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INTRODUCTION

Eutrophication is often manifested in the presence of
noxious algal blooms and bottom water hypoxia (<2
mg O2 l–1), which have been reported from a variety of
coastal and estuarine ecosystems (Officer et al. 1984,
Justić et al. 1987, Rabalais & Turner 2001). The extent
and severity of eutrophication phenomena increased
during the second half of the 20th century (Hickel et al.
1993, Turner & Rabalais 1994, Diaz & Rosenberg 1995),

generally coinciding with increased use of fertilizer in
the watersheds and higher nitrogen and phosphorus
concentrations in freshwaters (Rabalais & Turner
2001). During the last 50 yr the concentration of total
phosphorus and dissolved inorganic nitrogen in the
Mississippi River increased 2- and 3-fold, respectively
(Turner et al. 2003). In response to increased nutrient
loading and eutrophication the northern Gulf of
Mexico is presently the site of the largest and most
severe coastal hypoxic zone in the western Atlantic
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Ocean (Rabalais et al. 2002), which typically persists
from April through October and extends between 5
and 60 km offshore. Abundance and diversity of dem-
ersal species are drastically reduced under hypoxic
conditions (Pavella et al. 1983) and mass mortalities
are known to occur among benthic infauna when bot-
tom oxygen concentration decreases to below 0.5 mg
l–1 (Rabalais & Turner 2001). 

Hypoxia develops as a synergistic product of biolog-
ical and physical factors. Nutrient-enhanced surface
primary productivity results in high carbon flux to the
lower water column and sediments. Decomposition of
this material in bottom waters and sediments fuels
oxygen consumption via bacterial respiration and
decreases oxygen concentrations. Stability of the water
column due to a salinity- and temperature-controlled
pycnocline prevents vertical diffusive oxygen flux and
prevents re-oxygenation of lower water masses by the
atmosphere (Justić et al. 1996, Wiseman et al. 1997).
On the other hand, wind induced mixing in fall and
winter brings hypoxic waters into contact with the
atmosphere and re-oxygenates the water column. This
synergism of biological and physical factors compli-
cates the development of accurate oxygen budgets.
For example, a decrease in bottom oxygen content may
be a result of either sediment or water column respira-
tion. Also, an increase in oxygen content may be a con-
sequence of in situ photosynthesis, oxygen influx from
the atmosphere, or mixing with adjacent water masses.
As a result studies based on oxygen concentration
measurements alone (Justić et al. 1996) reveal only
limited information about the importance of individual
oxygen sources and sinks. 

In recent years a second approach for measuring
oxygen dynamics has been developed that uses oxy-
gen stable isotopes (δ18O) in addition to conventional
oxygen concentrations. Most work with oxygen iso-
topes has focused on open ocean systems, including
the North Atlantic Ocean (Kroopnik 1975), the sub-
arctic Pacific Ocean (Quay et al. 1993), and the
subtropical Pacific Ocean (Bender & Grande 1987).
Freshwater δ18O studies include those conducted in the
Amazon Basin (Quay et al. 1995) and the North Amer-
ican Great Lakes (Ostrom et al. 2005). No studies have
been performed in river dominated, nutrient rich and
stratified coastal waters. However, regions of intense
oxygen cycling, such as the highly productive Missis-
sippi River plume and its associated oxygen-depleted
bottom waters, are expected to have highly variable
δ18O signals accompanying the strong fluctuations in
oxygen concentrations. 

Atmospheric oxygen has a δ18O value of 23.5‰ (Dole
et al. 1954; recent work by Barkan & Luz [2005] sug-
gested a δ18O value of 23.9‰ for atmospheric oxygen
to be more accurate, but for this study we will retain a

value of 23.5‰ to be consistent with the referenced
literature). In a purely physical system, oxygen enter-
ing the water column from the atmosphere leads to
dissolved oxygen with a δ18O value of 24.2‰, due to a
relatively small net equilibrium isotope effect of 0.7‰
(Knox et al. 1992, Fig. 1). Biological processes, such as
photosynthesis and respiration, change δ18O values
from this 24.2‰ starting point. Due to the absence of
fractionation in photosynthesis (Guy et al. 1993), oxy-
gen derived from aquatic primary production has an
isotope value equivalent to the oxygen of the ambient
water (near 0‰ for seawater). Therefore, addition of
photosynthetic oxygen in marine systems will lower
the δ18O of dissolved oxygen in the water from 24.2‰
towards 0‰. Water column respiration removes iso-
topically depleted (light) oxygen, usually with a large
fractionation effect (ε) of –15 to –25‰ (Kroopnick 1975,
Bender & Grande 1987, Guy et al. 1989, Quay et al.
1993, 1995, Luz et al. 2002). Hence, respiratory frac-
tionation results in increased δ18O values for the resid-
ual dissolved oxygen pool. Oxygen that is respired
within the bottom sediments (hereafter referred to as
benthic respiration) has a very small fractionation
effect, ranging from 0 to –3‰ (Brandes & Devol 1997).
Thus, a substantial contribution of benthic respiration
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Fig. 1. Conceptual model of oxygen isotopic values for the
Gulf of Mexico’s hypoxic zone during stratified summer con-
ditions. The ε symbols accompanying arrows are per mille (‰)
fractionation factors (changes in δ18O) expected during reac-
tions and transfers. Isotopic values are representative values
taken from this study and published sources (Kroopnick 1975,
Bender & Grande 1987, Guy et al. 1989, 1993, Knox et al. 
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in bottom water samples would significantly reduce
the net fractionation factor.

