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VARIABILITY OF WIND-DRIVEN CURRENTS, 
WEST LOUISIANA INNER CONTINENTAL SHELF: 

1978-1979 

R. L. Crout, Wm. J. Wiseman, Jr., and W.-S. Chuang 
Coastal Studies Institute, Louisiana State University 

Baton Rouge, Louisiana 70803-7527 

ABSTRACT 

Two-month summer time series of winds and currents from the west 
Louisiana inner shelf show little evidence of local wind forcing. Longer 
records from the fall and winter indicate a strong local current response to the 
winds associated with cold fronts. 

Accepted 9 May 1984 

INTRODUCTION 

The west Louisiana inner continental shelf slopes gently seaward, creat
ing a wide expanse of shallow water. Much of the substrate is fine-grained 
material, but occasional sand bodies, e.g., Sabine Bank, rise several meters 
above the otherwise featureless bottom (Fig. 1 ) . 
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FIG. 1. Chart of the study area. 
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The current regime over the west Louisiana inner continental shelf varies 
in response to both seasonal input of fresh water from the Atchafalaya River 
and seasonal meteorological variability (Kelly, Schmitz, Randall, and Coch
rane 1983). Spring flooding of the Atchafalaya River discharges fresh water 
onto· the shelf at an average peak rate of over 11 x 103 m3Is (van Heerden, 
Wells, and Roberts 1983). The consequent stratification results in a baro
clinic coastal boundary layer (Kelly et al. 1983). The summer months are 
characterized by weak southerly and southeasterly winds associated with 
the dominance of the Bermuda high pressure system. In contrast, the winter 
season is typified by cold-air outbreaks and strong frontal passages, which 
recur at intervals of three to ten days. 

Current variability in this region is critical to such economically important 
problems as sediment erosion, transport, and deposition, as well as recruit
ment of shrimp and menhaden larvae to their nursery grounds. This note 
represents an analysis of a set of current meter data from the west Louisiana 
inner continental shelf. It describes the seasonal variability of the subtidal 
currents and the relation of these currents to the local wind field. 

DATA PREPARATION 

The study site, located southwest of Calcasieu Pass, Louisiana (Fig. 1 ), is representative of the 
west Louisiana inner continental shelf. The bottom is relatively smooth, and local isobaths 
roughly parallel the coastline. Near-bottom instrumentation was maintained by NOS during the 
period 1 June 1978 to 1 June 1979 as part of a study for the Strategic Petroleum Reserve Office of 
the Department of Energy (Frey 1981). Grundy 9021 current meters were fixed on subsurface 
platforms at 1 and 3 m above the bottom in approximately 9.5 m of water. The platform 
locations are shown in Fig. 1. 

Current velocities were recorded at 5-min intervals during the summer. Data were not 
recorded during September because of damage by Tropical Storm Debra (Frey 1981). A new 
sampling rate of 10 min was used when a reduced number of meters were redeployed in 
October. Furthermore, not all the platforms were instrumented all the time, making it difficult 
to construct a long time series. 

The current at 1-m height is probably within the bottom boundary layer much of the time and 
is certainly more affected by bottom friction than that at 3 m. The latter should, therefore, 
provide a better representation of the current throughout the water column. Hydrographic data 
from the area (Frey 1981) suggest that the water column is often well mixed and a single meter 
can be assumed to be representative of the entire water column except during late spring and 
summer, when a vertically stratified baroclinic coastal boundary layer develops. Although 
autumn and winter alongshelf coherence estimates (not shown) are not as high as expected a 
priori, they are statistically significant at the 95% significance level, and as a result the autumn 
record from the middle station is merged with the winter record from the west platform to 
create a continuous time series of current from October through April. 

The west Louisiana coastline is aligned nearly east-west; therefore, we chose our alongshelf 
axis to be aligned east-west. Current components toward the east are referred to as positive v, 
or alongshelf. Cross-shelf flow components, u, are positive offshore. 

A complete year of wind speed and direction at 1-h interv~ls was available for the period 1 
June 1978 to 1 June 1979 from Lake Charles, Louisiana, approximately 55 km northeast of the 
platforms. Since over-water wind speeds differ from those over land, the Lake Charles wind 
speeds are transformed to over-water wind speed, U0 , following Hsu (1981), 

(1) 
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where W, the Lake Charles wind speed, and U0 are given in m/ sec. The computed wind speeds 
approximate well to observed over-water winds at our study site when the latter are available 
for comparison. Total wind stress is then calculated, 

(2) 

where Pais air density, 1.2 x t0-3kg/ m 3
, and Cn is an atmospheric drag coefficient, 1.26 x t0-3 

(Hsu 1978). Wind stress components are computed using the same coordinate system as for the 
current. This methodology permits construction of a continuous over-water wind stress record. 

In order to investigate low-frequency ( < 0.5 cpd) fluctuations of wind stress and current, a 
Lanczos filter with a half-power point of 1.67 days was applied to all of the data and the output 
resampled at 0.125-day intervals. Variations at diurnal and shorter time scales have been 
discussed elsewhere (Frey 1981). 

The autospectrum of each filtered time series and cross-spectra between series have been 
computed using a 10-day lag window yielding a frequency resolution of 0.05 cpd and 15 
equivalent degrees of freedom. The components of low-passed wind stress and current are 
divided into six seasonal60-day periods with a 30-day overlap between the last th-e periods (see 
Table 1 for dates and seasonal nomenclature). Table 2 shows mean parameter values for these 

TABLE 1 

Division of 60-day periods 

Summer 2100 7 June 1978 to 2100 6 August 1978 

Mid-autumn 2100 8 October 1978 to 2100 December 1978 

Late autumn 2100 November 1978 to 2100 6 January 1979 

Early winter 2100 7 December 1978 to 2100 February 1979 

Mid-winter 2100 6 January 1979 to 2100 March 1979 

Late winter 2100 February 1979 to 2100 6 April 1979 

TABLE 2 

Mean current speeds and wind stress during the study. 

u v T T 
X y 

Period • (cm/s) (cm/s) (dyne/cm 2 
) (dyne/cm 2 

) 

Summer 0,6 0.4 -0.2 -0.1 

Mid-autumn -1.0 -7.1 0.0 -0.2 

Late autumn -1.0 -8.8 0.0 -0.3 

Early winter -1.1 -8.2 0.2 -0.2 

Mid-winter -1.2 -4.8 0.2 -0.1 

Late winter -1.1 -5.1 -0.2 -0.2 

See Table 

six periods. The selection of a 60-day time scale is a compromise designed to give records long 
enough to contain many realizations of the most energetic events while being short enough to 
define the seasonal nonstationarity of the processes. The autospectra of the cross-shelf and 
alongshelf components of wind stress and current are presented in Figure 2 (summer) and 
Figure 3 (autumn-winter). The filtered time series were not detrended before the spectra were 
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FIG. 2. Spectra of the wind stress and current components during the summer period. Note 
the change in variance scale for the alongshore current component, V. 

estimated. The lowest frequency spectral estimate, which contains most of the energy 
associated with secular trends, was usually lower than the neighboring estimate. Thus a rise in 
energy at low frequencies may be interpreted as real rather than a reflection of a secular trend. 

SEASONAL VARIABILITY 

A summer energy density maximum in the cross-shelf wind stress 
component appears in the 0.15 cpd frequency band. The alongshelf wind 
stress spectrum, which is approximately equal in amplitude to the cross
shelf stress spectrum, increases monotonically as frequency decreases. 
Compared to the wind stress variance during the remainder of the year, the 
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FIG. 3. Contour plots showing the evolution of the spectra of the components of wind stress 
and current during the fall and winter seasons of 1978-1979. The units of the wind stress 
spectra are dynes2 I cm4-cpd. The units of the current spectra are 100 cm2 I s2-cpd. 

summer values are extremely low, resulting from the fact that, other than 
the infrequent tropical storm or hurricane, the dominant meteorological 
event in this region during summer is the diurnal sea breeze system, which 
has been filtered from the data set. The peak in the summer cross-shelf 
stress spectrum around 0.15 cpd probably reflects weak weather systems, 
which pass through the region with a recurrence period of 10 to 15 days 
(DiMego, Bosart, and Endersen 1976). 

By mid-autumn there has been a noticeable increase in the wind stress 
variance (Fig. 3, upper panels). The peak in the alongshelf stress spectrum, 
while still weak, has shifted to higher frequencies (0.1-0.2 cpd). The most 

N D 
78 
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significant increase occurs in the cross-shelf stress spectrum at the lowest 
frequencies resolved. Whereas during the summer season the two stress 
components were equally energetic, the cross-shelf component now domi
nates. The spectrum amplitudes continue to increase into late autumn. 

By early winter, the peak in the cross-shelf stress spectrum has shifted to 
near 0.3 cpd. Two relative peaks appear in the alongshelf spectrum, one 
near 0.3 cpd and the other near 0.15 cpd. The peak near 0.3 cpd, which 
occurs in both spectra, is probably related to frontal passages, which have a 
recurrence time of 3-10 days (DiMego et al. 1976). The 0.3-cpd peak in the 
alongshelf stress spectrum increases into mid-winter, while in the cross
shelf stress spectrum, a large increase in variance is seen below 0.15 cpd 
with a peak developing near 0.1 cpd. The most dramatic changes in the late 
winter season are a decrease in the intensity of the spectrum peak near 0.3 
cpd for both components and an increase in variance near 0.1 cpd, 
particularly in the cross-shelf stress spectrum. The cause of the shift in the 
frequency of peak stress variance is not clear. 

Seasonal variability was also observed in the current velocity autospectra 
(Fig. 3, bottom panels). During the summer period the spectrum of 
alongshelf current was of low amplitude and monotonically increasing with 
decreasing frequency. The cross-shelf spectrum indicates slow, onshore
offshore current variability at 3 meters above the bottom. Indeed, progres
sive vector diagrams (not shown) exhibit such a pattern. During this period 
of time, the water column is well stratified and a baroclinic coastal boundary 
layer occurs in this region (Crout 1982). We believe that the current meter 
measured flow below the halocline and was isolated from the upper layer, 
where the wind forcing should be most effective in directly driving an 
alongshore flow. 

The stratification breaks down rapidly during the autumn With the arrival 
of the first atmospheric cold fronts (Huh, Wiseman, and Rouse 1978). By 
early autumn, the alongshelf current variance near 0.2 cpd has increased 
five-fold over its summer value (Fig. 3, lower right). The variance in the 
alongshelf flow continues to increase into late autumn with a shift in the 
spectrum peak to frequencies near 0.1 cpd. During the entire autumn 
period, the variance of the cross-shelf velocity (Fig. 3, lower left) remains 
small and even decreases at the lowest frequencies. The coastal constraint 
(Csanady 1981) appears to be significantly affecting the flow. 

In early winter, the alongshelf current variance continues to increase, 
with a principal maximum developing in the spectrum in the 0.25 to 0.3 cpd 
band (Fig. 3, lower right). A similar but weaker development is seen in the 
cross-shelf current spectrum (Fig. 3, lower left). A secondary peak in the 
alongshelf spectrum occurs in the 0.15 to 0.2 cpd band at the same time. As 
winter progresses, the energy in the alongshelf flow increases; the dominant 
peak remains at 0.25 to 0.3 cpd (Fig. 3, lower right). The cross-shelf current 
spectrum (Fig. 3, lower left) at this time displays the same general shape as 
the alongshore spectrum, but with greatly reduced amplitudes. A dramatic 
change in the structure of the spectra occurs in late winter. While the total 
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variance of the alongshelf current increases, the energy in the 0.25 to 0.3 cpd 
band decreases by over 70% (Fig. 3, lower right). This, though, is compen
sated by a rapid increase in energy at the lowest frequencies. In a similar 
fashion, the peak in the cross-shelf spectrum near 0.3 cpd diminishes and a 
significant peak develops near 0.1 cpd (Fig. 3, lower left). The strength of 
this latter peak indicates that intense cross-shelf motions are taking place. 

The similarity in the autumn-winter wind and current patterns suggests 
strong wind driving of the coastal currents in the region. It appears that the 
coastal constraint is directing the flow in the alongshelf direction except in 
late winter, when the strength of the lowest frequency storms is such as to 
force significant cross-shelf flow as well. These suggestions will now be 
examined quantitatively, assuming a linear response, using coherence 
analysis. 

SEASONAL INTERACTIONS 

Phase and coherence squared were estimated for the subtidal frequencies 
in the 60-day seasonal records. The coherence squared values greater than 
the 95% significance level (0.37) for four time-series pairs are presented in 
Figure 4 (summer) and Figure 5 (autumn-winter). The two wind stress 
components are generally incoherent except for a period stretching from 
later autumn to mid-winter when significant coherence is observed at 
frequencies less than 0.4 cpd (Fig. 5, upper right). 

During the summer period, significant coherence between the currents 
and the alongshelf stress is found only at the lowest frequencies (Fig. 4, 
lower panels). In other words, related alongshelfflow can be developed only 
by winds of frequencies of 0.1 cpd or less. A similar situation occurs east of 
the Mississippi Delta (Chuang, Schroeder, and Wiseman 1982). The as
sociated phase between alongshelf wind and current at these frequencies 
implies approximately a 1.5-day lag for the current, which is too long to be 
attributable to a local frictional effect. The nearshore mean flow at this time 
of year reverses and runs eastward (Kimsey and Temple 1963, 1964). Our 
data show an easterly drift from 21 June to 21 July. This reversal appears to 
be due to a locally wind-driven reversal farther west (Smith 1980). Because 
the low-frequency meteorological systems are of large scale, it is plausible 
that the observed coherence is reflective of far-field effects rather than local 
driving. 

In early fall, a peak in the coherence between the alongshelf wind-stress 
and current is observed in the 0.15 to 0.2 cpd band (Fig. 5, lower right). The 
water column at this time of year is well mixed, and the currents respond to 
the wind within half a day. Both these facts point to a change to locally wind
driven dynamics as opposed to summer conditions. 

This low-frequency region of high coherence broadens significantly by 
late autumn, when the peak in the alongshelf stress autospectrum (Fig. 3, 
upper right) also broadens. The alongshelf current lags the stress by less 
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FIG. 4. Coherence squared estimates between the indicated time-series pairs for the 
summer period. The 95% significance level is shown as a dashed line on each plot. 

than 0.5 day at frequencies between 0.1 and 0.25 cpd. The lag is slightly 
larger within the 0.05 cpd band. The increased energy in the alongshelf 
currents (Fig. 3, lower right), at these time scales, appears to be a local 
response to the increased wind stress. 

By early winter, the alongshelf stress and current are coherent at all 
subtidal frequencies (Fig. 5, lower right). Throughout the band from 0.05 to 
0.35 cpd, the region where the stress variance is largest, the currents lag the 
stress by less than 0.5 day. The strongest coherence is associated with the 
largest wind stress variance, again indicating a local response. The coher
ence between the two time series is highest in the 0.3 cpd band, but a ridge 
of high coherence extends toward lower frequencies as the season progres
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ses. The phase again is small. The strong coherence between alongshelf 
current and stress from late autumn to late winter, particularly near 
frequencies of 0.3 cpd, supports the hypothesis of a locally wind-driven 
current forced by atmospheric cold fronts that cross the coastline at an 
angle. In later winter, the high energy levels of alongshelf current at very 
low frequencies (Fig. 3, lower right), which are only moderately coherent 
with the alongshelf stress (Fig. 5, lower right), suggest that a second forcing 
mechanism may be important in this frequency band. The spring flood of the 
Atchafalaya River occurs at this time and may well be responsible, through 
either pressure gradient forcing or inertial effects. 
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The pattern of coherence between the alongshelf stress and cross-shelf 
current (Fig. 5, lower left) shows two maxima which are associated with 
peaks in the alongshelf stress spectrum (Fig. 3, upper right) and similar 
peaks in the pattern of coherence between the two stress components (Fig. 
5, upper right). The phase data show the cross-shelf current to lag the 
alongshelf stress by nearly 180°. 

SUMMARY 

The west Louisiana inner continental shelf is subject to intense seasonal 
variability in stratification and meteorological forcing. This is, in turn, 
reflected in the subtidal current field. Strong summer stratification results in 
a well-developed baroclinic coastal boundary layer. Lower layer currents 
are generally incoherent with the weak summer winds and are probably 
driven by nonlocal processes. 

During autumn, the wind systems become better organized and the 
associated stress increases, the stratification breaks down, and the subtidal 
current energy increases. The alongshelf flow appears locally driven by the 
alongshelf wind stress. This situation persists throughout the winter, 
although the intensities of both the wind stress and current variability 
increase and are redistributed in frequency space as the season progresses. 
Maximum variance occurs at time scales of about 3 days in early and mid 
winter. In late winter this shifts to scales of 10 days and longer. Late winter is 
when the Atchafalaya River floods and the alongshelf flow may be strongly 
influenced by this flood. 
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1. INTRODUCTION 

Stable isotope ratios provide clues about the origins and transformations of 
organic matter. A few key reactions control the isotopic composition of most 
organic matter. Isotopic variations introduced by these reactions are often 
passed on with little change so that isotopic measurements can indicate 
natural pathways and flows "downstream" from these key reactions. When 
chemical and metabolic processes scramble the information content of 
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molecules, isotopic compositions are often preserved. This realization has 
prompted increasing use of stable isotope analyses as a tool for understand
ing complex ecological processes. 

Previous reviews have dealt with 13C/12C ratios as tracers in geological, 
plant physiological, and archaeological contexts (Degens 1969, Schwarz 
1969, Smith 1972, Kaplan 1975, Deines 1980, van der Merwe 1982, Anderson 
and Arthur 1983). Brief treatments of isotopic theory are also available 
(Schowen and Schowen 1981, Hayes 1982). This review deals primarily with 
stable carbon isotopes, 13C and 12C, as tracers in coastal ecosystems. We 
focus here on two topics: (1) the origins of sedimentary and suspended 
organic matter in coastal ecosystems, and (2) the relative importance of 
various plants as foods for consumers in aquatic food webs. The emphasis of 
this review is the evaluation of stable isotopes as source indicators (Fig. 1 ). 

A. 

B. 30% 

C. .< l100%50%................... ,. ,....50% 
....... ,.. .... 

........ ,. .....
'o..... 

FIG. 1. Interpretation of isotopic mixing models. • = source, o = sample. (a) Two sources 
separated by 10%o. The sample has an intermediate isotopic value reflecting a simple 50/50 
mixture of materials from the two sources. (b) Two-source model, but metabolic processes 
have changed the isotopic composition of the sample. Correction factors ( +) compensating for 
these changes are applied before calculating the relative contributions of the two sources. (c) 
Three-source model. The sample may be derived solely from the intermediate source or from a 
50/50 combination of the other two sources. Additional information is needed to resolve these 
alternatives. 

In a simple case, two sources that have distinctly different isotopic composi
tions are present, and isotopic values of samples directly reflect the amounts 
of the two parent source materials (Fig. 1A). Autotrophic plants and bacteria 
are considered sources in carbon isotopic mixing models, while samples 
derived from these sources may be organic matter in sediments, water, or 
animals (Fig. 1 ). A refinement of the two-source model corrects for small 
isotopic changes that occur after mixing has taken place (Fig. 1B). Hetero
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trophic metabolism that occurs in animals, sediments, and water-born 
organic matter can introduce these relatively small isotopic changes. A final 
variant of mixing models considers the more complex case where more than 
two sources are present (Fig. 1C). For this common case in coastal ecology, 
carbon isotopic values of samples cannot be used unambiguously to indicate 
sources. Additional information is needed. 

0

Against this background of mixing models, we review several topics in 
detail: isotopic variability in aquatic primary producers, the marine vs. 
terrestrial origins of organic matter in estuarine sediments, patterns of 13C 
enrichment in offshore food webs, and isotopic assessments of food webs in 
salt marshes, seagrass meadows, and lakes and streams. Major conclusions 
are: (1) the factors controlling stable carbon isotopic compositions of aquatic 
plants are not completely known, and the isotopic variation observed among 
aquatic plants is large; (2) consumers at high trophic levels may have 
isotopic compositions substantially different from those of plants at the 
base of food webs; (3) macrophytes are less important and benthic algae 
more important sources of organic matter in estuarine food webs and 
sediments than once thought; and ( 4) carbon isotopic measurements are 
often of limited value in their usefulness for deciphering the complex carbon 
flows that occur in estuaries. A penultimate section considers supplemental 
geochemical and isotopic measurements that can aid in the interpretation of 

13 C values. 

2. DEFINITIONS AND METHODS 

Stable carbon isotope o13C values are defined as a parts per thousand or per mil (o/oo) 
difference from a standard reference material: 

The o13 C definition reflects the method of actual measurement since in the mass spectrometer, 
C02 gases prepared from standard and sample materials are alternately introduced, then 
compared to obtain an accurate difference measurement. Ratios of the heavy-to-light isotopes 
are primarily used because day-to-day electronic fluctuations in the mass spectrometer make 
the measurement of absolute isotopic abundances difficult. Samples enriched in the heavy 
isotope are "heavier" than other samples and have "higher" or "less negative" o13C values. 
Conversely, samples depleted in the 13C isotope are "lighter" and have "lower" or "more 
negative" o13C values. 

The primary standard used in the international literature for reporting o13C values is a 
marine limestone, PDB (Craig 1957). However, the supply of this reference material has been 
exhausted, and measurements are now made relative to secondary standards-carbonates or 
organic materials-which have been referenced to the PDB isotopic composition. As the 
primary standard, PDB has a o13C value of Oo/oo; its 13C/ 12C ratio is 0.0112372 (Craig 1957). 
Biological materials are usually depleted in 13C relative to PDB and have negative o13C values. 

Methods of sample preparation vary. For carbon, organic samples can be combusted to C02 in 
a recirculating stream of 0 2 (Craig 1953), in an oxygen bomb (Haines and Montague 1979), in a 
flow-through induction furnace (Parker, Behrens, Calder, and Schultz 1972), in sealed tubes in 
a muffie furnace (Stump and Frazer 1973; Stuermer, Peters, and Kaplan 1978; Safer 1980; 
Boutton, Wong, Hachey, Lee, Cabrera, and Klein 1983), or in an elemental analyzer (J. Hayes 
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personal communication). Semi-automated commercial units are now available that reduce 
total sample preparation times (combustion and collection) to five minutes or less for C02 (e.g., 
Isoprep 13, VG Instruments). Combustion must be complete and quantitative, and the use of 
manganese dioxide and hot metallic copper have been shown to be effective in removing 
contaminating nitrogen and sulfur gases (Sackett and Thompson 1963, Schwinghamer, Tan, 
and Gordon 1983). Precision varies with care taken in sample preparation and combustion; 
well-homogenized samples are particularly important for tissue samples. When necessary, 
samples are acidified to remove inorganic carbonates (~V 3C- Oo/oo) prior to measurement of 
&13C in organic fractions. Typical overall errors for preparation and measurement are 
± 0.1 to ± 0.3%o. 

3. SOURCES OF ORGANIC MATTER IN COASTAL WATERS 

3.1. ISOTOPIC VARIATION AND ITS CAUSES IN AQUATIC PLANTS 

Aquatic plants show a wide range of isotopic variation. For example, the 
reported &13C range for marine macroalgae is 30o/oo (Fig. 2). Large anc 
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FIG. 2. &13C values of benthic marine macroalgae. Sources: Wickman 1952, Craig 1953, 
Parker 1964, Calder 1969, Calder and Parker 1970, Smith and Epstein 1970, Smith and Epstein 
1971, Black and Bender 1976, DeNiro and Epstein 1981b, Fry et al. 1982a. Macko et al. 1982, 
Schwinghammer et al. 1983, Fry et al. 1983b. &13C values of plants from Wickman's study were 
calculated from 12C/13C ratios assuming that Wickman's 12C/ 13C ratio of 91 corresponds to &13C 
= -28.1 %o. This assumption is reasonable since it places Wickman's mean value for terrestrial 
plants at - - 27%o. 

ranges > 10o/oo also exist among freshwater plants (Osmond, Valaane, 
Haslam, Uotila and Roksandic 1981, LaZerte and Szalados 1982) and among 
seagrass species (McMillan, Parker and Fry 1980). Isotopic variation among 
individual seagrass blades of the same species at one location can reach 
4.7%o (McMillan et al. 1980), and isotopic variations of up to 8%o have been 
documented within an individual algal frond (Stephenson, Tan, and Mann 
1984). 
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Farquhar, Ball, von Caemmerer, and Roksandic (1982) have proposed that 
in aquatic environments, plant 013C values are determined by three factors: 
the isotopic composition of the dissolved inorganic carbon (DIC) pool, the 
isotopic discrimination of the enzyme responsible for carbon fixation, and 
the intracellular concentration of C02 or HC03 - that is the active species 
fixed by the carboxylating enzyme. The isotopic composition of the dissolved 
inorganic carbon (DIC) pool can vary; this variation is especially important 
in low salinity estuarine regions where river water with -5 to -10%o DIC 
mixes with ~ Oo/oo DIC ocean water (Sackett and Moore 1966, Spiker and 
Schemel 1979, Sherr 1982, Tan and Strain 1983). DIC with more negative 
013C values should cause aquatic plants to have more negative 013C values 
since plants obtain their carbon from the DIC pool. 

