagen (1975) and Crane (1975) as concluding that the ethological data 
were too variable to be of diagnostic value. However, neither Crane nor von 
Hagen ever compared the published behavioral data (Figs. 7 and 9 in Salmon 
andAtsaides 1968b, Salmon 1971) to demonstrate its lack ofutilitynor did they 
present new behavioral data to quantify its "variability." Felder's (1973) 
taxonomic conclusions were based upon the unsubstantiated belief that 
behavioral differences between U. pugnax and U. virens (the taxa originally 
confused) constituted inadequate evidence for their separation, and von 
Hagen's (1970) earlier assessments. Two years later, von Hagen (1975) 
determined that U. virens could in fact be morphologically distinguished from 
U. pugnax. However, he (and eventually Barnwell and Thurman) then 

·discovered that it was impossible to structurally separate U. virens from U. 
rapax. As we have shown, these two taxa are easily distinguished on the basis 
of behavior. 
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Even when non-morphological data distinguish unambiguously between 
species, their importance has been minimized. For example, Crane (1975) 
synonymized two species ( U. spinicarpa and U. speciosa), originally distin
guished by Rathbun (1918), because she could find no reliable morphological 
differences between them. However, the two forms were found to differ in 
genetic constitution (Nei index of0. 70) and premating displays (Salmon et al. 
1979). Although this study resolved the issue, Barnwell and Thurman stated 
that its conclusions were " ... somewhat overdrawn ... " because the two 
forms " ...were merely restored to the status assigned them on morpholog
ical grounds more than 60 years earlier by Rathbun." Barnwell and Thurman 
missed the point, however, which was that two competent morphological 
taxonomists had reached opposite conclusions based upon structure, 
whereas ethological and biochemical evidence led to an unambiguous 
resolution. 

Ethological Comparisons and Diagnostic Characters 

We have argued here that ethological characters can be valid descriptors of 
differences between taxa. It must be emphasized, however that if behavioral 
data are to be useful in fiddler crab taxonomy, they must be correctly gathered 
and analyzed. Even where morphologically similar species differ in their 
acoustic and visual displays (Table 4), the characters involved in those 
displays vary in diagnostic utility. For example, wave or sound duration 
separate only some species pairs, and other characters overlap in their 
distributions (e.g. pulses/sound) even though mean values differ statistically. 
However wave "form" and sound pulse repetition rate clearly distinguish 
between all cryptic and sibling species thus far studied. Significantly, these 
are the display parameters to which the crab receptor systems seem most 
sensitive and are therefore likely to convey information. For example, Hall 
(unpublished observation) found that each jerk within a wave (but not the 
pauses between jerks) evoked vigorous ERG responses from the eye of U. 
minax. The onset of each vibrational pulse and, to a lesser extent, the pulse 
amplitude modulation "envelope," elicited strongest responses from vibra
tion-sensitive interneurons (Hall1985). 

Variability within samples of displays can be greatly reduced if some effort 
is made to control for differences in display "intensity." We define displays 
given at "medium" intensity as those shown by males when motivated to 
wave or produce sound repeatedly, but not influenced to do so by movements 
from nearby females. These precautions reduce the most significant cause of 
variation in male display intensity but do not eliminate the behavior of 
neighboring males, whose courtship activity is also stimulating, though less 
so (Salmon 1965). Such efforts to standardize samples preserve the essential 
differences shown between species and enhance their utility as sensitive 
discriminators. These procedures also eliminate the possibility that the 
displays of one taxon when males are sexually stimulated by females will be 
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compared to another when they are not, leading to false conclusions regard
ing real differences in behavior. 

We also standardized our behavioral samples by collecting data at times in 
the lunar cycle when males were actively displaying. Almost all male fiddler 
crabs show semimonthly rhythms of display activity which are linked tempor
ally to female receptivity cycles (reviewed in Christy 1978, 1982). Behavioral 
observations should be timed to coincide with peaks of these periodicities, 
even if the taxa in question exist allopatrically where tidal regimes may differ 
in phase or in semimonthly pattern. 

Speciation Processes and Zoogeography 

In an earlier study. U. virens was described as ranging in the United States 
from Port Aransas, Texas to Ocean Springs, Mississippi (Salmon and Atsaides 
1968a). Here, we report crabs at Ochlockonee (Apalachee Bay), Florida 
though they were never abundant. There is agreement that U. rapax occurs 
as far North on the West coast of Florida as Yankeetown (Salmon 1967; 
Barnwell and Thurman 1984). A sample of crabs collected by Barnwell 
between these two sites (Econfina River, Taylor County, Florida) remains 
unidentified. Further field work will be necessary to determine the extent to 
which the two species overlap geographically. 

The processes which led to speciation between these taxa are unknown. A 
fundamental difference between them is the ability of U. virens to withstand 
colder winter temperature regimes in the northern Gulf of Mexico and the 
apparent inability of U. rapax to acclimate similarly (Miller and Vernberg · 
1968). If populations were separated on this basis, differences in courtship 
could have arisen rapidly within the context of intersexual selection (arbi
trary female preference for behavior patterns associated with male competi
tion in a different environment; see discussion in Thornhill and Alcock 1983). 
This hypothesis is consistent with the apparently short period of time in which 
the two species have been genetically isolated. The fact that displays differ so 
profoundly between these sibling forms, but no more so than between the 
cryptic species so far studied (Table 4 ), confirms that behavioral (and 
physiological) differences can arise considerably in advance of structural 
divergence. 

Left unanswered is why U. virens does not extend farther into southern 
Florida. Fiddler crabs from all latitudes show only minor diffe.rences in upper 
thermal limits (Vernberg and Tashian 1959). This suggests that the factors 
limiting the distribution of fiddler crabs within warmer climates are indepen
dent of temperature effects, at least at the adult stages. Obviously, further 
comparative studies are required to obtain answers. In the case of U. virens 
and U. rapax, the factors revealed by such an analysis will apparently not be 
encumbered by the existence ofcorrelated differences in morphology. In that 
sense, comparative studies between sibling or cryptic species have important 
advantages (Knowlton 1986). 
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ABSTRACT 

The Calcasieu Estuary is the largest body ofwater in southwest Louisiana 
and it has been subjected to substantial man-made perturbations. Oyster 
larvae (Crassostrea virginica) were collected in this estuary by net sam
pling over a four-year period to examine several scales of spatial and 
temporal variability. The dominant pattern in these data was high variabil
ity in replicate collections, perhaps indicating aggregation on a scale oftens 
of meters. Some patterns were discernible because a large data set was 
assembled. The highest concentrations of late-stage larvae tended to be 
near the mouth of the estuary. The larvae were rare in the West Cove area, 
which is hydrodynamically distinct from the rest of the estuary. Both the 
eastern part of Calcasieu Lake and the bayous of the upper Calcasieu 
Estuary appeared to be provided seasonally with a reasonable supply of 
larval oysters. The strongly bimodal seasonality (spring and autumn) of 
late-stage oyster larvae may be subject to interannual variability on a scale 
which is presently unpredictable. 