Our objectives were to describe δ18O dynamics for
the hypoxic zone in the northern Gulf of Mexico and to
assess the relative importance of key physical and
biological processes affecting hypoxia. We investi-
gated how the use of δ18O measurements could en-
hance the understanding of oxygen dynamics above
the level achievable with oxygen concentration mea-
surements alone. Our study showed that the dual bud-
get approach with both δ18O and oxygen concentration
measurements yielded new estimates of productivity
dynamics in surface waters and of sediment oxygen
demand in bottom waters.

STUDY AREA

The study area encompassed the Louisiana inner to
mid-continental shelf waters in the northern Gulf of
Mexico (Fig. 2). This region is strongly influenced by
the Mississippi and Atchafalaya rivers, which together
account for 98% of the total freshwater input into the
northern Gulf of Mexico (Dinnel & Wiseman 1986).
Plumes of the 2 rivers form the Louisiana Coastal Cur-
rent, a highly stratified current that flows westward
along the Louisiana coast and continues southward
along the Texas coast. A strong seasonal pycnocline
(Δσt = 4 to 10 kg m–3) persists from April to October
largely due to salinity gradients. Intense wind mixing
caused by frontal passages and storms can disrupt this
stratification, resulting in partial or complete mixing of
the water column (Wiseman et al. 1997). Primary pro-
ductivity for this continental shelf region is high and
averages approximately 300 gC m–2 yr–1 (Sklar &
Turner 1981, Lohrenz et al. 1990). Due to the shallow
water column in this region (approximately 5 to 40 m),
nutrient-enhanced surface primary productivity re-
sults in high carbon flux to the sediments, and approx-
imately 50% of the carbon produced in situ fuels this
vertical flux (Rabalais & Turner 2001).

MATERIALS AND METHODS

Field sampling. The sampling grid consisted of 12
transects across the width of the coastal shelf from the
Mississippi River Bird’s Foot Delta west to the Texas–
Louisiana border (Fig. 2). Each transect extended 40 to
60 km offshore and included 6 to 10 stations ranging in
depth from 5 to 60 m. During a 6 d shelf-wide cruise in
July 2001, surface and bottom water samples were col-
lected at each station within each transect. In addition,
from August 2001 to May 2002, surface and bottom
water samples were collected during monthly monitor-
ing cruises at each station along Transect C, 90 km
west of the Mississippi River delta (Fig. 2). 

During the shelf-wide cruise, Secchi depth readings
(black and white disc, 25 cm diameter) were collected
at stations that were sampled between 7:00 h and
19:00 h, which approximately covered the time period
from 6 h before to 6 h after apparent noon. 

We used a 5 l PVC Niskin sampler to collect bottom
water samples and a plastic bucket for surface water.
For surface samples the bucket was placed sideways
onto the water surface. Once it started sinking the
bucket filled passively with water avoiding intrusion of
atmospheric oxygen into the sample water that could
result from turbulent mixing. Surface water samples
were collected approximately 10 cm below the surface
while bottom water samples were collected within 1 m
of the bottom sediments. Subsequently, 125 ml
Wheaton glass bottles were carefully filled using
plastic Tygon tubing. The tubing was either attached
to the Niskin sampler (bottom samples) or water was
siphoned directly from the bucket (surface samples);
bottles were allowed to overflow at least twice their
volume to exclude air bubbles. After filling, the bottles
were immediately poisoned with 0.5 ml 6N HCl (Miya-
jima et al. 1995), sealed with heavy rubber stoppers
(Bellco Glass, 20 mm), crimped and stored in the dark. 

Isotope analyses. Immediately after their return to
the laboratory samples were prepared for analysis by
means of headspace equilibration (Kampbell et al.
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Fig. 2. Study area off the Louisiana
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showing depth contours (m), the
station grid and location of Transect
C sampled each month, August 2001
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1989, Miyajima et al. 1995). A headspace was created
by injecting 10 ml of ultra-pure helium into inverted
bottles while allowing 10 ml of sample water to drain
out a small needle (BD brand, precision glide 23G1).
The helium was injected at the bottom of the inverted
sample bottle using a 15 cm long stainless steel needle
attached to a 20 ml syringe (BD brand general use).
Before injection the syringe was flushed 5 times with
ultra-pure helium to avoid contamination with atmos-
pheric oxygen. Subsequently, samples were stored in
the dark at 5°C for 1 to 4 wk. To ensure equilibration of
the dissolved gases with the headspace samples were
placed in a shaker (100 rpm, room temperature) for at
least 12 h before isotope analyses. 

For the actual analysis a sub-sample of the head-
space was injected through a septum into a helium
stream. At a flow rate of 120 ml min–1 the sample
traveled through a trap filled upstream with ascarite
to absorb CO2 and downstream with magnesium
perchlorate to absorb water and a 2 m packed gas
chromatography column (molecular sieve, 5 Å pore
size) for separation of O2 and N2 for on-line,continuous
flow isotope ratio measurements. To optimize signal
strength the amount of headspace injected varied with
the dissolved oxygen concentration in the sample,
which was measured in the field using a Hydrolab
instrument (Hach). Accordingly, 1, 3, or 5 ml of head-
space were injected for dissolved oxygen concentra-
tions of >7, 7–2, or <2 mg l–1. Before each injection the
syringe (BD brand general use, Luer-Lok tip) was
flushed 5 times with ultra pure helium and subse-
quently pressurized (150 kPa) using a 3-way stopcock.
After a new needle (BD brand, precision glide 23G1)
was attached the syringe was opened to release pres-
sure and expel any air and quickly adjusted to the
desired injection volume, which was then injected into
the headspace. After thoroughly mixing the ultra-pure
helium with the headspace the desired amount of
sample was withdrawn and immediately injected into
the helium stream for analysis.

