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ABSTRACT: We update and reevaluate the scientific information on the distribution, history, and causes of continental
shelf hypoxia that supports the 2001 Action Plan for Reducing, Mitigating, and Controlling Hypoxia in the Northern Gulf of
Mexico (Mississippi River/Gulf of Mexico Watershed Nutrient Task Force 2001), incorporating data, publications, and
research results produced since the 1999 integrated assessment. The metric of mid-summer hypoxic area on the Louisiana-
Texas shelf is an adequate and suitable measure for continued efforts to reduce nutrients loads from the Mississippi River
and hypoxia in the northern Gulf of Mexico as outlined in the Action Plan. More frequent measurements of simple metrics
(e.g., area and volume) from late spring through late summer would ensure that the metric is representative of the system in
any given year and useful in a public discourse of conditions and causes. The long-term data on hypoxia, sources of nutrients,
associated biological parameters, and paleoindicators continue to verify and strengthen the relationship between the nitrate-
nitrogen load of the Mississippi River, the extent of hypoxia, and changes in the coastal ecosystem (eutrophication and
worsening hypoxia). Multiple lines of evidence, some of them representing independent data sources, are consistent with the
big picture pattern of increased eutrophication as a result of long-term nutrient increases that result in excess carbon
production and accumulation and, ultimately, bottom water hypoxia. The additional findings arising since 1999 strengthen
the science supporting the Action Plan that focuses on reducing nutrient loads, primarily nitrogen, through multiple actions

to reduce the size of the hypoxic zone in the northern Gulf of Mexico.

Introduction

The development, extent, and persistence of low
oxygen concentrations in bottom waters of the
continental shelf of the northern Gulf of Mexico
were unknown until the first systematic mapping
and monitoring of oxygen began in 1985 (Rabalais
et al. 1991). At that time, shelf hypoxia (defined
here as dissolved oxygen levels at or below 2 mg 17')
was recorded as localized and ephemeral (Turner
and Allen 1982). Since then, a large volume of data
has been collected and numerous papers and
reports have been published that increased our
understanding of the seasonal and interannual
distribution of hypoxia and its variability, history,
and dynamical causes.

An Integrated Assessment (CENR 2000) of the
causes, consequences, and actions needed to reduce
hypoxia was completed and an Action Plan for
Reducing, Mitigating, and Controlling Hypoxia in
the Northern Gulf of Mexico (Mississippi River/
Gulf of Mexico Watershed Nutrient Task Force
2001) was endorsed by federal agencies, states, and
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tribal governments. The Action Plan calls for a long-
term adaptive management strategy coupling man-
agement actions with enhanced monitoring, mod-
eling and research, and reassessment of accomplish-
ments and environmental indicators at five-year
intervals.

This paper is a component of the first reassess-
ment, updating the earlier reports (Rabalais et al.
1999, 2002a,b) that considered publications and
observations made through 1998. We review herein
new information on the spatial and temporal
(seasonal, annual, and long term) characteristics
of hypoxia on the northern Gulf of Mexico shelf
developed since the Integrated Assessment and
summarize the current understanding of the onset,
extent, and duration of the hypoxic zone. We also
address the relationships between long-term trends
in the extent, duration, and severity of hypoxia and
both increased nutrient loading and other environ-
mental factors that may influence hypoxia, evaluat-
ing the degree to which these relationships are
understood and quantified. We then answer two
questions: Do new research contributions and un-
derstanding of the science supporting the Action
Plan justify the prior conclusions of the Integrated
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Assessment concerning increased nitrogen loads,
eutrophication, and worsening hypoxia and man-
agement scenarios to reduce nitrogen loads to the
northern Gulf of Mexico? and Do new research
findings give us cause to alter the concepts that
support management goals intended to reduce
nitrogen loading from the Mississippi River?

Background

The Mississippi River forms the largest watershed
on the North American continent with an annual
average discharge of 580 km® into the northern
Gulf of Mexico through two main distributaries: the
birdfoot delta southeast of the city of New Orleans,
Louisiana, and the Atchafalaya River delta 200 km
to the west (Meade 1995). The Mississippi and
Atchafalaya rivers are the primary sources of fresh
water, nitrogen, and phosphorus to the northern
Gulf of Mexico, delivering 80% of the freshwater
inflow, 91% of the estimated annual nitrogen load,
and 88% of the phosphorus load (Dunn 1996). If
only streams between and inclusive of the Trinity
River (Galveston, Texas) and the Mississippi River
delta are considered—those most likely to influence
the zone of hypoxia—the Mississippi and Atchafa-
laya rivers account for 96% of the annual freshwater
discharge, 98.5% of the annual nitrogen load, and
98% of the total annual phosphorus load.

The fresh water, sediments, and dissolved and
particulate materials are carried predominantly
westward along the Louisiana-Texas inner to mid
continental shelf, especially during peak spring
discharge (Rabalais et al. 1996; Smith and Jacobs
2005). Although the area of the discharge’s in-
fluence is an open continental shelf, the magnitude
of flow, annual current regime, and average 75-
d residence time for fresh water all suggest that the
shelf receiving the fresh water behaves as an
unbounded estuary stratified for much of the year
(Dinnel and Wiseman 1986). The stratification is
due primarily to salinity differences, and the
stratification intensifies in summer with thermal
warming of surface waters (Wiseman et al. 1997).
The primary pycnocline depth varies seasonally with
discharge and physical mixing from 3-5 m to 10-
15 m in a 20-m water column (Rabalais and Turner
2001; Rabalais et al. 2002c). A secondary tempera-
ture-controlled pycnocline at 10 to 15 m depth in
a 20-m water column often caps the hypoxic water
mass (Wiseman et al. 1997).

Seasonal hypoxia of bottom waters in this region
is the result of the strong and persistent stratifica-
tion coupled with the high organic production in
overlying surface waters that is fueled by river-
derived nutrients (CENR 2000). The nutrients
delivered from the Mississippi River Basin support
the primary productivity within the immediate

vicinity of the river discharges as well as across the
broader Louisiana and upper Texas continental
shelf. The flux of fixed carbon in the form of
senescent phytoplankton, zooplankton fecal pellets,
or aggregates to the lower water column and seabed
provides a large carbon source for decomposition by
aerobic bacteria. Its decomposition consumes dis-
solved oxygen in the water column at a higher rate
than resupply from the upper water column in
a stratified water column, leading to hypoxia in
large portions of the water column for months at
a time from the spring to the fall (Rabalais and
Turner 2001; Rabalais et al. 2002a,b).