A second factor affecting o13C values of aquatic plants is the isotopic 
discrimination of the carboxylating enzyme responsible for C02 fixation. 
Two enzymes involved in the initial carbon fixation in the C~ (Hatch-Slack) 
and C3 (Calvin) cycles are respectively phosphoenolpyruvate (PEP) carboxy
lase, and ribulose-1,5-bisphosphate (RuBP) carboxylase. In vitro studies 
have shown that the isotopic discrimination of PEP carboxylase is relatively 
small at - 0.5 to - 3.6o/oo (Whelan, Sackett, and Benedict 1973, Rei bach and 
Benedict 1977), \Vhile that of RuBP carboxylase is much larger, with values 
usually falling between -23 and -41 o/oo (Estep, Tabita, Parker, and Van 
Baalen 1978a, Wong, Benedict, and Kohel 1979, see Estep et al. for the 
complete range of RuBP values). Although variations in aquatic plant o13C 
values are potentially linked to variations in usage of the PEP or RuBP 
carboxylases, investigations of seagrasses have suggested other explana
tions. Andrews and Abel ( 1979) and Benedict, Wong, and Wong ( 1980) have 
shown that the seagrasses Halophila spinulosa, Thalassia hemprichii, and T. 
testudinum fix C02 via Calvin cycle intermediates and should therefore have 
fairly negative - 27o/oo values typical of terrestrial C3 plants. This was not the 
case, however, as 013C values of these seagrasses measured -10 to -14.5%o, 
which is considerably closer to environmental DIC (o 13C ~ O%o) than 
expected for the operation of the RuBP carboxylase (Andrews and Abel1979, 
Benedict et al. 1980). 

Various steps prior to actual C02 fixation have been proposed as third 
factors that exercise the major control on aquatic plant 013C. Some 
individual steps which have been suggested as potentially important are 
diffusion of HC03 - /C02 across a stagnant boundary layer at the leaf surface, 
membrane transport of HC03- /C02 , and dehydration of HC03- to C02 inside 
the cell (Andrews and Abel 1979, Benedict et al. 1980, Smith and Walker 
1980). If these steps are essentially rate-limiting in the reaction sequence 
leading to C02 fixation, then discrimination at the RuBP carboxylase step will 
not occur since all available C02 ( 

13C02 and 12C02 ) will be fixed by RuBP 
carboxylase without isotopic selectivity. Plant o13C values will then reflect 
processes occurring prior to the carboxylation step; these processes typically 
have smaller (< 10o/oo) isotopic discriminations associated with them. For 
example, theoretical calculations suggest that 12C02 diffuses faster than 
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13C02 into cell environments by about 4.4o/oo (O'Leary and Osmond 1980). If 
diffusion were very much slower than the subsequent reactions leading to 
C02 fixation, plants should be depleted by only 4.4o/oo relative to environmen
tal C02• Small depletions of 4-5o/oo vs. DIC are in fact observed in some 
seagrasses and algae (Fry and Parker 1979, DeNiro and Epstein 1981b, 
Schwinghamer et al. 1983), perhaps indicating that diffusion is rate-limiting. 

8

Recent support for the importance of a diffusional barrier comes from 
studies of freshwater macrophytes (Osmond et al. 1981). Whereas diffusion 
may be important in stagnant waters, in fast-flowing streams the thickness 
of an unstirred boundary layer next to the leaf surface should be reduced 
and thereby decrease diffusional resistance to DIC uptake. Larger isotopic 
discriminations associated with later RuBP carboxylation could then be 
expressed. These effects may explain the observation that for the pondweed 
Potamogeton perjoliatus L., a small - 5o/oo isotopic discrimination (plant 

13C - DIC 813C) occurs in slow-moving streams while a large - 30o/oo 
discrimination occurs in fast-moving streams (Osmond et al. 1981). 

Other factors that have been shown to influence 813C values of autotrophic 
plants and bacteria include DIC concentration (Abelson and Hoering 1961, 
Estep 1982), cell density (Pardue, Scalan, Van Baalen, and Parker 1976), and 
temperature (Degens, Guillard, Sackett and Hellebust 1968b, Wong and 
Sackett 1978). Much remains to be learned, however. Factors such as the 
importance of the isotopic exchange reaction between HC03 - and C02 

(Mook, Bommerson, and Staverman 1974), possible isotopic effects accom
panying photorespiration, and effects of epiphytes in limiting col! uptake by 
host plants need to be experimentally assessed before our understanding of 
aquatic plant 813C variations is complete. As a guide for future studies, 
O'Leary (1981) has published mathematical models for evaluating the 
probably common and complex situation in which several steps simulta
neously influence the rate of col! fixation and plant 813C. 

In summary, the wide 813C range among aquatic plants is not understood 
in detail, although some likely important causes have been identified. Large 
within-species isotopic variation (> 2o/oo) occurs on all scales thus far tested, 
including within individual leaves, among individual leaves, between 
seasons, and between populations. Great caution should be exercised before 
assigning average 813C values to submerged aquatic plants on the basis of a 
few measurements. 

3.2 813C VALUES OF SOURCE MATERIALS 

In spite of the isotopic variation discussed above, marine organic matter in 
plants, autotrophic bacteria, and peats can often be separated by snc values 
into fairly distinct groups (Table 1 ). These divisions into groups are 
important for constructing mixing models (Fig. 1) and for testing the 
importance of a specific source by sampling along a gradient towards that 
source. 
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TABLE 1 

General range of o13 C values of carbon sources in coastal ecosystems. 

Usual Average Used in 
Source Range Mixing Models 

Terrestrial plants -23 to -30 
b 

c3 

Terrestrial c4 plants -10 to -14 

River seston (POC) -25 to -27 -26 
dPeat deposits -12 to -28 

c3 marsh plants -23 to -26 

c4 marsh grasses -12 to -14 -13 

Seagrasses - 3 to -15 -10 

Macroalgae - 8 to -27 
hBenthic unice 11 ular algae -10 to -20 -17 

Temperate marine phytoplankton -18 to -24 -21 
jRiver-estuarine phytoplankton -24 to -30 
kAutotrophic sulfur bacteria -20 to -38 

lMethane-oxidizing bacteria -62 

a 
b Smith and Epstein 1971. 

Deines 1980. 
c 
d Schultz and Calder 1976, Tan and Strain 1983. 

e Emery et Al. 1967, Hunt 1970, Brinson and Matson 1983, Schell 1983. 
t Haines 1976b, Smith and Epstein 1970. 

McMillan et al. 1980. 

~ See Figure 1. 
i Haines and Montague 1979, Incze et al. 1982 • 
. Deuser 1970, Haines and Montague 1979, Gearing et al. 1984. 

~ Spiker and Schemel 1979, Sherr 1982, Tan and Strain 1983. 
Peterson et al. 1980, Bondar et al. 1976.

1 
Zyakun et al. 1981; the range tor these bacteria is likely to be large since methane in 
sediments can have o13C values between -20 and -90 o / oo (Schoell 1982) and cell biomass 
of methane oxidizers measures -12 o / oo vs. methane. 

3.2.1. Vascular Plants 

o

Intertidal emergent plants such as the C4 grass Spartina alternijlora (one 
of - 13%o, Haines and Montague 1979, Hughes and Sherr 1983) and the C3 

plant Juncus romerianus (o13C = - 26o/oo, Hughes and Sherr 1983) are 
important sources of organic matter in marshes. Submerged seagrasses are 
important in some shallow ecosystems. Although the total range in one 
values of seagrass species extends from - 3.0 to - 23.8%o (McMillan et al. 
1980), most seagrass species show field o13C values between -3 and -15o/oo, 
with an average stable isotope composition of about -10%o for species such 
as Thalassia, Zostera, and Halodule (Craig 1953; Parker 1964; Doohan and 
Newcomb 1976; Benedict and Scott 1976; Fry, Scalan, and Parker 1977; 
Thayer, Parker, LaCroix, and Fry 1978; McMillan et al. 1980; Fry, Lutes, 
Northam, Parker, and Ogden 1982a). Syringodium has the least negative 

13C values among seagrasses (McMillan et al. 1980). 
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3.2.2. Benthic and Epiphytic Algae 

Benthic and epiphytic algae, both macrophytic and microscopic, have a 
large range of reported 813C values that vary from - 5 to - 12o/oo for some 
macrophytes and benthic microalgal mats to - 34.7o/oo for an unidentified red 
alga (Calder and Parker 1973; Barghoorn, Knoll, Dembicki, and Meinshein 
1977; DeNiro and Epstein 1981b; Fry, Scalan, Winters, and Parker 1982a; 
Incze, Mayer, Sherr, and Macko 1982; Schwinghamer et al. 1983; Fry, Scalan 
and Parker 1983b). More generally, benthic and epiphytic algae have 813C 
values between - 8o/oo and - 27o/oo (Haines and Montague 1979, Thayer et al. 
1978, Fig. 2). 

3.2.3. Phytoplankton and POC 

Very few isotopic measurements have been made of phytoplankton. More 
typically, particulate organic carbon (POC) collected on a filter is measured. 
This material represents a variable mixture of living and dead phytoplank
ton, bacteria, and other components. POC is representative of phytoplankton 
carbon in that it is largely derived from phytoplankton. However, direct 813C 
comparisons of POC and phytoplankton carbon have not been reported so 
that their isotopic similarity cannot be firmly established at present. 

Marine POC in temperate shelf and open estuarine waters has a fairly 
narrow range of reported carbon isotope compositions, between -18 and 
- 24o/oo with an overall average of about -21 o/oo (Deuser 1970; Haines and 
Montague 1979; Tan and Strain 1983; Gearing, Gearing, Rudnick, Requejo, 
and Hutchins 1984). Exceptions to this generalization occur, however. 
Blooms of blue-green algae off Florida and in the Gulf of Mexico can have 
less negative 813C values of -12.8 to -16.8o/oo (Craig 1953, Sackett and 
Thompson 1963, Fry and Parker 1979). In colder Antarctic waters, in 
contrast, 813C values can be quite negative (to -31 o/oo) for mixed phytoplank
ton/zooplankton samples (Sackett, Eckelmann, Bender, and Be 1965; Sackett 
et al. 1966; Eadie 1972). A temperature dependence of plankton 813C values 
has been suggested (Sacket et al. 1965, Fontugne and Duplessy 1981) but not 
proven (Fontugne and Duplessy 1978; Fry, Anderson, Entzeroth, Byrd, and 
Parker 1984). Species composition may be a more important controlling 
factor than temperature (Wong and Sackett 1978; Rau, Sweeney, and Kaplan 
1982), as specific groups of marine phytoplankton may show significant 
differences in their carbon isotope ratio. For example, in Narragansett Bay, 
Rhode Island, Gearing et al. (1984) found a consistent difference in 813C 
between net plankton, centric diatoms with a mean 813C of - 20.3o/oo, and 
nannoplankton, < 10 f.Lm phjrtoflagellates with a mean 813C of - 22.2o/oo. 

POC from brackish and fresh waters can have more negative 813C values 
than oceanic POC. In more confined regions of estuaries, in upper parts of 
estuaries, and in rivers, phytoplankton should have 13C-depleted values 
when they utilize 13C-depleted C02 produced by respiration of organic carbon. 
Stable carbon isotope compositions in the range of - 24o/oo to - 30%o have 
been reported for estuarine and riverine POC (Spiker and Schemel 1979, 
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Sherr 1982, Tan and Strain 1983). Terrestrial C3 detritus (one = - <26%o) 
may contribute to these more negative 813C values. 

3.2.4. Autotrophic Bacteria 

Peterson, Howarth, Lipschultz, and Ashendorf (1980) calculated the 
carbon isotope ratios of several autotrophic bacteria from previously 
published values of the fractionation of 13C and 12C observed in laboratory 
cultures (Sirevag, Buchanan, Berry, and Troughton 1977; Degens et al. 
1968b), assuming the source C02 had a 813C of -7%o. The green photosyn
thetic bacterium Chlorobium thiosuifatophilum had a 813 C of - 20%o, and the 
purple photosynthetic bacteria Rhodospirillum rubrum and Chromatium 
spp. had cone values between -26 and - 30%o. A marine chemoautotroph, 
Nitrobacter sp., showed even more depleted isotope values of -34 to - 37%o. 
Wong et al. (1975) also reported a 813C of - 37.5%o for the photosynthetic 
bacterium Chromatium vinosum in culture under conditions of non-limiting 
C02 and a cone of - 6.6%o. Zyakun, Bondar, and Namsaraev (1981) reported 
that methane-oxidizing bacteria have cone values 10-20%o more negative 
than methane so that cell biomass values reach - 64%o (methane cone = 

- 52o/oo). 
Less is known about the cone values of field populations of autotrophic 

bacteria. Spies and Des Marais (1983) found a value of -20.7%o for colorless 
sulfur-oxidizing bacteria, Beggiatoa sp. Rau and Hedges (1979) inferred an 
isotope ratio of about - 33%o for chemoautotrophic bacteria in hydrothermal 
vents of the Galapagos Rift from the stable isotope composition of mussels 
growing in the vents. In sediments, fluctuations in the total amount and 
isotopic compositions of porewater DIC will be important in determining 
cone values of autotrophic bacteria; cone values of porewater DIC can vary 
greatly over at least a -30 to + 15%o range (Anderson and Arthur 1983). 

3.2.5. Peat Beds and Soils 

Eroding peat beds and soils can be important sources of organic matter in 
some locations. Depending on the original C4 or C3 plant material which 
formed these deposits, such material may have cone values ranging from 
-11.6o/oo (Emery, Wigley, Bartlett, Rubin, and Barghoorn 1967; Brinson and 
Matson 1983) to - 28.8%o (Hunt 1970, Schell 1983). 

4. SEDIMENTS AND PARTICULATE ORGANIC CARBON 

For estuarine and near-shore shelf systems that have only two major 
sources of organic carbon, it is often possible to detect the origins of POC and 
organic matter present in sediments via cone analysis. Such systems include 
seagrass beds (Fry et al. 1977, Thayer et al. 1978), salt marshes (Haines and 
Montague 1979), river mouths (Hunt 1970), and areas polluted by anthropo
genic wastes (Botello, Mandelli, Macko, and Parker 1980; Burnett and 
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Schaeffer 1980; Sweeney et al. 1980), petrochemicals (Calder and Parker 
1968, Spies and DesMarais 1983), and pulp-mill effiuents (Rashid and 
Reinson 1979). In such cases the carbon isotope composition of POC and 
organic matter in sediments appears to be a mixture of two major sources of 
fixed carbon-vascular plants, sewage, oil, or other effiuents on one hand, 
and marine phytoplankton on the other-with varying percentages of each, 
depending on proximity to the carbon source. Studies of terrestrial vs. 
marine inputs have been most frequently made. 

While the difference in stable carbon isotope composition between C3
dominated terrestrial plant material (513C of~ - 26%o) and organic matter 
of marine origin (i.e., phytoplankton photosynthesis; 513C of~ -21 o/oo) is 
fairly small (5o/oo), analyses of samples collected along riverine-offshore 
transects reveal very consistent and similar patterns of isotopic change from 
terrestrial to marine values. Such transect studies have been carried out in 
the Gulf of Mexico (Sackett and Thompson 1963; Hedges and Parker 1976; 
Shultz and Calder 1976; Gearing, Plucker, and Parker 1977; Botello et al. 
1980); in the St. Lawrence Estuary, Canada (Pocklington 1976; Tan and 
Strain 1979a,b, 1983); in U.S. Atlantic estuaries (Hunt 1970, Burnett and 
Schaeffer 1980, Sherr 1982, Brinson and Matson 1983, Gearing et al. 1984); off 
southern California (Nissenbaum and Kaplan 1972); in San Francisco Bay 
(Spiker and Schemel 1979); and in several European estuaries (Letolle and 
Martin 1970, Salomons and Mook 1981). In these studies the transition to 
marine values of -21 o/oo typically occurs fairly sharply near river mouths 
(Hunt 1970). The general conclusion of these investigations is that there is 
little influence of river-introduced organic carbon beyond the freshwater 
and brackish-water regions of estuaries. In cases where there is a large 
volume flow of water, as for the Mississippi River, the "estuarine area" 
influenced by terrestrial carbon may extend out for some distance onto the 
near-shore shelf (e.g., Schultz and Calder 1976, Gearing et al. 1977). In view 
of the consistent changes found along transects, simple two-source mixing 
models (Fig. 1A) have often been used to calculate the relative importance of 
marine and terrestrial carbon sources for points along the transects. 

These mixing models are open to several criticisms. The first is that 
calculating the importance of various sources is severely dependent on the 
exact 513 C values used for the sources. For example, in a study tracing the 
downstream fate of pulp mill effiuent, Rashid and Reinson (1979) used 
-27.5 and - 18o/oo as 513 C values representative of terrestrial and marine 
organic matter, respectively. A value of - 22.7o/oo would represent a 50/50 
mixture if only these two sources were involved. However, if a more usual 
-21 o/oo value were assumed for marine organic matter, rather than -18o/oo, 
the - 22.7o/oo value would indicate that ~ 75% of the sedimentary organic 
carbon was marine in origin. Because such percentage calculations depend 
strongly upon specific assumptions about source 513C, each study should 
clearly identify and explain 813C values chosen for the local sources used in 
mixing models. 

Terrestrial vs. marine mixing models are open to two other potential 
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complications whose importance may vary from system to system. These 
potential complications are 1) isotopic changes in plant source material due 
to heterotrophic metabolism during decomposition processes, and 2) over
looked sources of in situ carbon production that have c13C values similar to 
phytoplankton or terrestrial plants. 

Significant C13C changes of more than 2%o during either aerobic and 
anaerobic decomposition of plants have not been generally observed. 
Several laboratory studies have followed c13C in decomposing vascular plant 
material and have shown only minor changes in carbon isotope composition 
of the plant material over many months of degradation (Haines 1977, 
Schwinghamer et al. 1983, Stephenson, personal communication). In situ 
humic matter also seems to closely mirror the c13C of fresh source plant carbon 
(Nissenbaum and Kaplan 1972, Eadie and Jeffrey 1973, Johnson and Calder 
1973). However, Hayes, Kaplan and Wedeking (1983) suggest that over 
geologic times, 13C-depleted carbon is lost from kerogens (isotopic discrimi
nation= -2.7o/oo). 

A variety of potential autotrophic carbon sources should also be con
sidered before interpreting c13C values of coastal sediments and seston. For 
example, Brinson and Matson (1983) have presented evidence that the more 
negative c13C values in upper estuaries (- 24 to - 27%o) in fact result in large 
part from in situ phytoplankton production rather than from cj plant litter. 
Tan and Strain (1983) also consider the more negative particulate organic 
carbon in the Upper St. Lawrence estuary to be predominantly of phyto
plankton origin. The more negative - 27%o c13C values attributed to terres
trial materials in marine vs. terrestrial mixing studies (see above) may 
indicate phytoplankton inputs in some locations. This situation is likely to be 
most important in the upper reaches of estuaries where DIC values can 
reach values of - 10o/oo and phytoplankton values may decrease from oceanic 
-21 o/oo values to - 30o/oo. 

A last general problem for carbon isotope studies of POC and organic 
matter in sediments is the multiple source problem outlined in Fig. 1 C. For 
instance, in Georgia salt marsh estuaries, c13C values of seston and 
sedimentary organic matter range between - 17o/oo and - 24o/oo. Five sources 
are of potential importance in this system: - 13o/oo Spartina, - 17%o benthic 
microalgae, -21 o/oo phytoplankton, - 26o/oo terrestrial plant litter, and - 20o/oo 
to - 30o/oo autotrophic sulfur-oxidizing bacteria (Haines 1977; Peterson, 
Howarth, Lipschultz, and Ashendorf 1980; Sherr 1982). The -17 to - 24%o 
values for POC and sedimentary organic carbon could indicate several 
combinations of source materials, although the values are sufficiently 
negative to indicate at most only a moderate importance for Spartina. In this 
and other multi-source examples, c13C studies alone cannot accurately 
resolve all source contributions but do provide constraints about the 
maximum importance of especially the two "end-member" sources with the 
extreme isotopic values. 

Despite the problems of interpretation of c13 C values discussed above, the 
reported values for the stable carbon isotope composition of POC and 
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organic matter in sediments in a variety of estuarine and near-shore systems 
usually lie within a fairly narrow - 20 to - 27o/oo range (Table 2). This may be 

TABL~ 2 

813C values of particulate organic carbon (POC) and sedimentary 
organic matter in several estuaries. 

Surface 
Site POC Sediments Reference 

Gulf of St 0 Lawrence: Tan and Strain 1979b 

Surface water ~2409 ± 0. 5 

Deep water -2602 ± 1.0 -22 0 4 ± 002 

Pamlico River Estuary, North Carolina -21 to -25 -23 to-26 Brinson and Matson 1983 

St. Louis Bay, Mississippi -25 to -26 0 7 - 20o7to-23o2 Hackney and Haines 1980 

San Francisco Bay -22 to -26 -24 Spiker and Schemel 1979 

Georgia salt marsh estuary -24 0 5 ± 1.7 -21.1 ± 2 0 4 Sherr 1982 

Peeks Cov e , Bay of Fundy -21.1 -20 0 3 Schwing hamer et al o 1983 

Narragansett Bay, Rhode Island -20 to -22 -21.5 ± 0 0 5 Gearing et alo 1984 

Coastal Lagoons, Gulf of Mexico - 2001 to -2309 Botello et al. 1980 

Laguna Madre, Texas -14 to -19o5 Fry et al. 1977 

due to a long-term "averaging out" of all the source material 813C values in 
the system or to phytoplankton production being the dominant source of 
organic carbon in most coastal environments, as suggested by Brinson and 
Matson (1983). Exceptional -14 to -19.5o/oo values are found in the Laguna 
Madre of Texas where large seagrass meadows occur (Fry et al. 1977). 
There are frequently small but consistent differences in 813C between POC 
and sediment (Table 2). These differences have been ascribed either to 
isotope effects accompanying bacterial metabolism in surface sediments 
(Eadie and Jeffrey 1973) or to a greater influence of refractory vascular plant 
material in sediments as compared to POC: e.g., Spartina detritus in Georgia 
estuaries (Sherr 1982) or Cl terrestrial plant material in San Francisco Bay 
(Spiker and Schemel1979). 

In summary, it appears that the use of 813C to determine the origins of 
organic matter in coastal waters can only provide an unequivocal answer 
when there are no more than two sources of organic carbon whose 813C 
values are precisely known and relatively constant. The situation which 
most closely meets these requirements is one of point influx of an organic 
pollutant into a system dominated by phytoplankton production. However, 
stable carbon isotope analysis can be a valuable addition to studies involving 
multiple approaches to elucidating sources of organic seston and sediment 
(e.g., Peters, Sweeney, and Kaplan 1978; Sweeney et al. 1980; Macko 1983). 

5.FOODWEBS 

5.1. THE ISOTOPIC RESEMBLANCE OF ANIMALS 
AND MICROBIAL HETEROTROPHS TO THEIR DIETS 

To apply mixing models (Fig. 1) to food web ecology, many studies have 
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tested the isotopic similarity between consumers and their foods. Animals 
usually have 013C values within ± 2%o of their foods, as do most microbial 
heterotrophs (Fig. 3). Notable exceptions have been found in some microbial 
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FIG. 3. Relationship between organismal and dietary values for animals (•) and microbes (o). 

Best-fit line (method of least squares) for animal data only is Y = 0.904X - 1.68 (n = 83). 
Confidence limits (95%) for the slope = ± 0.046. Dashed lines are Y =X+ 2 and Y =X - 2; 
most points fall between these lines, showing that animals usually have ~nc values within ± 
2%o of their diets. Data compiled from field and laboratory studies in which the diet or carbon 
source was well-known; individual data were averaged when given. Animals: Fry 1977, DeNiro 
and Epstein 1978, Fry et al. 1978, Haines and Montague 1979, Petelle et al. 1979, Teeri and 
Schoeller 1979, Rau and Anderson 1981, Fry and Arnold 1982, Macko et al. 1982, unpublished 
data. Microbes: Abelson and Hoering 1961 , Jacobson et al. 1970, Whelan 1971, Ingram et al. 
1973, Barghoorn et al. 1977, Monson and Hayes 1980, Ivlev et al. 1982. 

studies. Photosynthetic bacteria grown under photoheterotrophic conditions 
on succinate had o13C values 7-12o/oo less negative than the succinate, 
although when grown on yeast extract this difference diminished to more 
usual 0.2-1.7%o values (Barghoorn et al. 1977). To explain the large 
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discrepancy in the case of succinate, Barghoorn et al. speculated that the 
succinate was not isotopically homogeneous. At the other extreme of 
isotopic disagreement, Ivlev, Kaloshin, Radyukin, Sholin, and Pozdnyakova 
(1982) found that a threonine-excreting mutant strain of E. coli had ~v~c 
values of cells that were 6.7o/oo more negative than the glucose substrate. It 
should be noted, however, that Abelson and Hoering (1961) and Monson and 
Hayes (1982) report more usual 0.3-1.9o/oo differences for non-mutagenized 
strains ofE. coli grown on glucose. Macko and Estep (1983) found that cells 
of the bacterium Vibrio harveyii ranged in 813C from - 5.5 to + 11.1%o 
relative to amino acids used as growth substrates. The larger 3-11%o 
differences between cells and amino acid carbon sources may have been 
due to isotopic heterogeneities among individual carbon atoms in the amino 
acids (Macko and Estep 1983). In most studies, close isotopic similarities of 
animals and heterotrophic bacteria to their diets are observed (Fig. 3). This 
similarity basically holds because isotopic fractionations during assimilation 
and respiration are small (Mosora, Lacroix, and Duchesne 1971a; DeNiro 
and Epstein 1978; Fry et al. 1984). Linear regression (Fig. 3) indicates that 
over the - 10 to - 24%o range commonly encountered among marine 
animals, animal 813C values do, on average, resemble dietary values within 
± 0.7%o. This level of uncertainty is small but appreciable when compared to 
the 5-13o/oo differences typically found between food resources (e.g., Fig. 1A). 

While heterotrophs generally bear a close isotopic resemblance to their 
diets, considerable isotopic fractionation can still occur in heterotrophic 
metabolism. Thus, biochemical fractions such as lipids and proteins or 
tissues such as fat and muscle can have 813C values that differ by > 2%o 
(Parker 1964; van der Merwe 1982). Dietary relationships shown in Fig. 3 
were established by homogenizing whole animals or microbes for determi
nation of heterotrophic 813C; muscle tissue, which often constitutes a major 
portion of an animal's body mass, is a commonly subsampled substitute in 
field studies dealing with large animals. Because animals obtain essential 
amino acids from their diets, analyses of these acids may show a closer 
animal-diet 813C similarity than analyses of whole tissues or animals. 
(Macko, Estep, Hare, and Hoering 1983a give methods for isolation and 
isotopic analysis of individual amino acids.) 