The gas analysis system allowed sequential elution
of oxygen and nitrogen gases so that concentrations of
both dissolved oxygen and nitrogen could be calcu-
lated using the peak areas of mass 32 and 28, mea-
sured respectively, in a downstream isotope ratio mass
spectrometer (IRMS). The peak areas were calibrated
using laboratory standards prepared in the same man-
ner as samples, but air equilibrated artificial seawater
was used as a water source. This artificial seawater
was prepared by adding 33.75 g l–1 of NaCl to distilled
water in a 4 l glass beaker, then stirred overnight to
achieve equilibration. The stirring speed was adjusted
to obtain a small vortex of <5 cm height to avoid super-
saturation. After equilibration and just before filling
these bottles with standard seawater we added

2000 µmol l–1of NaCO3 to match the dissolved inor-
ganic carbon (DIC) concentration of natural seawater.

Procedural blanks were prepared in the same way as
procedural artificial seawater standards, but to obtain
zero-oxygen water, 50 g l–1 Na2SO3 were added
(Kampbell et al. 1989). The average oxygen concentra-
tion of zero-oxygen blanks was 0.007 mg l–1 (±0.002
standard deviation [SD], n = 32), which corresponded
to 0.1% and 0.3% of the average surface (7.0 mg l–1)
and bottom (2.1 mg l–1) oxygen concentration during
the shelf-wide cruise, respectively. Accordingly, oxy-
gen concentrations and isotopic values for all samples
were corrected by subtraction and mass balance,
respectively. 

The isotope values of oxygen (δ18O expressed as
‰ relative to standard mean ocean water, SMOW)
were determined using a Finnigan Thermoquest Delta
plus IRMS. As the primary standard we used air (Dole
et al. 1954) with a known δ18O value of 23.5‰ (±0.17
SD, n = 89). The saturated artificial seawater used as
procedural standard gave the expected δ18O value of
24.2‰ (±0.21 SD for δ18O, n = 83) as well as accurate
dissolved oxygen and nitrogen concentrations,
whereby the saturation concentrations were calculated
according to Weiss (1970) using known temperature
and salinity.

To investigate the precision of our analyses we
collected replicate samples of surface and bottom
water (n = 19) during the cruise in October 2001. The
average difference for oxygen concentrations and δ18O
values were 0.11 mg l–1 (±0.16 SD) and 0.05‰
(±0.04 SD), respectively. 

Because headspace injections were not carried out
using high precision syringes, inaccurate injection
volumes (±0.1 ml) sometimes affected our oxygen con-
centration measurements. Depending on the injection
volume (1 to 5 ml) this injection error varied between
±2 to ±10% of the ambient oxygen concentrations. The
largest potential for error was related to extremely
supersaturated surface water samples due to their
small injection volumes (1 ml), while bottom water
samples with the largest injection volume (5 ml) were
the least affected. Nevertheless, because dissolved
nitrogen gas is generally inactive and should be close
to 100% saturation in water samples, the parallel mea-
surement of oxygen and nitrogen concentrations from
the same sample allowed us to calculate the magnitude
of over- or under-estimation of nitrogen gas concentra-
tions due to injection errors in our samples. Saturation
levels for dissolved oxygen and nitrogen were calcu-
lated according to Weiss (1970) by obtaining tempera-
ture and salinity readings taken with the Hydrolab at
the approximate time and depth of sampling. Sub-
sequently, we could correct the amounts of oxygen
based on N2 saturation levels in individual samples
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assuming that dissolved nitrogen was 100% saturated
as follows:

(O2)N2corrected = 100 × (O2)measured/N2saturationmeasured

This correction was solely a volumetric correction
affecting oxygen concentrations and as such did not
affect the δ18O values and did not entail any δ18O cor-
rection. 

The assumption of nitrogen being inactive holds true
for surface waters, which are generally not supersatu-
rated by more than 2% (Benson & Parker 1961, Craig &
Hayward 1987, Emerson et al. 1999). For bottom water
samples intense denitrification producing N2 could
have increased the dissolved nitrogen concentrations
above saturation levels. We actually observed a trend
of increasing nitrogen concentrations at low levels of
oxygen (Fig. 3), whereby the average N2 super-satura-
tion in bottom water samples was approximately 7%.
Still, even a 10% N2 supersaturation would only have a
small effect on the oxygen correction, e.g. a measured
oxygen concentration of 1.0 mg l–1 would change to
0.9 mg l–1. For future studies, oxygen/argon (O2/Ar)
ratios should be used instead of O2/N2 as Ar gas is truly
inert and would further reduce uncertainties, espe-
cially for bottom water samples. 

Overall, we made this adjustment of oxygen concen-
trations based on nitrogen saturation levels because
the correction significantly improved the data set so
that the laboratory oxygen concentration estimates
better matched the field Hydrolab measurements
(which were routinely calibrated using Winkler dis-
solved oxygen measurements during all cruises). Thus,
after these corrections, the r2 value of calculated O2

concentrations versus measured Hydrolab values for
the 2001 shelf-wide cruise samples increased overall
from 0.92 to 0.97, while for surface and bottom values

individually, the r2 increased from 0.66 to 0.83 and 0.80
to 0.96, respectively. The lower final r2 values for sur-
face samples can be explained by the smaller range of
oxygen concentrations from about 6 to 8 mg l–1 (with
the exception of 5 samples exceeding 10 mg l–1), while
bottom water O2 concentrations were between 0.5 and
7.0 mg l–1. As this was the first attempt to measure both
oxygen isotopes and concentration from the same
IRMS analysis, the Winkler-calibrated Hydrolab data
were important to validate the reliability of our cal-
culations. Even though oxygen concentrations were
acquired shipboard using a Hydrolab we made the
oxygen corrections to the laboratory analyses as
described above and then relied on the laboratory oxy-
gen concentration measurements for reasons of consis-
tency.