Demersal fishes, crabs, and shrimp will attempt to
move away from oxygen concentrations less than
2 mg 1!, and few marine animals survive in pro-
longed exposure to oxygen concentrations below
that level. The hypoxic area is popularly known as
the Dead Zone. The oxygen deficient waters are not
just confined to a bottom layer, but may extend well
up into the water column; e.g., the hypoxic water
mass may occupy half of the lower water column
(Rabalais and Turner 2001). Hypoxia, as a symptom
of eutrophication due to nutrient enrichment, is
a growing problem around the world (Diaz and
Rosenberg 1995; Boesch 2002; Diaz et al. 2004). The
extent and persistence of hypoxia on the Louisiana-
Texas shelf makes the Gulf of Mexico Dead Zone
one of the most extensive manifestations of coastal
eutrophication.

DIMENSIONS AND VARIABILITY OF HYPOXIA
500-km Scale

The extent of hypoxia primarily in July averaged
13,500 km? from 1985 to 2007, with a range from
negligible in 1988 (a summer drought year for the
Mississippi River basin) to 22,000 km?* in 2002. An
average of 8,200 km? from 1985 to 1992 increased to
an average of 15,900 km® over the next 15yr
(Rabalais et al. unpublished data). The maximal
extent of bottom-water hypoxia measured was
22,000 km? in 2002 (Rabalais and Turner 2006).
The five-year average size of bottom-water hypoxia
in the Gulf of Mexico for 2003—-2007 was 10,500 km?
(Fig. 1; Rabalais et al. unpublished data), which is
well above the Action Plan goal of 5,000 km?®.

The mid-summer hypoxic water mass is distribut-
ed across the Louisiana shelf west of the Mississippi
River and onto the upper Texas coast (examples in
Fig. 2; Rabalais and Turner 2001; Rabalais et al.
2002a). Hypoxia extends from nearshore to as
much as 125 km offshore and in water depths
extending from the shore in 4-5m up to 60 m
deep. Mid-summer hypoxia usually extends along
a single continuous zone, but may occur in distinct
areas west of the Mississippi and Atchafalaya River



5-Year
Average

Fig. 1. Estimated bottom water extent of hypoxia (dissolved
oxygen < 2 mg 17') for mid-summer cruises, superimposed with
a long-term average, a five-year average for 2002-2007 and the
2015 goal of 5,000 km* (Rabalais unpublished data).

deltas. The bottom water between these two areas is
typically depleted in oxygen (less than 3 mg 17
Fig. 2, 1986 data). Variations in the distribution are
also caused by the prevailing oceanographic condi-
tions (e.g., 1998 when persistent currents from the
west constrained the hypoxic region to a more
easterly location, see Fig. 2) or disruption of
stratification by tropical storms and hurricanes
(e.g., 2003, 2005 in Fig. 1) within two weeks prior
to the mapping. Hypoxia may extend onto the
upper Texas coast as far as Freeport, Texas
(95°20'W, 10-20 m water depth), during periods
of high discharge and delayed return of currents
from the west (Pokryfki and Randall 1987; Harper et
al. 1981, 1991; Rabalais et al. 1999, unpublished
data).

There are only a few sequential summer surveys
that document the size of hypoxia (Rabalais et al.
1999), and the spatial extent over which the hypoxic
area persists is unknown. Additional data during
summer have been acquired from studies con-
ducted in support of modeling, benthic and pelagic
biological processes, distribution of demersal organ-
isms, and finer-scale resolution of physical structure
and biological communities. These data (Rabalais et
al. 1999, unpublished data; DiMarco et al. un-
published data; Murrell et al. unpublished data)
demonstrate the persistence of hypoxia over large
areas (> 10,000 km?) from two to three weeks up to
one and a half months. The persistence of hypoxia
for periods of several months is seen in data
acquired from moored instrument arrays (see
below).

Data from 2005 represent the best temporal
coverage over larger areas, albeit not equivalent
sampling areas (DiMarco et al. unpublished data;
Murrell et al. unpublished data; Rabalais et al.
unpublished data), when hypoxia is likely to be
developing or dissipating (Fig. 3). A combination of
March, April, May, and September cruise data
indicate either a narrow band of hypoxia nearshore
or the occurrence of hypoxia at shallow stations in
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Fig. 2. Bottom water oxygen distributions for summer cruises
in 1986, 1998, and 2002 (modified from Rabalais et al. 2002c).
Isopleths were contoured in Surfer 8 using ordinary point
Kriging. An anisotropy ratio of 2 was applied to account for the
general east-west direction of the bathymetric contours. Transects
B, C, and F identified on the 2002 panel; asterisk on transect C
indicates location of observing system station; asterisk for station
13 indicates location of station for paleoindicators from the
western Louisiana shelf.

the Louisiana Bight and off Atchafalaya Bay in those
months. Other shelfwide cruises in October, No-
vember, and December indicate no hypoxia.

The 2005 summer distribution of hypoxia (Fig. 3)
was affected by a series of storms. In early July 2005
there was a large area of hypoxia off the southwest-
ern Louisiana coast. Before the late July mapping of
hypoxia, Hurricanes Cindy and Dennis affected the
Louisiana shelf. The late July distribution was less
than predicted (Turner et al. 2005, 2006), but the
hypoxia was still fairly well formed on the south-
western shelf. Mid-August 2005 hypoxia was patchier
than the July distribution. Hurricane Katrina made
landfall at the end of August and disrupted hypoxia
in depths less than 25 m on transect C, but it
reformed in the shallow waters of the Louisiana
Bight a few weeks later. A series of frontal passages
and Hurricane Rita in September dissipated the
hypoxia for the remainder of the year.