INTRODUCTION 

One important aspect of the suitability of oyster ( Crassostrea virginica 
Gmelin) habitat is availability ofplanktonic larval oysters (Cake 1983). Larval 
oysters are among the most sensitive of estuarine invertebrates to the effects 
of pollutants (Calabrese and Davis 1966, 1967; Davis and Hidu 1969; Diaz 
1971; Calabrese 1972; Roberts, Diaz, Bender, and Huggett 1975; Calabrese, 
Macinnes, Nelson and Miller 1977; Noyes 1978; Roosenburg, Roderick, Block, 
Kennedy, Gulland, Vreenegoor, Rosencranz and Collette 1980; Wikfors and 
Ukeles 1982; Wright, Kennedy, Roosenburg, Castagna and Mihursky 1983). 
The possibility that entrainment of larval oysters in hydraulic cutterhead 
dredges could be a substantial source of larval mortality was the impetus for a 
recent workshop and special publication (Prezant 1986). Furthermore, the 
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1 Present Address: National Marine Fisheries Service, Systematics Laboratory, National Mu
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planktonic lifestyle of the larvae makes their distribution subject to altera
tions by changes in estuarine hydrology (Carriker 1951; Pritchard 1953; 
Kunkle 1957; Wood and Hargis 1971; Seliger, Boggs, Rivkin, Biggley and 
Aspden 1982; Andrews 1983). Thus, human activities could limit the availabil
ity oflarval oysters to habitat that is otherwise suitable for oyster production. 

The distribution of larval oysters has often been inferred either from 
gonadal condition of the adult population or from settlement of spat (e.g. 
Haven and Fritz 1985, Kennedy 1986). A more direct, though laborious, 
method is to sample for the larvae in the plankton (Vecchione 1986). This 
study is a continuation of a previous project involving the distribution of 
zooplankton in the Calcasieu Estuary in southwestern Louisiana which has 
been altered substantially by human activities. Specifically, it was designed to 
determine patterns ofvariability in the distribution oflate-stage oyster larvae. 
These patterns include areal, vertical, and temporal variability on several 
scales. 

MATERIALS AND METHODS 

Six stations in Calcasieu Pass, Calcasieu Lake, and the Intracoastal Waterway were sampled 
monthly for 20 months (February 1981-0ctober 1982; Fig. 1). Triplicate samples were collected 
at all stations with a modified half-meter net with fiow meter and 0.153 mm mesh. Sampling at the 
channel stations consisted of double-oblique, one-minute tows to 3m depth, while at the shallow 
lake stations, this gear was towed for one minute just below the surface. At the lake stations (N1, 
S1 and W1) the stratum very near the bottom was also sampled for 12 of20 months (May 1981
April 1982) with an epibenthic pullsled, also equipped with 0.153 mm mesh and flow meter 
(Stubblefield, Lascara and Vecchione 1984 ). All sampling was scheduled to coincide as closely as 
possible with daytime high tide to minimize tidal and diel variability. Ancillary data that were 
collected included water temperature, conductivity, dissolved oxygen, pH and turbidity. Abund
ances that are presented here are based on calculated numbers of larvae collected per 10m3 of 
water filtered by the net. 

As an informal survey of the planktonic molluscs in the area, the molluscs out of one sample 
from each replicate set were sorted and identified. Larval oysters were found to be occasionally 
abundant, dominating the bivalve fraction of some samples. As a result of the mesh size used, 
these were late-stage larvae, mostly Carriker's ( 1951) "mature" and "eyed" stages. These are the 
stages which are competent to set within a few days. 

The 1981-82 study was designed to eliminate tidal and diel variability; thus it was necessary to 
assess these components for a complete account oflarval distribution. Furthermore, the mollusc 
data were not collected in replicate and the station coverage did not include the upper estuary. 
Subsequent sampling was planned for May and August-October, the months when larvae were 
likely to be present (based on preliminary inspection of the historical data). Station S1, at the 
south end of the lake, was chosen as the central location for this effort, for integration with other 
oyster-habitat studies being conducted there at the same time and because inspection of the 
1981-82 data also indicated that larvae were likely to be found there. 

Ten consecutive one-minute samples were collected at stationS1 with the modified half-meter 
net on 4 August 1983 in order to assess replicate variability. All subsequent sampling was based 
on triplicate sets because of manpower constraints; the molluscs were sorted and identified from 
all samples. At each station occupied during this study, standard hydrographic measurements, 
including temperature, conductivity, dissolved oxygen, pH and secchi depth, were made. At 
stations that were 1 m or less in depth, hydrographic measurements were made near-surface and 
near-bottom; where depths were > 1 m, these measurements were made at 1 m intervals from 
bottom to surface. 
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FIG. 1. Sampling stations in the Calcasieu Estuary. Square S)mbols indicate stations sampled 
during February 1981-0ctober 1982. Round symbols are stations sampled August 1983-May 1984. 

Samples for tidal and diel comparisons both at a fixed station (S1) and within a marked water 
mass were initially collected on 23 September 1983. Triplicate near-surface and near-bottom 
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samples were collected at daytime low tide with the modified half-meter net and pullsled, 
respectively, as described by Stubblefield et al. (1984). A windowshade drogue buoy was then 
released and followed until daytime high tide. Near-surface and near-bottom sampling was 
conducted, first at the buoy location and again at station S1. The buoy was then followed until 
nighttime low tide, when sampling was conducted at the buoy location and at station S1. This 
protocol was duplicated on 28 August 1984. 

On 26 October 1983, three bayous in the upper Calcasieu Estuary (stations C1, P1 and 01) were 
sampled using the modified half-meter net for near-surface tows. The bayous, Contraband, 
D'lnde and Choupique, were chosen because they are large enough for the sampling methods 
and because each is subject to a different type of anthropogenic influence. Bayou Contraband 
flows through the City of Lake Charles and receives treated municipal sewage. The Bayou D'lnde 
drainage includes a concentration ofpetrochemical industries. Bayou Choupique is probably the 
most natural bayou in the estuary and flows primarily through agricultural land and salt marsh. 