To obtain a fractionation factor for water column res-
piration that was representative for our system we
incubated surface water that was collected during 3
cruises along Transect C (October 2002, March and
July 2003). For each incubation experiment 12 sample
bottles were filled with surface water from a single
bucket haul at Station C6b. While 3 samples were
immediately preserved with HCl to stop biological
activity (t0), 9 bottles were closed without preservation.
These 9 samples were then incubated in the dark to
only allow respiration, and at each of 3 subsequent
time steps (t1, t2, and t3) 3 more samples were
preserved. Subsequently, we calculated an average
system-specific fractionation factor for water column
respiration (–22.0 ± 0.7‰, Fig. 4) according to Mariotti
et al. 1981. 
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Modeling approach. To evaluate oxygen dynamics
recorded in the combined measurements of oxygen
concentrations and δ18O values we developed a finite
difference model equivalent to that used by Bender &
Grande (1987) with sequential steps for mixing, frac-
tionation, and air–sea gas exchange (Fry 2006). The
mixing pertains to new oxygen added from photosyn-
thesis or gas invasion and the fractionation pertains to
oxygen removed by respiration or gas evasion. Isotope
mixing can be understood as a weighted average while
isotopic fractionation for respiration can be described
by logarithmic distillation equations (Mariotti et al.
1981). The 8 sequential equations used in each time
step of the model were:

(1) Oxygen gain during photosynthesis:
SS1 = SINITIAL + CP

(2) Isotope mixing during photosynthesis:
δS1SS1 = δINITIALSINITIAL + δPCP

(3) Oxygen gain during invasion
SS2 = SS1 + CI

(4) Isotope mixing during invasion:
δS2SS2 = δS1SS1 + δICI

(5) Oxygen loss during respiration:
SS3 = SS2 – CR

(6) Isotope fractionation during respiration:
δS3 = δS2 + εR ln((SS2 – CR)/SS3)

(7) Oxygen loss during evasion:
SS4 = SS3 – CE

(8) Isotope fractionation during evasion
δS4 = δS3 + εE ln((S3 – CE)/S4)

where δ is the δ18O value, S is percent saturation of oxy-
gen, εR and εE are the fractionation factors (negative in
sign, Mariotti et al. 1981) associated with respiration
and evasion, C is the change in oxygen saturation
associated with photosynthesis, respiration, or air-sea
gas transfer, and subscripts are as follows: P = new
oxygen added from photosynthesis, I = new oxygen
added by invasion, R = oxygen removed by respiration,
E = oxygen removed by evasion. In practice, these
equations are linked in a row of calculations in a
spreadsheet and then the last values of a row are used
as initial values for the next row, i.e. S4 and δS4 from the
end of one row become the initial values of the next
row (Fry 2006) so that one row represents a complete
cycle of photosynthesis + invasion + respiration + eva-
sion accumulated in one time interval. To complete the
parameterization of these models we selected the fol-
lowing values: δ18O value of –2‰ for new photosyn-
thetic oxygen (based on an average salinity of 30‰,
assuming mixing of Mississippi River water with a δ18O
value of –7‰ [Kendall pers. comm.] with full strength
salinity water of 0‰), δ18O value of 24.2‰ for invading
atmospheric oxygen (Knox et al. 1992), εR = –22‰ for
respiration in surface waters (average value from 3

incubation experiments, see above), εR = 0‰ for respi-
ration in sediments (Brandes & Devol 1997) and εE =
–3.5‰ (derived from data presented in Knox et al.
1992). 

Model runs typically started from initial conditions of
100% oxygen saturation and 24.2‰ δ18O set by equili-
bration with the atmosphere. The equations were
propagated over 100 to 10000 time intervals using
incremental changes in concentration for photosynthe-
sis (CP), respiration, (CR), and air-sea gas exchange (CI

and CE), and resulting curves were fit to experimental
data as shown in Figs. 5 & 12 (below). 

We used these finite difference models to estimate
production/respiration ratios (hereafter, P/R) in sur-
face waters, and respiration dynamics in bottom
waters. To estimate P/R for individual samples of
surface water we started from a fixed point of air-
equilibrated seawater (100% saturation, 24.2‰ δ18O).
The respiration rate was held constant at 0.07 mg O2

l–1 h–1, which was the average decrease in O2 concen-
tration during 3 consecutive nights (photosynthetically
active radiation [PAR] = 0) during the July 2001 shelf-
wide cruise. The r2 value between oxygen concen-
tration and time for these nights was 0.54, with the first
night-time period excluded from the regression due
to the large inhomogeneity of surface water masses
near the mouth of the Mississippi River. Air–sea gas
exchange was dependent on oxygen saturation levels
and wind speed (Stigebrandt 1991), which was 5.5 m
s–1 (± 2.1 SD) during the sampling period from July
21 to 26, 2001 (measured shipboard using a RM Young
05103 Wind Monitor). 
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We found little evidence for benthic photosynthesis
or gas exchange with the upper water column for bot-
tom waters in our sampling area (see below) and we re-
focused this model to estimate fractionations associated
with respiration only, assuming benthic photosynthesis
and gas exchange to be zero. This respiration only for-
mulation of the model generated curves from a starting
point of air-equilibrated seawater (100% saturation,
24.2‰ δ18O) that intersected individual data points
depending on the fractionation factor used during
respiration (εR in Eq. 6 above). Estimates of the
individual εR fractionation factors were used to partition
the sources of respiration with sediment respiration
expected to occur with no fractionation and respiration
in bottom waters expected to occur with a fractionation
of –22‰. Thus, the estimated εR values were inter-
mediate between 0‰ (εbenthic) and –22‰ (εwater column)
with values closer to 0‰ indicating stronger sediment
respiration, according to the formula:

% benthic respiration = 
100 × (εobserved – εwater column) / (εbenthic – εwater column) 

Nevertheless, to investigate the potential effect that
benthic photosynthesis or gas exchange with the upper
water column could have had on bottom water oxygen
dynamics we included Eqs. 1 through 4 (photosynthe-
sis and invasion; evasion was not included as bottom
waters were always undersaturated) into the model for
bottom waters. For each time step we allowed 20% of
the respired oxygen to be added back into bottom
waters by either benthic photosynthesis or gas
exchange with the upper water column, whereby the
δ18O values for these 2 oxygen sources were respec-
tively –2 and 21‰ (average δ18O value of surface
waters during this study). Subsequently, we re-calcu-
lated the δ18O versus O2 saturation curves for these
scenarios and compared them with the original model
that was based on respiration only.

All spatial diagrams were developed using Surfer
Version 8.02 (Golden Software). The spatial inter-
polation between individual sampling points was
performed using the kriging technique. In the inter-
polations we used standard features of the software to
account for variable spacing between stations and
transects.

RESULTS

Seasonal trends

Monthly sampling along Transect C (Fig. 2) showed
strong seasonal variability of oxygen concentrations
and δ18O throughout the development and dissipation
of hypoxia. Comparisons of fall and summer transects

illustrate these seasonal patterns. In fall and winter,
shorter days and strong winds, along with reduced
river discharge and reduced nutrient loading, usually
favor relatively low primary productivity and high aer-
ation of shallow (<100 m) Gulf of Mexico waters. In
October oxygen in both surface and bottom waters was
at saturation and δ18O values were very close to 24.2‰,
the expected value for air-equilibrated seawater
(Fig. 6). On the other hand when fairly calm summer-
time conditions prevailed in August surface phyto-
plankton blooms developed and produced oxygen
supersaturation, while bottom waters became depleted
in oxygen and saturation declined to near-zero levels
(Fig. 6). Along with these intense changes in oxygen
concentrations there were strong, but inverse changes
in δ18O. Surface δ18O values were below 24.2‰ when
waters were supersaturated with oxygen, while in
bottom waters when oxygen concentrations were low
we observed high δ18O values up to 50‰ (Fig. 6). Over-
all, we found a strong negative (or inverse) correlation
between oxygen concentrations and δ18O values dur-
ing this seasonal study. 

Beyond these obvious seasonal contrasts we observed
interesting variations in oxygen concentrations and δ18O
on a shorter time scale when monthly sampling showed
that oxygen depletion could also occur in winter (Fig. 7).
During calm periods in winter oxygen saturation in
surface waters often exceeded 130% and bottom water
oxygen saturation could drop to 60% (Fig. 7). Accord-
ingly, at higher oxygen concentrations in surface waters
δ18O values decreased to about 18‰, while at lower
concentrations in bottom waters δ18O values increased
to 28‰ (Fig. 7). Only recurring, strong physical mixing
was capable of re-oxygenating the whole water column
and well-mixed conditions were observed in October
2001 and February through March 2002. Overall,
the system was quite dynamic with respect to oxygen
concentrations and δ18O values displaying intense
spatial variations in addition to month-to-month varia-
tions. For example, the location of minimum oxygen
concentration (Fig. 7) moved from onshore during
November and December 2001 (water depths less than
15 m) to offshore in January and February of 2002
(stations between 20 and 30 m water depth). 

Surface water dynamics in July 2001

During the shelf-wide cruise in July 2001 oxygen
concentrations of surface waters were always high,
generally exceeding 100% saturation. The highest
concentrations of 10 to 14 mg l–1 were observed near
the mouth of the Mississippi River, while elsewhere the
oxygen concentrations were between 6 and 8 mg l–1

(Fig. 8). Due to the continuous 24 h sampling scheme a
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diurnal pattern was observed across the shelf in sur-
face waters, i.e. high oxygen concentrations (indicated
by green shading, top panel Fig. 8) generally occurred
during the late afternoon, while lower oxygen concen-
trations occurred at night and in the early morning, but
also in some offshore areas (Fig. 8). Surface δ18O val-
ues were almost always lower than 24.2‰, the value

for air-equilibrated water. At the sites of highest O2

concentrations isotope values were less than 20‰,
which is consistent with high rates of primary produc-
tion. The diurnal pattern observed in oxygen concen-
trations was even more pronounced for isotope values
and lowest δ18O values were observed in the late after-
noon (Fig. 8). 
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Fig. 8. Oxygen saturation, δ18O, P/R and light intensity for surface samples collected during the shelf-wide cruise, July 2001.
(d) Sampling grid. P/R values that could not be resolved (4 stations near the mouth of the Mississippi River where O2 saturation 

exceeded 150%) were set to 3 to facilitate visual perception of the spatial P/R pattern
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Our P/R surface model performed well and captured
most of the observed variability in oxygen concentra-
tion versus δ18O; of 72 stations sampled we could gener-
ate P/R values for 68 of them. Only for stations near the
mouth of the Mississippi River where oxygen saturation
exceeded 150%, could P/R not be resolved, even
though oxygen supersaturation suggested that P/R at
these stations was rather high. Calculated P/R values of
surface samples for the shelf-wide cruise in July 2001
generally exceeded 1 (Fig. 8), which is in agreement
with the observed oxygen supersaturation and δ18O
values below 24.2‰. Average (median) P/R was 1.12
and the 10th and 90th percentiles were 0.94 and 1.64,
respectively. The highest P/R values were found near
the mouth of the Mississippi River (>2) and in the cen-