The incidents of hypoxia east of the Mississippi
River delta are infrequent, shortlived, and limited
in extent (summarized in Rabalais et al. 2002a).
Hypoxia east of the Mississippi River occurs more
frequently during flood stages of the Mississippi
River when summer currents move the river plume



756 N. N. Rabalais et al.

30°M

Lake Caloasisu

25°N

EPA 22 - 31 March, 2005

dehatalaya Rivar

Lake Calcaziau

Mississippi Fivar

lemrebipnne Hay

TAMU 18 - 22 August, 2005

28"N T T T T

T T T T T

30°MN

Lake Calzasieu

L Arhafalaya River

Missizsippi Rivar

Terebpnne Bay

20°N- . b
"“"-rg_‘ 5
TAMU 24 - 25 March, 2005 LUMCOM 16 - 18 September, 2005
28°M T T T T T T T T T
30N

28°N-

TAMU 20 - 25 May, 2005
28°N T T T T

Aehafalaya Rivar

Lake Calcasiou

LUMCON 27 - 22 September, 2005

30°N

28°N

| ke Calcasiou tehatalaya Blver

TAML! B-13 July, 2005 EPA 27 September - 7 Cctober, 2005 —_—
28°M T T T T i T ; : :
30°N 947 93 g2 917w 907w 89"W
L ake Calcasizu \@;afalaya River _L/\/V< e
% Wississippi Rivar - B
IR 3 g 7
A7 < i
28"N~ "’ Y p
3
2
LUMCON 24 - 31 July, 2005 1
28°N T T T T T o
94" W 93'W 92*W 91*W 90" W 59"W

Fig. 3. Dissolved oxygen contours (mg 1™') for cruises in 2005. Isopleths were contoured in Surfer 8 using ordinary point Kriging. An
anisotropy ratio of 2 was applied to account for the general east-west direction of the bathymetric contours. Unpublished data of N. N.
Rabalais, Louisiana Universities Marine Consortium (LUMCON), M. C. Murrell, U. S. Environmental Protection Agency, Gulf Breeze,
Florida (EPA), and S. DiMarco (TAMU) and their colleagues in hypoxia research. Data source and periods are identified in each panel.

to the east of the birdfoot delta (Rabalais 1992). A
more recent and systematic study of hypoxia east of
the Mississippi River (Brunner unpublished data)
indicated a shallow lens of hypoxic water (0.5-1.5 m
thick) over an area of 200 km* on August 23-24,

2006. There is no evidence that the area of low
oxygen forms a continuous band around the delta
based on limited data where both sides of the delta
were surveyed (Turner and Allen 1982; National
Marine Fisheries Service SEAMAP unpublished data).
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50-km Scale

Frequent sampling on transect C (Fig. 4) on the
southeastern Louisiana coast off Terrebonne Bay
indicates that hypoxia occurs from as early as late
February through early October and nearly contin-
uously from mid May through mid September
(Rabalais et al. 1999, 2002a). Hypoxia there is rare
in late fall and winter.

Data from transects C and F off Atchafalaya Bay
(Fig. 2) allow for the generation of monthly

averaged conditions that depict long-term condi-
tions in the two areas (Figs. 4 and 5). The data span
20 yr for transect C (Rabalais et al. 2002c), but there
are fewer data for transect F, for which bimonthly
hypoxia and related parameter surveys began in
2001 (n = 3 or 4 data points per station month
versus n = 150 for transect C). The limited data for
transect F may create spurious plots in response to
annual variation, but the data presented in Fig. 5
are the best available temporal series for that
portion of the shelf, provide newly synthesized
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Fig. 5. Water column parameters along transect F (location in Fig. 2) from station FO inshore at 5 m to F5 offshore 35 m, January—
December 2001-2005. Unpublished data of Rabalais et al., Atchafalaya series.

information, and provide a good comparison of
differentially affected portions of the shelf to the
discharges of the Mississippi and Atchafalaya Rivers.
The expression of river discharge in surface water
salinity is more pronounced on transect C than on
transect F, but each shows a spring-summer lower-
ing of salinity across the shelf. There is an additional
signal of lower winter surface salinity nearshore on
transect F, but this signal may be an artifact of the
limited data set. Surface to bottom density differ-
ences along each transect reflect the seasonal

freshwater inputs and more stable conditions in
spring-summer.

The surface dissolved inorganic nitrogen is
composed primarily of nitrate-N for both transects
with high nearshore concentrations on transect F.
Ammonium-N concentrations can be high near-
shore on transect F off Atchafalaya Bay. Higher
concentrations of chlorophyll @ in surface waters on
transect C occur after the winter-early spring peak in
nitrate-N. The general pattern for transect F is for
higher chlorophyll a in surface waters nearshore to



mid transect increasing through spring to maximal
concentrations in summer to a decrease in the fall.
There is a secondary peak in dissolved inorganic
nitrogen in fall followed by higher chlorophyll
concentrations on both transects.

The development of hypoxia along transect C
occurs earlier in spring compared to transect F in
summer (Fig. 5) and extends into September as
opposed to August for transect F. Vertical profiles of
oxygen concentrations along the two transects (not
depicted) indicate that hypoxia takes up less of the
lower water column along transect F than transect C
and that hypoxia covers less of the bottom and
occurs less frequently along transect F (Rabalais
unpublished data).

The variability in the distribution of hypoxia in
a cross-shelf direction can be attributed to both
wind-induced cross-shelf advection or tidal advec-
tion or both (Rabalais et al. 1991, 1994; Wiseman et
al. 2004). Data from an acoustic Doppler current
profiler deployed in 20 m on transect C (Fig. 2)
from mid March to mid November 2002 demon-
strated the strong dominance of the alongshore
currents from the east compared to cross-shelf flow
(Wiseman et al. 2004). Occasionally long periods of
eastward flow contrary to the expected westward
flow regime were observed in May through July in
2002 and confirm observations of less saline waters
across the shelf during reduced summer river
discharge. The offshore cross-shelf flow during the
westward flow is consistent with a wind-driven
downwelling regime as would be expected under
the predominantly southeasterly winds affecting the
region. Intermittent periods of an upwelling favor-
able regime occur during winds from the north that
push surface waters offshore and allow movement of
bottom waters and the hypoxic water mass onshore
and closer to the barrier island shore. These
opposing patterns explain much of the cross-shelf
variability.

WEATHER-DRIVEN AND CLIMATE-DRIVEN VARIABILITY

Conditions during extreme events such as the
1993 flood or the 1988 or 2000 droughts emphasize
the importance of climate-driven river discharge
and nutrient load in defining the mid-summer
extent of hypoxia (Rabalais et al. 1998; Rabalais and
Turner 2001). The influence of the Mississippi River
system was magnified during the 1993 flood, which
had above normal discharge from late spring to the
fall. Flood conditions resulted in a higher flux of
nutrients to the Gulf, higher concentrations of
dissolved nutrients in Gulf surface waters, lower
surface water salinity, higher surface water chloro-
phyll @ biomass, increased phytoplankton abun-
dance, greater carbon export from the surface
waters (modeled), increased bottom water phaeo-
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pigment concentrations (an indicator of fluxed
degraded surface water chlorophyll a biomass),
lower bottom water oxygen concentrations com-
pared to the long-term averages for 1985-1992, and
a doubled size of the hypoxic zone (Rabalais et al.
1998).