Sources of variability important for evaluating results of mixing models 
include individual and between-species variations in animal 813C in relation 
to diet. Isotopic studies of animals fed the same diet report a relatively small 
1-2%o 813C variation among individuals (Fry 1977, DeNiro and Epstein 1978, 
Fry and Arnold 1982). Field studies often show comparable small intra
specific ranges (Fry et al. 1978; Haines and Montague 1979; Stephenson and 
Lyon 1982); a remarkably low 0.7o/oo range has been reported for 41 
specimens of an offshore benthic fish (Fry and Parker 1979). Different 
species of animals fed the same laboratory diet also have similar 813C values 
within 1 o/oo (DeNiro and Epstein 1978). Close agreement of 813C values 
between different species has also been observed in field collections of 
bivalves (Incze et al. 1982) and offshore benthic crustaceans (Fry 1981a). 
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These small ranges among individuals and close similarities among species 
suggest that a relatively small sampling effort should be sufficient to 
characterize average one values of many consumers. Detailed studies of the 
range of individual variation, however, can yield useful information about 
dietary variation among individuals (Parker 1964, Fry et al. 1978). 

Isotopic data can also be useful for identifying animals that are switching 
diets. Mosora et al. (1971a) used laboratory rats to follow isotopic changes 
when a new glucose diet + 12.5o/oo enriched in nc was substituted for the 
standard laboratory feed. For young, one-week-old rats, o13C values of 
respired C02 changed within one day to + 11 %o (vs. the old laboratory diet), 
reflecting the switch to the new diet. This isotopic change was slower in 
adult animals. Analysis of tissues after 25 days on the new diet showed that 
the greatest isotopic change (turnover) had occurred in the liver, while fur 
and bone showed the least change (Mosora et al. 1971a, Lacroix and Mosora 
1975). Isotopic diet-switching laboratory experiments have also been re
ported for crabs, shrimp, and gerbils (Haines and Montague 1979; Fry and 
Arnold 1982; Tieszen, Boutton, Tesdahl, and Slade 1983), and several field 
examples have been documented (Fry 1981a, Schell 1983, Fry 1984b). 
Tieszen et al. (1983) have suggested that analysis of tissues that have slow 
and fast turnover rates can identify (1) animals that are switching to an 
isotopically novel diet, and (2) the average isotopic composition of an 
animal's diet over the long term (slow turnover tissues) and short term (fast 
turnover tissues). 

5.2. one ENRICHMENT IN OFFSHORE FOOD WEBS 

Although laboratory and field studies have shown small fractionations 
associated with one trophic level (Fig. 3), no laboratory studies have been 
made that examine isotopic fractionations in complex food webs such as 
those found in nature. Offshore food webs have been suggested as appropri
ate natural examples in which cumulative fractionation patterns can be 
studied (McConnaughey and McRoy 1979a, Rau et al. 1983). This suggestion 
is based on the considerations that phytoplankton (measured as POC) at the 
base of the food web has fairly constant isotopic values averaging about 
- 21 o/oo in many oceans and that phytoplankton are the sole source of fixed 
carbon. 

Offshore studies uniformly show that substantial 13C enrichments occur in 
natural food webs and that a regular progression occurs toward less 
negative o13 C values from POC to benthic consumers (Table 3; Fig. 4). 
Overall, maximal nc enrichments are 7.4-9.0%o in these food webs (Fig. 4). 
Variations in 13 C enrichment patterns (Fig. 4) probably arise from the high 
variability in one values of POC and low number of analyses (N = 1 to 4 for 
POC in all offshore ecosystems except the Gulf of Mexico, Table 3). In the 
offshore Gulf of Mexico where sampling has been most complete, 13C 
enrichment: (1) is consistently observed in different seasons and locations, 
and (2) occurs in deeper waters which are little influenced by possible 
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13c ENRICHMENT (%o} 

vs. POC 
FIG. 4. Animal 13C enrichment in five offshore ecosystems expressed as %o increase vs. 313C 

value of particulate organic carbon (POC). %o 13C enrichment = animal 313C- POC 313C. Data 
taken from Table 3. 

TABLE 3 

15C Enrichment in offshore food webs. Mean 313C ± S. D. (N). 

South Indian Straits of 
(Antarctic) Berin~ Torres StraiJ, Halacca,e Gulf off 

Ocean a ~~:~~~ Sea Australia Malaysia Mexico 

Particulate 
organic carbon (POC) 

Zooplankton -26.4 
i: 1.5 (12) 

Benthic filter 
feeders 

-21.4 
(1) 

Fish 

Benthic 
crustaceans 

Greatest llc 
enrich.-ent 

-18.7 
benthic 

polychaete 

-25.3 
i: 2.8 (4) 

-21.5 
i: 1.1 (8) 

-19.3 (1) 

-18.1 
i: 0.5 (2) 

-17.8 
benthic 
fish 

-24.4 
(1) 

-22.1 
(1) 

-20.0 
i: 0.9 (4) 

-19.0 g 
t 1.3 (6) 

-17.8 
i:1.0(6) 

-16.3 
benthic 

gastropod 

-21.8 
i: 0.9 (2) 

-19.6 
i: 1.8 (8) 

-17.6 
i: 1.3 (2) 

-15.9 
i: 1.4 (44) 

-15.1 
t 0.7 (14) 

-12.8 h 
benthic 

holothurian 

-21.2 
(1) 

-20.9 
(1) 

-18.2 
t 0.6 (3) 

-16.6 
(1) 

-16.2 
i: 0.8 (22) 

-14.2 
benthic 

gastropod 

-21.7 
i: 1.6 (87) 

-20.2 
i: 1.4 (63) 

-18.2 
:!: 0.6 (3) 

-17 .o 
t 1.0 (54) 

-16.1 
t 0.2 (138) 

-13.7 
benthic 

gastropod 

: Eadie 1972. 
c Mills et al. 1983. 

d ~etna~~~~~ McRoy 1979a. 

; Aodelli 1981. 
Cooobined data fr011 Sackett end Thotlpson 119631, Calder 119691, Eadie end Jeffry (19731, Gor..,ly and Sackett 119771, 
Fry 119771, Eadie et al. 119781, Fry and Parker (19791, Fry et al. 119841. 

~ One -24,1 ofoo lipid-rich bethypelegic fish has been excluded fr011 this average. 
One -10.8 ofoo flsh was also found, but this ..t>lla eni..,l ...y have been fa.ting on raafs in the area. 
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carbon inputs from land (Fry et al. 1984). While other studies have measured 
only a few consumers in offshore food webs (e.g., Rau et al. 1981; Chisholm et 
al. 1982), they support the data presented in Table 3; o13C values of fish and 
benthic crustaceans in temperate and tropical oceans usually average less 
negative than -18o/oo and are thus enriched in 13C relative to -21 %o POC. 

Taken together, the nc enrichments observed offshore suggest that along 
with diet, trophic position exerts a major influence on the carbon isotopic 
values of animals. McConnaughey and McRoy (1979a) derived a preliminary 
estimate of 1.5o/oo 13C enrichment per trophic level in a study of Bering Sea 
fauna. Rau et al. (1983) have recently refined this estimate to 0.7 to 1.4%o; 
their study compared muscle tissue from consumers whose trophic level 
was defined by careful analyses of stomach contents. However, one values 
did not always show a consistent o13C enrichment with increasing trophic 
level. For example, isotopic values for skipjack and yellowfin tuna were 
identical (Rau et al. 1983), but other evidence (Cs/K ratios and gut content 
analyses) indicated that yellowfin occupied a considerably higher trophic 
level than skipjack (Olson 1983). This lack of consistency in 13C enrichment 
factors (0, 0. 7, 1.4, or 1.5o/oo) makes it difficult to model food web structure 
using o13C data, although for some purposes an average increase of 1%o per 
trophic level may suffice. 

Establishing the exact magnitude of the 13C increase can be quite 
important if accurate corrections are to be made in mixing models (Fig. 1B). 
As studies of zooplankton show, establishing a satisfactory correction factor 
can be difficult, and in fact, contradictory results have been reported. For 
instance, Tan and Strain (1983) found essentially no 13C enrichment of net 
plankton relative to POC in the Gulf of St. Lawrence. Earlier reports agree in 
principle with this result, as plankton samples dominated by zooplankton or 
phytoplankton had very similar values (Sackett et al. 1965, Degens et al. 
1968a, Deuser 1970). However, Thayer, Govoni, and Connally (1983) found 
consistent 0.8-2.2o/oo 13C enrichments for total zooplankton or copepods vs. 
phytoplankton in the offshore Gulf of Mexico. More extensive sampling in 
the northwestern Gulf of Mexico suggests a third and variable relationship 
between POC and zooplankton (Fry et al. 1984). Zooplankton was similar to 
POC in the -18 to - 20o/oo range, but enriched by 2-4%o at - 24%o values of 
POC (Fry et al. 1984 ). Given these disagreements, future studies should 
examine POC more closely in terms of assimilable components and species 
composition. Incze et al. (1982) have argued that POC consists of"labile" and 
"refractory" components that differ in isotopic values. Assimilation of labile 
living phytoplankton components could perhaps account for the variable 13C 
enrichments observed in estuarine bivalves vs. total POC (Stephenson and 
Lyon 1982, Incze et al. 1982). In the open ocean there is some evidence that 
more refractory components of POC have more negative values: detrital 
POC collected in deep mid-water samples often has o13 C values more 
negative than surface POC (Eadie and Jeffry 1973; Eadie et al. 1978), but not 
always (Calder 1969, Williams and Gordon 1970, Edmond et al. 1981). 
Species composition and growth conditions can also affect one values of 
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phytoplankton and POC (Degens et al. 1968b; Pardue et al. 1976; Estep, 
Tabita and Van Baalen 1978b; Wong and Sackett 1978). Species composition 
may also be important in determining &13C values of zooplankton popula
tions, especially when individual species feed at different trophic levels 
(Thayer et al. 1983, Mills et al. 1983). In view of such complicating factors, 
careful studies are needed before exact uc enrichment factors can be 
specified for zooplankton and other offshore consumers. 

Examining &15C values of bathypelagic midwater organisms may reveal 
much about causes of 13C enrichment observed offshore. McConnaughey 
and McRoy ( 1979a) have argued that the largest 13C enrichments observed 
offshore, those in benthic animals (Table 3), are due to microbial and 
meiofaunal reworking of planktonic carbon in sediments. This would add 
one or more trophic levels to benthic food chains. No tests have been made 
of this hypothesis, although preliminary data on bathypelagic animals that 
have a weak trophic link to sediments show a much decreased 15C 
enrichment. Williams and Gordon (1970) found -18 to -20.3o/oo values for 
bathypelagic fish and crustaceans from the Pacific and essentially no 13C 
enrichment relative to two samples of surface zooplankton. Also, bathy
pelagic shrimp and fish collected in the Caribbean had fairly negative -18 
to -19%o values (Fry et al. 1982a) indicating a small 13C enrichment rela
tive to surface POC, which may average near - 21 o/oo in this region (Eadie 
and Jeffrey 1973). These preliminary results are thus consistent with the 
idea that the larger 13C enrichments observed in benthic animals on 
continental shelves (Table 3) are caused by an increased number of trophic 
levels in sediment-linked food webs. 

Both selective 12C loss via respiration and selective assimilation of 15C
enriched foods have been suggested as mechanisms that could account for 
the progressive 13C enrichments observed in offshore food webs (McCon
naughey and McRoy 1979a, Fry 1981b). Evidence for selective loss of 12C02 

during respiration is based on small ( < 1o/oo) isotopic differences of respired 
C02vs. diet for three of four laboratory-grown terrestrial animals (DeNiro 
and Epstein 1978). Earlier studies have shown even smaller differences for 
C02 vs. diet for undisturbed terrestrial animals (< 0.3%o; Mosora et al. 
1971a), although larger differences were observed following injections of 
various hormones (Mosora et al. 1971b, 1972). Selective assimilation of 13C
enriched components in natural diets has been demonstrated for offshore 
shrimp (Fry et al. 1984); assimilated materials averaged + 1.3o/oo relative to 
total stomach contents. Selective assimilation could account for the 15C 
enrichment of offshore shrimp vs. their natural diets without invoking 
selective loss of respired 12C02(Fry 1981b). 

5.3. ESTUARINE FOOD WEBS 

Stable isotope studies of estuarine food webs have focused on identifying 
which plant foods supply most carbon to consumers. This task has been 
complicated by the near-continuous distribution of &15C values among 
marine plants. Initial hypotheses considered only two sets of dietary plants 
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whose one values were well-separated-e.g., -10o/oo seagrasses vs. -21 o/oo 
phytoplankton, or -13o/oo Spartina vs. - 27o/ooC 3 terrestrial plants-yet 
common benthic micro- and macroalgae proved to have intermediate values 
between these groups (Smith and Epstein 1971, Haines 1976b, DeNiro and 
Epstein 1981b, Fry et al. 1982a, Fry et al. 1983b). Consequently, animals 
displaying intermediate one values may be consuming any of several mixed 
or pure diets; unambiguous interpretation of such values is not possible 
(Fig. 1C). 

Two comparative approaches have been adopted to partially circumvent 
these difficulties. First, o13C values of animals collected in seagrass 
meadows have been compared with isotopic values of offshore animals 
(Parker and Calder 1970, Fry and Parker 1979, McConnaughey and McRoy 
1979b ). Animals feeding offshore ultimately rely on phytoplankton carbon, 
while food webs in seagrass meadows have additional, 13C-enriched carbon 
sources in benthic seagrasses and algae. Animals from seagrass meadows 
should be enriched in 13C relative to offshore animals if benthic plants are 
important additional sources of dietary carbon in seagrass meadows. A 
second approach has been to compare animals in neighboring marshes 
which differ in the isotopic composition of the dominant macrophyte 
(Haines 1976a, Hackney and Haines 1980, Hughes and Sherr 1983). Animals 
consuming large amounts of macrophyte-derived material should show 
large isotopic differences between the two areas, while animals consuming 
other phytoplankton or benthic algal foods should show small differences. A 
related strategy recently employed in trophic investigations of epiphytic 
algae in south Texas seagrass meadows (Kitting et al. 1984) is to compare 
consumers in areas where epiphyte values differ but seagrass values are the 
same. Animals consuming epiphytes should show isotopic changes that 
parallel changes in epiphyte o13 C in the different study areas but that are not 
closely linked to one values of seagrasses. However, all these comparative 
approaches rely on the concept of a controlled experiment in which overall 
food web dynamics (productivities, trophic levels, etc.) remain similar, and 
only isotopic compositions of plant sources vary. This will not be strictly true 
for many field situations. 

5.3.1 Seagrass Meadows 

Comparison of faunal o13C values from seagrass meadows in northern 
Australia, the Caribbean, south Texas, Alaska, North Carolina, and Florida 
shows considerable isotopic variation (Table 4). This variation occurs even 
though o13C values of POC and the dominant seagrasses are roughly 
constant within ± 2o/oo. Based on isotopic values for benthic-feeding shrimp, 
crabs, polychaetes, holothurians, and gastropods, the seven seagrass 
meadows of Table 4 may be broadly classified into three categories: high 
(meadow 1), intermediate (meadows 2-5), and low or no (meadows 6 and 7) 
faunal 13C enrichment relative to offshore fauna. Animals in four other 
seagrass meadows not listed in Table 4 show intermediate 13C enrichments 
vs. offshore animals: Izembeck Lagoon, Alaska (McConnaughey and McRoy 
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TABLE 4 

Average 813C values in seven seagrass meadows and the offshore Gulf of Mexico. 

Seagrass Meadows Offshore 

(1) (2) ( 3) (4) ( 5) (6) (7) Gulf of Mexico 

Particulate Organic 
a a a b 

-20.7 -19.4 -21.6 -21.7 
Carbon 

Dominant seagrass - 8.6 -9.4 - 8.6 -ll. 5 -10.0 -10.3 - 8.0 

Seagrass Epiphytes -11.1c -14.0 -12.4 -14. 4c -16.0 -19.3 

Zooplankton -18. 5c -16.8c -17.2c -16.0c -- -18.4 -20.2 

Other filter feeders -15.6c -16.0c · -14.8c -18.1 -15.3 -18.3 -19.2 -18.2 
(bivalves,barnacles, 

sponges) 

Leaf epifauna -10.8c -18.6c -15.1 -20.4 

Fish - 8.4 -14.1 -13.6 -12.8 -12.1 -16.8 -17.2 -17.0 

Shrimp - 7.4c - 9. 7c -12.7c -11:3c-12.7 -15.6c -17.9 -16.1 

Crabs - 8.2 -12.1 -12.6 -12.2c-10.7 -15.3 

lnfaunal pol ychaetes - 9. 3c -ll.5 -11.9 -13.1 -16.4 -17.8 

Holothurians - 6.6 - 6.4c -11.8c -14.3d 

Benthic gastropods -6.2 -15.4 -12.0 -15.4 -14.6c -14.1 

Se~~grass meadows1-7are: 13 = Bampfield Head, Friday Pass~~ge, and Battery Point, Australia (Fry et al. 1983 b); 4 = 
St. Croix and Nicar~~gua (Fry et al. D82 a); 5 =Upper L~~guna Nadre, Texas (Fry 1977, Fry and Parker 1979, unpublished 

data); 6 = Phillips Island, North Carolina CThayer et al. 1978); 7 = Inndian River Lagoon, Florida (Fry 1984a). 

POC collected outside this seagrass meadow averaged -21.8 ojoo. 

POC collected outside these seagrass meadows averaged -20.8 (Land et al. 1977). 
One or two samples only included in average value. 
Average of values from Torres Strait, Australia. 

1979b), Redfish Bay, Texas (Parker 1964), and Miami and Long Key, Florida 
(Craig 1953). 

The intermediate 13C enrichments observed in most seagrass meadows 
have led to the conclusion that food webs in seagrass meadows are partially 
based on 13C-enriched benthic plants. Estimates of the carbon contributions 
made to food webs of seagrass meadows by benthic plants span a 0-100°/o 
range but are commonly > 50°/o (Thayer et al. 1978, McConnaughey and 
McRoy 1979b, Fry and Parker 1979, Fry et al. 1982a, Fry et al. 1983b). 
However, determining which of the benthic plants-seagrasses, seagrass 
epiphytes, epibenthic microalgae, or macroscopic drift algae-are in fact 
most important for grass flat food webs has been much more difficult. For 
instance, only in seagrass meadow 1 (Table 4) do benthic consumers have 
813C values enriched in 13C relative to seagrasses. On the basis of offshore 
studies reviewed above such 13C enrichments are expected if seagrasses are 
the source of most carbon in grass flat food webs. The more negative 813C 
values observed in most seagrass meadows could alternatively indicate that 
seagrass "and microalgal carbon become mixed early in the food web by a 
variety of organisms" (McConnaughey and McRoy 1979b). On the basis of 
productivity, feeding behavioral, and isotopic studies, Kitting et al. (1984) 
suggest that seagrass epiphytes are an important carbon source for consum
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ers in grassflats. Isotopic evidence alone does not contradict this view, as 
faunal '0 13C values in grass flats are similar to those of epiphytes (Table 4), 
especially when isotopic differences between seagrasses and epiphytes are 
greatest (meadows 6 and 7, Table 4). Algal contributions have also been 
hypothesized by Fry et al. (1983b) to explain the unusual faunal 13C 
enrichments observed in seagrass meadow 1 (Table 4). Epibenthic and 
endolithic - 7 to - 9%o 13C-enriched blue-green algae (Calder and Parker 
1973, Barghoorn et al. 1977, Fry et al. 1983b) are probably important carbon 
sources in this meadow. 

5.3.2. Salt Marshes 

A salient question in salt marsh ecology is whether food webs in 
"macrophyte dominated estuaries" are "in large part based on non-living 
(vascular) plant material" (Haines 1979). Isotopic studies have been focused 
on this topic, and special interest attached to confirming or disproving the 
hypothesis that decaying Spartina alternijlora is the dominant food source 
in many salt marshes. For at least some salt marsh aninwls, isotopic 
evidence is consistent with a diet based on Spartina. Intertidal crabs and 
snails collected in Georgia Spartina marshes show -11 to -16%o average 
isotopic values, close to the -13%o value of Spartina (Haines 1976a,b; Haines 
and Montague 1979. Also killifish collected in North Carolina marshes 
had -13.9 to -15.8%o values close to -13%o (Kneib et al. 1980). Evidence for 
consumption of C3 marsh plants is weaker. With the exception of some Uca 
fiddler crabs in Altamaha River swamps and marshes (Haines and Montague 
1979), animals collected in Georgia marshes (where the '0 13C values of the 
dominant C3 plants were about - 26%o) did not have '013C values close to 
- 26%o; isotopic values of -16 to -21 %o were most common (Haines 1976a, 
Haines and Montague 1979). Three explanations have been offered for this 
general lack of approach to - 26%o values in the c3 marsh fauna: (1) c3 plants 
are not as easily assimilated as C4 Spartina; (2) the mobile animals which 
were sampled may have previously fed in Spartina stands or have fed on 
Spartina detritus washed into C3 stands by tides; or (3) phytoplankton and 
benthic algae with -16 to - 22%o values are more important food sources in 
some marsh areas. Analysis of fauna from three subtidal creeks draining C3 

and Spartina marshes support the last two alternatives (Hughes and Sherr 
1983). Fauna collected in tidal creeks draining Spartina ('0 13C = -13%o) and 
Juncus ('013C = -26%o) marshes averaged -17.6 and -20.1%o, respectively. 
Relative to each other, these averages show some bias toward the '013C 
values of the dominant Spartina and Juncus plants, which indicates that 
"vascular marsh plant detritus is a carbon source for the subtidal food web in 
Georgia estuaries" (Hughes and Sherr 1983). However, the difference 
between the subtidal averages is fairly small (< 3%o), which suggests that 
the system is well-buffered with either phytoplankton/benthic algae or a 
near-equal mixture of c3 and c4 plants supplying most carbon to the fauna. 

Spartina and ]uncus marsh fauna were also compared in a Mississippi 
estuary (Hackney and Haines 1980). As in Georgia, isotopic averages 
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differed by< 3o/oo, with averages biased in the direction of the local dominant 
marsh plant. However, analysis of filter-feeding bivalves in both marshes 
yielded - 26 to - 28o/oo values, which suggests that terrestrial materials or 
very negative estuarine algae are imported into both areas. Isotopic values 
more negative than - 20o/oo were common in mobile fauna of both areas, also 
perhaps indicating an increased reliance on imported materials. Import of C3 

plant material was judged to be higher in the Mississippi marshes than in 
Georgia Spartina marshes (Hackney and Haines 1980). 

Lastly, a marsh study in Louisiana (Fry 1984b) compared 813C values of 
small shrimp collected in Spartina marshes vs. open bays of the Barataria 
Bay region. In this case, no significant differences were found between mean 
values of shrimp in the two areas (- 18.8 in open bays vs. - 18.9 for Spartina 
marshes) so that a shift toward Spartina values was not observed in the 
Spartina marsh samples. 

In summary some animals collected in Georgia Spartina marshes (Haines 
and Montague 1979) have 813C values near that of Spartina. However, 
isotopic studies of Mississippi and Louisiana marsh fauna show that more 
negative - 18 to - 23o/oo values are also commonly found in Spartina marsh 
invertebrates. A source of ambiguity in the studies made to date is that the 
benthic snails, shrimps, crabs, and fish analyzed are all mobile; studies of 
sessile fauna should more clearly reveal local isotopic patterns within 
marshes. Very localized patterns do exist. For instance, a tube-dwelling 
polychaete, Branchioaschsis americana, from a 3 m diameter open, un
vegetated pool in a Texas bay measured -13.7%o, while 5 m away among 
roots of surrounding mangroves a polychaete of the same species measured 
-18.9o/oo (Fry 1977). The more negative -18.9%o value may arise from 
increased consumption of mangrove leaf litter (813C = - 24.5%o) that is 
localized beneath the mangrove plants. 

A second problem of these marsh studies lies in the failure of 813C values 
to indicate clearly which plants are important foods for the many marsh 
animals with -16 to - 23o/oo values. Two alternate sets of foods could be 
phytoplankton and benthic algae or a mixture of C3 and c. vascular plant 
detritus. Algal foods may be important. In Texas bays that have minimal 
stands of marsh plants compared to Louisiana, Mississippi, or Georgia, - 16 
to - 22o/oo values are common among estuarine shrimp (Fry 1981a). Presum
ably, isotopic values in these open bays reflect a diet derived from estuarine 
phytoplankton and benthic algae. The study of Hackney and Haines ( 1980), 
however, indicates that imported c3 plant materials or riverine algae may be 
important carbon sources in some marshes. Other techniques, possibly the 
combined use of anc and a:Hs values (Peterson and Howarth 1983), are 
needed to distinguish an algal-based diet from a mixed diet of C3 and c. 
plants (Haines and Montague 1979) or of benthic microalgae and Spartina 
(Schwinghamer et al. 1983). Establishing the importance of C3 and algal 
foods in diets will also clarify the role of Spartina detritus as a food source 
for marsh animals. 
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5.4. FRESHWATER ECOSYSTEMS 

Isotopic variations in dissolved inorganic carbon can be pronounced in 
small lakes, and one consequence is that phytoplankton can have very 
negative - 35 to - 45o/oo '613 C values (Oana and Deevey 1960, Deevey et al. 
1963, Deevey and Stuiver 1964, Rau 1978). Animals feeding on plankton can 
be distinguished from those feeding on - 28o/oo terrestrial plant litter that 
falls into lakes (Rau 1980). Other food sources may also be locally impor
tant in freshwater ecosystems. Macrophytic algae in lakes can have 13C
enriched values vs. terrestrial materials in some lakes (LaZerte and 
Szalados 1982). In streams, algae may have '6 13 C values either more or less 
negative than - 27o/oo C3 plant litter (Rounick et al. 1982, Osmond et al. 1981). 
c. plant litter ('613C = - 13o/oo) can be an important detrital food source in 
some subtropical and tropical streams (Parker and Calder 1970). 