In order to obtain an overall picture of the areal distribution of larval oysters, stations were 
sampled throughout the Calcasieu Estuary (all stations except the E-stations) on 24 May 1984, 
again using the modified half-meter net for triplicate near-surface tows. (Table 1) 

RESULTS 

Replicate Variability 

High variability among replicates was evident throughout this study. In the 
set of 10 replicates collected in August 1983, oyster larvae were found in only 
two of the samples. Thus, the coefficient of variation (CV = [standard 
deviation/mean] x 100) was not calculable until six samples were con-

TABLE 1 

Station characteristics. 

Station Type Depth 

E5 Dredged channel 5m 
E1 Dredged channel 3m 
01 Dredged channel 16m 
11 Dredged channel 16m 
V1 Dredged channel 15m 
U1 Dredged channel 14m 
H1 Lake 1-2m 
W1 Lake 1-2m 
S1 Lake 1-2m 
N1 Lake 1-2m 
P1 Bayou 3m 
D1 Bayou 3m 
C1 Bayou 3m 
Y1 Bayou 1-2m 
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sidered. As the sample sizes increased, the CV increased from 246 to 290 at 10 
samples. This trend of high variability was consistent among all of the 
molluscs identified from this sample set but was not true for other taxa such as 
copepods. Of the 21 sets of triplicate samples that did collect oyster larvae 
during the field sampling for this project, the average CV was 144 (range = 53 
- 173). This value was strongly skewed toward the maximum because 13 of 
the 21 sets included oyster larvae in two samples each, and only five sets 
included oyster larvae in all three samples. No relationship was apparent 
between variability and abundance. 

Vertical Distribution 

Paired-sample comparisons between the half-meter net and the epibenthic 
pullsled from the 1981-82 data included seven pairs of samples that collected 
larval oysters. Based on the Wilcoxon matched-pairs signed-rank test (Siegel 
1956), oyster larvae tended to be more abundant in the half-meter net 
samples (Table 2), but this trend was not statistically significant at the a = 
0.05 probability level. 

Seasonal Distribution 

Two peaks in larval abundance were obvious in 1981-82. All of the oyster 
larvae collected were taken either in May (41 %) or in August (6%), Septem
ber (20%), and October (33%). The August-October peak can be considered 

TABLE2 

Comparison of near-surface abundance from modified half-meter net with that of epibenthic 
pullsled, based on Wilcoxon matched-pairs signed-rank test. Samples collected between May 

1981 and April1982 at stations.N1, S1 and Wt. 

1/2-m net(A) Pullsled (B) A-8 Rank Signed Rank 

1 0 1 1 1 
0 23 -23 5 -5 
5 0 5 2 2 

179 0 179 6 6 
0 18 -18 4 -4 
0 9 -9 3 -3 

582 0 582 7 7 

W(r) = 4 

Non-significant at a = 0.05. 
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to represent late summer-autumn, as only 6°/o of the larvae were found in 
August. Although the autumn peak appeared to last longer and to include a 
larger total percentage of the catch, the spring peak appeared to be more 
intense. 

Areal Distribution 

During the months in which oyster larvae were collected in 1981-82, the 
highest abundances shifted repeatedly among stations (Table 3). Some 
patterns are evident, however, when the data are pooled. The most obvious 
trend is a scarcity of oyster larvae in the West Cove area (station W1). Less 
than 1% of the larvae in the 1981-82 data were collected at station W1 (Table 
3). Furthermore, oyster larvae were only found at station W1 during one 
month, compared with a minimum of three occurrences at each of the other 
stations. This particularly contrasts with the situation at station N 1 at the 
north end of the lake; whereas abundances were also low at station N1, larvae 
were collected there in four months. At the remaining stations, both abund
ances and numbers ofoccurrences were relatively high. There appeared to be 
a tendency toward highest larval abundance at the lower end of the Calcasieu 
Ship Channel (station E5), but when tested against the south end of the lake 
(station S 1) with the Wilcoxon Procedure, the null hypothesis of "no differ
ence" could not be rejected. Thus, the difference in larval abundance 
between the south end of the ship channel and south end of the lake was not 
statistically different from random. 

The October 1983 samples from the bayous showed that high abundances 
oflarval oysters can indeed be found in the upper Calcasieu Estuary (Table 4). 

TABLE3 

Abundance oflarval oysters (number collected per 10 m 5 ofwaterfiltered) in modified half-meter 
net samples. 

Station 

Month ES S1 E3A W1 N1 E1 

May 1981 977 1 0 0 0 160 
August 1981 0 0 0 0 0* 0 
September 1981 0 179 147 0 5 166 
October 1981 9 582 300 0* 0* 0 
May 1982 7 0 0 0 0 0 
July 1982 0 0 0 0 0 1 
August 1982 171 0 1 0 0 0 
September 1982 1 0 5 0 49 0 

Percent of Total 42% 27% 16% 0% 2% 12% 

* Larval oysters were collected only in the epibenthic pullsled samples. 
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Consistent differences were evident among the bayous, and when tested with 
the Kruskal-Wallis non-parametric analysis of variance (Siegel 1956), these 
differences were found to be statistically significant at an a = 0.004 probabil
ity level. The differences among bayous in May 1984 (Table 5) were non
significant (at a = 0.05), but again the abundance of larval oysters among the 
bayous was highest in Bayou D'lnde. In the entire system, however, the 
highest larval abundance in May 1984 was again at the lower end of the ship 
channel (Station 01). 

Small-Scale Spatial and Temporal Variability 

The first drogue-buoy experiment was conducted during the autumn larval 
season. The buoy was released at approximately low tide (1010 CDT, 25 

TABLE4 

Abundance oflarval oysters (number collected per 10m3 of water filtered) in triplicate samples 
from three bayous in the upper Calcasieu Estuary, October 1983. 

Bayou Station Sample-1 Sample-2 Sample-3 

Choupique P1 6 2 3 
Contraband C1 1 0 0 
D'lnde 01 23 16 103 

TABLE5 

Abundance of larval oysters (number collected per 10m3 of water filtered) in triplicate samples 
from stations located throughout Calcasieu Estuary, May 1984. 

Station Sample-1 Sample-2 Sample-3 

01 73 10 28 
11 4 0 0 
V1 0 0 0 
U1 0 0 0 
H1 2 0 0 
W1 6 0 0 
S1 0 0 0 
N1 0 27 0 
P1 0 0 0 
01 0 10 0 
C1 0 0 1 
Y1 0 0 0 
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September 1983) after station S1 had been sampled. The wind was blowing 
from the east at approximately 22.2 km/h (12 kn). Rather than travelling up 
the lake as would be expected from tidal processes, the buoy moved out 
toward the old river channel at the south end ofthe lake. The fact that the buoy 
was following water movements rather than simply being blown by the wind 
was confirmed by the arc of a gill net that was found in the area. At about 1300 
CDT the wind slacked, and the buoy reversed course shortly thereafter (Fig. 
2). Thus, at daytime high tide the buoy had returned to within 0.5 km of its 
daytime low-tide position. On the outgoing evening tide the buoy tracked 
straight toward the old river channel, where it finally arrived at nighttime low 
tide. 