A 52yr lowriver flow of the Mississippi River
occurred in 1988 (derived from data for 1988 at
http://www.mvn.usace.army.mil/eng/edhd/). The
discharge began at normal levels and dropped to
some of the lowest levels on record during the
summer months. In early June, the hydrographic
conditions on the southeastern Louisiana shelf were
similar to those observed in previous years, i.e.,
a stratified water column and some areas of oxygen-
deficient bottom waters. A typical seasonal sequence
of nutrient-enhanced primary production and flux
of organic matter in the bottom layer in the spring
and led to the formation of hypoxia by early June.
Density stratification was not maintained during the
summer record low discharge, and low oxygen
conditions were absent in the mid-July mapping
cruise, except off Terrebonne Bay where local high
rainfall led to stratification close to shore (Rabalais
et al. 1998).

Drought conditions throughout the watershed in
spring 2000 resulted in decreased discharge (de-
rived from data for 2000 at http://www.mvn.usace.
army.mil/eng/edhd/) and nutrient flux so that the
typical effects of water discharge and nutrient flux
on productivity, phytoplankton biomass, and carbon
flux were diminished. Less productivity, coupled
with windy spring weather that prevented the usual
development of stratified waters, resulted in little
development of hypoxia in the spring. River
discharge increased and exceeded the previous 70-
yr average in June, and hypoxia eventually de-
veloped, although over a smaller area (4,400 km?
Rabalais and Turner 2001).

The influence of tropical storms and hurricanes
on the distribution and size of mid-summer hypoxia
was evident in the summers of 2003 and 2005. The
predicted size of mid-summer hypoxia (Turner et al.
2005, 2006) was larger than the size measured
during the mapping cruises, which followed severe
storms. The result of tropical storms on the water
column structure, mixing, and reoxygenation is
evident in the bottom-water oxygen time series
when a tropical storm 1,000 km away caused 3—-4 m
waves that led to the rapid reaeration of the bottom
water (Fig. 6).

Global climate changes within the range pre-
dicted to occur in the 2lst century could have
profound consequences to hypoxia in the northern
Gulf of Mexico (Justic et al. 2003b, 2005). A
modeling study that examined the effects of global
warming on the annual discharge of the 33 largest
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Fig. 6. Continuous bottom water dissolved oxygen in 20-m
depth on the continental shelf west of the Mississippi River
(April-November 1993; location in Fig. 2). The horizontal dashed
line defines hypoxia. Modified from Rabalais and Turner (2006).

rivers of the world (Miller and Russell 1992)
suggested that the average annual discharge of the
Mississippi River would increase 20% if the concen-
tration of atmospheric COy doubled. If discharge
increased this much, hypoxia would intensify and
expand on the Louisiana continental shelf (Justi¢ et
al. 2003a,b). Other studies have shown that the
runoff estimates for the Mississippi River discharge
would decrease by 30% by the year 2099 (Wolock
and McCabe 1999). Whichever occurs, the increase
or decrease in flow, flux of nutrients and changes in
water temperature are likely to have important, but
as yet not clearly identifiable, influences on hypoxia
through water residence times, physical conditions,
and biological processes. Increases in surface water
temperature would strengthen the summer pycno-
cline and perhaps worsen hypoxia (Justic et al.
2003a,b), but warmer Atlantic Ocean temperatures
could also increase tropical storm activity (Mann
and Emanuel 2006) and their severity (Trenberth
2005; Kerr 2006).

Oxygen data collected near the bottom at a 20-m
station on transect C (Fig. 2) demonstrate the
effects of storm systems (Fig. 6). Strong mixing
events of the stratified water column associated with
cold fronts in spring and fall and tropical storms
and hurricanes in summer result in an almost
immediate increase in bottom-water oxygen levels
from near anoxic to above 6 mgl~'. Following
a mixing event and reoxygenation of bottom waters,
a gradual decline of bottom oxygen concentrations
driven by aerobic respiration of organic matter
recommences and continues as long as the stratifi-
cation is maintained. Stratification persists as long
as mixing does not occur, and periods of oxygen
concentrations less than 1 mg 17! or near anoxia last
from one-half to two months in May-September.
Tidal advection of oxygenated waters is not a source
of reoxygenation of bottom waters at the observing
station in summer (Rabalais et al. 1994). Short-lived

increases in bottom-water oxygen during summer
are usually the result of intrusions of higher oxygen
content water from depth during upwelling-favor-
able wind conditions followed by a relaxation of the
winds and movement of the higher oxygen water
mass offshore. Some areas of the shelf are influ-
enced by tidal advection of oxygenated bottom
water (Rabalais et al. 1994).

Summary

The temporal variability and the dimensions of
hypoxia are more detailed now than the summary
available in Rabalais et al. (1999, 2002b,c), but the
seasonal sequence—increasing hypoxia in the
spring following flux of nutrient-enhanced primary
production carbon in a stratified water column,
persistent and severe hypoxia in the summer,
dissipation of hypoxia in the fall, and virtual
absence of hypoxia in the winter—has not changed.

DOES ANOXIA OCCUR?

Oxygen measurements near the seabed are
seldom 0.0 mg 17!, but measurements of 0.05
mg 17" are recorded, either with instruments or
Winkler titrations. While instrumentation may limit
accurate detection of anoxia (*£0.2 mg ™' preci-
sion), the presence of moderate (20 uM) HsS
concentrations in bottom water indicate that the
dissolved oxygen concentration is less than
0.2 mg 1" and probably zero or close to it (Wong
and Brewer 1977). Hydrogen sulphide concentra-
tions up to 50 uM have been measured in bottom
water samples that emitted a strong odor of HyS
(Rabalais and Turner 2006; Rabalais et al. un-
published data). Hydrogen sulphide concentrations
of 2-5 uM have been chemically detected when
there was still a faint HoS odor. The odor of HsS as
an indicator of near anoxic or anoxic waters was
evident from June through September in approxi-
mately five percent of the stations in 1985-2006
(Rabalais et al. unpublished data). HsS poisoning of
oxygen probes and tarnished silver worn by divers is
assumed evidence of sulphide being present (Raba-
lais personal observation). Sulfur-oxidizing bacteria
at the sediment-water interface have been repeat-
edly observed by divers and by video surveillance
from remotely operated vehicles (Rabalais et al.
2001). Presence of these bacteria indicates extreme-
ly low oxygen concentrations, though not necessar-
ily anoxia.