Lakes and streams offer many possibilities for resolving whether food 
webs are based on plankton vs. terrestrial plant litter. For example, plankton 
'613C varies seasonally by over 15o/oo in Lake Kinneret (Stiller 1976, Stiller and 
Nissenbaum 1980), and plankton feeders should show a similar but delayed 
variation depending upon trophic level. In contrast, detrital terrestrial 
materials show no seasonal variations in '613C (Stiller 1976), and animals 
feeding on these materials should have more constant '6 13C values. In 
streams, consumer '6 13C values may reflect seasonal events such as leaf litter 
inputs in the fall or spring periphyton blooms. 

6. MULTIPLE TRACER STUDIES 

6.1. SEDIMENTS AND POC 

Carbon isotopic analysis alone often cannot provide definitive answers to 
questions of origin of carbon in coastal sediments and seston. There are, 
however, a number of promising approaches which involve a combinatiqn 
of analyses to more accurately "fingerprint" the individual sources of fixed 
carbon. These include multiple stable isotope tracers with some combina
tion of 8D, '6 13C, '6 15N, and '634S (e.g., Peters et al. 1978, Sweeney and Kaplan 
1980, Sweeney et al. 1980, Macko 1983); carbon:nitrogen and carbon:hydro
gen elemental ratios (e.g., Stuermer et al. 1978); analysis of lignin content 
(e.g., Hedges and Parker 1976); fatty acid analysis (e.g., Schultz and Quinn 
1977, Rodier and Khalil1982); and pyrolysis and subsequent gas-chromatog
raphy mass-spectrometry (GC-MS) analysis (e.g., Sigleo et al. 1982). 

Some of these techniques applied to estuarine seston and sediments have 
already produced results which suggest that in situ phytoplankton produc
tion is the most important source of organic carbon. For instance, Sigleo et 
al. (1982) examined the organic composition of colloidal material in the 
Patuxent River Estuary and in the adjacent open Chesapeake Bay by 
pyrolysis-GC-MS analysis. No detectable lignin derivatives, indicators of 
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terrestrial plant material, were found in any of the samples. Phytoplankton 
were found to be the predominant source of colloidal organic matter in these 
waters. Such conclusions aid in analyses of isotopic data by simplifying a 
multi-source model (Fig. 1 C) toward a two-source model (Fig. 1A). 

6.2. FOOD WEBS 

Using more than one chemical tracer can also help resolve complexities of 
food webs. For instance, multiple 8nc, 815N, 85"S, and 14C activity data for 
animals at deep-sea hydrothermal vents show that these animals differ in 
many respects from other marine fauna (Rau and Hedges 1979; Rau 1981a,b; 
Williams et al. 1981; Fry et al. 1983a), presumably because the hydrothermal 
vent fauna feeds in a food web based on chemosynthetic bacteria (Jannasch 
and Wirsen 1979, Cavanaugh et al. 1981) rather than on phytoplankton. Use 
of several isotopes for understanding food webs is becoming more common 
(Schell1983, Spies and Des Marais 1983, Schoeninger et al. 1983, Mariotti et 
al. .1983, Fry 1984b). Some future applications of stable hydrogen, carbon, 
nitrogen, and sulfur isotopes are listed in Table 5. 

TABLE 5 

Possible uses of stable isotopes as food web tracers. 

Measurement Resolves food webs based on: 

c3 vs. c4 plants 

Seagrasses vs. phytoplankton 

c3 terrestrial vs. marine 

Stream algae vs. c
3 

or c
4 

plants 

Lake plankton vs. c
3 

plants 

6 3'+ S Benthic vs. pelagic producers 

Rooted marsh plants vs. phytoplankton 

oo Different algal species 

Fluvial vs. oceanic producers (in polar regions) 

Methane oxidizers vs. phytoplankton (?) 

o1 5 N N
2 

fixers vs. nitrate - using plants 

Marine vs. terrestrial food sources 

Sulfur in marine algae generally measures + 16 to + 20%o, close to the 
+20o/oo value of sulfate in seawater (Kaplan et al. 1963). On the other hand, 
rooted estuarine plants (and perhaps benthic microalgae) incorporate, in 
addition to sulfate, 34S-dep'leted sulfides into their tissues (Carlson and 
Forrest 1982); plant 834S values as negative as -17o/oo have been reported 
(Fry et al. 1982b). In marsh studies where it is important to resolve food web 
contributions of phytoplankton vs. rooted vascular macrophytes (Spartina, 
Juncus), 834S values should be useful (Peterson and Howarth 1983). In seas 
and some lakes where it is desirable to resolve benthic vs. pelagic 
components of food webs, 834S measurements should also be helpful. 
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Animals feeding in a benthic food web should have lower 834S values due to 
incorporation of 34S-depleted sulfides by benthic plants and microbes. 

Initial food web studies with stable hydrogen isotopes have shown that 
animals generally have 80 values similar to their diets (except when feeding 
on Ulva) and that 80 values can be used to resolve feeding on different 
species of marine algae (Estep and Dabrowski 1980, Macko et al. 1983b). 
Some controversy exists at present, however, about exchange of hydrogen 
isotopes between water and organic matter; exchange would complicate a 
straightforward linkage of 80 values to diet (DeNiro and Epstein 1981c). 
Nonetheless, 80 values may prove useful for distinguishing animals feeding 
in freshwater vs. marine food webs in polar areas since 80 values of 
freshwater vs. seawater differ dramatically (Taylor 1974). Anadromous fish 
and migratory water fowl may exhibit dramatic 80 changes as they switch 
from freshwater to marine diets. Another possible application of 80 values 
lies in distinguishing methane-oxidizing bacteria vs. phytoplankton as the 
basis of some food webs since hydrogen in methane has low 80 values, and 
autotrophic methane-oxidizing bacteria may therefore also have low 80 
values (Schoen 1982). 

Stable nitrogen isotopes may function in offshore systems as trophic 
indicators because animal 815N values increase by~ + 3o/oo per trophic level 
(Miyake and Wada 1967, DeNiro and Epstein 1981a). Schoeninger et al. 
(1983) have used 815N values to resolve marine vs. terrestrial diets and also 
suggested that low 815 N values in the Bahamas may indicate marine food 
webs based on N2-fixing algae. However, in estuaries where 815N differences 
between potential foods are small and metabolic fractionations by animals 
and microbes are relatively large (Mariotti et al. 1983, Macko and Estep 
1983, Estep 1983, Macko et al. 1983a), usefulness of 815N as a food web tracer 
may be limited. 

7.SUMMARY 

Stable carbon isotopic measurements provide useful information about 
which autotrophs-plants and bacteria-are important sources of carbon in 
marine and freshwater sediments, POC, and food webs. Transect studies of 
sediments and POC (section 4) often show clear-cut patterns of isotopic 
change that can be directly related to the proximity of various carbon 
sources. This has led to use of simple mixing models (Fig. 1A) in which 
isotopic data indicate relative importances of plant carbon sources. How
ever, isotopic interpretations of 813C data are not always easily made. For 
instance, while - 27o/oo isotopic values for POC in upper reaches of estuaries 
may indicate carbon from terrestrial c3 plants, phytoplankton in these 
locations may also have - 27o/oo values. Other potential complications 
discussed in section 4 include isotopic changes during plant decomposition 
(these appear to be small, < 2%o) and also multiple sources of organic matter 
(Fig. 1C). Uses of several geochemical and isotopic techniques that can 
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supplement &15C data are discussed in section 6.1. Supple~ental techniques 
are needed, especially when sources have similar &15C values. 

The causes of carbon isotopic variations among autotrophic plants and 
bacteria are complex (section 3), bu~ &15C values encode much potentially 
interesting information about the pathways and kinetics of autotrophic C02 
fixation. Ecologists should note that isotopic variations of up to 25o/oo have 
been documented for one aquatic plant (Potamogeton) and should be 
cautious when deciding which plant &13C values to use in mixing models. 

Isotopic measurements are particularly valuable in food web studies. They 
provide an independent means of evaluating diet that supplements stomach 
content analyses. They provide a time-integrated measure of assimilation 
since analyses are performed on body tissues that are built up from the diet 
over time. Through analyses of several tissues that have a range of turnover 
rates, isotopic measurements can be used to identify individual animals that 
are switching diets. Finally, samples can be fairly simply prepared for 
isotopic analysis, and commercial firms routinely perform analyses at 
reasonable rates (currently $30-60 U.S. for one &13C analysis). 

In food web studies the maxim of ''you are what you eat" (i.e., animals 
have carbon isotopic values similar to their diets) has been extensively 
tested in laboratory studies (section 5.1), and the maxim is generally valid 
within about ± 2o/oo (Fig. 3). Offshore studies of entire natural food webs, 
however, uniformly indicate a cumulative increase in 13C with increasing 
trophic level (Fig. 4); an average 15C increase of about 1o/oo per trophic level 
may apply, but there are exceptions (section 5.2). Food web studies in 
seagrass meadows, salt marshes, and freshwater lakes and streams (sec
tions 5.3 and 5.4) again show that interpretation of &13C data is often 
complex, and a discussion of potential ways to supplement &13C food web 
data with other stable hydrogen, nitrogen, and sulfur isotopic analyses is 
presented (section 6.2). Since &13C and &15N values appear to increase by 1 
and 3%o, respectively, per trophic level, they are potential indicators of 
trophic structure in some ecosystems. &D and &34S measurements, in 
contrast, show little change with trophic level (Fry 1981b). 

Two major ideas have emerged from the use of stable isotope analyses in 
estuaries-that photosynthesis by aquatic microorganisms is often the 
major source of organic carbon for estuarine POC and sediments and that 
food webs in salt marshes and seagrass meadows are not uniformly based on 
detrital macrophytes, but on algae in some locations. These ideas challenge 
some concepts about the importance of vascular plant detritus in coastal 
ecosystems (Nixon 1980). Sampling along transects and clear definition of 
end-member isotopic values remain important strategies for testing the 
importance of a specific carbon source for POC, sediments, or food webs. 
Isotopic comparisons can reveal major differences in carbon flow between 
ecosystems and also on much smaller scales (a few meters). 

Combined with other isotopic and geochemical techniques, stable carbon 
isotope analysis can provide definitive answers to questions of the origin of 
fixed carbon in aquatic ecosystems. Stable isotope analyses generally show 
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good potential for elucidating trophic relations in freshwater lakes and 
streams, aquaculture ponds (Schroeder 1983a,b), coral reefs (Land et al. 
1975, Fry et al. 1982a) and kelp beds (Dunton and Schell 1982, Schell1983). 
Analyses may also indicate uptake of polluted foods by animals (Rau et al. 
1981, Spies and DesMarais 1983) or trace migration of marine animals 
important to man (Killingley 1980; Fry 1981, 1984b; Killingley and Lutcavage 
1983). More applications of this versatile tracer technique will undoubtedly 
appear in the future. 
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ABSTRACT 

The use of &13C measurements to indicate trophic levels of offshore 
animals was tested by analyzing four components of food webs in the 
northwestern Gulf of Mexico. A progression of increasing 13C contents 
(less negative &13C values) occurred from particulate organic carbon (:i = 
- 21.7o/oo) to zooplankton (:i = - 20.2) to benthic crustacean gut contents 
(:i = -17.8o/oo) to whole benthic crustaceans (:i = -16.9o/oo), so that the 
degree of 13C enrichment functioned as a crude indicator of trophic level. 
Six transects made off Texas and Louisiana from near shore to approxi
mately 160m during 1979 and 1980 showed that considerable seasonal 
and spatial variation occurred in this average pattern of 13C enrichment, 
and that this variation was not linked to inputs of terrestrial carbon. 
Benthic crustaceans collected in the same trawl had very similar &13C 
values (within 1.3o/oo), regardless of species. Shipboard experiments 
showed that assimilation could account for the observed 0.9o/oo 13C enrich
ment in these animals vs. their diets. Previous findings of a 0.35o/oo increase 
in 13C of offshore plankton per oc increase in temperature (Fontugne and 
DuPlessy 1981) were not confirmed in this study. While considerable 
isotopic variation occurs offshore and complicates simple assessment of 
trophic level from 13C enrichment data, reduced isotopic variation appears 
useful for identifying consumers at higher trophic levels. 

Accepted 9 March 1984 

INTRODUCTION 

Stable H, C, N, and S isotope measurements have been widely used to 
study the dietary relationships between animals and their foods (e.g., Estep 
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and Dabrowski 1980; Minson, Ludlow, and Troughton 1975; DeNiro and 
Epstein 1981; Mekhtiyeva, Pankina, and Gavrilov 1976). These chemical 
analyses complement traditional visual means of studying diets and have 
proven particularly useful when applied to problems such as the assimila
tion· of detrital or dissolved foods (Hackney and Haines 1980; Rau and 
Anderson 1981) or diets of prehistoric peoples (van der Merwe 1982). A basic 
premise in these studies is that animals bear a fixed isotopic relationship to 
their foods. In the absence of metabolic fractionations, animals should have 
precisely the same isotopic composition as their foods. However, metabolic 
fractionations do occur, with the consequence that especially top carnivores 
may have an isotopic composition substantially different from that of the 
plants upon which they ultimately depend (Miyake and Wada 1967; McCon
naughey and McRoy 1979; Rau, Mearns, Young, Olson, Schafer, and Kaplan 
1985). 

For carbon, the evidence for cumulative food web fractionations comes 
primarily from investigations of oceanic ecosystems. Marine animals are 
commonly enriched in 13C (have less negative 813C values) relative to 
oceanic particulate matter (Williams and Gordon 1970; Eadie 1972; Gormly 
and Sackett 1977; Thayer, Govoni, and Connally 1985), with benthic 
invertebrates such as shrimp showing the largest enrichments (Fry and 
Parker 1979; Rodelli 1981; Fry, Scalan, and Parker 1985). McConnaughey 
and McRoy (1979) have used such 13C enrichments to make initial estimates 
of food web structure in the Bering Sea. 

To investigate trophic structure in the offshore Gulf of Mexico using 813C 
analyses, we collected samples of particulate organic carbon (POC), zoo
plankton, benthic crustaceans, and stomach contents of benthic crustaceans 
during two years along six offshore transects. We use the data to evaluate 1) 
possible 13C inputs from land to the offshore food web, 2) a suggested 
dependence of zooplankton 813C on temperature (Sackett, Eckelmann, 
Bender, and Be 1965; Fontugne and Duplessy 1981), 5) variability in the 
degree of 13C enrichment occurring per trophic level, and 4) the causes of 
the 13C enrichments that occur offshore. 

METHODS 

Benthic crustaceans were collected with a 10.7 m wide, 12.6 mm mesh otter trawl along 
several transects in the northwestern Gulf of Mexico (Fig. 1 ). Benthic crustaceans were either 
immediately dissected and frozen for later use, or, for assimilation experiments, kept alive for 
1-2 hours in salt water tanks so that fecal materials could be collected. Zooplankton samples 
were collected in oblique tows from the bottom to the surface with a 250 ._.,-mesh net. For POC, 
1-171 of seawater were filtered onto precombusted (4 hours, 450°C) glass-fiber filters (Gelman 
GF/C; pore size 1.2 ._.,)which were then frozen. Salinity and temperature were each measured to 
± 0.01 units (%o or °C, respectively) using an Oceanography International model RW5-3 
salinometer mounted shipboard in a flow-through chamber during 1980 cruises; for measure
ments made off Barataria Bay in 1979, a refractometer precise to ± 1%o salinity units and a 
thermometer accurate to ± 0.1oc were used. 

Most benthic shrimp and stomatopods were identified using the key of Wood (1974); some 
rarer specimens were identified by reference to collections kept at the Port Aransas Marine 
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FIG. 1. Offshore sampling transects, 1979-80. Bars and dots denote station locations for 
samples collected in October, 1979 ( o ), May, 1980 (-), and October, 1980 ( • ). Transects are 
located opposite the following major bays: Corpus Christi Bay (A), Galveston Bay (B), 
Atchafalaya Bay (C), Terrebonne Bay (D), and Barataria Bay (E and F). 

Laboratory. Benthic crustaceans were sorted into groups by species and tail muscle tissue was 
taken from 5-25 individuals, pooled, then dried at 60°C for later isotopic analysis. POC and zoo
plankton samples were briefly acidified with 1N HCl to remove carbonates, rinsed and dried 
(October, 1979 and May, 1980 samples) or acidified, then dried without rinsing (October, 1980 
samples). Proventriculi (foreguts) were removed from benthic crustaceans aboard ship and 
frozen. In the laboratory, foregut contents were removed and contaminating pieces of flesh or 
foregut removed with foreceps under a dissecting microscope. Hindgut and fecal samples were 
extruded from their surrounding membranous sheaths aboard ship and frozen. To insure 
complete removal of carbonates present in mollusc shells, foregut, hindgut, and fecal samples 
were treated overnight with strong acid (6 N HCl), then filtered and rinsed with distilled water 
prior to isotopic analysis. 

Samples of 2-10 mg were mixed with CuO and sealed in evacuated Pyrex tubes that had 
previously had one end drawn out to a point; combustions were performed in a muffie furnace 
for 30 minutes at 590°C (Sofer 1980). Combustion appeared complete, as black carbon residues 
indicative of incomplete combustion (Boutton, Wong, Hachey, Lee, Cabrera and Klein 1983) did 
not form on inside walls of the Pyrex tubes. To collect the resulting C02, sealed tubes were 
inserted into rubber tubing attached to an evacuated glass line, the glass tips were snapped off, 
and diffusing C02 was collected for 4 minutes in a glass U trap cooled by liquid nitrogen. Non
condensible gases were then pumped away and purified C02 obtained after replacing the liquid 
nitrogen with a dry ice/acetone mixture. Percent total organic carbon (TOC) was determined 
with a calibrated mercury manometer to measure C02 yields. 

The isotopic composition of the gas was measured in an isotope ratio mass spectrometer 
(Micromass 602E). All results are expressed in 813C notation relative to the international PDB 
standard (Craig 1957), where 

813C = [ (Rsample I Rstandard) - 1] X 103 and 

R = 13C I '2C. 

Analytical precision was evaluated in several ways. 1) Aliquots of a large sample of shrimp 
muscle tissue were combusted in three ways-in Pyrex sealed tubes, in quartz sealed tubes at 
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900°C, and in a "Craig-type" recirculating system (Craig 1953) with subsequent removal of 
sulfur and nitrogen oxides using 400°C copper. Mean values for these methods agreed within 
0.1%o. The Pyrex sealed tube method gave a standard deviation of 0.19o/oo for 46 replicate 
combustions (range = 0.75 for 45 samples; total range for 46 samples = t.Oo/oo). 2) Paired 
comparisons for 56 offshore shrimp and stomatopod samples were made by the Pyrex sealed 
tube method and the LECO induction furnace method of high temperature (> 1500oC) 
combustion (Parker, Behrens, Calder and Schultz 197~). Results were usually similar within 
0.2%o for the two methods, with a mean difference of 0.05%o. 3} Paired comparisons were also 
made for selected POC and zooplankton samples in sealed quartz (900°C) and Pyrex (590°C) 
tubes. Isotopic values were usually similar within 0.2%o. In sum, we estimate that overall 
analytical error was generally less than ± 0.3%o for individual determinations. 

RESULTS 

813C UNIFORMITY AMONG BENTHIC CRUSTACEANS 

The nine shrimp and three stomatopod species frequently collected in 
benthic trawls are listed in Table 1. When collected in the same trawl, these 
benthic specie~ had essentially identical &13C values. Because of significant 
seasonal and, spatial variations in &13C values of benthic crustaceans, data 
were normalized on a per trawl basis prior to testing for any small, but 
possibly significant isotopic differences among species. This normalization 
was accomplished by designating two species as references, then subtract
ing one of their isotopic values from values of other benthic crustaceans 
collected in the same trawl. The two reference species were Squilla empusa 
(shallow-water) and Solenocera vioscai (deep-water). Isotopic values of 
these two reference species were similar for five trawls in which they 
occurred together (mean difference ± S.D. = 0.04 ± 0.6o/oo). Normalized 
data were thus in the form of paired comparisons to reference species. In no 
case were these differences significant (P > 0.05, paired t-test) and overall 
mean differences between species did not exceed 1.3o/oo (Table 1 ). (Other 
methods of normalizing the data, based on using the average of species 
collected at several adjacent stations as the normalizing value, gave the 
same result of no significant differences among species.) For further 
graphical and statistical purposes, these species are therefore not con
sidered separately and appear together as "benthic crustaceans." 

TRANSECTS AND 13C ENRICHMENT 

Transects made from shoreline to 100-160 m depths showed few cross
shelf isotopic trends in &13C values for POC, zooplankton (ZPL) or benthic 
crustaceans (Figs. 2 and 3). The most pronounced cross-shelf variations 
tended to occur in the samples collected near shore (Figs. 2A, 2B, and 3A). 
Isotopic influences from rivers and estuaries thus appeared confined to 
near-shore regions. 

A regular pattern of 13C enrichment occurred in each transect. &13C values 
were most negative for POC, intermediate for zooplankton, and least 
negative for benthic crustaceans (Table 2). Mean &13C values were signifi
cantly different (P < 0.05, GT-2 test, Sokal and Rohlf 1981) for POC, zoo
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TABLE 1 

Isotopic similarities among shrimp and stomatopod muscle tissues. 

Species Mean tJ. a1 3c * S.D. N 

Parapandalus longicauda 

Sicyonia dorsalis 

Trach ypenaeus similis 

Squilla empusa t 

Solenocera vioscai 

Sicyonia brevirostis 

Squilla chydaea t 

Xiphopenaeus kroyeri 

Parapenaeus longirostris 

Squilla edentata t 

Sicyonia stimpsoni 

Processa sp. 

+0.3 

+0.01 

0.00 

0.00 

0.00 

-0.09 

-0.11 

-0.3 

-0.38 

-0.8 

-0.8 

-1.0 

0.17 3 

0.45 19 

0.49 20 

0.39 9 

0.39 11 

0.28 2 

0.52 6 

1 

1 

o1 3 C* tJ. o1 3 C = difference in relative to Squilla empusa or Soleno

cera vioscai collected .i.n the same trawl. 

t Stomato pod (others are shrimp species. ) 

plankton, and benthic crustaceans for seven of the eight transects; the 
exception is that POC and zooplankton means did not significantly differ in 
the October, 1980 collections along the Barataria transect (Table 2). 
Averaged over all eight transects, mean 813C enrichments relative to POC 
were + 1.9o/oo for zooplankton and +5.6%o for benthic crustaceans (Table 2). 

While these overall patterns of 13C enrichment were fairly consistent, 
isotopic values in the offshore Gulf varied with season and location. 
Seasonal variations were evident off the Texas coast in 1980. POC collected 
off Galveston, and zooplankton and benthic crustaceans collected at < 35 m 
off both Galveston and Corpus Christi during May had significantly (P < 
0.05) more negative average 813C values than comparable October samples 
(Table 2). Significant spatial variations also occurred. Along a gradient from 
south Texas towards the Mississippi River, a progression toward 13C 
enrichment or less negative 813C values was observed (October 1980 
transects, Corpus Christi to Barataria, Table 2). Benthic crustaceans col
lected offshore of 35 m and POC had 813C values significantly less negative 
in the Barataria and Terrebonne transects than in the Corpus Christi 
transect (P < 0.001, GT-2 test). 813C values of zooplankton showed a parallel 
trend towards less negative values towards the Mississippi, but differences 
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FIG. 2. Temperature, salinity, and &13C data collected off Texas, May, 1980 (transects A and 

B, Figure 1 ). POC = particulate organic carbon, ZPL = zooplankton. 

between means were not significant (P > 0.05, GT-2 test). Other examples of 
spatial variations occurred. Benthic crustaceans collected inshore of 35 m 
along the Corpus Christi and Galveston transects in October, 1980 averaged 
significantly less negative (P < 0.05, t test) than benthic crustaceans col
lected farther offshore (Table 2). In all, these seasonal and spatial variations 
were greater for POC and zooplankton than for benthic crustaceans as mean 
values showed a 3.7o/oo range for POC, 2.3%o for zooplankton, and 1.9%o for 
benthic crustaceans (Table 2). This reduction in isotopic variation as one 
moves up the food chain might well be expected. 
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FIG. 3. Temperature, salinity, and &nc data collected ofT Texas and Louisiana, October, 1980 

(panels A-E), and October, 1979 (panel F). POC = particulate organic carbon, ZPL = 
zooplankton. Transect locations are given in Figure 1. 