RE~F-~ 1055 
~1010 

45 1635 

0.5 0 2 

KILOMETERS 

o SAMPLING LOCATION 28::lZIII: 84 
o SAMPLING LOCATION 23: ]X: 83 

FIG. 2. Paths of a drogue buoy and sampling sites during two comparisons of tidal and diel 
variability. During sampling, both the buoy location and the fixed station (buoy release point, 
station S 1 in Fig. 1) were sampled. 
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Although all of the planned samples at the fixed station were collected, 
difficulties were encountered towing the pullsled at the buoy stations. To 
function properly, the pullsled must be towed across a bottom that is relatively 
firm, smooth, and flat. While this was no problem at station S1, sampling 
wherever the buoy was at the designated sampling time frequently resulted in 
burial of the pullsled in soft bottom or hanging it on an oyster reef. Thus four 
near-bottom samples are missing from the buoy sequence (Table 6). 

The highest number of samples containing larval oysters came from the 
initial set of samples, at daytime low tide. The highest recorded abundance, 
however, was found in the near-bottom samples collected during nighttime 
low tide at station S 1. Abundance near surface was similar between the buoy 
and fixed station and tended to indicate tidal variability. Conversely, at the 
fixed station there appeared to be a diel trend in abundance near bottom. The 
overwhelming trend in the data, however, was for high variability among 
replicates. Thus, no statistically significant differences could be demon
strated from tidal, diel, vertical, or transport effects. 

In August 1984 the pattern ofwater-mass transport was very different (Fig. 
Z). On that occasion, wind direction was from the south and the buoy headed 
up the lake as was expected; however, when the predicted tide changed, the 
buoy continued up the lake until the south wind slackened at about 2100 CDT. 
At that time the buoy reversed course and followed the expected tidal drift. 

TABLE6 

Comparisons of tidal and diel variability in abundance of oyster larvae (number collected per 10 
m3 ofwater filtered) both at a fixed station (St) and in a water mass marked with a drogue buoy. 

Date Diel period Tide Gear Drogue Buo}' Fixed Station 
Tow-1 Tow-2 Tow-3 Tow-1 Tow-2 Tow-3 

Sep83 Day Low 1/2-m net 7 w 3 same as buoy 
pull sled 0 6 0 same as buoy 

Day High 1/2-m net 0 0 0 1 0 
pull sled 2 0 * 0 5 9 

Night Low 1/2-m net 0 3 0 2 0 
pull sled * * * 70 0 0 

Aug 84 Day Low 1/2-m net 0 0 0 same as buoy 
pull sled 0 0 0 same as buoy 

Day High 1/2-m net 0 0 0 0 0 3 
pull sled 0 0 0 421 14 4 

Night Low 1/2-m net 11 6 0 38 0 0 
pull sled 0 * * * * * 

*No data collected. 
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Sampling problems with the pullsled were similar to those described above. 
In this case, the net was destroyed during retrieval (full of mud) at the buoy 
location at nighttime low tide. The result was that the only nighttime near
bottom sample was collected at the buoy station. The distributional pattern 
found in August 1984 contrasted with that of September 1983 (Table 6). No 
specimens were collected during daytime low tide. The daytime high tide 
samples from station S1 included both the maximum abundance and the 
greatest number of samples with larval oysters in these data. Again, however, 
the high variance among replicates precluded any test of statistical signifi
cance of effects. 

Interannual Variability 

In order adequately to assess changes in abundance among years, it is 
necessary to develop a biologically meaningful index of annual larval abund
ance. Either the mean or the median abundance based on the year or on the 
larval season would indicate uniformly low abundance every year. If, how
ever, the consistently high replicate variability in these data indicates biolog
ical patchiness on a very small scale, then perhaps a more meaningful annual 
index would be an estimate of abundance within these patches. This can be 
either the maximum recorded abundance or the average of several estimates 
of abundance within patches (samples with greater than background num
bers of larvae). Both of these indices are presented in Table 7. The same 
pattern is evident in both indices; larval abundance was highest in 1981 and 
decreased steadily from 1981-1983, and then increased again in 1984. The 
large decrease in abundance between 1981 and 1982 was primarily because 
no spring peak was recorded in 1982. Sampling was not done during the 
spring of 1983 but autumn abundance in 1984 (during the August tidal/diel 
study) appeared to be higher than that ofspring 1984 (during May sampling of 
the entire estuary). 

DISCUSSION 

By far, the dominant feature of these data is the high variability on every 
scale examined. A statistically clumped distribution is indicated when the 

TABLE7 

Estimates of interannual variability in larval abundance based on number oflarvae collected per 
10m3 ofwater filtered. 

Year Maximum Mean abundance Standard deviation of N 
abundance within patches abundance within patches 

1981 977 353 291 8 
1982 171 110 86 2 
1983 100 65 40 3 
1984 420 117 171 5 
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standard deviation consistently exceeds the mean. The most likely cause of 
such a distribution is patchiness on a scale smaller than our sampling scale. 
We used very short (1 min) tows to sample as close to the station as possible, 
so it appears that the horizontal extent of patches (or as Carriker [1951] 
referred to them, "larval swarms") oflate-stage oyster larvae is in the range of 
tens of meters or less in the Calcasieu Estuary. Gregarious setting by larval 
oysters has been well documented (Crisp 1967; Hidu, Valleau and Veitch 
1978), but has been assumed to be a response of randomly distributed 
"searching pediveliger" larvae to concentrated pheromones. These data 
indicate that the pediveligers may be concentrating in the water column prior 
to setting, a phenomenon commonly observed in oyster hatcheries (E.W. 
Cake, Jr., Gulf Coast Research Laboratory, Ocean Springs, MS, personal 
communications). 