tral part of the Louisiana continental shelf at stations
with water depths between 10 and 30 m (P/R ≈ 1.3).
Nevertheless, this pattern was disrupted near the
mouth of the Atchafalaya River where we encountered
P/R values less than 1. Because of the nature of our
model (see ‘Modeling approach’), P/R values did not
show the diurnal signal that was observed in oxygen
concentrations and δ18O time series. Rather, our calcu-
lated P/R values reflect longer term rather than 24 h
oxygen cycling as the magnitude of the effects of pro-
duction (difference between δ18O of ambient water and
dissolved oxygen) and respiration (ε) on δ18O values
were roughly similar at approximately 22‰. Assuming
a respiration rate of 0.07 g O2 m–3 h–1 and an oxygen to
carbon ratio of 3.47 by weight (i.e. Redfield ratio × ratio
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Fig. 9. Oxygen saturation, δ18O and spatial distribution of benthic respiration for bottom samples collected during the shelf-wide
cruise, July 2001. Values for benthic respiration were obtained from a mixing model (see ‘Materials and Methods’) with 100%
water column respiration consistent with a –18‰ respiratory fractionation and 100% benthic respiration consistent with 0‰ 

fractionation. (d) Sampling grid; lines indicate increasing depth (10, 20, 30, 40 m) as in Fig. 2
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of g mol–1 O2/g mol–1 C; 1.3 × 2.66 = 3.47), the P/R val-
ues of 0.94, 1.12, and 1.64 (10th percentile, median,
90th percentile) would translate into surface net pri-
mary productivities of –0.03, 0.06 and 0.31 gC m–3 d–1,
respectively, while gross primary production would
amount to 0.46, 0.54 and 0.79 gC m–3 d–1, respectively.

Bottom water dynamics in July 2001

Bottom water oxygen concentrations were always
below 4 mg l–1 and hypoxia (dissolved oxygen <2 mg
l–1) was most severe at shallow inshore and mid-
stations with water depths up to 30 m (Fig. 9). Hypoxia
was especially pronounced in 2 areas located approxi-
mately 100 km west of the Mississippi River and
100 km west of the Atchafalaya River. Bottom δ18O val-
ues were usually higher than 24.2‰, particularly in
hypoxic waters where δ18O values could exceed 40‰.
The highest δ18O values were found in the 2 hotspots
approximately 100 km west of the Mississippi and
Atchafalaya rivers at water depths of 20 to 30 m, coin-
ciding with the lowest oxygen concentrations (Fig. 9). 

For respiration in bottom waters the calculated frac-
tionation factor for all samples combined was –6‰
(Fig. 10), which is noticeably less than the –22‰ value
that we measured for water column respiration (from
incubation experiments). According to our mixing
model that separated the effects of benthic versus
water column respiration as components of total respi-
ration in bottom waters, we estimated that respiration
partitioned 73% to benthic and 27% to water column
processes. In addition, water column contributions to

total respiration never exceeded 40%. However, the
small variation in water column contribution resulted
in interesting spatial patterns with the overall some-
what counterintuitive result that water column respira-
tion had larger contributions in areas of very intense
hypoxia (Fig. 9). The most intense benthic respiration
was found near the mouth of the Atchafalaya River at
water depths below 10 m. 

DISCUSSION

We found very large fluctuations in oxygen concen-
trations and δ18O values along the productive coastal
shelf adjacent to the Mississippi River delta, which
indicated that biological processes were very impor-
tant and dominated oxygen dynamics during summer
stratification. In 2001 the Mississippi River discharge
was very high and we observed the largest hypoxic
area on record, exceeding 20000 km2 (Rabalais et al.
2002). The variability of oxygen concentrations versus
δ18O values was not random and enhanced our under-
standing of oxygen dynamics beyond previous studies
that relied on the use of concentration measurements
alone.

Surface water dynamics

The combined use of oxygen concentrations and
δ18O values allowed us to estimate P/R values and, sub-
sequently, net and gross primary productivity across
the Louisiana continental shelf. These large scale mea-
surements would not be possible with traditional, more
time consuming incubations using either 14C or 18O
additions (Grande et al. 1989,  Lohrenz et al. 1999). Our
estimates of surface net primary productivity ranged
from roughly 0 to 0.8 gC m–3 d–1, approximately 1
order of magnitude lower than values measured using
14C incubations between 1988 and 1992 across the
Louisiana shelf (0 to 10 gC m–2 d–1, Lohrenz et al.
1999). The lower values of our study were likely due to
the fact that we estimated productivity for the surface
layer (approximate depth of 1 m), while Lohrenz et al.
(1999) reported depth-integrated primary production
for the mixed layer with a depth of generally 5 to 10 m.
Assuming no significant light limitation throughout the
mixed layer, our values can be transformed from
gC m–3 d–1 to gC m–2 d–1 by multiplying by a factor of
5 to 10. Then, our productivity estimates would be only
slightly lower than those measured by Lohrenz et al.
(1999), especially since 14C incubations results usually
exceed net primary production (Grande et al. 1989).
On the other hand, Justić et al. (1996) calculated aver-
age (1985 to 1992) net primary productivities for May
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and July of 1.0 and 0.04 C m–2 d–1, respectively, using
oxygen concentration budgets. The high Mississippi
River discharge in 2001, which also occurred later in
the year than usual, could probably be the reason that
our July 2001 estimates were more representative of
productive spring conditions rather than the usually
less productive summer conditions. 