Oxygen consumption rates in near-bottom waters
were measured during several spring and summer
cruises of multiple years (Turner and Allen 1982;
Turner et al. 1998; Rabalais et al. 2002b). Rates
varied between 0.0008 to 0.29 mg Oy 1"' h™', and
were sufficient to reduce the in situ oxygen



concentration to zero in less than four weeks. The
rates were inversely related to depth and decreased
westward of the Mississippi River delta, consistent
with the decrease in nutrients and chlorophyll
a concentrations in surface waters. Oxygen con-
sumption rates calculated from continuous oxygen
measurements (see below) are consistent with the
findings of Turner and colleagues (in Rabalais et al.
2002b). If there is no mixing of the stratified layers,
the period for reduction of the bottom-water
oxygen concentration from about 6 mg 17" to less
than 2 mg 17" is 18, 11, or 9 days, in April, May, and
July, respectively (Rabalais unpublished data). Ex-
amples of aerobic respiratory driven declines in
bottom-water oxygen derived from oxygen time
series at a 20-m station on transect C (Fig. 2) are
in Fig. 6.

Light conditions partially influence where hypox-
ic water masses are located and their severity. Light
penetration has been measured on all summer
hypoxia monitoring cruises since 1991 (Turner et
al. unpublished data). In 1991, the 1% light level
was within 1 m of the bottom at 10% of the stations
and within 2 m of the bottom at 48% of the stations.
This is enough light to support photosynthesis at or
near the sediment-water interface and in the water
column. Enough photosynthesis may occur to
compensate for respiration to the point that anoxia
does not develop (Dortch et al. 1994) or that the
volume of hypoxic water is reduced. A mass balance
eutrophication model (Bierman et al. 1994) in-
dicated that deeper light penetration might be
more important with regard to hypoxia distribu-
tion in the western portion of the Louisiana shelf
(> 91°W longitude) compared to the eastern area
where the water clarity is lower (either due to
suspended sediments near the Mississippi River
delta or shading from high algal biomass). As an
indicator of the importance of light on the western
shelf, the bottom-water oxygen declined in April
2005 at 29°N,92°W off the Atchafalaya River at
a similar rate to the April values on transect C
(DiMarco et al. unpublished data; Rabalais et al.
unpublished data), but hypoxia did not develop off
the Atchafalaya River unlike the more eastern
station off Terrebonne Bay where hypoxia did
develop.

Mississippl RIVER DISCHARGE AND NUTRIENT LLOADS

A more detailed consideration of Mississippi
River flow and constituent loads is presented in
Turner et al. (2007). Summarized information is
presented here to compare changes in the coastal
ecosystem with changes in the Mississippi River
system and its contributions to the northern Gulf of
Mexico.
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VOLUME OF DISCHARGE

Depending on the period of record analyzed,
there are, or are not, long-term trends in the
discharge of the Mississippi River. Bratkovich et al.
(1994) conservatively estimated the discharge of the
Mississippi River system (the sum of the discharges
at Tarbert Landing [for the lower Mississippi] and
Simmesport [for the Atchafalaya]) to be slightly
over 19,000 m® s for the 1930-1997 period.
Goolsby and Battaglin (2001) estimated this com-
bined annual stream flow to be approximately
22,000 m® s™' between 1980 and 1999. Monthly
average flow of the Mississippi River above the
diversion point for the Atchafalaya River in spring is
25,000 to 30,000 m® s™' and decreases to below
8,500 m* s™' in August (Goolsby et al. 1999).
Although flow is reduced in summer, large-scale
circulation patterns facilitate the retention of the
fresh water on the shelf during that period in
support of continued stratification (Rabalais et al.
2002c¢; Wiseman et al. 2004).

There is significant interannual variability in
discharge, but the 1820-1992 average (multidecadal
time scale) for the Mississippi River at Vicksburg has
been relatively stable near 17,000 m®s™' (Turner
and Rabalais 2003; Turner et al. 2007). Bratkovich
et al. (1994) examined a shorter interval of
Mississippi  River discharge (1900-1992) and re-
ported that the early 1990s annual discharge rate
increased by 30% from the 1950s, but only 15%
since 1900. Karl and Knight (1998) reported an
increase in precipitation by about 10% across the
contiguous United States between 1910 and 1997,
including parts of the Mississippi River basin. To
date there has not been a published analysis linking
changes in Mississippi River stream flow to perma-
nent secular climate change.

Because the amount of fresh water delivered to
the northern Gulf of Mexico influences both the
nutrient loads and the strength of salinity stratifica-
tion on the shelf, climate-induced variability in river
discharge will influence the extent and severity of
hypoxia. Nitrate load increased about 300% from
the 1950s to the mid 1990s (Goolsby et al. 1999;
Goolsby and Battaglin 2001), whereas stream flow
from the basin increased only 30% (Bratkovich et al.
1994). The most significant driver in the change in
nitrate load is the increase in nitrate river concen-
tration, not freshwater discharge (Justic et al. 2002).
Using two different approaches, Donner et al
(2002) and Justi¢ et al. (2002) both concluded that
only 20-25% of the increased nitrate load between
the mid 1960s to the mid 1990s was attributable to
greater runoff and river discharge, with the rest due
to increased nitrogen concentrations in the lower
river. With nitrate concentrations in the lower
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Mississippi River remaining near 100 uM since the
early 1990s (Turner et al. 1998), climate-driven
changes in discharge are likely to have a significant
influence on the seasonal formation of and in-
terannual variability in hypoxia in contrast to the
period between 1970-1990 when nitrate concentra-
tions were rapidly increasing. This is consistent with
the results of Stow et al. (2005) who demonstrated
a declining threshold for hypoxia formation as
salinity stratification increased.

Similar results by Donner and Scavia (2007)
indicate that climate variability could now be
controlling the variability in nitrogen leaching from
land and transport to the Gulf of Mexico. Agricul-
tural land use and land cover have remained
relatively constant from 1985 to 2005, and climate
variability could now be controlling the precipita-
tion amounts across the Corn Belt. The previous
November-December and March—-May precipitation
are together a strong predictor (r* = 0.68) of the
spring nitrate flux by the Mississippi River. During
a wet year, a nitrogen reduction of 50-60%—close
to twice the recommended target (Mississippi
River/Gulf of Mexico Watershed Nutrient Task
Force 2001)—is required to meet the goal of
reducing the hypoxia zone to less than 5,000 km?.