A very large data set is required for a true pattern to overcome background 
'noise' because of the high replicate variability in these samples. These data 
may not entirely fulfill this requirement for all of the spatial and temporal 
patterns addressed. This problem may partly be a result of net sampling for 
late-stage larvae. These late-stage larvae are comparatively strong swimmers 
(Carriker 1951, Hidu and Haskin 1978) and differ from the earlier larval 
stages in behavior (Galtsoff 1964) and distribution (Carriker 1951, Kunkle 
1957, Seliger et al. 1982). Separate examination ofthese pre-settlement stages 
is supported, however, by the lack of correlation in Louisiana between total 
larval abundance and spatfall (Pollard 1973). Pump sampling and the use of 
fine mesh nets (0.076 mm or less) would include larvae which may remain 
planktonic and be further transported for a week or more. Earlier larvae are 
also subject to varying rates of predation (Burrell and Van Engel 1976, 
MacKenzie 1977, Steinberg and Kennedy 1979) and other mortality. Unless 
the larvae are laboriously separated into "stages", inferences cannot be 
drawn about distribution prior to settlement. The late-stage larvae studied 
here were within a few days of setting and so they better fulfill the goal of 
determining habitat suitability (Cake 1983). The trend toward highest abund
ances in the near-surface samples from the 1981-82 data, though non
significant, did indicate that the half-meter net samples at daytime high tide 
were sufficiently representative ofthe abundance ofoyster larvae in the water 
column in the shallow non-stratified areas typical of most of the Calcasieu 
Estuary. 

Some patterns do appear to be indicated by these data. Although larvae 
were sometimes collected in the West Cove area, they were never common. 
Hydrodynamic circulation in West Cove is distinct from that of the rest of the 
Calcasieu Estuary because ofWest Cove's almost complete isolation by banks 
of dredged spoil and limited freshwater input. The salinity of West Cove is 
consistently higher than that of nearby areas in the ship channel and eastern 
Calcasieu Lake. Ray (1983) monitored spatfall at several locations in West 
Cove during July-December 1982. He reported spatial and temporal variabil
ity with the heaviest set (up to 30 "spat per shell") occurring in August and 
September. While this is difficult to compare quantitatively with standard 
measures, such as spat/cm2 (Pollard 1973; Dugas 1977; Chatry, Dugas and 
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Easley 1983), Ray's (1983) records of spatfall for West Cove seem light when 
compared with peaks of20-65 spat!cm2 east of the Mississippi Delta (Pollard 
1973, Dugas 1977). Low availability of larvae may be contributing to light 
spatfall in West Cove. 

The highest concentrations oflarvae tended to be in the lower ship channel. 
Larval abundance may have been underestimated in the ship channel as only 
the top 1-3 m of a 13m water column was sampled. The ship channel is the 
only part of the ecosystem that is typically stratified, having a halocline at 
about 3-6m depth. Net motion in the surface layer ofsuch a system tends to be 
down-estuary, so larvae collected near the surface in the ship channel would 
presumably be transported down-estuary if they remained in the surface 
layer. Since data are lacking on vertical migration in the ship channel and 
since selective migration of oyster larvae in other systems has been demon
strated (Carriker 1951, Wood and Hargis 1971), it cannot at this time be 
inferred whether a large percentage of larval oysters are flushed from the 
Calcasieu Estuary by the ship channel. 

Based on published laboratory and field studies, changes in vertical 
distribution were predicted in response to environmental cues; however, 
sampling problems and high variability in the data left these expectations 
without either support or rebuttal. The tracks of the drogue buoy did support 
earlier proposals (Stubblefield et al. 1984, Stubblefield and Vecchione 1985) 
that the Calcasieu Estuary is primarily wind-driven rather than tide-driven. 
Thus it seems likely that larvae which are adapted to use tidal currents for 
favorable transport may be differently affected in this wind-driven system 
than in the tidal estuaries of the Atlantic coast. 

The easterp. part ofCalcasieu Lake appeared to be provided seasonally with 
an adequate supply of oyster larvae, especially at the south end of the lake. 
Similarly, the tidal bayous of the upper estuary probably are regularly 
"seeded" with larval oysters. The bimodal seasonal pattern (spring and 
autumn) of larval abundance may be subject to interannual variability or a 
brief but intense spring peak in 1982 and 1983 may simply have been missed. 
Ifthe interannual differences noted were real, and not a sampling artifact, the 
U-shaped pattern over four years may indicate either stochastic changes or a 
cyclic phenomenon with a period of many years. Confident separation of 
these alternatives would require several decades of sampling. 
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ABSTRACT 

Although the congeneric species, Syringodium filiforme Kiitz. of the 
Atlantic and S. isoetifolium (Aschers.) Dandy of the Indo-Pacific, are 
vegetatively similar, they can be distinguished on fruit characteristics. After 
the loss ofthe fleshy exocarp, the fruit ofS.filiforme from Texas and the U.S. 
Virgin Islands has a stony endocarp which tapers in two directions and an 
apiculate lacin1a, but the smaller fruit ofS. isoetifolium from the Philippines 
has a rounded base and a blunt-tipped lacinia. In the SEM views, the outer 
surface of the endocarp of both species is composed of thick-walled cells 
with irregularly sculptured depressions that are approximately twice as 
large in S.filiforme. The SEM study revealed that the two species are similar 
in the structure of seed coats and seeds. The embryo of both species is 
composed of a flattened, oblong hypocotyl with plumule and cotyledon 
folded into an invagination which lies adjacent to the lacinia in the fruit 
wall. The flattened fruit of both species is one-seeded and the tan to brown, 
stony endocarp resembles a shell fragment. 

INTRODUCTION 

The congeneric species ofSyringodium, S.filiforme Kiitz.,ofthe Atlantic and 
S. isoetifolium (Aschers.) Dandy of the Indo-Pacific, are vegetatively similar; 
however, they differ, as indicated by den Hartog (1970), in the number of 
vascular bundles in the leaves and in the size and shape ofthe fruits. McMillan 
and Bragg (1987) have noted that den Hartog described fruits with the 
exocarp intact but that fruits that occur in the sediments lose the fleshy 
exocarp and retain only the stony endocarp. To determine if further differ
ences in the fruits and seeds could be detected, fruits were examined with 
scanning electron microscopy (SEM). 

Some aspects of floral morphology and development of Syringodium have 
been reported [S.filiforme, Tomlinson and Posluszny (1978); S. isoetifolium, 
Lakshmanan and Rajeshwari (1979)], but studies of the fruits have been 

1 Department of Botany, University ofTexas, Austin, Texas 78713 
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limited by the availability of material. Although the SEM comparison is 
limited to two populations in the Atlantic and one in the Indo-Pacific, as 
additional collections become available, further assessments can be made. 