The spatial pattern of high P/R and productivity near
the mouth of the Mississippi River and along the cen-
tral part of the shelf was consistent with the Mississippi
River as the major nutrient and freshwater source
(Rabalais & Turner 2001) and the westerly transport
due to the Louisiana–Texas current (Wiseman et al.
1997). The exceptionally low P/R values at the mouth
of the Atchafalaya River might be caused by a combi-
nation of shallow water depth, high turbulence, and
high turbidity, which would limit productivity despite
high nutrient concentrations. 

Absolute values of our P/R and productivity esti-
mates were susceptible to changes in respiration rate
and fractionation factor (ε) during respiration. The
determined respiration rate of 0.07 mg l–1 h–1 appears
reasonable for the encountered warm and organic-rich
bottom waters, as it corresponds to the upper range of
values reported by Dortch et al. (1994) for coastal and
estuarine system around the world. Typical fractiona-
tion factors reported in previous studies encompass our
value (–22‰) and range from –15 to –25‰ (Kroopnick
1975, Bender & Grande 1987, Guy et al. 1989, Quay et
al. 1993, 1995, Luz et al. 2005). Some of the described
variability in net fractionation factors in aquatic sys-
tems is probably due to processes that generally occur
during light respiration. For example, the importance
of Mehler reaction (ε = –15‰), alternative oxidase
pathway (ε = –31‰), and photorespiration (ε = –21‰)
relative to total respiration will affect the net fractiona-
tion factor (Luz et al. 2002). Yet, assuming ε to be –18 or
–25‰ (instead of the measured –22‰), P/R and pro-
ductivity estimates would only be slightly lower and
higher, respectively (Table 1), and the spatial patterns
would remain the same. Furthermore, our calculated
P/R values are in agreement with measured P/R values
for a number of coastal ocean systems (ranging from
about 0.8 to 4; Williams et al. 1999, Smith & Kemp

2001). Hence, our calculated P/R and productivity val-
ues are generally consistent with productivity patterns
in surface shelf waters.

Yet, because of the nature of our model, P/R values
are estimates at this time, with no P or R measurements
made during the 2001 shelf-wide cruise that would
directly confirm or refute these values. The modeling
approach used to generate these P/R values was sim-
plistic, assuming that P and R are always coupled in
essentially daytime conditions. Also, an alternative
interpretation of P and R dynamics could not be
rejected, namely that P/R values varied over a smaller
range (e.g. 0.9 to 1.4), with larger ‘apparent P/R’ varia-
tions due to increases in the fractionation factor for res-
piration, εR (–15 from –25‰) rather than changes in P
or R. The total range in εR fractionation values from a
variety of aquatic and terrestrial environments can
extend considerably beyond the central –22‰ frac-
tionation factor assumed for our modeling, from about
–4 to –32‰ (Lane & Dole 1956, Kroopnick 1975, Ben-
der & Grande 1987, Guy et al. 1989, Kiddon et al. 1993,
Quay et al. 1993, 1995). Still larger P/R values and
larger fractionation factors would both reflect higher
productivity in supply–demand isotope models (Fry
2006), and an overall conservative conclusion from the
modeling is that the P/R map of Fig. 8 is likely correct
in relative terms of areas of lower and higher produc-
tivity, even if there is some uncertainty about the
absolute P/R values. Given these caveats, direct exper-
imental determinations of P and R during future
cruises will be needed to better constrain the P/R
model estimates generated with oxygen concentration
and oxygen isotope measurements.

Bottom water dynamics

The combined oxygen concentration and δ18O
measurements of bottom water samples allowed us to
differentiate between water column respiration and
benthic sediment respiration. For our bottom water
samples we observed an overall net fractionation factor
of –6‰ (Fig. 10), which is considerably smaller than
our measured –22‰ εR value for water column respi-
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Fractionation P/R Gross primary production Net primary production 
factor (εR) (gC m3 d–1) (gC m3 d–1)

10th 25th med. 75th 90th 10th 25th med. 75th 90th 10th 25th med. 75th 90th

–18‰ 0.89 1.11 1.22 1.45 2.17 0.44 0.54 0.60 0.71 1.06 –0.05 0.05 0.11 0.22 0.57
–22‰ 0.94 1.06 1.12 1.24 1.64 0.46 0.51 0.54 0.60 0.79 –0.03 0.03 0.06 0.12 0.31
–25‰ 0.96 1.03 1.07 1.32 1.32 0.46 0.50 0.52 0.79 0.64 –0.02 0.01 0.03 0.08 0.15

Table 1. Model results of P/R and gross and net primary production for fractionation factors of –18, –22, and –25‰. Respiration
rate was held constant at 0.07 mg O2 l–1 h–1 for all 3 scenarios. Values are 10th, 25th, 50th (i.e. median), 75th and 90th percentiles
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ration. Results of our mixing model indicated that
benthic respiration was clearly the dominant sink for
dissolved oxygen whereby respiration in the bottom
waters was about 75% sediment-driven and 25%
water-column-driven. This result is in agreement with
previous work by Dortch et al. (1994) who came to a
similar conclusion by measuring enzymatic respira-
tory electron transport system activity (ETS) on the
Louisiana continental shelf in July 1991. The domi-
nance of benthic respiration is probably related to the
relatively shallow water depth and high sedimentation
rates of phytoplankton cells and fecal pellets (Dortch et
al. 2001). Consistent with this conclusion we found that
benthic respiration was strongest in shallow water (less
than 10 m; Fig. 9).