ZOOPLANKTON CORRELATIONS WITH POC, oc, AND SALINITY 

Planktonic 813C data showed consistent relationships to temperature, 
salinity, and 813C values of POC, but these relationships differed between 
cruises (Figs. 4 and 5). These between-cruise differences were most striking 



56 Brian Fry, et al, 

TABLE 2 

Mean 813C values ± S.D. (n) by transect for POC, zooplankton, and benthic crustaceans, 
plus (in brackets) 13C enrichments relative to POC. ____,_..,..._~---

~,..,.,. •• ..-:.:2"...,._.::& 

Benthic Crustaceans 
Transect POC Zooplankton Inshore Offshore 

( < 35 m) (> 35 m) 

A. May, 1980--Texas 

Corpus Christi -22.9 [0] -21.3 [+1.6] -16.3 [+6.6] -16.6 [+6.3} 
± 1.2 (8) ± 0.8 (8) ± 0.5 (3) ± 0.3 (19) 

Galveston -23.0 [0) -21.3 [+1.7] -16.5 [+6.5] -17.1 [+5.9] 
± 1.6 (10) ± 0.7 (10) ± 0.2 (12) ± 0.5 (15) 

B. October, 1980-
Texas and Louisiana 

Corpus Christi -22.9a [0) 
± 0.6 (4) 

-19.8 
± 0.8 

[+3.1] 
(5) 

-15.3 [+7 .6] 
t 0.3 (5) 

-16.3 
± 0.4 

[+6.6] 
(3) 

Galveston -21.7 [0) -19.2 [+2 .5] -15.6 [+6.1] -16.8 [+4.9] 
± 0.2 (3) ± 0.4 (3) ± 0.5 (2) ± 0.2 (4) 

Atchafalaya -21.8 [0) -19.4 [+2.4] -16.1 [+5.7} 
± 1.1 (4) t 0.7 (4) :1: 0.4 (8) 

Terrebonne -20.4 [0) -19.0 [+1.4] -15.6 [+4.8] -15.4 [+5.0] 
t 0.7 (7) ± 0.6 (7) (1) ± 0.6 (6) 

Barataria -19.3 [0) -18.8 [+0.5] -15.2 [+4.1} 
t 0.5 (3) ± 0.5 (4) ± 0.4 (7) 

c. October, 1979-
Louisiana 

Barataria -20.6 (0] -16.4 [+4.2) -16.0 [+4.6] 
± 1.0 (5) (1) ± 0.4 (14) 

Mean 13c Enrichment 0 +1.8 +5.9 +5.5 

asample nearest shore not included. 

in the case of temperature as May collections showed a trend toward less 
negative 813C values with increasing temperature, while October samples 
showed an opposite trend (Fig. 4). October samples also clearly did not 
conform to correlations established by Fontugne and Duplessy (1981) for 
plankton 813C vs. temperature (Fig. 4, dotted lines). 

CAUSES OF BENTHIC 13C ENRICHMENT 

The isotopic relationship between benthic crustaceans and their foods 
was investigated by collecting 7 4 foregut (proventriculus) samples at most 
stations shown in Figure 1 during 1979-80. Foregut samples averaged 2.8o/oo 
more negative than muscle tissue in animals from which they were 
collected. 
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FIG. 4. Relationship of zooplankton 313C to temperature and salinity. Dotted lines in upper 
panel indicate zooplankton 313C/ temperature relationships established by Fontugne and 
DuPlessy (1981) for temperatures > 25°C (right line) and < 25°C (left line). Open circles denote 
May samples, closed squares October samples. 
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FIG. 5. Isotopic relation between particulate organic carbon (POC) and zooplankton. Dotted 

lines are best-fit trend lines through most May (open circles) and October (closed squares) data. 
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Field and laboratory control experiments (Fry 1981b) showed that diges
tive secretions do not significantly alter the isotopic composition of foods 
dissected from stomachs. However, the strong acid plus rinsing pretreat
me~t used in this study did alter the isotopic composition of foods, resulting 
in 815C values that averaged 1.1o/oo more negative than acid-treated foods that 
were not rinsed, but evaporated to dryness (S.D. = 1.0, N = 6; Fry 1981b). 
After adding a compensatory + 1.1 o/oo factor to the gut content values, these 
corrected values still averaged 1.7%o more negative than muscle tissue (Fig. 6). 

S13c {INCREASING 13c---.) 
-12 

& WHOLE ANIMAL 
BENTHIC (-16·9) 

CRUSTACEANS 

MUSCLE 
TISSUE 
(-16·1) 

-26 -20 -16 -12 
FIG. 6. Histogram of 815C values in the Gulf of Mexico. Triangles and numbers in 

parentheses indicate mean values. Dotted line connecting mean values indicates increasing 13C 
enrichment with trophic level. Sources for this figure include: Sackett and Thompson 1963, 
Calder 1969, Eadie and Jeffry 1973, Gormly and Sackett 1977, Eadie et al. 1978, Fry and Parker, 
1979, this study. 

A small difference was found between muscle tissue vs. whole animal 
carbon. Comparisons for three individual benthic crustaceans showed that 
muscle was enriched in 13C by 0.5, 0.9, and 1.1o/oo (x = 0.8o/oo) relative to 
whole animal carbon. Combining the 1.1 and 0.8%o correction factors, we 
obtain the result that whole benthic crustaceans showed a net 0.9%o 
enrichment in nc relative to 815C values of their foods (Fig. 6). 
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The causes of this 0.9o/oo 13 C enrichment were investigated in six shipboard 
experiments. Groups of 25-50 benthic shrimp were held in tanks for 1-2 
hours immediately after being collected in trawls so that feces could be col
lected. Pooled foregut and midgut samples were obtained from a second 
group of 25-50 shrimp taken from the same trawl. Comparisons of foregut, 
midgut and fecal samples showed systematic isotopic differences. Midgut 
and fecal samples were always depleted in nc relative to foregut samples 
(Table 3). The mean organic content of these samples, measured manomet-

TABLE 3 

Net 13C enrichment during assimilation and excretion by benthic shrimp. 
---------------~- -... ... -------__.,___-----=- -------~"""'"""""" - '"'----- '"' --·------ - ,.-- ---- - ..... .. .. ..... -.. . -.... ,.-""_ '" ""- ......... . 

1Jc 

Expe rimen ~ Proven tri culus !lidgut Fe ces Assi'llila t ed* En r ichme nt 

tl3c noc 613c ':TOC ~l3c ':TOC ol3c A. E. ( ~- A) 
(A) ( B) 

-18 . 6 20.6 - 20 . 0 11.1 -19 . 7 4.9 -I R . 4 80 +0 . 2 

-1 8 . 7 2 1 .2 - 19.2 19 . 7 - 19 . 3 13.3 -1~ .o 43 -'-0 . 7 

- 17 . 7 17.2 -18 . 9 11 .R -1 5 . 3 36 +2 . I. 

-18.7 15 . 8 -19.2 13 . 3 - ~(1 . 6 9 . 5 - 1 ~ . 3 44 +2 . 4 

-1 8 . 2 27 . 7 - ! A. 7 12 . 4 - 19 .1 11.8 - 17 . R 69 +i1 .4 

6** -18 .o 9 . 5 -18.9 7 . 9 -20 . 1 !. . 7 - 1 ~ . 3 53 +1 . 7 

He an (S.D.) -1 8 . 3 (0 . 4) !A . 7 (6 .1 ) - 19 . 2 ( 0 .~) 12 _q (4 . 3) -lq . 6 (0 . 6) q . 3 (3 . 7) -1 7 .n ( 1 . 2) )4 ( 17) +1 . 1 (1 . 0) 

*The val ues fo r 613c o f ca r bon a ssimilated and as similation effic i e ncv (A . E.) were deri ved f r om d iffe r ences be tween f ood 
( prove n triculus contents) and feces . A.E.: U' = [( F' - E ' )/(1 - E' )(F ' )] x 100 where F' = t TOC in the 
p r o ventr i culus a nd E' = tTOC i n the feces (Condrey et al.. 1972) . Furthe r , .s l 3cassi"'lilated = [(6proventr1culus
6fecesl/ A.E. ] + 6feces• 

** s a mp l es in t his experirne n t we r e no t ri nsed after acidificat i on; samp l es were rinsed a fte r acidification in the other 
f i ve expe r i ments . 

rically as % TOC, also declined from 19 to 9% between foregut and feces 
(Table 3). By comparing both the isotopic and organic carbon changes 
between samples of foregut and fecal materials, the isotopic value of 
assimilated materials could be calculated; it averaged + 1.3%o relative to 
foods found in the foregut (Table 3). \\bile these results are primarily based 
on samples that had been rinsed after strong acid treatment, experiment 6, 
in which samples were evaporated to dryness rather than rinsed, showed a 
similar 13C enrichment (Table 3). These experiments show that the mean 
+ 1.3o/oo 13C enrichment occurring during assimilation could account for the 
mean + 0.9o/oo difference found between whole benthic crustaceans and their 
foods. 

DISCUSSION 

This study suggests a more refined way of using 813C data to deduce 
oceanic trophic structure. Samples collected in cross-shelf transects showed 
that 13C enrichments are regularly observed in deeper water biota that are 
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presumably well-isolated from land and river run-ofT (Figs. 2 and 3). This 
confirms reports of 13C enrichments made in studies where samples were 
collected in a much less systematic manner (Williams and Gordon 1970, 
Eadie 1972, Gormly and Sackett 1977, Fry and Parker 1979, McConnaughey 
and McRoy 1979, Rodelli 1981, Fry et al. 1983). However, 13C enrichments 
were not constant over time and space (Table 2; Fig. 5), so that the degree of 
15C enrichment can function only as a crude indicator of trophic position. 
Both the degree and timing of isotopic variation should be useful additional 
indicators of trophic position. Isotopic variation was greatest for POC, 
intermediate for zooplankton, and smallest for benthic crustaceans (Table 2; 
Fig. 6), as expected if higher level consumers integrate variations occurring 
at lower trophic levels. By this reasoning, a continuum should exist with 
small lower level consumers displaying the largest &nc variations and large 
top carnivores displaying very little &nc variation. When phytoplankton vary 
in their 815C values, the timing of ensuing isotopic changes in consumers 
could be an important indicator of trophic position. As phytoplankton 815C 
values change, herbivore isotopic values should most quickly reflect this 
change, while changes in top carnivores may be much delayed. Such lag 
effects may account in part for the variable isotopic enrichment observed 
between zooplankton and their particulate foods (Fi~. 5). 

Central to using isotopic variation as an indicator of trophic position is 
establishing how much isotopic variation occurs in offshore ecosystems. 
This study provides preliminary estimates of variability in offshore POC and 
biota. The + 1o/oo shift found in inshore benthic crustacean 815C data from 
May to October (Table 2) may be a consistent feature in the offshore Gulf; a 
similar + 1.2%o shift was also observed in benthic crustaceans from July to 
October in 1978 (Fry 1981a). Variations in POC and zooplankton &nc values 
may be more rapid and need more intensive sampling to establish long-term 
trends. One indication of rapid change comes from comparing our October 
results for the area off Barataria Bay with December and February results 
reported for this same area in 1979-80 by Thayer et al. (1983). Comparisons 
of mean values for October vs. (December + February) collections in this 
area give -20.0 vs. - 23.2o/oo for total POC, and -18.9 vs. - 21.8o/oo for total 
zooplankton (Table 2; Thayer et al. 1983, Table 2). 

McConnaughey and McRoy (1979) assumed that a preferential loss of 
12C02 during respiration causes the 13C enrichment observed in oceanic 
food webs. This assumption is based on three of four experiments with 
terrestrial animals in which respired C02 was enriched in 12C by < 1%o 
relative to the diets (DeNiro and Epstein 1978). Data collected for marine 
benthic crustaceans in this study show that net 12C losses occurring in 
assimilation and excretion can also account for offshore nc enrichments 
(Table 3). This net effect could reflect a higher assimilation efficiency for 
proteins than for other components of the diet (Condrey, Gosselink and 
Bennett 1972), as amino acid fractions have been shown to be about 3%o 
enriched in 15C relative to whole POC or plankton foods (Degens, Behrendt, 
Gotthardt and Reppmann 1968; Eadie, Jeffrey and Sackett 1978). 

Fontugne and Duplessy (1981) have suggested that 815C values of marine 
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plants and plankton are dependent on temperature and become 0.35o/oo less 
negative per oc increase. Data collected during this study did not support 
this view (Fig. 4), but rather the conclusions of other studies that plankton 
813C values are dependent on water mass or variations in the species 
composition of phytoplankton communities (Sackett, Eadie and Exner 1974; 
Fontugne and Duplessy 1978; Wong and Sackett 1978; Rau, Sweeney and 
Kaplan 1982). The detailed reasons for plankton 813 C variations observed in 
the field have yet to be established. 

In sum, 813C studies show some promise for elucidating general trophic 
structure in oceans. Seasonal studies of systems in which phytoplankton 
813C varies should prove useful in determining trophic level on the basis of 
both mean 13C enrichment and 813C variation over time. In some cases, the 
variation in 813C may be more informative than the degree of 13C enrich
ment as the degree of nc enrichment can vary with the isotopic composition 
of the food source (Fig. 5, DeNiro and Epstein 1978, Fry and Arnold 1982). 
The widespread isotopic variation documented in this study needs to be 
carefully considered before using 813C data to estimate the trophic positions 
of offshore animals. 
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ABSTRACT 

The Texas Gulf coast is characterized by a number of subtropical 
estuaries which have great economic and ecologic value in that they 
support important regional fisheries through production of new organic 
matter by phytoplankton photosynthesis. One of these estuaries, the 
Corpus Christi Bay ecosystem, was studied for a three-year period to 
define temporal and spatial variability in its primary production and to 
elucidate environmental factors important in regulating production. Mean 
annual phytoplankton production at the various sampling sites increased 
with distance from the riverine influence of the estuary. This pattern was 
most closely associated with deeper, less-turbid waters at the oceanic end 
of the estuary that provided a greater euphotic zone. Variability in 
measured primary productivity rates between sites was most influenced 
by water column nutrients in January and July and more significantly 
correlated to salinity changes in April and October. From the three years of 
data, annual phytoplankton production was estimated to be 174.1 g 
C/ m 2/yr, which represented 52% of total new organic production in this 
estuary. In contrast, macrophytes and tidal flat algae comprised the 
remainder of new organic carbon production. Annual production was 
found to be most significantly affected by freshwater input from either 
river flow or rainfall, depending upon where production measurements 
were made in the estuary. High turbidity of this estuarine ecosystem was 
thought to limit production in contrast to other north American estuaries. 
It was concluded from the study results that long-term maintenance of 
primary production in this estuary is accomplished through nutrient 
recycling while acute changes from both meteorologic and hydrologic 
forcing cause short-term increases in production that sustain steady-state 
and replenish lost materials to the system. 
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INTRODUCTION 

The Texas coast of the Gulf of Mexico is characterized by a number of 
large estuarine lagoon systems lying behind a series of coastal barrier beach 
islands. These estuaries have great economic and ecological value in that 
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they support valuable fisheries of the northwestern Gulf (Gunter 1967). The 
production of new organic matter by phytoplankton through photosynthesis 
is a basic process of these estuarine ecosystems which provides the food 
resoJ}rces for higher trophic levels, including the species harvested by man. 
Bahr, Day and Stone (1982) have demonstrated a quantitative relationship 
between secondary production of aquatic consumers in the coastal zone of 
the Gulf and estuarine primary production. Gilmartin and Revelante (1978) 
have also suggested that phytoplankton processes in estuarine lagoons may 
even influence ecosystem dynamics of inshore continental shelf waters. 
Measurements of the rate of new organic matter production by phytoplank
ton in coastal estuaries are therefore of practical concern as a principle 
indicator of the richness and health of these ecosystems. 

The physical and chemical environment of an estuarine system can 
strongly influence the primary productivity rates of phytoplankton com
munities. In most estuarine communities, light and the availability of 
nitrogen have been shown to be the primary external factors which regulate 
phytoplankton production (Ryther and Dunstan 1971, Macisaac and Dugdale 
197.2). For Texas estuaries, superimposed upon light and nutrient regulation 
of phytoplankton production are synergistic effects related to the wide 
variations observed in salinity. Texas estuaries span a rainfall spectrum that 
produces a salinity gradient from nearly fresh at the Louisiana border to 
extremely hypersaline at the Mexican border. 

General information is available concerning gross primary productivity of 
several of the major estuarine systems along the Texas coast (e.g. Odum and 
Wilson 1962; Odum 1963; Odum, Cuzon de Rest, Beyers and Allbaugh 1963; 
Odum 1967; Flint, Rabalais and Kalke 1982). Some of this data has been 
tabulated as measures of oxygen produced per unit area or standing crop of 
chlorophyll a. All the information, however, only sparsely covers any of the 
major Texas estuaries and none accounts for temporal variability that can 
occur in these systems and that is related to extreme salinity fluctuations. 
Therefore, the objective of this study was to define the spatial and temporal 
variability in phytoplankton primary production in one of the major Texas 
estuaries, the Corpus Christi Bay estuary. Besides defining variability it was 
hoped that these investigations would elucidate some of the factors impor
tant in regulating productivity rates in this estuary. 

STUDY AREA 

The Corpus Christi Bay estuary is one of seven major estuarine ecosystems along the Texas 
coast and represents a total open-water smface area of 432.9 km2• This estuary is shallow, 
generally less than 5 m deep, with the exception of the ship channel which reaches a maximum 
of 15m depth. The estuary includes Nueces Bay, Oso Bay, Corpus Christi Bay, the northern 
portion of the upper Laguna Madre, and the southern portion of Redfish Bay (Figure 1). The 
main fluvial flow into this estuary is from the Nueces River. The estuary is separated from the 
Gulf of Mexico by the barrier beach island, Mustang Island, with one main tidal pass, Aransas 
Inlet. A secondary and possibly more influential access to Gulf waters is through the extensive 
Laguna_ Madre to the south of the Corpus Christi Bay estuary (Smith 1978). 



Phytoplankton Production in Corpus Christi Bay 67 

\.IIIT£1) STATU 

FIG. 1. Map of Corpus Christi Bay estuary showing inclusive bodies of water. Sampling sites 
are also shown. 

Both meteorological events and tides influence the Corpus Christi Bay estuarine circulation. 
The tidal range varies from a few centimeters at times of equatorial tides to as much as 30 em 
during tropic tides (Smith 1977). Because the mean tidal change can be quite small relative to 
the volume of the estuary, many tidal cycles must occur before a significant fraction of the 
system is flushed by tidal processes (Smith 1982). Observations have indicated that changing 
wind conditions rapidly affect the estuary's circulation and associated turbidity patterns 
because of the shallow water depths (Shideler 1980). Because of the presence of winds on 
almost a daily basis, the estuary is almost always turbid. This estuary is also located in a 
semiarid region of the Texas coast and often receives less than 70 em of rainfall annually (Flint 
and Rabalais 1981). Evaporation is usually high, often exceeding rainfall, which sometimes 
results in hypersaline conditions. Contrasted to the size of the estuary, the riverine input from 
the Nueces River is small and seasonal in nature (Flint, et al. 1982). Therefore, this estuarine 
ecosystem is relatively sensitive to changes from such factors as surges of freshwater input and 
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often responds rapidly to such events. An example of a more catastrophic change would be from 
an event such as a tropical storm or hurricane. 

A three-year study of phytoplankton species assemblages in the Corpus Christi Bay estuary 
(Holland, Maciolek, Kalke, Mullins, and Oppenheimer t975) indicated that the dominant flora 
were diatoms. Thalassionema nitzschioides, Thalassiothrix frauerifeldii, and Chaetocero& sp. 
were the dominant species, while diatoms in general comprised more than 70% of the total 
phytoplankton community over the three-year study. Exceptions to diatom dominance were 
occurrences of the blue-green algae, Anabaena sp. and Oscillatoria sp. during the fall, 
especially in Nueces Bay. Maximum phytoplankton mean abundances were observed in the 
winter and early spring at approximately t000 cells/mi. Minimum abundances usually occurred 
in the summer and early fall at less than tOO cells/mi. 

Other potential sources of the photosynthetic production of new organic matter to this estuary 
come from surrounding Spartina marshes, submerged seagrass beds and algal mudflats of the 
estuary. Approximately t82.t km2 of marshes surround the Corpus Christi Bay estuary and 
contribute 9.5 x toe kg C/yr (Armstrong 1982). Seagrass beds cover 51.6 km1 of the estuary 
bottom, and between seagrass blades and associated epiphyte production, provide approxi
mately 53.9 x toe kg C/yr (Morgan and Kitting in press). Algal mudflats, which comprise 
approximately 22.1 km2 of the Corpus Christi Bay estuarine ecosystem, contribute an additional 
estimated 6.0 x toe kg C/yr (W. Polich, personal communication). 

METHODS 

Eight sampling stations were established in the Corpus Christi Bay estuary (Figure t ). The 
stations were located such that a spatial change from river-influenced estuary to ocean
influenced estuary was sampled during each data collection period. Two stations were located 
in Nueces Bay (Stations 1 and 2), Station 5 characterized the dynamics of Oso Bay at its input to 
Corpus Christi Bay, Station 6 characterized the upper Laguna Madre, and the remaining four 
stations represented Corpus Christi Bay open-water locations. These stations were sampled in 
June and July 198t, and then every three months (quarterly) from October t981 to October 
1983. 

Upon arrival at a station, Secchi depth, temperature, salinity, pH (Hydrolab Surveyor 6) and 
nutrient samples were obtained to characterize the water column. Secchi depth was used to 
determine the depth of the photic zone (1 o/o light level) according to methods of Parsons, 
Takahashi, and Hargrave (t977, p. 102). From salinity, temperature and pH data, the total 
carbon dioxide of the water column at each station was estimated (Harvey t966) for use in 
primary productivity estimates (Goldman t968). On numerous occasions these C02 calculations 
were contrasted to alkalinity measures at the stations and similar results were observed. Water 
column temperature or salinity stratification was never observed during this study at any 
station. 

Ammonia-nitrogen was measured here because (1) it is one of the preferred fonns of 
nitrogen by phytoplankton (Eppley, Packard, and Macisaac 1970; McCarthy and Eppley t972) 
and (2) nitrate-nitrogen concentrations were usually undetectable when measured. At each 
station triplicate water samples were obtained at t m water depth and placed in 60 ml acid
washed bottles for laboratory ammonia-nitrogen determination. Water samples for ammonia
nitrogen an~lysis were also obtained 3 km upstream from the mouth of the Nueces River. All 
samples were immediately fixed in !}le field with phenol (0.4 g/tOO mi sample) as a preservative 
(Degobbis t973). In the laboratory all ammonia-nitrogen samples were immediately analyzed 
by the phenolhypochlorite method of Solorzano (t969). 

At each station water samples were obtained for phytoplankton production measurements 
(mg C/ms/h) at 0.5 m and 1.0 m depth and placed in 41 opaque bottles. Usually within 1 hr of 
collection water was transferred from the opaque storage bottles (after shaking) to 125 mi hard
glass reagent bottles with teflon caps for incubation. Each station/depth was represented by one 
opaque and two light incubation bottles. Prior to in situ incubation at the original sampling 
depths, each bottle was inoculated with 4 ~Ci/mi of NaH1"'C01 and mixed thoroughly. Incuba
tions were conducted at two index sites on successive days. Station 2 (Figure t) was the index 
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site representing Nueces Bay collection sites and Station 7 was the index site representing 
Corpus Christi Bay sites. The index sites were judged to be similar in water quality (e.g., 
turbidity) to all other sites from which samples were obtained and incubated at the index sites. 
In situ incubations occurred from 1000--1400 hr. Incubations were ended by filtration through 
0.45 1-Lm Millipore filters. 

After filtration, the filters were rinsed with slightly acidified distilled water to remove 
dissolved forms of the isotope and placed wet directly into scintillation vials containing 15 ml 
ScintiVerse cocktail for counting on a Packard tri-Carb Liquid Scintillation Spectrometer 
(#3255). Counting efficiency was estimated from the channel ratio, a calibrated quenched 
series, and 14 C-labelled toluene of known radioactivity. Efficiency usually ranged from 70--82%. 
Daily light intensity during production incubations was measured by a Weathertronics 
Pyranograph (#3010) and expressed in Langleys/ day (g-callcm2/ day). Daily primary productiv
ity (mg C/m2/day) was calculated from the ratio of incubation period light intensity to daily light 
intensity, and from depth of the photic zone, which was derived from Secchi depth measure
ments or station depth, whichever was less. 

Other environmental data used for comparison during these studies included wind speeds, 
precipitation, and evaporation rates from the NOAA Local Climatological Data Summary for 
Corpus Christi, Texas. Riverine flow rates from the Nueces River were obtained monthly from 
the Texas Department ofWater Resources (M. Lynn, personal communication). 

RESULTS 

ENVIRONMENTAL CHARACTERIZATION 

The range in most physical environmental variables measured for the 
study area between sampling periods was quite broad (Figure 2). Salinity 
showed the greatest amount of annual variation of those hydrographic 
variables measured. The 1981 mean salinity for the entire Corpus Christi 
Bay estuary was 20.1 ppt. In contrast, 1982 mean salinity rose to 28.4 ppt and 
although the 1983 salinity mean (28.8 ppt) was also high, salinities later in 
this study year decreased significantly (P < 0.05) from 1982 and earlier 1983 
salinity ranges. Water temperatures ranged from around 12°C in the winter 
to peaks near 30°C in the summer (Figure 2) and were similar in all three 
study years. Daily solar radiation on the estuary's surface peaked in July 
each year and exhibited minimum values in January and February. 

Local rainfall in the Corpus Christi Bay estuary varied significantly over 
the three years of study (Figure 2). The total rainfall for 1981 was 111.8 em. 
In 1982 the rainfall total was half of 1981 with 57.1 em measured. In 1983 the 
precipitation total increased again to 95.0 em with much of this rain 
occurring in the summer and fall of 1983 (Figure 2). Nueces River gauged 
flow corresponded to rainfall patterns early in the study period but did not 
show the same peaks as precipitation during later study intervals, especially 
in 1983 (Figure 2). The overall pattern of lower precipitation and less 
riverine flow in 1982 also corresponded to much higher salinities during this 
year in the Corpus Christi Bay estuary. 