MATERIALS AND METHODS 

Inflorescences were collected from pistillate plants in Texas, U.S. Virgin Islands and the 
Philippines. Texas fruits were obtained from beach drift in Lower Laguna Madre at Padre Island 
(26°N, latitude) (Fig. 1). St. Croix fruits were in shallow seagrass beds at Rust-op-twist (17"45'N, 
latitude) and in Turner Hole (Fig. 1) and Philippine fruits were at Bantayan, Dumaguete City, 
Negros (9°30'N, latitude). Texas fruits were collected in June 1986 (searches for them were 
unsuccessful in 1983, 1984, and 1985), St. Croix fruits (Cane Bay) in May 1983 and (Turner Hole) 
June 1986, and Philippine fruits in July 1983. 

The inflorescences were placed in artificial seawater (Instant Ocean), 35%o, at 26-28°C until the 
fleshy exocarp of the fruits had rotted away from the inner, stony endocarp. The fruits were kept 
in artificial seawater at 24-27"C until examined with SEM. 

For SEM studies, the fruits were treated in the same manner as reported by Bragg and McMillan 
(1986) for Halodule. Fruit walls, seed coats and embryos were dehydrated in an ethanol series 
through 100% ethanol. No noticeable differences were observed between seagrass fruits and 
embryos treated in this manner and those kept for 12 hat 24°C in 5% glutaraldehyde in 0.1 M 
sodium cacodylate buffer (pH 7.2) before dehydration in the ethanol series. Removal of all salt 
crystals, however, proved to be difficult. Specimens were mounted on double-stick tape and 
sputter-coated to ca. 20-30 nm thickness using a gold target in a Hummer Junior sputter coater. 
Specimens were examined with a JEOL-35 at 15 kv. 

Embryos were studied under light microscopy. The hypocotyls were stained with IKI for starch 
identification (Berlyn and Miksche, 1976). 

The interpretation of the seagrass embryo follows that given by Taylor (1957a, 1957b) for 
Zostera marina L. The storage tissue is interpreted as hypocotyl. 

TABLE 1 

Fruits ofSyringodium from Texas, U.S. Virgin Islands and the Philippines1• 

Species and collection site Length mean Width mean 
(mm) (mm) (mm) (mm) 

S. filiforme2 

Lower Laguna Madre, Texas 5.8-7.6 6.2 2.6-2.9 2.8 
Cane Bay, St. Croix 5.0-5.9 5.2 2.6-2.9 2.8 
Turner Hole, St. Croix 6.0-7.9 6.5 2.0-3.5 2.9 

S. isoetifolium 
Dumaguete, Negros 3.8-4.1 -4.0 1.9-2.3 2.0 

1 Ten fruits more or less at random were measured for each collection. Measurements are for 
fruits after the exocarp had rotted away leaving the stony endocarp. 

2 Fruits reported in McMillan (1981) from Lower Laguna Madre ranged from 4.8-7.4 mm in 
length and 2.0-3.0 mm in width and from Cane Bay, St. Croix from 4.4-6.1 mm in length and 2.5
3.0 mm in width. Florida fruits from Biscayne Bay, Bahia Honda Key and Key West showed the 
greatest length, 5.2-8.0 mm and width, 2.3-3.2 in that comparison. 
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RESULTS 

Fruit 

The fruits of S.filiforme and S. isoetifolium differed in both size and shape, 
as indicated by den Hartog (1970). The fruits of S.filiforme from Texas and St. 
Croix were longer and wider than those of S. isoetifolium from the Philippines 
(Table 1). The flattened fruits ofS.filiformewere ca. 1.5 mm thick and those of 
S. isoetijolium were ca. 1.0 mm thick. As indicated in Figs. 2 and 3, the fruits of 
S. filiforme are pointed in two directions and those of S. isoetifolium are 
rounded at the base. As indicated in Table 1, the two St. Croix collections 
differed in size with those from Turner Hole being larger. 

The lacinia in the fruit walls differ (Figs. 2, 3, 4, 5). The lacinia of S.filiforme 
is apiculate extending to near the tip of the fruit (Figs. 2, 4), while that of S. 
isoetijolium is blunt-tipped (Figs. 3, 5). The fruits (Figs. 6, 7, 8) of both species 

FIG. 1. Inflorescences with mature fruits of S . .filiforme from the U.S. Virgin Islands and Texas. 
Fruits have exocarp which was lost before SEM studies. Left: collected on pistillate plants at 
Turner Hole, St. Croix; right: collected on Padre Island Texas, in beach drift from Lower Laguna 
Madre. Note differences in internode lengths; those from Texas are approximately 3-4 times 
longer than those from St. Croix. 



94 Bragg and McMillan 

FIG. 2. Fruit of S.filiforme (Texas) in side view. Scale bar= 1000 J.LID. 

FIG. 3. Fruit of S. isoetijolium in side view with outward projection oflacinia. Scale bar= 1000 
J.LID. 

have a stylar canal that extends to the inner layer of cells of the fruit wall. The 
suture line along the lacinia is composed of cells arranged in a matching 
cascade (Figs. 9, 10). The lacinia at the end opposite the point does not have a 
suture and remains hinged to the fruit wall (Figs. 2, 3). 

The fruit wall of both species is composed of thick-walled endocarp cells 
with irregularly sculptured depressions on the outer surface (Figs. 11, 12). 
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FIG. 4. Fruit of S.filiforme (Cane Bay, St. Croix), top view, showing lacinia. Scale bar = 1000 
tJ.ffi. 

FIG. 5. Fruit of S. isoetifolium, top view, showing lacinia. Scale bar = 1000 J.Lffi. 

FIG. 6. Lower view of S. filiforme (Cane Bay, St. Croix). Stylar end of fruit is to the left. Arrow 
indicates stylar canal. Scale bar = 1000 tJ.ffi. 
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FIG. 7. Longitudinal section offruit of S.filiforme (Cane Bay, St. Croix). Stylar end of fruit is to 
the left, as in Fig. 6. Arrow indicates the stylar canal. Scale bar = 1000 ~m. 

FIG. 8. Stylar canal of S.filiforme (Cane Bay, St. Croix) fruit with inner surface of endocarp to 
the right. Arrow indicates stylar canal. Scale bar = 100 ~m. 

The depressions vary in size and depth, but those of S. filiforme (Fig. 11) are 
approximately twice as large as those of S. isoetifolium (Fig. 12). The inner 
surface of the fruit wall has small, circular depressions that are irregularly 
distributed (Fig. 13). The endocarp is 7-10 cells thick and composed of cells 
with multi-layered walls (Figs. 14, 15). 
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FIG. 9. Side view oflacinia of S.filiforme (Cane Bay, St. Croix) showing area adjacent to the tip 
with the cascade arrangement of cells along the suture line. Scale bar= 100 J..Lm. 