Our calculations of the contribution of benthic respi-
ration to total respiration were based on the assump-
tions that oxygen inputs to bottom waters from photo-
synthesis and mixing were both negligible during
summertime conditions, i.e. the system was isolated or
closed to inputs and exports. These assumptions are
supported by the following 3 findings. First, the verti-
cal oxygen transport across the pycnocline in the inner
section of the hypoxic zone is small during the peak of
summer stratification (Justić et al. 1996). Second, a
strong tidal signal, which would indicate horizontal
transport, is not present in the periodograms of oxygen
data series from station C6B (Rabalais et al. 1994). The
maximum lateral displacement of water parcels that
can be expected due to diurnal and semidiurnal cur-
rents in the study area is only about 3 km (Rabalais et
al. 1994), which is not likely to affect the inner section
of a 60 km wide hypoxic zone. Third, benthic photo-
synthesis, which can potentially re-supply significant
amounts of oxygen lost by respiration in coastal waters
(Dortch et al. 1994, Jahnke et al. 2000), was likely not
an important oxygen source for bottom waters in July
2001. At that time light conditions in bottom waters
were unfavorable for benthic primary production
because Secchi depths were relatively shallow so that
little light reached benthic sediments (Fig. 11). Sedi-
ments were usually deeper than 2 to 3× Secchi depths,
with depths exceeding 2× Secchi depth usually consid-
ered to be below the compensation depth for phyto-
plankton growth (Wetzel 2001). Moderate oxygen
inputs due to benthic photosynthesis or oxygen rich
surface water would have slightly reduced our esti-
mate of benthic respiration. Nevertheless, even a 20%
addition from either source (e.g. conditions reported
for July 1991 by Dortch et al. 1994) to the ambient bot-
tom water concentrations would not have had a strong
effect on our calculations for the contribution of ben-
thic respiration (Fig. 12). A somewhat smaller or larger
fractionation factor for water column respiration, such
as –18‰ or –25‰ (Kroopnick 1975, Bender & Grande

1987, Guy et al. 1989, Quay et al. 1993) would have
changed the contribution of benthic respiration as
well. Still, in those cases the average contributions of
benthic respiration would remain high (66% and 76%,
respectively) and the sediment would be the dominant
sink for oxygen. On the other hand, a fractionation fac-
tor >0‰ for benthic respiration would have underesti-

81

0

10

20

30

40

50

60

D
ep

th
 (m

)

Stations

Fig. 11. Relationship between 2× Secchi depth (s) and 3× Sec-
chi depth ( ) versus station depth (m, black bars) for the 

shelf-wide cruise, July 2001

20

40

60

80

100

0 20 40 60 80 100

O2 saturation (%)

δ18
O

 (‰
)

(1)

(2)

(3)

(4)

Fig. 12. Relationship between oxygen saturation and δ18O for
bottom water samples (s) collected during the shelf-wide
cruise, July 2001. The dashed gray horizontal line represents
100% benthic respiration in the absence of new oxygen
inputs, while curved lines represent alternate model scenar-
ios, as follows: (1) grey line: –22‰ fractionation during water
column respiration in a closed system with no oxygen inputs;
(2) solid black line: as scenario 1, but with a 20% oxygen
addition from oxygen rich surface water; (3) black dashed
line: as scenario 1, but with a 20% oxygen addition from ben-
thic photosynthesis; (4) dotted line: as scenario 1, but a frac-
tionation factor of –18‰ during water column respiration. The
closer a sample is to the lower horizontal line, the larger is the 

contribution of benthic respiration



Mar Ecol Prog Ser 342: 69–83, 2007

mated the contribution of benthic respiration, e.g. an ε
value of –3‰ would have increased the average con-
tribution of benthic respiration from 73 to 84%. Bran-
des & Devol (1997) performed benthic chamber incu-
bations in Puget Sound and measured fractionation
factors between –1 to –4‰ for dissolved oxygen. How-
ever, the overlaying water in those experiments
remained unfiltered and still contained particles that
could have contributed to water column respiration,
which would explain the measured non-zero fractiona-
tion factor. 

Our assumed respiration rate of 0.07 mg l–1 h–1 might
have overestimated the actual respiration rate in
bottom waters as previous research indicated that res-
piration rates in surface waters frequently exceed
those in bottom waters (Dortch et al. 1994). Neverthe-
less, beyond the analyses shown in Fig. 12 the conclu-
sions derived from our model that separates water-
column and benthic respiration in bottom waters only
depended on the fractionation factor of respiration (ε),
but were insensitive to the actual respiration rates. A
lower respiration rate would lead to the same combina-
tions of oxygen concentration and δ18O values, but at a
later time. In conclusion, our calculated contributions
of benthic respiration to total respiration could vary
somewhat, but the overall importance of benthic respi-
ration and its spatial patterns remain the same. 

The spatial distribution of benthic versus water col-
umn respiration indicated that the contribution of
water column respiration was larger in areas of intense
hypoxia. It is possible that benthic respiration due to
the accumulation of organic material on the sediment
surface could be relatively similar across the shelf.
Areas of high production could contribute further to
oxygen loss by water column respiration due to the
increased amount of sinking particles. Hence, this
combined respiration would then lead to more severe
hypoxia along with larger contributions of water col-
umn respiration. This assumption is also supported by
increased P/R in the central part of the Louisiana shelf,
which should result in increased particle flux to the
lower water column. Similar to the low P/R values, the
highest contribution of benthic respiration in the vicin-
ity of the Atchafalaya River delta might be a result of
high turbidity in these areas (due to high concentra-
tions of suspended phytoplankton and sediment) in
combination with a relatively shallow water column of
generally less than 10 m. The lack of particle flux due
to low in situ production and a reduced depth as poten-
tial site for water column respiration would favor the
dominance of benthic respiration at the shallower
stations. Reduced oxygen concentrations in areas of
strong hypoxia may also impose a diffusional limitation
on sediment respiration rates, increasing the apparent
importance of water column respiration.
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