NUTRIENT LOADS

Turner and Rabalais (1991) and Justic et al.
(1995) examined water quality data for the lower
Mississippi River for variations in dissolved inorgan-
ic nitrogen (as nitrate), phosphorus (as total
phosphorus), and silicon (as silicate). The mean
annual concentration of nitrate was approximately
the same in 1905-1906 and 1933-1934 as in the
1950s, but it doubled (or tripled depending on the
comparative periods) from the 1950s and 1960s
values. These results were corroborated by Goolsby
et al. (1999) who documented that the average
mean nitrate concentration at St. Francisville during
1980-1996 was more than double the average
concentration during 1955-1970. The mean annual
nitrogen flux, determined by Goolsby et al. (1999)
from discharge weighted regression models, ap-
proximately tripled in the 1955-1996 period with
most of the increase occurring between 1970 and
1983. The increase in total nitrogen is almost
entirely due to changes in nitrate concentration
(Goolsby and Battaglin 2001).

The mean annual concentration of silicate in the
lower Mississippi River was approximately the same
in 1905-1906 as in the early 1950s, after which it
declined by 50% (Turner and Rabalais 1991). Justi¢
et al. (1995) documented a 30% decrease in silicate
concentration between 1960-1962 and 1981-1987.
Goolsby et al. (1999) noted a 40% decline in silicate
concentrations from the 1950s to the mid-1970s

when they stabilized. They further noted that there
was no long-term trend in silicate load as observed
for nitrate. The concentrations of nitrate and
silicate appear to have stabilized since the mid
1980s to present, but with increased variability since
then (Turner et al. 1998, 2007).

There are no regular and reliable records of total
phosphorus concentrations in the lower Mississippi
River before 1973 and subsequent values vary greatly
among years. Goolsby et al. (1999) found no long-
term trend in orthophosphate or total phosphorus
from 1973 to 1996. Turner and Rabalais (1991)
noted a temporal change in orthophosphate con-
sistent with increased nitrate changes, but stated
that the extreme variability in the data made it
unlikely that a statistical trend could be identified.
Justi¢ et al. (1995) estimated that there was a two-
fold increase in total phosphorus concentration, but
this estimate was based on an extrapolation of
a regression back to the past, rather than actual
measurement.

There is agreement that nitrate concentration
and flux have increased three-fold since the 1950s—
1960s and that levels have plateaued but exhibit
considerable variability from year to year. There is
also agreement that the concentration of silicate
decreased, anywhere from 30% to 50% depending
on the period of record, but that the load remains
similar. The phosphorus data are of shorter
duration, beginning in 1973, with no turn-of-the-
century or 1930s data, and are less robust for
determination of long-term trends, for which there
is not a consensus regarding the significance and
rate of change between the 1960s and 1980s.

An important management issue is the relative
influence of nitrogen versus phosphorus concentra-
tions and loads in controlling bottom-water dis-
solved oxygen on the Louisiana continental shelf.
Model forecast results indicated a general tendency
for responses to be somewhat greater for nitrogen
load reductions than for phosphorus load reduc-
tions (Limno-Tech, Inc. 1995). Nitrogen is consid-
ered to be relatively more important than phospho-
rus in limiting primary productivity on the Louisi-
ana inner shelf, but both phosphorus and silica may
also be limiting at times and in certain locations, or
combinations of nutrients may be limiting (Rabalais
et al. 1999, 2002b; CENR 2000). A series of nutrient
limitation or stress indicators (nutrient concentra-
tions and ratios, alkaline phosphatase activity,
phosphorus turnover times, and changes in chloro-
phyll a enrichment bioassays [four stations]) were
examined in the Mississippi River plume in March,
May, July, and September of 2001 (Sylvan et al.
2006). The results indicated that phytoplankton
growth at these locations was limited by phosphorus
in May and July, phosphorus was weakly limiting in



March, and nitrogen was limiting in September.
The observed phosphorus limitation in May and
July (Sylvan et al. 2006) is likely related to the excess
nitrogen loading compared to phosphorus (see
Turner et al. 2003), and both nitrogen and
phosphorus management have implications for
reducing hypoxia.

LONG-TERM TRENDS IN HYPOXIA: MULTIPLE LINES
OF EVIDENCE

The Integrated Assessment concluded that “‘hyp-
oxia in the northern Gulf of Mexico is caused
primarily by the excess nitrogen delivered from the
Mississippi-Atchafalaya Basin in combination with
stratification of Gulf waters” (CENR 2000, p. 2).
This conclusion was based on an understanding of
the role of nutrients in controlling the production
of organic matter, the decomposition of which
causes bottom-water oxygen depletion, and the
documented substantial increase in the loadings of
nutrients, particularly nitrate, from the rivers since
the 1960s. Because there were no comprehensive,
direct measurements of oxygen in the region prior
to 1985, indirect evidence of the intensification of
hypoxia from the sediment record also provided
support for the conclusion that regularly occurring
and widespread hypoxia became a common feature
of the northern Gulf shelf only after nutrient
loading increased during the last half of the 20th
century. Considerable additional research has been
conducted since the Integrated Assessment. The
results of these studies lend further credence to the
conclusions of the Integrated Assessment and
enrich our understanding of the long-term changes
that have occurred. This new information is
summarized below under five groupings of evi-
dence.

MINING OF OTHER DATA SETS

Rabalais et al. (1999) reviewed various reports of
shelf hypoxia prior to the beginning of systematic
monitoring in 1985. They noted that documented
shelf hypoxia dates back to 1972 based on relatively
localized and discontinuous measurements. Two
recent reports examined trends in dissolved oxygen
in bottom waters in data sets that began prior to
1985. Turner et al. (2005) examined an 18yr
monitoring record (1978-1995) associated with
the Louisiana Offshore Oil Port (LOOP) facility
located west of the Mississippi River delta and 30 km
southeast of Belle Pass off Port Fourchon. This area
generally corresponds to transect B (see Fig. 2) of
the shelfwide surveys and frequently experienced
summer hypoxia since those surveys began in 1978.
Dissolved oxygen concentrations during June, July,
and August were rarely hypoxic (< 2 mg 17") prior
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Fig. 7. Bottom water oxygen concentration (mgl™') for

shallow and deep water stations for June, July, and August (mean
* 1 standard error); from Turner et al. (2005).

to 1984, but frequently hypoxic after that time
(Fig. 7). Using the relationship between total
Kjeldahl nitrogen (TKN, largely organic nitrogen)
measured at the LOOP stations and the shelfwide
area of hypoxia between 1985 and 1995, and the
relationship between TKN at the LOOP stations and
Mississippi River spring nitrate flux, Turner et al.
(2005, p. 76) hindcasted that there would have
been ‘“‘no substantial hypoxia’” on the Louisiana
shelf before the 1970s when river nitrate flux began
to rise.