FIG. 10. Under side of lacinia of S. isoetifolium, showing cascade arrangement of cells along 
the suture line. Scale bar = 100 J..Lm. 
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FIG. 11. Outer surface of endocarp, S.filiforrne (Texas). Scale bar = 100 !J-ffi. 

FIG. 12. Outer surface of endocarp, S. isoetifolium. Scale bar= 100 IJ-ffi. 

Seed Coat 

The seed coats of both species are similar in appearance and composed of 
5-6 layers of slightly flattened cells (Fig. 16). Toward the stylar end of the fruit, 
the cells of the seed coat are polygonal. 
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FIG. 13. Inner surface of endocarp, S.filiforme, (Cane Bay, St. Croix). Scale bar = 10 f..LID. 

FIG. 14. Cross-section of endocarp of S.filiforme (Cane Bay, St. Croix), showing concentrically 
arranged layers ofthe cell walls. Scale bar = 10 f..LID. 

Embryo 

The embryo of both species is composed of an oblong hypocotyl with a 
cotyledon folded into an invagination which lies adjacent to the lacinia in the 
fruit wall. Directly below the point of attachment of the cotyledon are two 
emergences, differing in size (Fig. 17). The first, and larger, is a dumbbell
shaped section which subsequently gives rise to hairs during germination, 
and the second, smaller and directly below, is the radicle. 

The hypoGotyl in both species is composed of uniformly large, polygonal 
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FIG. 15. Cross-section of endocarp of S. isoetifolium, showing concentrically arranged layers 
of the cell walls. Scale bar = 10 j.Lffi. 

FIG. 16. Section of seed coat showing flattened cells, S. filiforme (Cane Bay, St. Croix). Scale 
bar= 10 j.Lffi. 

cells. Each cell in the hypocotyl is filled with large starch grains (Fig. 18), as 
indicated with IKI staining. Cells between the plumule and radicle are 
smaller than most cells in the hypocotyl. 
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FIG. 17. Embryo of S. isoetifolium, showing arrangement of cotyledon to the left and radicle to 
the right. Scale bar = 10 ~m. 

FIG. 18. Hypocotylary cells of S. filiforme (Cane Bay, St. Croix), showing starch grains. Scale 
bar= tOO~m. 

The size and shape of the embryos differ and reflect the differences in the 
fruits. The Texas and St. Croix embryos were ca 3.0 mm long and 2.2 mm 
wide, the Philippine embryo was ca. 2.2 mm long and 1.2 mm wide. The 
embryos of Texas and St. Croix seeds were obovate and those of the 
Philippines were narrowly oblong. 
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DISCUSSION 

The fruits of S . .filiforme from Texas and St. Croix were larger than those of 
S. isoetijolium from the Philippines. Den Hartog ( 1970) had indicated that 
fruits of S . .filiforme ranged from 6-7 mm in length and those of S. isoetijolium 
from 3.5-4 mm in length. In the present comparison, fruits collected in Cane 
Bay, St. Croix, were slightly smaller than those from another bay, Turner 
Hole. The populational variation within each of the two species should be 
evaluated as material becomes available. 

The fruits of S . .filiforme from Texas and St. Croix differed slightly in 
structure from those of S. isoetijolium from the Philippines. The lacinia in the 
fruit wall of S . .filijorme is apiculate, while that of S. isoetijolium is blunt
tipped. The fruit of S . .filiforme tapers in two directions, but that of S. 
isoetijolium is rounded at the base. 

The SEM studies demonstrated a slight difference in the cellular patterns of 
the fruit walls. For S . .filiforme from Texas and St. Croix, the sculptured 
depressions on the fruit wall surface were approximately twice as large as 
those in the fruit wall of S. isoetijolium . The cellular structure of the seed 
coats and embryos was similar for the fruits from Texas, St. Croix and the 
Philippines. 

Recent SEM studies of fruits and seeds of Halodule (Bragg and McMillan, 
1986) allow a comparison of two genera in the Cymodoceaceae. The black, 
rounded fruit ofHalodule has a suture line which nearly encircles it and is in 
marked contrast to the tan to brown, flattened fruit of Syringodium with a 
lacinia in the fruit wall that facilitates emergence ofthe cotyledon. The lacinia 
in the fruit wall of Syringodium is similar to that of Cymodocea (McMillan, 
Bridges, Kock and Falanruw 1982). The fruit wall surface of Halodule is 
composed of interlocking cells, but that of Syringodium is composed of thick
walled cells with irregular depressions. In both Halodule and Syringodium, 
the endocarp cells have multi-layered walls. 

Fruits ofHalodule and Syringodium may remain in marine sediments for an 
undetermined period of time (McMillan 1981, 1983, 1985) before germina
tion. Seeds ofHalodule and S . .filijorme have remained dormant in laboratory 
cultures for over three years before germinating, but seed germination of S. 
isoetijolium (McMillan, unpublished data 1983-1984) has not been studied for 
a comparable period of time. The structure of the fruit and seed of S. 
isoetijolium, however, might also permit the "time-capsule" germination that 
has been reported for S . .filiforme, Halodule wrightii Aschers., H uninervis 
(Forsk.) Aschers. and Cymodocea rotundata Ehrenb. & Hempr. (McMillan 
1981, 1983, unpublished data 1983-85, McMillan et al. 1982). The shell-like 
appearance of the Syringodium fruit may offer protection as it remains in the 
dormant seed reserve of marine sediments. 
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RECURRENCE OF FRUITING BY 
HALO PH/LA ENGELMANN/I (HYDROCHARIT ACEAE) 
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Calvin McMillan 
Department of Botany 

The University ofTexas at Austin 
Austin, Texas 78713 

ABSTRACT 

Although fruits and seeds of Halophila engelmannii Aschers. were 
described for the first time on material collected in Texas in 1986, fruiting 
was observed again in Redfish Bay in 1987. Mature fruits were collected in 
seagrass beds and in beach drift from mid-May through mid-June 1986, but 
they were collected only in beach drift in mid-June 1987. The low tides and 
warm water in Redfish Bay in May 1987 preceded the widespread abortion 
of stems with undeveloped fruit in late May; the high tides, heavy rains and 
lowered salinity (to 12%o) preceded the appearance offruits in beach drift in 
June. 

INTRODUCTION 

Den Hartog had not observed mature fruits and seeds of Halophila 
engelmannii Aschers. when he published his monograph on seagrasses in 
1970. Subsequently he reported (personal communication 1986) that he had 
not seen any collections of mature fruit until he examined material that was 
collected in Texas and described for the first time by McMillan (1986). 
Although McMillan (1985) reported on the frequent production of both 
staminate and pistillate flowers in late April through mid-June at intervals 
from 1972 through 1985, the fruits had gone undetected until 1986. The 
recurrence of fruiting in 1987 may indicate that seed production has been 
overlooked in previous years. 