STATION PRIMARY PRODUCTIVITY VARIATION 

The sampling sites used to characterize phytoplankton productivity of the 
Corpus Christi Bay estuary varied a great deal in water depth (Figure 3). In 
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FIG. 2. Plots of hydrologic and meteorologic variables measured during the Corpus Christi 
Bay estuarine study. Salinity and water temperature represent the averages of all eight 
stations. 

all cases this variation in depth correlated with variation in Secchi depth 
(r = 0.56) at the respective stations (Figure 3). As water depth increased 
Secchi depth was usually greater, indicating a deeper photic depth for 
primary productivity to occur. This was usually the case for the deeper more 
centrally-located stations (Stations 3, 4, 6, and 7). Differences in salinity 
between stations were usually noted. The Nueces Bay sampling sites 
(Stations 1 and 2) usually exhibited lower salinities than the Corpus Christi 
Bay sites during most sampling periods (Figure 3). With the exception of 
Station 5, which was located at the mouth of Oso Bay and near a sewage 
outfall site, ammonia-nitrogen concentrations of the water column did not 
differ between most stations. Station 5 exhibited a mean for ammonia, 
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however, that was three times greater than any other station mean during 
the entire study (Figure 3). 
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FIG. 3. Study means for various water quality variables and primary production measured at 

each sampling site in the Corpus Christi Bay estuary. Standard errors of the means are 
indicated by the lines above the bars. 

Differences for 4-hr incubation rates of phytoplankton productivity be
tween the 8 sampling sites were judged to be significant (P < 0.05) over the 
total study period according to ANOVA. Major difference in rates occurred 
for the Nueces Bay sampling sites (Stations 1 and 2) and Station 5, which 
exhibited the largest mean rate of all stations observed (Figure 3). Nueces 
Bay sites almost always showed greater 4-hr rates than middle-bay Corpus 
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Christi sites. Variability over the total study period in primary productivity 
was also much greater at the upper-estuary (Nueces Bay) sites than within 
the main part of the estuary. For example, coefficients ofvariation for Station 
1 and Station 2 mean primary production rates were 100% and 93% 
respectively. In contrast, all the other study site coefficients of variation 
ranged between 65 °/o and 79%. 

The calculation of study period mean daily primary productivity rates for 
the eight sampling sites showed a different trend with respect to estuary 
production than did the 4-hr incubation rates (Figure 4). When the 

SCALE 
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• 600 MG C/M
2 

/DAY 

FIG. 4. Spatial variation in mean daily primary productivity estimated for the entire study 
period in the Corpus Christi Bay estuary. 

shallower water depths and shallower Secchi depths of Nueces Bay were 
considered (Figure 3) in the daily production measures, total water column 
phytoplankton production was less in Nueces Bay than at any other station 
(Figure 4 ). In general, the estimates of mean daily production over the entire 
study period illustrated that sites in the estuary farther away from the river 
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were more productive than sites closer to the river. The one exception was 
Station 5 which showed the greatest mean daily rate, corresponding to 
highest ammonia-nitrogen concentrations in the estuary. 

Regression analyses were conducted on the phytoplankton primary 
productivity data at each sampling site, using independent environmental 
variables that best characterized (differentiated) each site, in order to 
identify variables that potentially influenced the observed spatial patterns 
for production throughout the estuary. Because seasonal variation in 
primary productivity due to temperature and solar radiation might obscure 
other environmental factors influencing spatial productivity patterns, the 
regression analyses were performed separately on similar sampling months. 
The results indicated that January and July productivity measurements 
were most correlated to water column ammonia-nitrogen concentrations 
(Figure 5). April and October phytoplankton productivity variation on the 
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FIG. 5. Scatter plots of environmental variables determined as most influential to primary 
productivity variation by regression analysis for the four seasons of the year. Correlation 
coefficients for each plot are indicated. 

other hand was most correlated with differences in salinity, which indicated 
that some sites were more influenced by freshwater input than others. In 
contrast, correlations for productivity with salinity in January and July and 
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productivity with ammonia-nitrogen concentrations in April and October 
never exceeded r = 0.32. 

Although changes in phytoplankton production at increasing depths in the 
water column would be strongly influenced by turbidity, it was thought that 
nutrient availability might also be influential. Therefore, turbidity, as 
measured by Secchi depth, and water column ammonia-nitrogen variations 
were both compared to the ratio of production between 0.5 m and 1.0 m 
depths at each station using regression analysis to determine which 
independent variable showed stronger correlations. These analyses in
dicated that Secchi depth and water column ammonia-nitrogen were both 
significant (P < 0.05) in explaining observed variation in this ratio. Approxi
mately 56% of total variation (multiple R2

) in the change of production with 
increasing depth was explained by Secchi depth and ammonia, with Secchi 
depth alone accounting for 43°/o of this variation (r = 0.66). 

ANNUAL PRODUCTIVITY PATTERNS 

A significant difference (P < 0.001) was observed between the two major 
components of the Corpus Christi Bay estuary, Nueces Bay and Corpus 
Christi Bay, for daily phytoplankton primary productivity rates compared 
annually using two-way ANOVA, where one factor was station location 
(Nueces Bay or Corpus Christ Bay) and the other factor was sampling year 
(1981, 1982, or 1983). Figure 6 illustrates the difference in productivity 
between Nueces Bay and Corpus Christi Bay for each sampling period and 
also shows how productivity varied over the entire study interval. Primary 
productivity was much greater during 1981 than for either 1982 or 1983 
study years. The mean annual production rate of the entire estuary for 1981 
was 717.2 mg C/m2/day. It should be noted, however, that the mean annual 
rate did not include the winter period for 1981 which might have decreased 
the annual mean considerably. For example, if 1982 and 1983 winter 
measures were used to calculate a mean winter rate to be included in the 
1981 annual estimate, then the 1981 productivity measure would be 
decreased to 546.2 g C/m2/day. In contrast to the 1981 measures, mean 
productivity rates of the entire estuary for 1982 and 1983 were 346.8 and 
421.8 mg C/m2/day respectively. Another pattern to note from Figure 6 was 
that the summer and fall rates for 1983 were greater than for 1982, which 
was the major reason why the 1983 overall estuarine mean was greater. 

A consistent seasonal pattern was not evident in the daily phytoplankton 
productivity rates for the Corpus Christi Bay estuary (Figure 6). The winter 
sampling periods usually showed the lowest rates in Corpus Christi Bay, but 
this was not true for Nueces Bay in 1983 when the spring period exhibited 
the lowest rates observed during the entire study for both bays. This low 
production measure corresponded to Secchi depths of 0.2 m in Nueces Bay, 
which were also the shallowest measurements for this variable during the 
entire study. For all stations together over all three measurement years, the 
grand mean phytoplankton productivity rate for the Corpus Christi Bay 
estuary was 479.9 mg C/m2/day or 174.1 g C/m2/yr. 
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FIG. 6. Mean daily primary productivity rates of Nueces Bay and Corpus Christi Bay sampling 
sites for each collection interval of the three-year study period. Lines above bars represent 
standard errors of the means. 

Multiple regression analyses were again employed to detect general 
environmental variables that may serve as influential factors in regulating 
overall primary productivity in this estuary. Because productivity was 
significantly different between Nueces and Corpus Christi Bays, it was 
thought that different environmental variables may be causing the variation 
observed. Therefore, regression analysis was conducted separately on 
productivity measures from each bay area. 

Table 1 illustrates the results of these analyses. Nueces River flow was the 
most strongly correlated environmental variable with primary productivity 
rates for Nueces Bay. This variable alone explained 4 7% of the variation in 
productivity. Secchi depth, indicative of water turbidity, explained another 
19% of the variation in Nueces Bay productivity. Riverine total inorganic 
nitrogen input and mean monthly wind speeds, which may influence Secchi 
depth but was not observed to be strongly correlated here, explained an 
additional 12% of the total observed variation in Nueces Bay productivity. 
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TABLE 1 

Regression analysis of Nueces Bay and Corpus Christi Bay daily primary productivity 
measures with a total of nine environmental variables measured simultaneously. 

Only significant independent environmental variables are shown. 

Dependent Variable - Surface daily primary productivity 

Independent variables Rz r 

NUECES BAY 

River flow 0.468 0.684 

Secchi depth 0.666 0.425 

River nitrogen o. 725 0.377 

Winds 0.787 -0.160 

CORPUS CHRISTI BAY 

Rainfall 0.784 0.885 

Average sunlight 0.899 0.759 

Secchi depth 0.950 -0.461 

Water column ammonia 0.960 0.208 

(mg C/m 1 /day} 

Significance 

0.02 

0.01 

0.02 

0.03 

0.00 

0.00 

0.00 

0.01 

R2 - Multiple regression coefficient of determination 

r - Simple correlation 

. Monthly rainfall was the most strongly correlated environmental variable 
with Corpus Christi Bay primary productivity rates (Table 1) and explained 
78% ofthe total observed variation in this dependent variable. Daily sunlight 
and water turbidity explained another 17°/o of the variation in productivity. 
Ammonia-nitrogen in the water column also was significant in the regres
sion analysis of Corpus Christi Bay primary productivity; it explained an 
additionalt 0/o of observed variation. 

DISCUSSION 

The data on primary productivity of the Corpus Christi Bay estuary 
collected during this three-year study illustrated the pattern of biological 
response to short-term physical forcing events that one would expect in an 
ecosystem sensitive to acute change. As described previously, this estuarine 
ecosystem has low riverine input and small tidal exchanges, both of which 
contribute to very long turnover times for the estuary (Smith 1982). As a 
result, productivity of the estuary appeared to be dominated by meteorologic 
and hydrologic events as illustrated in Table 1. Changes in phytoplankton 
nearest the Nueces River were most correlated with freshwater flow from 
this river. Likewise, changes in phytoplankton more centrally-located in the 
estuary were. most related to rainfall inputs of freshwater and associated 
nutrients, either through the precipitation directly or indirectly through land 
runoff. Related to these patterns of riverine and rainfall influences were the 
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sources of nitrogen most affecting productivity. In Nueces Bay riverine 
nitrogen contributed to the observed variation in primary productivity rates 
(Table 1). In Corpus Christi Bay, farther from the river mouth, nitrogen 
measured in the water column was significantly correlated with primary 
productivity rates. Water column nitrogen concentrations were in turn at 
least partially affected by localized land runoff. 

Further evidence of this meteorologic and hydrologic forcing of primary 
productivity comes from visual comparison of monthly rainfall and river 
flow rates (Figure 2) with primary productivity rates of both Nueces and 
Corpus Christi Bays (Figure 6). Nueces Bay productivity appeared to be most 
sensitive to peaks in freshwater flow from the river. Corpus Christi Bay 
productivity, on the other hand, paralleled rainfall increases, which was 
especially apparent during the latter half of 1983. The results of this study 
suggested that during periods when no major increases in freshwater input 
were observed (e.g., late 1982 and early 1983), the estuary exhibited lowest 
productivity rates. When high precipitation or fluvial flow did occur, 
however, the biologic response in terms of increased productivity was 
immediate (Figures 2 and 6) and probably maintained itself in a steady state 
in the system over the long term in respect to food resources for other 
trophic levels. 

Acting synergistically with the dominating influences of river flow and 
rainfall on primary productivity were seasonal variability and water turbid
ity. Solar radiation was shown to strongly affect the seasonal patterns of 
productivity observed (Table 1). This factor was most responsible for the 
annual peaks in production that occured in the late spring and summer 
(Figure 6, Corpus Christi Bay). Although primary production rates measured 
over the incubation period (mg C/ m 3/4 hr) were usually greater in Nueces 
Bay than Corpus Christi Bay (Figure 3), with the exception of Station 5, the 
overall pattern exhibited was greater productivity (mg C/ m2/ day) at the 
lower stations (more oceanic) in Corpus Christi Bay (Figure 4). This trend 
occurred because these sites were less turbid and deeper, and provided a 
greater photic zone, in which phytoplankton photosynthesis could occur. 

The indication that water column turbidity limits the amount of primary 
production realized by the Corpus Christi Bay estuary, both from the 
regression analyses (Table 1) and the comparison of 0.5 m with 1.0 m 
production rates, best illustrated why this estuarine ecosystem is not as 
productive as others around the world. Based upon data from a number of 
estuaries around North America (Table 2), the Corpus Christi Bay estuary 
was relatively oligotrophic in comparison. The greatest annual primary 
productivity for an estuary was estimted at 532 g C/ m2/yr in British Colum
bia (Stockner and Cliff 1979). In contrast, the least productive estuary was a 
New England coastal embayment that exhibited 50 g C/m2/yr (Marshall 
1970). The Corpus Christi Bay estuary, which over a three-year study period 
(86 station/time measurements) exhibited a mean phytoplankton productiv
ity rate of 174.1 g C/m2/yr, was at the lower end of the scale illustrated in 
Table 2. 
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TABLE 2 

Annual phytoplankton primary production estimates for 
selected estuarine ecosystems in North America. 

Estuary 
Primary Production 

(g C/m 2 /yr) 
Reference 

Port Moody Arm, British Columbia 532 Stockner and Cliff 1979 

Pamlico River, North Carolina 500 Kuenz'ler et al. 1979 

Puget Sound, Washington 465 Winter et al. 1975 

Great South Bay, New York 450 Lively et al. 1983 

New York Bight, Mid-Atlantic 370 Malone 1976 

Straight of Georgia, British Columbia 345 Stoc kner et al. 1979 

Three North Carolina Estuaries 320 Fisher et al. 1982 
(average) 

Beaufort Channel, North Carolina 225 Williams and Murdock 1966 

Narragansett Bay, Rhode Island 220 Smayda 1957 

Upper New York Harbor 200 Malone 1977 

Peconic Bay, New York 162 - 213 Bruno et al 1980 

St. Margaret's Bay, Nova Scotia 190 Platt 1971 

Corpus Christi Bay, Texas 174 Present Study 

Georgia Bight 171 Haines and Dunston 1915 

Newport River Estuary, Virginia 110 Peter son and Peter son 1979 

Wassaw Sound, Georgia 90 Turner et al . 1979 

New England coastal estuary 50 Marshall 1970 

Several other estimates of phytoplankton productivity in Texas estuaries 
have been calculated from various studies over the past 20 years. Most of 
these studies, however, used the oxygen method (Strickland and Parsons 
1972) for measuring photosynthesis of estuarine phytoplankton. It is thought 
that the oxygen method more closely measures gross production of plankton 
while the 14C method, employed here, more accurately measures net 
plankton production (Strickland and Parsons 1972). Therefore, in order to 
make comparisons between the present study and previous studies on Texas 
estuaries, it was assumed that the 14C method measured only 70% of that 
carbon production (1 g carbon fixed equals 3 g oxygen released; Finenki and 
Zaika 1970) measured by the oxygen method (Riley and Chester 1971). 
Thus, all previous oxygen estimates of primary productivity in Texas 
estuaries were decreased by 30°/o. 

The comparison of these measures with productivity estimates from the 
present study are illustrated in Table 3. The present study estimated 
phytoplankton daily productivity to be well below measures between 1960
62 for the Corpus Christi Bay estuary. In addition, Corpus Christi Bay was 
shown to be the least productive of all Texas estuaries when the present 
study data were compared to study results on other Texas estuaries (Table 
3). It was interesting to note, however, that if the estimates for Galveston 
Bay, Corpus Christi Bay between 1960-62, and the Laguna Madre from Table 
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TABLE 3 

Comparison of phytoplankton primary production rates for various Texas estuaries. 

Primary Production 1 
Estuary 

(g C/m 2 /day) 

Galveston Bay 2 4.11 

San Antonio Bay 3 0.70 

Corpus Christi Bay 1. 76 
(1960 - 62) 

Corpus Christi Bay 0.48 
(present study) 

Upper Laguna Madre 2.68 

Lower Laguna Madre ~ 4.78 

Where photosynthesis was initially measured by oxygen production, oxygen production was converted 

to carbon fixation based upon ratio of 3:1 (Findko and Zeika 1970). Oxygen production measures 

gross production; to convert to net production which is more closely estimated by Cerbon-14 method, 

assumed net production was 701 of gross production (Riley and Chester 1971). 

Armstrong and Hinson (1973). 

Davis (1971>. 

Odum end Wilson (1962); Odum et al. (1963), 

3 were expanded to a yearly rate, annual estimates of phytoplankton 
productivity would then range from 642 g C/m2/yr in Corpus Christi Bay to 
1,744 g C/m2/yr for the lower Laguna Madre. Comparison of these annual 
estimates with other estuaries in Table 2 indicated that Texas estuaries 
would then be up to three times more productive than any other estuaries 
reported. Considering the highly turbid conditions of most Texas estuaries, 
however, these measures were probably not accurate and/or representative 
of annual production. The estimates for primary productivity of the Corpus 
Christi Bay estuary from the present study more precisely placed Texas 
estuaries in the proper perspective in comparison with other estuaries 
around North America. 

There are a number of carbon sources available to the Corpus Christi Bay 
estuary besides the primary production of organic matter by phytoplankton 
photosynthesis. For example, two other potential contributors are seagrass 
beds and their associated epiphyte algae and Spartina salt marshes, both of 
which comprise a major surface area of the total estuary (see STUDY AREA). 
Armstrong (1982) estimated that Spartina salt marshes contributed approxi
mately 52.2 g C/m2/yr to the open-water habitat of the Corpus Christi Bay 
estuary. Furthermore, it was calculated that seagrass/epiphyte primary 
productivity contributed 94.2 g C/m2/yr to the total estuarine habitat (Mor
gan and Kitting in press). In addition, studies on tidal flats near the Corpus 
Christi Bay estuarine area (W. Pulich, personal communication) estimated 
that approximately 13.9 g C/m2/yr was transported from this biotope to the 
open-water habitat. All these carbon sources combined with phytoplankton 
productivity represented an annual primary production estimate of 334.4 g 
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C/m2/yr for the Corpus Christi Bay estuary. Phytoplankton productivity 
contributed 52°/o of the total estimated production for this estuary, based 
upon these calculations. 

In contrast, Lively, Kaufman, and Carpenter (1985) estimated the phyto
plankton contribution of carbon for the Great South Bay (New York) to be 
85% of all sources. Marshall (1970) calculated phytoplankton carbon 
contributions to be 11 °/o of all other carbon sources in a New England coastal 
estuary. Bahr, et al. (1982) estimated that phytoplankton productivity 
respresented 47% of total carbon productivity in Louisiana estuaries. 

From the regression analysis results it was suggested that variation in 
nutrients from at least two sources (rainfall/runoff and river flow) contrib
uted to the patterns observed for primary production in the Corpus Christi 
Bay estuary. Inwelling of nitrogen from coastal continental shelf waters 
contributed very little "new" nitrogen to this estuary because of the small 
tidal amplitudes common in this region of the Gulf of Mexico (Smith 1982). 
The major source of "new" nitrogen to the Corpus Christi Bay estuary was 
through input from the Nueces River. Measurements between 1972-75 
(Texas Department of Water Resources 1981) and measurements from the 
present study indicated that the average total inorganic nitrogen input from 
the Nueces River was 5.79 x 105 kg/yr. The measured primary productivity 
rate for phytoplankton in the estuary was 174.1 g C/m2/yr or 26.4 g N/m2/yr 
if we assume a C :N ratio of 6.6 for phytoplankton (Redfield, Ketchum, and 
Richards 1965). Therefore, riverine input of nitrogen could provide only 
5.5% of the nitrogen needed by open-water phytoplankton productivity in 
this estuary. 

In contrast, from measures of benthic nutrient regeneration in this estuary 
(Flint, et al. 1982; Flint, Kalke, and McCoid 1985) it was estimated that 
annually the sediments were able to supply 25.9 g NH~-Nlm2 Thus, the• 

sediments through nutrient recycling could potentially provide approxi
mately 90% of the nitrogen needed by phytoplankton for photosynthesis in 
this estuary. Oppenheimer, Isensee, Brogden, and Bowman (1975) indicated 
that point-source effluents as well as urban and agricultural runoff, provided 
approximately 9.5 x 105 kg/yr of nitrogen to the Corpus Christi Bay estuary. 
This accounted for 8°/o of the nitrogen needed for phytoplankton photosyn
thesis annually and with the other two nitrogen sources discussed above 
(riverine and sediment recycling) potentially could provide all nitrogen 
needed to support average phytoplankton productivity in the estuary. 

The above discussion suggests that productivity of the Corpus Chri~ti Bay 
estuary is sustained primarily through recycling of nutrients. Since no 
system is so efficient that losses never occur however, the continued 
maintenance and long-term steady state of this estuary's productivity must 
depend on the periodic input of "new" nitrogen which has been demon
strated by the results of this study to occur through meteorologic and 
hydrologic forcing. The increased rainfall and!or riverine input that period
ically occurs in the Corpus Christi Bay area serves as an acute stimulus 
which significantly alters primary productivity, replaces lost materials to the 
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system, and allows recycling to again become the dominant forcing factor 
until the next acute change occurs. 
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ABSTRACT 

Changes in the abundance and occurrence of six macroalgae collected 
from the jetties and the bay systems near Galveston, Port Aransas, and Port 
Isabel, Texas are noted. Both vegetative and reproductive plants of 
Bryopsis pennata are reported from the Galveston jetty for the first time. 
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INTRODUCTION 

The occurrence and distribution of marine algae along the Texas coast of 
the Gulf of Mexico has been the subject of sporadic investigations over the 
last 50 years (see Edwards 1970, 1976, Edwards and Kapraun 1973, and 
Lowe and Cox 1978 for review of studies in the vicinity of Port Aransas and 
Baca, Sorensen and Cox 1979 for those near Port Isabel). Because of the 
varying, often lengthy, time intervals between these studies and because in 
some cases a study may represent the only extensive survey work at a 
particular site (e.g. Galveston by Lowe and Cox 1978), subtle changes in the 
flora or longer periodic cycles in algal distribution and occurrence may be 
overlooked. Although the marine algal flora on the Texas coast has in 
general remained fairly constant throughout this study period and compares 
well with earlier studies, comments on changing abundance and occurrence 
of six algae are reported here and will build on previous reports in order to 
contribute to the understanding of the algal flora of the Texas Gulf coast. 

MATERIALS AND METHODS 

Collections of seaweeds on the jetties and in the bays at Galveston, Port Aransas, and Port 
Isabel were begun seasonally in 1976 and continued to 1983. Many of these observations were 
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made by phycology students while participating in field trips under my direction, and their 
contribution to this report is gratefully acknowledged. The most intensive collections were 
made every other month from July 1977 to July 1980. Voucher specimens are deposited in the 
Department of Marine Biology Herbarium, Texas ·A&M University at Galveston, Galveston, 
Texas. Voucher specimens of Bryopsis pennata Lam our. are deposited in the herbarium of Dr. 
C. J. Dawes at the University of South Florida and at the Department of Biology Herbarium, 
Texas A&M University, College Station, Texas. Collection sites follow those used by other recent 
workers along the Texas Gulf coast (Fig. 1, for more detailed mapping of collection sites at 

TEXAS 

ARANSAS 

GULF OF MEXICO 

3 PORT ISABEL 

FIG. 1. Location of collecting sites along the Texas Gulf coast. 

Galveston, see Lowe and Cox 1978; for Port Aransas, see Edwards 1970, 1976; and for Port 
Isabel, see Baca, Sorensen and Cox 1979). 

OBSERVATIONS AND DISCUSSION 

GALVESTON JETTY 

Bryopsis pennata Lamour. Small specimens of B. pennata were first 
collected on the jetty and on the fishing groins at 37th Street in January and 
February, 1982 and 1983 and on the jetty in February 1984. B. pennata had 
not been previously reported from the Galveston area (Lowe and Cox 1978). 
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Humm and Hildebrand (1962) reported B. pennata from Port Isabel, but 
Baca, Sorensen and Cox (1979) concluded that the small plants collected 
from bay or jetty habitats, which resembled B. pennata, were variations of 
Bryopsis plumosa (Hud.) C. Ag. Its appearance during the winter differs from 
the occurrence of B. plumosa and Bryopsis hypnoides Lamour., which are 
reported from Port Aransas and Port Isabel during the warmer parts of the 
year (Edwards and Kapraun 1973) and are not known from Galveston (Lowe 
and Cox 1978). 

Both vegetative and reproductive plants were collected (Figs. 2-4) with 

FIG. 2. Bryopsis pennata-herbarium specimen collected from Galveston, personal collec
tion. Scale bar = 10 mm. 

FIG. 3. B. pennata-vegetative branchlets. Scale bar = 90 f.LID. 
FIG. 4. B. pennata-reproductive branchlets. Scale bar = 90 f.Lm. 

axes up to 20 mm and diameters ca. 225-445 ~m. The branchlets are 
distichous in arrangement with an occasional radial pattern and arise from a 
matted base. The branchlets are restricted primarily to the ultimate portion 
of the upright branch. An average ratio of the length of the last branchlet to 
the first three branchlets on either side of the axis was 1:4.6; 1:2; 1:1.75 
respectively, thus indicating that those branchlets near the tip of the branch 
are not noticeably shorter than those near the base of the branch. By 
comparison, a similar length ratio obtained for B. plumosa was 1 :5.6; 1 :4; 
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1 :3.3, thus indicating the pyramid nature of the branchlets associated with 
this species. The branchlets of B. pennata are constricted at the base, a 
feature shared with B. plumosa but not with B. hypnoides. 

A comparison of pyrenoid number within the plastid was made from living 
and dried material of B. pennata and from dried material of B. plumosa and 
B. hypnoides following Feldman (1937) (Figs. 5-12). In B. pennata the 

FIG. 5. B. pennata-plastids in older part of thallus. Arrow = 3 pyrenoids/ plastid. Scale 
bar= 10 ~m. 

FIG. 6. B. pennata-irregular shape of plastids in intermediate part of thallus. Scale 
bar= 10 ~m. 

FIG. 7. B. pennata-rounder plastids near thallus tip. Scale bar = 10 ~m. 
FIG. 8. B. pennata-iodine staining of starch granules. Scale bar = 10 ~m. 

plastids were irregular in shape and contained 1-3 pyrenoids (Figs. 5-8). 
The most irregular shapes occurred in plastids found in the older parts of the 
thallus, while near the tips of the alga the plastids were more rounded (Fig. 
7). The starch accumulated as compact plates around the pyrenoid. Obser
vations on pyrenoid number from dried material stained with iodine were 
inconclusive, but occasionally a plastid containing multiple pyrenoids could 
be found (Fig. 9, arrow). 