Stow et al. (2005) examined water quality data
from the Southeast Area Monitoring and Assess-
ment Program (SEAMAP) fisheries-independent
trawl surveys conducted from 1982 to 2002 over
the Louisiana shelf (< 50 m depth). They used
a general additive model to fit the trend of
declining bottom dissolved oxygen on the Louisiana
shelf during this period. They found that the
difference of surface and bottom salinity (influenc-
ing density stratification) is an important predictor
of hypoxia, exhibiting a threshold, where the
probability of hypoxia increases rapidly at approx-
imately 4.1 psu. Using a Bayesian change-point
model, they showed that this stratification threshold
decreased from 1982 to 2002, indicating the degree
of stratification needed to induce hypoxia has
decreased, implicating a long-term factor or factors
transcending flow-induced stratification differences.
Stow et al. (2005) did not specifically address the
influence of increased nitrate loading on the
declining threshold, but pointed out other factors,
including increasing surface temperature (and its
influence on oxygen solubility) could also play
a role.

STATISTICAL ANALYSES

There are many challenges in discerning the
influence of various inputs from the Mississippi and
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Atchafalaya Rivers, including fresh water, nutrients,
and other materials, on the development of hypoxia
because they strongly covary with river flow (Turner
et al. 2006). The two studies just reviewed (Stow et
al. 2005; Turner et al. 2005) add further evidence
that, while freshwater inflows and their influence on
density stratification are an important determinant
of bottom oxygen depletion, other factors influence
the long-term increase in hypoxia. Turner et al.
(2006) performed statistical analyses to discern the
relative strengths of the loading of various forms of
nitrogen, phosphorus, dissolved silicate, and their
molar ratios on the variance in the size of the
summertime low oxygen zone. A stable multiple
regression that included as variables Year and river
nitrate + nitrite loading for the two months prior to
the measurement of the hypoxic zone described
82% of variation in the size of the hypoxic zone
from 1978 to 2004 [y (km? = -—1337953.4 +
672.1589*Year + 0.0998*(May flux as nitrite +
nitrate), Turner et al. 2006, p. 145 ]. The inclusion
of the time variable Year is consistent with the
documented increase in carbon stored in sediments
after the 1970s (Rabalais et al. 2004; Turner et al.
2004). The variable Year is also negatively correlated
with the total nitrogen:total phosphorus ratio
(currently fluctuating around 20:1) in a way that
suggests nitrogen, not phosphorus, has become
more important as a factor limiting phytoplankton
growth in the last 20 yr. Nitrogen (specifically
nitrate + nitrite) not phosphorus, dissolved silicate,
or their molar ratios, appears to be the major
driving factor influencing the size of the hypoxic
zone on this shelf. Hind casting this relationship
also lends credence to the limited observational and
historical sediment record that hypoxia was limited
in extent in the early 1970s.

Models

The Integrated Assessment (CENR 2000) relied
on a relatively simple mass balance model (Bierman
et al. 1994; in the CENR Topic 4 report by Brezonik
et al. 1999) to forecast the responses of dissolved
oxygen and chlorophyll concentrations to reduc-
tions of nitrogen and phosphorus loadings. The
model simulated summer steady-state, three-dimen-
sional, food-web-nutrient-oxygen dynamics and is
further discussed by Bierman et al. (2003). Justic et
al. (2002, 2003b) developed a model that simulates
two-layer, time-dependent, oxygen dynamics for one
location off the Louisiana coast. This model is
driven by meteorological conditions and nitrogen
loads. Model forcing functions include monthly
values of the Mississippi River runoff, nitrate
concentration, nitrate flux, ambient water column
temperature, and surface winds. Scavia et al. (2003)
published a model that simulates summer steady-

state, one-dimensional horizontal dynamics of nu-
trient-dependent production, respiration of organic
matter, and resulting oxygen balance. It is driven by
May—June total nitrogen loads, calibrated to 17 yr of
data between 1985 and 2002, and was used to
simulate, hindcast, and forecast hypoxic zone length
and area in response to changes in nitrogen loads.
The model simulates concentrations of subpycno-
cline oxygen-consuming organic matter and dis-
solved oxygen downstream from the Mississippi and
Atchafalaya rivers.

The three modeling approaches (referred to here
as the Bierman, Justi¢, and Scavia models) capture
very different aspects of the physics, chemistry,
biology, and ecology of the northern Gulf. These
models were compared in a collaborative paper
(Scavia et al. 2004). One question they addressed
was: when did large-scale hypoxia start in the Gulf of
Mexico? Hindcasts of the areal extent of hypoxia by
the Scavia model suggest that large hypoxic regions
were not likely to have occurred prior to the mid
1970s and that the size of those regions grew
between the mid 1980s and have since fluctuated.
Hindcasts of subpycnocline oxygen concentrations
by the Justic model suggest that subpycnocline
summer-minimum oxygen concentrations offshore
of Terrebonne Bay were fairly constant at approx-
imately 6 mg 17" between 1955 and 1969, decreased
during the 1970s, and consistently dropped below
2mg 1" in most years since 1978. Scavia et al.
(2004) concluded that, taken together, their models
suggest that large-scale regions of hypoxia were not
likely to be present prior to the 1970s, similar to the
results of Turner et al. (2005, 2006).