MATERIALS AND METHODS 

Halophila patches in Redfish Bay that had produced mature seed in 1986 (McMillan 1986) were 
monitored at intervals between October 1986 and June 1987. The observations were rriade in 
seagrass beds along the shallow margins of dredge spoil islands near the junction of the 
Intracoastal Waterway and the Aransas Channel. Some patches were also monitored from March 
through June in Upper Laguna Madre, also a site of seed production in 1986 (McMillan 1986). 

During monthly monitoring for seeds in sediments (McMillan 1987), samples of Halophila 
were examined to determine the phenology in Redfish Bay. Additional samples were examined in 
Upper Laguna Madre for a comparative phenology. 
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Fruits of Halophila that were collected in beach drift in mid-June 1987 were evaluated for a 
comparison of size and seed content with material studied in 1986 (McMillan 1986). 

RESULTS AND DISCUSSION 
Phenology 

During the monthly monitoring of Halophila patches in Redfish Bay in 
1986-1987, no flowers were noted in collections of October through March, 
but both staminate and pistillate flowers were present in late April. In mid
May, and again, in late May, staminate and pistillate flowers were present and 
small fruit (1 -1.5 mm diameter) contained small immature seeds. On 21 May, 
many stems with small fruit and immature seeds were in beach drift. 
Comparable collections in mid-May to late May in 1986 (McMillan 1986) 
provided mature fruits and seeds. On 16-18 June, 1987, mature fruits were 
collected in beach drift as they had been on 19 June 1986. In mid-June, no 
mature fruits were collected in the Halophila patches in either 1987 or in 
1986. 

Staminate flower buds were present in Halophila patches in Upper Laguna 
Madre on 3 April 1987 and floral induction may have been in early March. 
Sods transplanted from the patches on 19 March and material floated in 
artificial seawater (Instant Ocean) from the 19 March collection both subse
quently had staminate flowers in March in the laboratory. McMillan (1985) 
reported flower production in March 1975 on transplants to Port Aransas from 
Redfish Bay in 1974, but no other observations of flower production in March 
have been noted. Many staminate and pistillate flowers were observed on 1 
May in Upper Laguna Madre, but only aborted stems with small fruit and 
undeveloped seeds were in beach drift on 16 June at the site of collection of 
mature fruit on 9 June 1986 (McMillan 1986). 

Monthly water temperatures in Redfish Bay indicated a relatively mild 
winter condition (McMillan 1988). A temperature of 29°C in early October 
1986 cooled to 20° and 15° in November and December, respectively. Temper
atures of 17, 19, 20, and 21°C were recorded in the subsequent four months 
followed by 29°C in mid-May and 32° in mid-June. Unusually low tides 
accompanied the warm temperatures of May and these conditions preceded 
the widespread abortion of fruiting stems with immature fruits which 
appeared in abundance in beach drift. Heavy rains and high tides with a 
resultant lowering of salinity to 12o/oo on 16 June from 31 o/oo on 13 May 
coincided with the appearance of mature fruits in beach drift on 16-18 June. 

Although water temperatures and salinities were not monitored from 
October through June in Upper Laguna Madre, a salinity of43o/oo was recorded 
in early May. At that time, many staminate flowers were in anthesis. Low tides 
and high water temperature in May preceded the widespread abortion of 
fruiting stems with immature fruits as indicated above in Redfish Bay. 

Fruits and Seeds 

Fruit collected in beach drift along spoil dredge islands of Redfish Bay (Fig. 
1) on 18 June 1987 ranged in diameter from 2.5-5.2 mm (Table 1). 80°/o of 
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TABLE 1 

Size of fruits and number of seeds per fruit for Halophila englemannii collected in beach drift in 
Redfish Bay on 18 June 1987. 

No. of seeds/fruit Percentage of fruits in each diameter (mm) class 
2.5-2.9 3.0-3.4 3.5-3.9 4.0-4.4 4.5-4.9 5.0-5.2 

20 
19 
18 
17 2 
16 
15 
14 2 
13 2 
12 3 
11 6 2 
10 3 
9 2 1 
8 3 3 4 
7 1 2 
6 4 3 
5 5 4 2 
4 7 1 3 
3 4 2 
2 4 
1 1 3 
0 2 2 

Total 3 30 20 30 12 5 

the fruits ranged from 3.0-4.5 rnrn in diameter. McMillan (1986) reported a 
range of sizes from 3.0-5.5 mm among collections of 20 of the larger fruits 
measured on 19 and 27 May and 3, 9 and 19 June 1986. As reported by 
McMillan (1986) the fruits were globose to subglobose with the widest 
diameter being in the direction of the subtending spathal bracts. The stylar 
beaks showed a range from 3.0-6.0 rnm, as reported by McMillan (1986). 

Among 100 fruits floating in beach drift, few still remained attached to 
stems with a partial pseudowhorl of leaves. Fifty-seven percent had only the 
subtending spathal bracts and a fragment of the stern attached; 6°/o had some 
of the leaves of the pseudowhorl in addition to spathal bracts and 37% were 
without spathal or leaf attachments. 

The number of seeds per fruit ranged from 1-20, as reported by McMillan 
(1986). Fruits containing seeds included each number except 18 and 19 
(Table 1 ). For the fruits containing seeds, 7.1 was the mean number per fruit. 
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FIG. 1. Dredge spoil islands in Redfish Bay near the junction of the Intracoastal Waterway and 
the Aransas Channel. The site of collections of mature fruit of Halophila engelmannii in beach 
drift in 1987 and in both patches and beach drift in 1986. 

In addition to mature seeds, various numbers of undeveloped or partially 
developed ovules \vere present. In some immature fruits without mature 
seeds, ovules ranged from 20-29. 

The \\ide diversity of numbers of seeds per fruit reflects the somewhat 
erratic nature of underwater pollination. Although the pollen grains of 
Halophila engelrrulnnii are produced in linear rows within gelatinous sheaths 
(~1cMillan 1985), the actual number of grains which contacts the three 
stigmas is a variable. Although Cox (1987) contends that pollination in 
Halophila results from pollen propelled in surface rafts \\ith stigmas present
ing linear targets at low tide, such a series of events in the pollination of H. 
engelrrulnnii is highly unlikely. Pollination of H. engelrrulnnii is likely the 
result of subsurface movement of pollen grains in sheaths to subsurface 
stigmatic targets resulting in diverse numbers of seeds per fruit. 
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