The plastids of B. plumosa were generally rounder and larger than those 
of B. pennata. They usually contained one pyrenoid, and the starch around 
the pyrenoid was more granular (Fig. 10). The plastids of B. hypnoides were 
smaller than the two previous species, and the single pyrenoid occupied a 
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FIG. 9. B. pennata-dried material, rehydrated and iodine stained. Arrow = plastid with 
multiple pyrenoids. Scale bar = 10 f.Lm. 

FIG. 10. B. plumosa as above. 
FIG. 11. B. hypnoides as above. 
FIG. 12. B. hypnoides as above. 

large portion of the plastid and was surrounded by plates of starch (Figs. 11, 
12). 

The observations of the pyrenoid number and plastid shape of B. 
hypnoides from dried material and of B. pennata from live material closely 
resembled the drawings made by Feldman (1937) for these species. 
Although it was difficult to ascertain the number of pyrenoids per plastid 
from dried material of B. pennata, this species could be distinguished from 
dried material of B. plumosa and B. hypnoides by the shape and size of the 
plastids, the proportion of the plastid occupied by the pyrenoid, and the 
nature of the starch granules around the pyrenoid. Caution about shape of 
the plastids in different portions of the macroalgal thallus should be born in 
mind when comparing dried material as plastid shape in live material of B. 
pennata was variable. 

B. pennata grew as a dark green mat in the upper to mid-intertidal zone 
where on some granite rocks it had replaced Enteromorpha spp. as the 
dominant taxon. 

SAN LUIS PASS 

Dictyota dichotoma (Hud.) Lamour. Lowe and Cox (1978) reported a 
single drift collection of fragments of D. dichotoma from the grass beds at 
San Luis Pass at the west end of Galveston Island and commented that it may 
be more abundant in other years. In September 1979, D. dichotoma occurred 
in bloom proportions (one plant approximately every 10 em) attached to the 
sediments and floating in the seagrass beds at San Luis Pass, but has not 
been collected since that time. 
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CHRISTMAS BAY 

Gracilaria joliifera (Forsskal) B0rg. Lowe and Cox ( 1978) also collected 
fragments of G.joliifera as drift in the grassbeds at San Luis Pass. G.joliifera 
occurred attached to oyster shells and other hard substrates in early Spring 
1982 in this bay near San Luis Pass. 

ROCKPORT-ARANSAS BAY 

Acetabularia crenulata Lamour. Numbers of A. crenulata have steadily 
declined throughout the last eight years in the grassbeds ofAransas Bay near 
Rockport and in the ship basin at Rockport. At the time of the collections 
made by Edwards (1970, 1976) in this area, specimens ofAcetabularia could 
be found eve-ry half to one meter apart (P. Edwards, personal communica
tion). In late spring 1976, clusters of 3-4 plants ofAcetabularia were found 
10-20 meters apart. Isolated specimens of Acetabularia were collected in 
September, 1978, and none has been collected since in this study. 

PORT ARANSAS JETTY 

Bryocladia thyrsigera (J. Ag.) Schmitz. B. thyrsigera was listed by Edwards 
(1970, 1976) as rare. Since these collections began, B. thyrsigera has steadily 
increased in numbers and in the last six years has replaced Bryocladia 
cuspidata (J. Ag.) De Toni as an early colonizer on the jetty in the late spring. 
Its range extends throughout the intertidal zone. During the early summer it 
may comprise up to 60-70°/o of a square meter. The increased abundance of 
B. thyrsigera as compared to B. cuspidata can be seen in Fig. 1 of Kapraun's 
(1980) study of algal zonation on the Port Aransas Jetty, but he did not 
comment on the change in its abundance since Edwards' earlier study (1970, 
1976) on the same jetty. 

B. pennata Lamour. Specimens of B. pennata were collected in March 
1982; no collections were made in 1983 or 1984 at Port Aransas. 

Blue-Green Algal Layer. From 1978 to 1981 a blue-green algal layer, 
composed primarily of Oscillatoria spp. with occasional Spirulina trichomes 
appeared along the uppermost vegetation belt on the jetty in late winter and 
persisted until June. The entire spring-summer algal community, which in 
previous years had been prolific by May, did not become so until June. The 
appearance of Centroceras clavulatum (C. Ag.) Mont. was delayed until the 
blue-green algal layer diminished or disappeared. 

PORT ISABEL 

Sphacelaria rigidula Kiitz. ( = jurcigera Klitz.). S. rigidula, reported from 
this area asS. jurcigera by Humm and Hildebrand (1962) and by Conover 
(1964), was collected once in the fall of 1977 on the rocks under the Coast 
Guard Station (Baca, Sorensen and Cox 1979, their collection site III). Baca, 
Sorensen and Cox (1979) questioned its presence in this area because they 
did not collect the alga. 
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ABSTRACT 

Calcasieu Lake is a very shallow ( < 2m), well-mixed estuary. Our 
objective was to determine whether selected zooplankton taxa aggregate 
near bottom during daytime in such a shallow turbid system. At three 
stations triplicate samples (one-minute tows) were taken first with a one
half meter net without towing bridle and then with an epibenthic pull sled. 
Data obtained from these two sampling strategies indicated a consistent 
trend of higher abundances of postlarval shrimps, fishes, decapods and 
copepods near bottom. Observed patterns of vertical distribution were 
taxa-specific. The observed stratification of zooplankton abundances may 
indicate biological responses associated with mechanisms of larval reten
tion, diel migration, or demersal habits. 

Accepted 6 March 1984 

INTRODUCTION 

Temporal changes in the distribution and abundance of many zooplank
ton taxa have been well documented in estuarine environments (Maurer, 
Watling, Lambert and Pembroke 1978; White, Heaton and Schmitz 1979; 
Christy and Stancyk 1982; Lambert and Epifanio 1982). The distributional 
pattern inferred for most species is diel migration, upward at dusk and 
downward at dawn, which results in higher zooplankton densities near the 
bottom of the water column during the day. Minello and Matthews (1981) 
demonstrated that even in very shallo'Y estuaries significantly more zoo
plankton is collected at night than during the day. In order to attribute such 
differences to vertical migration rather than diel changes in avoidance, high 
concentrations must be demonstrated near bottom during the day. The 
purpose of our study was to identify vertical patterns of zooplankton 
abundance in a similar shallow estuary. Specifically, we wanted to deter
mine whether selected zooplankton taxa aggregate near bottom during 
daytime in such a shallow turbid system. 



94 C. L. Stubblefield, et al. 

MATERIALS AND METHODS 

The study site, Calcasieu Lake (30"00'N latitude, 93"20'W longitude), covers approximately 
255 km2 and is the largest body of water in southwest Louisiana. It is part of a series of lakes 
connecting the Calcasieu River to the Gulf of Mexico. Previous characterization of the lake 
hydrography (Randall and James 1982) indicated no vertical physical discontinuities. The 
system is highly turbid with salinity decreasing up-estuary and to the east. The direction of net 
flow in the estuary is primarily influenced by tidal cycles; however, strong winds may override 
tidal flood or ebb resulting in longer than usual periods of outflow or inflow (Kelly, Randall and 
Schmitz 1982). 

Monthly sampling was conducted during daytime high tide from May 1981 to April1982 at 
three stations (Figure 1 ). Average high tide depth was 1.0-1.5 m for all stations. Weather 

INTRACOASTAL WATERWAY 

9~30' 
+3d'oo' 

GULF 
OF q ~ If>

MEXICO kiLOMETERSI 
N 

FIG. 1. Station numbers and locations for sampling Calcasieu Lake in southwestern 
Louisiana. 

conditions were recorded at each station prior to sampling, and water quality was determined 
near surface and near bottom using a Hydrolab Series 8000 meter. Parameters measured 
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included pH, conductivity, dissolved oxygen and temperature. Water samples were collected 
near surface for nephelometric turbidity analysis. 

At each station a triplicate series of one-minute tows was made at two depth strata, near
surface and near-bottom (boat speed of 1.5 knots). The upper level of the water column was 
sampled with a modified half-meter net (Figure 2) of0.153 mm mesh netting and soft cod end. 

ZOOPLANKTON GEAR TYPES 

FIG. 2. Collection gear used in the estuary: A) half-meter net with swiveling steel frame and 
14 kg depressor weight; B) pullsled with compressed mouth configuration. Both equipped with 
a 0.153 mm mesh Nitex net with soft cod end. 

The circular ring was swivel-mounted inside a rectangular steel frame with a 14 kg depressor 
weight, which allowed the mouth of the net to remain perpendicular to the direction of tow. 
This gear was towed alongside a 6.7 m outboard craft with the mouth ring just below the 
surface. Near bottom (within 12 em) samples were collected with a pullsled (Figure 2) rigged 
with a 0.153 mm mesh netting and soft cod end. This gear was quickly lowered from the stern 
while the boat was stationary to minimize surface contamination. The compressed mouth 
configuration (62 em x 20 em) allowed complete differentiation between the two depths 
sampled and provided a conservative population estimate relative to the half-meter net (Clutter 
and Anraku 1968). Whenever sediments were obvious in a pullsled sample, indicating 
contamination from the soft bottom, the sample was discarded and the tow repeated. The 
volume of filtered water was estimated from flowmeters that were located inside the mouth of 
each net. Filtration efficiency was optimized by combining brief tows with frequent net 
washing. 
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Samples were preserved in a ~5% solution of fonnaldehyde in seawater buffered with 
sodium borate. All larval and postlarval fishes and postlarval shrimps were sorted from all 
samples. Except during the summer months, only the frrst sample of each replicate set was 
sorted for copepods and decapod zoeae. Copepods were removed from all samples during May 
1981 through August 1981, and decapod zoeae were sorted from all replicates from May 1981 
through July 1981. Subsampling was often necessary due to the high abundance of decapod 
zoeae and copepods; samples were split with a Folsom Plankton Splitter. The following groups 
were targeted for analysis due to their numerical dominance or commercial fishery impor
tance: Anchoa spp., Gobiidae, Penaeus spp., Uca spp., Rhithropanopeus harrisi~ Acartia tonsa, 
total fishes, total shrimps, total decapod zoeae, and total copepods. 

Abundances were standardized to number of individuals per cubic meter of water filtered, 
and abundances of copepods and decapod zoeae were log transfonned to moderate scalar 
differences due to wide abundance ranges. The non-parametric Wilcoxon Signed Rank Test 
(Mosteller and Rourke 1973) was chosen to test for significant differences in mean abundance 
values between the two gear types. Speannan's coefficient of rank correlation (Sokal and Rohlf 
1981) was employed to test for association between turbidity and fish abundances. For both 
statistical procedures a one-tailed test was used. We used the coefficient of variability (standard 
deviation/mean) to examine relative variability between replicates. 

RESULTS 

PHYSICAL PARAMETERS 

Comparisons of surface and bottom hydrographic values obtained in this 
study demonstrated no vertical stratification of pH, temperature, or dis
solved oxygen. In general, the water column was isohaline from surface to 
bottom (Figure 3); however, salinity stratification was apparent at station E4 
during November ( 6. S = 3.3 ppt) and December ( 6. S = 5.5 ppt) and at 
station E3 during February (6.S = 6.2 ppt). Turbidity values, which were 
highly variable between stations throughout the year, ranged from 2.5 NTU's 
to 120 NTU's (Figure 4). 

FISHES 

Mean abundances of total fishes fluctuated monthly with peak densities in 
May, August and September (Figure 5). According to the Wilcoxon test, total 
fishes were significantly more abundant in near-bottom samples (Table 1 ). A . 
median coefficient of variation of 0.68 was calculated based upon twelve 
months of replicate data (Table 2). 

Anchoa spp. and Gobiidae numerically dominated (17% and 48°/o respec
tively) the ichthyoplankton assemblage throughout the sampling period. 
The Wilcoxon test indicated significantly higher abundances of Gobiidae in 
the near-bottom samples; in contrast, abundances ofAnchoa spp. were not 
significantly different between depth strata (Table 1 ). The median coeffi
cients of variation for Anchoa spp. and Gobiidae were 0.48 and 0.59 
respectively (Table 2). These values were based on data from the three 
months with highest abundances. Spearman's coefficient of rank correla
tion indicated that there were no significant associations between turbidity 
and either Gobiidae or Anchoa spp. abundances. 
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FIG. 3. Seasonal fluctuations in surface and bottom salinities (ppt) at each station for May 
1981 through April 1982. 

POSTLARVAL SHRlMPS 

Mean total abundances of postlarval shrimps reached their highest 
densities during May, September and March (Figure 6). Based on the 
Wilcoxon test, total abundances of postlarval shrimps were significantly 
(P < 0.001) greater in the near-bottom stratum. A median coefficient of 
variation of 0.48 was calculated from the three months of highest shrimp 
abundances (Table 2). 

Seven species of postlarval shrimps were captured during twelve months 
of sampling. Early postlarval Penaeus spp. was the dominant shrimp taxon 
January-April 1982, and comprised the largest percentage of the total 
annual shrimp catch (50%). The ratio of Penaeus spp. postlarvae collected 
near bottom to those collected near surface was 32:1. 
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FIG. 4. Seasonal fluctuations in surface turbidities (NTU's) at each station for the 12 month 
study.* represents no data collected in May 1981. 

DECAPOD LARVAE 

Total abundances of decapod zoeae were greatest during the summer 
months, May-September (Figure 7). The Wilcoxon test indicated an overall 
pattern of significantly (P < 0.05) higher numbers of decapod zoeae in the 
near-bottom stratum (Table 1 ). For the three months for which we have 
replicate data the median coefficient of variation was 0.48 (Table 2). 

Of the 21 species of decapod zoeae collected Uca spp. was numerically 
dominant (90°/o of total); Rhithropanopeus harrisii was the second most 
abundant species (3°/o of total). According to the Wilcoxon test, Uca spp. 
were captured in significantly (P < 0.01) greater numbers near bottom, 
whereas no significant difference between near-surface and near-bottom 
abundances were evident for R. harrisii (Table 1 ). Median coefficients of 
variation were 0.72 for Uca spp. and 0. 77 for R. harrisii (Table 2). 

COPEPODS 

Copepods, which numerically dominated the zooplankton assemblage 
throughout this study, ranged from 102-106 individuals/m3 (Figure 8). 
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FIG. 5. Abundances of total fishes at each station for May 1981 through April 1982. Bars 
represent mean abundances based on three replicates for each gear type. 

Acartia tonsa accounted for 90% of the total copepods collected in this study. 
The Wilcoxon test indicated that near bottom abundances of both cope
podites and adults of A. tonsa were significantly (P < 0.001) greater than 
abundances observed for near-surface collections (Table 1). For the four 
months of replicate data available median coefficients of variation for A. 
tonsa adults and copepodites were 1.01 and 1.05 respectively (Table 2). 

DISCUSSION AND CONCLUSIONS 

Calcasieu Lake is a very shallow estuary with no vertical physical 
discontinuities. Comparisons of surface versus bottom hydrographic values 
obtained in this study indicated a generally isohaline water column with no 
vertical stratification of pH, temperature or dissolved oxygen. Despite the 
homogeneous physical nature of the water column, vertical patterns of 
zooplankton abundance were identified. Nonparametric analyses (Wilcoxon 
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TABLE 1 

Summary of the results of the Wilcoxon Signed Rank Test for selected taxa. 
P values are based on paired comparisons of surface 

and bottom abundances at each station. 

TAXA TAXA fi I 
Total Fishes •• Anchoa spp. ns 

Total PL Shrimps ••• Gobiidae ••• 
Total Decapod Zoeae •• A. tonsa adults ••• 
Uca spp. •• A. tonsa copepodites ••• 
R. harrisii ns 

•• p < 0.01
••• p < 0.001 
ns not significant 

TABLE 2 

Median coefficients ofvariation for selected taxa based upon months with greatest 
abundances or when replicates were available. Means and standard 

deviations were calculated from raw data values. 

TI\XA cv TI\XA cv 

Total Fishes 0.68 Anchoa spp. 0.48 

Total PL Shrimps 0.48 Gobiidae 0.59 

Total Decapod Zoeae 0.48 A. tonsa adults 1.01 

Uca spp. o. 72 A. tonsa copepodites 1.05 

R. harrisii o. 71 

test) of data over the entire study period indicated a long-term trend of 
significantly higher abundances of total fishes, shrimps, decapod zoeae and 
copepods in the near-bottom stratum. This stratification was apparent 
despite the conservative population estimate provided by the pullsled. Equal 
sampling efforts should demonstrate even greater abundances of these taxa 
near-bottom. 

Vertical patterns of abundance were also identified for selected taxa. 
Anchoa spp. and Gobiidae were both abundant ichthyoplankton taxa, but 
they exhibited very different vertical distributions. Based on the Wilcoxon 
test, postlarval gobies were significantly more abundant near bottom, 
whereas anchovies were more uniformly ·distributed in the water column. 
The lack of correlation between turbidities and either anchovy or goby 
near-surface abundances indicates that avoidance of the half-meter net was 
not a serious problem. Early postlarval Penaeus spp. were more abundant 
near bottom, particularly in the spring when recruitment of shrimp into the 
estuary was at its peak. However, at this stage of development Penaeus spp. 
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FIG. 6. Abundances of total postlarval shrimps at each station for the 12 month sampling 
period. Bars represent mean abundances based on three replicates for each gear type. 

are changing from a planktonic to a demersal existence. Uca spp. dominated 
the decapod zoeae and were observed to aggregate in near-bottom waters of 
the upper Calcasieu estuary. The second most abundant decapod zoeae, R. 
harrisii, was also concentrated in the upper estuary as has been described 
for this species in other systems (Sandifer 1975, Cronin and Forward 1982). 
The vertical distribution ofR. harrisii contrasted with that of Uca spp. in that 
the larvae of R. harrisii were not concentrated near bottom during our 
sampling. Significantly higher abundances of A. tonsa copepodites and 
adults occurred near bottom; however, their coefficients of variation (Table 
2) indicate that A. tonsa was the only taxon which may aggregate into 
patches on our sampling scale. 

Active vertical migration in response to tidal cycles has been described for 
zoeae of R. harrisii (Forward and Cronin 1980, Cronin and Forward 1982, 
Lambert and Epifanio 1982) as well as for larval herring (Graham 1972), 
postlarval spot and flounder (Weinstein, Weiss, Hodson and Gerry 1980), 
and larval and postlarval Luciferjaxoni (Woodmansee 1966). Estuarine diel 
migrations have been described for copepods (Maurer et al. 1978, White et 
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FIG. 7. Abundances of decapod zoeae at each station. Abundance values are log transformed 
and each bar represents the density of decapod zoeae in the first sample of each replicate set. 

al. 1979) and R. harrisii (Sandifer 1975). Conversely, continuous accumula
tion near bottom has been described as a retention mechanism for zoeae of 
Uca spp. (Dittel and Epifanio 1982) and Atlantic croaker (Weinstein et al. 
1980). These organisms do not migrate vertically but instead remain near 
bottom where net transport is landward. 

Aggregation in bottom waters has been described as a means by which 
fishes and crustaceans maintain their resident populations in estuaries 
where net flow is seaward. In this study we have demonstrated that certain 
zooplankton taxa aggregate near bottom during the day in a very shallow, 
turbid estuarine system. Such patterns in vertical distribution may result 
from passive entrainment of individuals by water movement or may reflect 
an active orientation by the individuals to changing environmental condi
tions. 

In summary, despite the homogeneous physical nature of the water 
column, vertical patterns of zooplankton abundance exist in the shallow 
Calcasieu estuary. This stratification of zooplankton abundance exist in the 
shallow Calcasieu estuary. This stratification of zooplankton taxa may 
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indicate 1) . biological responses associated with mechanisms of larval 
retention; 2) diel migratory behavior; or 3) demersal habits exhibited by 
specific life-history stages of some taxa. More intensive investigation is 
necessary to distinguish among these possible explanations for the observed 
patterns of vertical distribution. 
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ABSTRACT 

A brine seep on the East Flower Garden Bank, northwest Gulf of Mexico, 
fills a small basin on the bank's southeastern flank at 72 m depth with 
anoxic, hypersaline (- 200 ppt) water with a high total dissolved sulfide 
concentration (-1600 ~g atoms/ 1) The brine is diluted by seawater as it 
flows down a 96-m long overflow canyon so that salinity and sulfide are at 
near-normal seawater concentrations at the canyon's mouth. Turbulent 
mixing above the brine stream and basin (lake) advects diluted brine to 
the adjacent hard bottom. Excluding the areas of full-strength brine, there 
is a significant increase in the number of hard-bottom invertebrates as 
one approaches the undiluted brine of the lake or the diluted brine of the 
canyon from the adjacent carbonate bank environment. Changes in 
taxonomic composition along this gradient are determined primarily by 
changing sulfide concentration and an increase in food supply. The data 
support the hypothesis that the brine seep system is a significant exporter 
of organic carbon and suggest that the normal hard-bank community at 
this depth may be food limited. 

Accepted 27 February 1984 

INTRODUCTION 

The East Flower Garden Bank (EFGB) is a surface manifestation of an 
underlying salt diapir (Rezak and Bright 1981). Seawater percolating 
through the porous carbonate bank to the level of the salt dome produces 
brine seepage at several locations on the bank. One seep, located at 
27°54'31.64"N, 93°34'53.27'W, has been described by Bright (1977), Bright, 
LaRock, Lauer, and Brooks (1980a) and Bright, Powell and Rezak (1980b). 
This seep forms a brine lake, Gollum's Lake, at 72 m depth in a basin near 
the southeastern edge of the EFGB. The brine lake overflows the basin at a 
sill to produce a brine stream that flows down a 96-m long canyon, Gollum's 
Canyon, before flowing onto the sandy bottom adjacent to the bank (Figure 
1). 
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FiG. 1. Diagram of the East Flower Garden Brine Seep showing hard-bottom stations 
sampled during September, 1980. 

Current speeds in the canyon's brine stream vary from 5 cm·sec- 1 near 
the overflow to 25 cm·sec- 1 at the canyon's mouth (Powell, Bright, Woods, 
and Gittings 1985). The residence time of the brine in the lake is estimated at 
0.65 to 1.5 days (Rezak and Bright 1981) and, in the canyon, less than 15 min 
(Powell and Bright 1981). 

Gollum's Lake is anoxic and has a high salt (200o/oo) and sulfide concentra
tion (1600 JJ.g atoms·1- 1

) (Brooks, Bright, Bernard, and Schwab 1979; Powell 
et al. 1985). (The term sulfide will hereafter be used for total dissolved 
sulfide = H2S + HS- + S-2

.) The high density of the brine in Gollum's Lake 
and the relatively slow flow of brine through the lake inhibit mixing with the 
overlying seawater (Figure 2). The presence of 1-5 JJ.g atoms·1- 1 sulfide in 
the seawater overlying Gollum's Lake (Powell et al. 1985), however, 
suggests that some transport of brine across the lake-seawater interface 
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FIG. 2. Profiles of sulfide and salinity, both in the brine lake and along a vertical transect at 
the Cottonwick Rock. Data for Gollum's Lake are from Powell et al. (1983). Cottonwick Rock 
data came from two syringe arrays, one for salinity, one for sulfide, placed on the canyon bottom 
and triggered within 30 minutes of each other by lock-out divers. Within an array, all syringes 
were filled nearly simultaneously. Methods for analysis are given in Powell et al. (1983). 

does occur. In contrast, in Gollum's Canyon, turbulent mixing by the gravity
driven flow of the brine stream down the canyon produces a more gradual 
and, vertically, more extensive salinity and sulfide gradient. Approximate 
bottom salinity and sulfide concentrations at Cottonwick Rock near the 
canyon mouth are 39o/oo and 40 f.Lg atoms ·1 -I , respectively (Powell et al. 
1983); sulfide is at detectable levels at least 1m above the canyon floor 
(Figure 2). 

The EFG brine seep is an example of a natural, long-term brine discharge. 
It provides the opportunity to study the long-term impact of increased salt 
and sulfide concentrations on the benthic biota of a deep-water reef. Both 
are of interest because (a) the impact of anthropogenically-produced brine 
on the benthic biota of the Gulf of Mexico has received increased attention 
with the development of strategic petroleum reserves (Bright et al. 1980b, 
Harper and McKinney 1980) and (b) the discovery of hydrothermal vent 
communities that subsist primarily on chemosynthetic sulfide oxidation 
(Ballard arid Grassle 1979; Karl, Wirsen, and Jannasch 1980; Ruby, Wirsen, 
and Jannasch 1981) and the recent controversy about the existence of a 
thiobios (Reise and Ax 1979, Boaden 1980, Powell and Bright 1981) has 
heightened interest on the effects of sulfide on benthic communities. 

The effect of the EFG brine seep on the community structure of the 
adjacent sandy bottom was described by Powell et al. (1983). Exclusive of the 
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brine lake and upper canyon, where both the salinity and sulfide content of 
the brine limited metazoan life, sulfide was the dominant parameter 
affecting benthic community structure. Sulfur bacteria and associated 
benthic microorganisms produced a white mat that covered the canyon floor 
from the overflow to downstream of Cottonwick Rock and at the lake's edge. 
Planktonic bacterial populations at the lake-seawater interface produced 
white sulfur flakes that were observed to float on the lake's "surface" (Lauer 
1979; Bright et al. 1980a, b). Changes in sandy-bottom community structure 
included the numerical dominance of thiobiotic metazoans in the canyon 
(Powell and Bright 1981, Powell et al. 1983) and, below the mouth of the 
canyon, an increased abundance of oxybiota which was presumably caused 
by an increased food supply (Powell and Bright 1981). 

Bright et al. (1980b) divided the biotopes of the EFGB hard bottom into two 
primary zones, a bank-top coral reef at 15-52 m depth and a deeper-water 
algal-sponge zone at 45-82 m depth. The substrate of the algal-sponge zone 
consisted of coralline algal nodules and consolidated reefrock interspersed 
with sandy patches. The majority of studies on the invertebrate fauna of 
carbonate reefs dealt with the shallow portions of coral reefs (e.g., McClos
key 1970; Brander, McLeod, and Humphreys 1971; Brock and Brock 1977). A 
relatively small body of knowledge exists for the infauna associated with 
deep-water, carbonate-reef communities such as those of the algal-sponge 
zone at the EFGB (Abbott 1975, Hogg 1975). The study reported herein 
focused on the macrofauna of the algal-sponge zone adjacent to Gollum's 
Lake and Canyon with the purpose of describing the effect of both the 
increased sulfide concentration and the increased food supply on the biota of 
the deep-water reef. 

METHODS 

Coralline algal nodules and consolidated reefrock were collected by lock-out divers and by a 
hydraulic manipulator arm using the Johnson Sea-Link submersible in September, 1980. 
Eighteen stations were sampled along two transects (Figure 1 ). Single algal nodules or portions 
of consolidated reefrock were collected at each station. The transect located on the east edge of 
Gollum's Lake comprised 11 stations (R8-R18). Samples at stations R8 and R9 yielded nodules 
which were completely submerged in the brine lake. Stations R10 and R11 were located at the 
"shoreline" of Gollum's Lake and consisted of one large nodule which was subsequently 
divided for sampling purposes to separate the portion submerged in Gollum's Lake (R10) from 
the portion above the lake-seawater interface (R11). Stations R12 and R13 yielded two samples 
taken from a large bi-lobed nodule located on the thin sandy "beach" separating the brine lake 
from the sm:rounding bank (see Figure 1). R12 was partially covered by the sandy sediment so 
that interstitial brine, ifpresent in tl)e sediment surrounding the lake, may have influenced the 
macrofauna collected with it; R13 was entirely above the sediment surface. Stations R14-R18 
provided samples of consolidated reefrock broken off the hard bank. R14-R16 and R17-R18 can 
be considered two sets of replicate samples. R14 was collected 0.4 m from the "shoreline" ofthe 
brine lake; R15 and R16 were both collected within 0.6 m from the shoreline. Stations R17 and 
R18 yielded control samples from the surrounding bank area at approximately 70.7 and 68.9 m 
depth, respectively. 

The second transect, comprising seven stations, was located along a vertical portion of 
Cottonwick Rock near the mouth of Gollum's Canyon (Figure 1) at 78.1 m. The rock, called 
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Cottonwick Rock due to a large school of Cottonwick fish (Haemulon melanurum) that 
frequented the location, extended upward to a depth of approximately 76 m. The sample from 
R1 was a nodule collected from the brine stream bed immediately adjacent to Cottonwick Rock. 
Stations R2 and R3 were intended to be replicates from the same level on Cottonwick Rock, 
approximately 0.3 m above the stream bed. Similarly, replicate stations R4 and R5 were located 
approximately 1.0 m from the bottom and replicate stations R6 and R7 were located at the top of 
Cottonwick Rock, about 2.0 m from the bottom. In each case (R2-R7), chunks of reefrock were 
collected. R2 and R3 were immediately above a marked change in coloration of Cottonwick 
Rock. Below these stations, the rock was whitish in appearance, similar to the canyon floor and 
station R1, presumably due to a mat of sulfur bacteria extending from the canyon floor up onto 
the rock. 

All samples were preserved in 5% formalin. In the laboratory, any sediment associated with 
the rock was removed by a gentle flushing with 5% formalin and was stained with Rose Bengal 
in 5% formalin. The rocks were subsampled to obtain samples ranging from approximately 20
200 g. These subsamples were weighed, displacement volumes obtained and exposed surface 
areas (i.e. non-sectioned surface area) estimated. Each subsample was examined preliminarily 
to remove calcareous organisms such as pelecypods and to note the areal coverage of 
encrusting organisms. 

The most significant problem associated with estimating abundances of hard-bottom infauna 
has been extraction. Procedures for extraction of infauna from calcium carbonate rock include 
chipping the rock apart (McCloskey 1970, Kohn, and Lloyd 1973; Hutchings 1974), driving the 
infauna out of the rock by imposing anoxia (Leviten 1976), or dissolving the calcium carbonate 
portion of the rock, which leaves behind an organic matrix containing the preserved organisms 
(Brock and Brock 1977). A modification of the latter technique was used here. The rock samples 
were submerged independently in a commecially distributed decalcifying solution commonly 
used in histological procedures. The decalcifying solution contained 0.7 g/1 EDTA tetrasodium 
salt, 8 mg/1 sodium potassium tartrate, 99.2 mlll HCl and 0.14 g/1 sodium tartrate. Frequent 
changes of the solution were made over the 24-48-hour period it took for total dissolution. The 
organic portions left after dissolution were preserved in 5% formalin containing Rose Bengal 
stain. 

The macrofauna (>0.5mm) were sorted from each sample and identified. Presence or 
absence was noted for meiofaunal groups and groups where direct counts were not feasible 
(e.g. Protozoa, Porifera, Nematoda, and Copepoda). Numerical abundances were standardized 
to numbers per 100 g of rock, numbers per 100 ml of rock and numbers per square meter of 
rock surface. The numbers per square meter standardization was chosen for subsequent 
analyses because the population maxima for the majority of the enumerated taxa occurred near 
the surface of each nodule (i.e. within approximately 3 em of the surface). The other 
standardizations gave population estimates that were more biased by variations in the amount 
of interior volume of each sample that was analyzed. The samples' surface areas averaged 
approximately 0.03 m 2

• For typical sample counts, therefore, the tabulated values may be 
divided by approximately 33. 

Cluster analysis was performed using Euclidean distance as the similarity index after log
transformation of the data. An agglomerative hierarchical type clustering method available 
from the Statistical Analysis Sytem (SAS) program package was employed. 

RESULTS 

The numerical abundances of the enumerated taxa from the 18 stations 
sampled along both transects are summarized in Tables 1 and 2. Control 
stations R17 and R18 probably are representative of the biotic composition of 
the algal-sponge zone at the EFGB. The dominant groups are sipunculans 
and annelids at both stations. The annelids are characterized by a prepon
derance of one family, Syllidae. Total abundances are 5000-15000 organ
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TABLE 1 

Invertebrate abundances in numbers per square meter at 18 stations around the 
East Flower Garden brine seep: ( - ) indicates no individuals collected; 

( x ) indicates individuals collected but not enumerated. 
STATION 

Rl R2 R3 R4 P.S n6 R7 RA 1>9 RIO R11 Rl? R13 ~14 RIS a16 R17 R18 

Protozoa 

Pori fera 

Cnidada 

Scyphozoa 

Anthozoa 

Nemertea 

Aschelminthes 

Nematoda 

Ectoprocta 

Anne I ida 

Mollusca 

Polyplacophora 

Gastropoda 

Bivalvia 

Sipuncula 

Arthropoda 

Copepoda 

Ostracoda 

Cumac@a 

Tanaidacea 

Amphipoda 

lsopoda 

Oecapoda 

Echinodermata 

Echinoidea 

Ophiuroidea 

Ho1othuroidea 

Asteroidea 

Chaeto9natha 

Pisces 

6087 1700 4020 

307 

20786 22421 20591 12272 

457 

1780 

353 327 

167 2037 1870 6287 

21457 45943 16100 8270 

17930 4010 3670 647 

3477 59597 42800 14760 

20 

110 133 

1730 

32089 

765 

430 

750 

3170 

7755 

2155 

15125 

2260 

187 

16737 

367 

300 

603 

5403 

90 

730 

7753 

187 

90 

180 

1372 

1875 

23031 

1244 

122 

1869 

7241 

1098 

976 

8064 

625 

244 

3208 

17334 

292 

125 

42 

17917 

10333 

3000 

1917 

125 

810 

18962 

11080 

135 

945 

135 

46330 

20 

1310 

8440 

90 

615 

1925 

20 

455 

130 

2~ 

960 2566 4240 280 264 

8482 6757 20510 6725 3034 

110 80 110 77 

220 32 160 70 14 

420 100 130 340 125 

5677 1391 2020 4900 2057 

732 810 430 71 

330 113 220 140 29 

1597 1829 2970 230 

30 

23 

220 23 163 

110 120 

230 

110 

TOTAL 65567 140885 86731 47173 63969 34887 47761 0 54293 32067 59355 18236 13520 31170 13611 5687 

isms per m2 whioh is roughly equivalent to the 8000-20000 per m2 reported 
from the adjacent sandy-bottom control stations by Powell et al. (1983). (The 
numbers probably are nearly equivalent in so far as the Powell et al. (1983) 
data over-estimated abundances of comparable taxa because individuals of 
meiofaunal size were included.) Compared to most other stations on either 
transect, however, both control stations had the lowest total abundances and 
the lowest abundances for most individual taxa. 

Substantial changes occurred in both faunal composition and faunal 
abundance in and adjacent to the EFG brine seep system (Figures 3, 4, 5, 6). 
No living metazoans were found at stations R8, R9 and R10, located within 
the brine lake. Further discussion will exclude reference to these stations. 
On both transects, a Cox-Stuart test for trends (Conover 1980) showed a 
significant downward trend in total abundance with increasing distance 
from the lake or canyon floor (Table 3). For example, the abundances of 
tanaidaceans, amphipods and cirratulid polychaetes decreased significantly 
with distance from the canyon floor on the Cottonwick Rock transect 
(Figures 5 and 6). Exclusive of the lowermost station (R1), isopods, 
tanaidaceans, and scyphozoans had the lowest average numbers at the 
replicate stations R6, R7 located highest above the canyon floor (Figures 5 
and 6). Numbers of polyplacophorans, bivalves, sipunculans, dorvilleids and 
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TABLE 2 

Annelid group abundances in number per square meter at the 18 brine seep stations. 
I I -4 17 lll •12 II) ll~ 116 117 Ill 
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syllids increased significantly with distance above the canyon floor, but the 
abundance of these taxa did not increase enough to prevent the uppermost 
Cottonwick Rock stations (R6, R7) from having the lowest total abundances 
on the transect. Even so, both total numbers and the abundances of most of 
the individual taxa at R6 and R 7 were substantially above control levels (R17, 
R18) and many of the intermediate lake transect stations (R12-R16). 
Similarly, on the Gollum's Lake transect, a Cox-Stuart test for trends (Table 
3) indicated that sipunculan numbers decreased significantly with distance 
from Gollum's Lake, as did the abundances of polychaetes in the families 
Eunicidae, Nereidae, Sabellidae and Spionidae. The numerically dominant 
polychaete family (Syllidae) at these stations showed no trend at all, 
however. In general, those taxa whose greatest relative abundance (percent 
of total fauna collected) occurred at the intermediate stations of the lake 
transect (R12-R16), such scyphozoans and isopods, tended to be most 
abundant on the middle Cottonwick Rock stations. Those taxa whose 
relative abundances were at least as high at the control stations (R17, R18) as 
elsewhere on the transect, such as sipunculans and molluscs, tended to have 
highest numbers at the uppermost Cottonwick Rock stations (R6, R7). 
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FIG. 5. Abundances of selected taxa, and total faunal abundance at stations along the 
Cottonwick Rock transect. Stations on x-axis are spaced according to relative distance from one 
another in the vertical dimension. Double-line curves indicate ranges of values obtained in 
replicate samples. 

Among the annelids, those taxa with significant decreases in abundance 
with increasing distance from Gollum's Lake along the lake transect were 
all present in highest numbers at the lowermost stations of the Cottonwick 
Rock transect (R1, R2 or R3). Exclusive of R1, stations near the brine lake or 
canyon floor (R2, R3, R11) had in common the importance of tube-dwelling 
filter feeders: sabellids and spionids at R3 and R11, and chaetopterids, 
serpulids and spionids at R2. The deposit-feeding taxa, Maldanidae and 
Oligochaeta, were numerically more important near the brine source (i.e. 
the brine lake or canyon floor) on either transect. In contrast, Capitellidae 
and Ampharetidae had higher abundances at the intermediate lake transect 
stations and, for Capitellidae at the middle Cottonwick Rock stations. Syllid 
peak abundances also were found at the intermediate lake transect stations 
(R13, R16) and the two upper Cottonwick Rock stations (R6, R7). 

On both transects, the station nearest the brine source (R1, R11) was 
distinctly different in taxonomic composition from the others. At station R11 
at the edge of the lake, for example, annelids were relatively uncommon 
considering the high total number of organisms collected, whereas sipuncu
lans, tanaidaceans, and amphipods were present in much higher than usual 
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TABLE 3 

Results of Cox-Stuart Test for Trends for individual transects. Direction along each transect 
is from the brine source to the most control-like stations (R17, R18 or R6, R7). Due to 

limited degrees of freedom, the lowest achievable level of significance on the 
Cottonwick Rock transect is a = 0.125 ( dJ. = 3); on the lake 

transect trends are reported at a = 0.0625 ( dJ. =4 ). 
Cottonwick Rock transect Brine Lake transect 

Parameter Trend Parameter Trend 

Major groups: Major Groups: 

Polyplacophora 
Bivalvia 
Sipuncula 
Tanaidacea 
Amphipoda 
Total numbers 

upward 
upward 
upward 
downward 
downward 
downward 

Sipuncula 
Total numbers 

downward 
downward 

Polychaetes: Polychaetes: 

Cirratulidae 
Dorvilleidae 
Syllidae 

downward 
upward 
upward 

Eunicidae 
Nereidae 
Sabellidae 
Spionidae 

downward 
downward 
downward 
downward 
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numbers. Among the annelids, the eunicids, nereids, spionids, sabellids and 
oligochaetes were present in higher relative abundance at R11 than at most 
other lake transect stations, whereas the syllids were poorly represented. 
Similarly, the station nearest the canyon floor, R1, was characterized by 
extremely high numbers of amphipods and relatively high numbers of 
tanaidaceans and nereid polychaetes. Nereids were more abundant at 
station R1 than at any other station and represented 62% of the annelid 
fraction. In addition, oligochaetes were more abundant (14% of the an
nelids) than at most stations, whereas syllids were present in unusually low 
numbers (10°/o ofthe annelids) . 

Similarities observed in the faunal compositions of the two transects were 
supported by the cluster analysis (Figure 7). Station R11 at the lake end of 

R1 R2 R3 R4 R5 R11 R6 R14 R7 R13 R12 R15 R16 R17 R18 R8 R9 R10 

FIG. 7. Results of cluster analysis on the numerical abundance data in Table 1. 

the lake transect clustered with the middle stations of the Cotton wick Rock 
transect (R2-R5) and not with stations in closer proximity. Station R1 on the 
canyon floor was more similar to this group of stations than to the others. 
The remaining lake transect stations fell into two similar groups. Two of the 
stations adjacent to R11 (R13, R14) near the shoreline of Gollum's Lake 
clustered with stations R6 and R 7 from the top of Cottonwick Rock. The other 
stations (R12, R15, R16) formed a second cluster which included the two 
control stations R17 and R18. Thus, the change in faunal composition along 
the two transects was similar. Furthermore, the shift in faunal composition 
that occurred over the entire Cottonwick Rock transect which ended 2 m 
above the canyon floor, corresponded to that which occurred over the first 
few lake transect stations (R11-R14), all of which were within only 0.4 m of 
Gollum's Lake. 
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DISCUSSION 

THE EFFECT OF SULFIDE 

The environmental factors potentially responsible for community bound
aries in the soft-bottom benthos around the brine seep were evaluated by 
Powell et al. (1983). These included oxygen content, salinity, and sulfide 
concentration. Powell et al. (1983) concluded that soft-bottom community 
boundaries were determined primarily by the sulfide content of the 
overlying water. 

Powell et al. (1983) never found oxygen concentrations below approxi
mately 3 ppm outside of Gollum's Lake. Changes in 02 normally affect 
community structure only ·when levels drop below 1 ppm (Rhoads and 
Morse 1971, Rosenberg 1977, J~rgensen 1980). Consequently, oxygen cannot 
be a limiting factor beyond the boundaries of Gollum's Lake and probably 
does not affect any of the community boundaries on the hard bottom 
surrounding the EFG brine seep. 

Salinity is known to affect community structure in the vicinity of anthropo
genic brine discharges (Mackin 1973, Moseley and Copeland 1974), but it is 
unlikely that salinity is the principal cause of community differences at the 
EFG brine seep except in Gollum's Lake and the upper part of Gollum's 
Canyon above Corner Pool (see Figure 1) where salinities are above 50o/oo 
(Powell et al. 1983). Although the community distinctions on Cottonwick 
Rock are quite clear, the change in salinity along this vertical transect was 
less than 3o/oo (Figure 2). The greatest change in community composition 
occurred between station R1 on the canyon floor and replicates R2 and R3 
0.3 m above the canyon floor, yet salinity changed by only 1 %o between these 
stations. In addition, salinity at R11 nearest Gollum's Lake was essentially 
equivalent to normal seawater salinity at these depths, even though R11 was 
taxonomically unique among the lake transect stations but very similar to 
R2-R5 of the Cottonwick Rock transect. Therefore, salinity differences 
cannot adequately explain variations in community characteristics and 
salinity does not appear to be an important factor in delimiting community 
boundaries on the hard bottom any more than it was on the soft bottom 
studied by Powell et al. (1983). 

Although sulfide rarely is considered among the factors determining 
taxonomic composition in benthic habitats, enough information is available 
to suggest that it may be an important factor affecting many benthic 
macrofauna (Groenendaal 1979, Felbeck et al. 1981, Childress and Mickel 
1982, Shumway and Scott 1983) as well as the more widely known effects on 
meiofauna community structure (Crezee 1976, Farris 1976, Powell and 
Bright 1981, and others). Sulfide is a potent metabolic toxin which is lethal to 
most invertebrates at concentrations of less than 1 ppm (Powell et al. 1979). 
This concentration is comparable to that found near the canyon floor at R1 
on the Cottonwick Rock transect. Sulfide concentration was approximately 
45 f.Lg atoms·1- 1 (about 1.4 ppm) at R1, but fell to ~ 5 f.Lg atoms·1- 1 at about 
1 m above the bottom (near stations R4 and R5). Sulfide concentration at R11 
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nearest Gollum's Lake was ~ 5 ,....,g atoms-1- 1 and ~ 1 f..Lg atoms·1- 1 at R12 
and R13 located on the lake's sandy shoreline (Powell et al. 1983). Although 
unmeasured, sulfide concentration was probably below detection limits at 
the remaining lake transect stations (R14-R18). The changes in taxonomic 
composition between Cottonwick Rock station R1 and replicates R2 and R3 
coincide with a 50% reduction in sulfide concentration. The faunal change 
from R2 and R3 to R6 and R 7 on the Cottonwick Rock transect, and from R11 
to R13 and R14 on the lake transect coincides with an additional ~ 100% 
drop in sulfide concentration. Although the turbulent flow of the brine 
stream, as evidenced by the vertical heterogeneity in sulfide concentration 
in Figure 2, guarantees considerable temporal variability in the sulfide 
concentration impacting Cottonwick Rock stations, the drop in sulfide 
concentration is dramatic and occurs over a sulfide concentration range 
known to be within the toxicity range for many organisms (Lasserre and 
Renaud-Mornant 1973; Oseid and Smith 1974a, b). Thus, sulfide appears to 
be an important environmental factor controlling taxonomic composition 
along both transects. The similarity between the taxonomic changes over 
the entire Cottonwick Rock transect (~2m) and between R11 and R14 
(~ 0.6m) on the lake transect might be attributed to the more gradual, 
vertically extensive sulfide gradient present in the canyon brine stream 
which affects the entire Cottonwick Rock transect and to the much sharper 
gradient of Gollum's Lake which affects only those stations very near the 
lake. 

Further supporting this conclusion is the fact that similar changes in 
community structure occurred in the soft-bottom benthos on a transect 
including Gollum's Canyon and stations downstream of the canyon mouth 
where sulfide was found to be the principle factor determining soft-bottom 
macro- and meiofaunal community boundaries (Powell et al. 1983). In 
particular, soft-bottom stations near Cottonwick Rock, which were classified 
as thiobiotic by Powell and Bright (1981) and Powell et al. (1983), had high 
abundances of amphipods, nereid polychaetes and oligochaetes, as did 
station R1 on the canyon floor. Oxybiotic stations located on the soft-bottom 
downstream of the canyon mouth had higher abundances of tanaidaceans 
and isopods and fewer amphipods, as did R2 and R3. In addition, soft-bottom 
control stations were similar to R17 and R18, in that few tanaidaceans and 
amphipods were found relative to other stations, annelids constituted an 
important control station macrofauna! group with syllids dominant, and total 
abundances were considerably below most other stations. Curiously, as was 
found at soft-bottom stations by Powell et al. (1983), amphipods, along with 
some annelids, appeared to be the macrofauna! group most tolerant to 
sulfide in spite of the fact that, as a group, amphipods are thought to have a 
low tolerance to either low oxygen or high sulfide concentration (Wieser 
and Kanwisher, 1959; Theede 1973; Oseid and Smith 1974a, b). 

Rhoads and Morse (1971) found that few calcareous organisms were 
present in communities where 02 levels were below 1 ppm. In this study, 
molluscs, in general, were found in highest abundance at stations with the 
lowest sulfide concentrations even though 02 concentration was not limiting 
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at any of the stations sampled and even though some molluscs prefer 
sulfide-rich habitats (Felbeck 1985; Felbeck, Childress, and Somero 1981). 
The data suggest that the observations of J\}loads and ~lorse (1971) may be 
explained partially on the basis of sulfide tolerances as well as low 02 
tolerances, because benthic areas examined by them are also likely to be 
areas of high interstitial sulfide concentration. 

THE EFFECT OF FOOD SUPPLY 

The changes in taxonomic composition and faunal abundance cannot be 
ascribed simply to the effect of a sulfide gradient, however. Food supply also 
may be important. A "halo" effect has been observed for both anthropogenic 
and natural discharge systems (Mackin 1975, Davis and Spies 1980, Straughan 
1982) whereby microflora and microfauna dominate and are in high 
abundance near the discharge but macrofauna are poorly represented. 
Benthic meio- and macrofauna peak in abundance at different distances 
from the discharge, depending on the tolerance of the organisms to the 
stresses imposed by the discharge. In these areas, due to an increase in food 
produced by the large microfloral populations often present, absolute 
abundances can be considerably above control levels even for those taxa 
also present in nearby, unstressed areas. In general, changes in taxonomic 
composition tend to occur at higher taxonomic levels (e.g. family or phyla vs. 
species and genera) with increasing stress (Boesch and Rosenberg 1981), 
and taxonomic composition tends to return to that of control areas before 
numerical abundance (Pearson 1981). 

Besides the taxonomic changes previously discussed, stations near the 
brine seep had marked increases in abundance of most taxa. Along the 
Cottonwick Rock transect, peak overall abundances were seen just above 
the canyon floor, and the totals for all stations on this transect were 
significantly higher than lake transect totals (p < .05, Mann-Whitney Test). 
Even the uppermost stations, R6 and R7, had abundances nearly five times 
higher than control stations. Total abundances were also substantially above 
control levels at the lower lake transect stations, R11-R14. 

Bright et al. (1980a, b) suggested that the increase in faunal abundance 
was due to the advection of sulfur bacteria from the brine lake and canyon 
into the peripheral communities. Certainly, both the lake interface and 
canyon floor harbor greatly increased populations of sulfur bacteria. Visual 
observations by Bright et al. (1980a, b) and Powell et al. (1985) indicated that 
portions of the benthic bacterial mat and the bacterial population at the 
lake-seawater interface are advected downstream by the brine flow more or 
less continually. ATP concentrations above the lake and in the canyon were 
higher than those normally found in water of this depth at the EFGB (Bright 
et al. 1980a), and are suggestive of a similar increase in bacterial biomass 
often found associated with chemoclines (Karl, LaRock, and Shultz 1977; 
LaRock, Lauer, Schwarz, Watanabe, and Wiesenburg 1979). Furthermore, 
the polychaete fauna near the seep included an important filter-feeding 












































































































































































































	CONTRIBUTIONS IN MARINE SCIENCE VOLUME 27 SEPTEMBER 1984
	Table of Contents
	Instructions to Authors
	Variability of wind-driven currents, west Louisiana inner continental shelf: 1978-1979. Crout, R. L., Wm. J. Wiseman, Jr., and W.-S. Chuang
	Measurements as indicators of carbon flow in marine and 13C freshwater ecosystems. Fry, Brian and Evelyn B. Sherr
	Enrichment and oceanic food web Structure in the northwestern Gulf of Mexico. Fry, Brian, Richard K. Anderson, Lee Entzeroth, Jerry L. Bird, and Patrick L. Parker 
	Phytoplankton production in the Corpus Christi Bay estuary. Flint, R. Warren
	Short note on changes in the abundance and occurrence of six macroalgal species along the Texas coast of the Gulf of Mexico. Medlin, Linda K.
	Vertical distribution of zooplankton in a shallow turbid estuary. Stubblefield, C. L., C. M Lascara, and M Vecchione
	Hard-bottom macrofauna of the East Flower Garden brine seep: impact of a long-term, sulfurous brine discharge. Gittings, S. R., T. J. Bright, and E. N Powell
	Components of the seston and possible available food for oysters in Galveston Bay, Texas. Soniat, Thomas M, Sammy M Ray, and Lela M Jeffrey
	The Composition and standing stock of mesopelagic micronekton at 27°N 86°W in the eastern Gulf of Mexico. Hopkins, Thomas L., and Thomas M Lancrajt
	Selection for brown shrimp, Penaeus aztecus, as prey by the spotted seatrout, Cynoscion nebulosus. Minello, Thomas J. and Roger J. Zimmerman
	A Breeding population of Gulf pipefish (Syngnathus scovelll) in a Georgia estuary, with discussion on the ecology of the species. Targett, Timothy E.
	Reproduction and food habits of seven species of northern Gulf of Mexico fishes. Sheridan, Peter F., David L. Trimm, and Bruce M Baker
	Distribution and composition of larval fish populations within Alazan Bay, Texas. Dokken, Q. R., G. C. Matlock, and S. Cornelius