NEW STUDIES OF THE SEDIMENT RECORD

Indicators of increased biological production and
decreased oxygen availability in the sediment record
provide information to support the conclusion that
hypoxia intensified in the last half of the 20th
century as a result of increased nutrient loading
(Rabalais et al. 1996, 2002a, 2007; CENR 2000).
These indicators included increased accumulation
of organic matter and biogenic silica in sediment
deposits (reflecting increased primary production
and diatom production) and increased glauconite
(a mineral indicative of reducing environments) as
a percentage of coarse-grained sediments, de-
creased diversity of ostracods and benthic foramini-
ferans, and changes in the species composition of
benthic foraminiferans (all indicative of depleted
oxygen conditions). These trends show that, while
there are signs of increased production and oxygen
depletion earlier in the 20th century, the most
dramatic changes have occurred since the 1960s.
Most of this information came from sediment cores
taken from depositional environments in the



Louisiana Bight, west of Southwest Pass. These
historical data analyses are useful for assessing the
time course of increased frequency and intensity of
hypoxia in the Louisiana Bight. There are few net-
depositional areas farther west along the shelf that
yield a fairly undisturbed sediment record. Limited
core data from the western Louisiana shelf (Fig. 2)
include similar patterns of increasing carbon, di-
atom remains as biogenic silica, and chloropigment
storage with time, but there are, as yet, no data on
shifts in oxygen deficiency (Rabalais et al. 2004;
Turner et al. 2004).

Microfossils and other biomarkers have been used
by several workers as paleohypoxia tracers on the
Louisiana shelf. A benthic foraminiferal diversity
reduction in the Louisiana Bight is documented by
Shannon-Wiener Diversity Index data of Nelsen et
al. (1994) and Platon et al. (2005), and also by
species richness data of Platon et al. (2005). Species
diversity measures differ at different core sites or
water depths, but most show a reduction beginning
in the early 1950s. Relative abundances of aggluti-
nated and porcelaneous groups of Foraminifera
declined conspicuously in the 20th century (Platon
et al. 2005). The well-known porcelaneous genus
Quingueloculina was a noticeable member of the
fauna from 1700 to 1900 (Rabalais et al. 1996), but
it has almost disappeared from parts of the
Louisiana Bight in the past 50 or 60 yr (Platon
et al. 2005). The abundances of several hyaline
species have also declined in the past century
(Platon et al. 2005). In contrast, the relative
abundance of Buliminella morgani, a hypoxia-tolerant
endemic species of the Gulf of Mexico, has in-
creased markedly in recent decades, and the species
now dominates the benthic foraminiferal commu-
nity (> 50%) within areas of chronic seasonal
hypoxia (Blackwelder et al. 1996; Rabalais et al.
2000; Platon and Sen Gupta 2001). Osterman et al.
(2005) suggest that the percentage of B. morgani,
when combined with those of two other hypoxia
tolerant species, Pseudononion atlanticum and Episto-
minella vitrea, serves as a measure (the PEB index)
that can be used to identify low-oxygen events in the
Louisiana Bight. Overall, an increasing trend of the
PEB index agrees with earlier reports that hypoxia
has worsened in the past 50 yr (Osterman et al.
2005).

The hypoxia proxy that has drawn most attention
in Gulf of Mexico foraminiferal studies is a simple
index based on the abundances of Ammonia and
Elphidium (the A-E index), two common coastal
genera. The index is trusted as a relative measure of
past hypoxia because observed values correlate with
sedimentary organic content (Sen Gupta et al.
1996) and bottom-water Oy concentrations (Thom-
as et al. 2000), and live individuals of Ammonia, but
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not of Elphidium, have been found in anoxic or
nearly-anoxic waters (Platon and Sen Gupta 2001).
Elphidium is not intolerant of hypoxia, but Ammonia
is more tolerant, so that the A-E index rises as
hypoxia worsens. In the Louisiana Bight, A-E indices
from multiple cores (Rabalais et al. 1996; Sen Gupta
et al. 1996; Platon and Sen Gupta 2001) show that
oxygen stress increased (in intensity or duration)
over much of the 20th century, and especially in the
last half century. Using the A-E index and the PEB
index, Brunner et al. (2006) inferred occurrence of
hypoxia south of the Mississippi-Alabama barrier
islands beginning in the 1950s. The A-E index has
also proven to be a strong, consistent oxygen-stress
signal in the Chesapeake Bay (Karlsen et al. 2000)
and Long Island Sound (Thomas et al. 2000).

Paleoindicator studies of phytoplankton produc-
tion and pigments continue to support prior
conclusions of long-term changes in the coastal
ecosystem. Turner et al. (2004) observed increases
in the accumulation of biogenic silica in cores
collected in a number of locations in the Louisiana
Bight with the most marked increases beginning in
the 1960s. Parsons et al. (2002) reported a pro-
nounced increase in the abundance of diatoms of
the genus Pseudo-nilzschia, a lightly-silicified species,
in sediments deposited after 1960 as the nitrate-
nitrogen load increased and the silicon:nitrogen
ratio decreased.

Phytoplankton pigments deposited in sediments
reflect not only the composition of the phytoplank-
ton, with some pigments being specific to certain
algal or cyanobacterial taxa, but also reflect oxygen
availability at the seabed, because oxygen affects the
degree of pigment decomposition. In the Louisiana
Bight, Rabalais et al. (2004) found a general in-
crease in accumulation of chlorophyll @, phaeopig-
ments, zeaxanthin, fucoxanthin, and most carote-
noids over time, with a gradual change from 1955 to
1970, followed by a fairly steady increase to 1997.
The highest chloropigment concentrations were
found in cores likely to be exposed to seasonal
hypoxia, which reduces pigment breakdown. In-
terestingly, in one core taken on the inner shelf off
southwestern Louisiana (Fig. 2), this increase in
chloropigment accumulation appeared to occur
later, in the 1990s. Other pigment biomarkers
reflect the presence of phototrophic bacteria that
live under oxygen-poor conditions. Chen et al.
(2001) found that the downcore distribution of
bacteriopheophytin-e and bacteriopheophytin-e
homologues indicated the highest concentrations
occurred in sediments deposited since 1960. These
bacteriopigments were not detected prior to the
early 1900s. These results are consistent with the
lack of hypoxia intolerant foraminiferans after 1900,
and reinforce the evidence that hypoxia was not
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a feature of the continental shelf west of the
Mississippi River delta prior to the beginning of
the 20th century.

The accumulated body of evidence from fossil
and chemical biomarkers in the Louisiana Bight
shows trends of increased primary production in the
last half of the 20th century that was accompanied
by more severe or persistent hypoxia beginning
approximately in the 1960s. Limited core data from
the western Louisiana shelf (Rabalais et al. 2004;
Turner et al. 2004), coupled with the model results
of Scavia et al. (2003), suggest that hypoxia de-
veloped there somewhat later during the 1980s and
1990s.

COHERENCE WITH OTHER HYPOXIC AREAS

Several global syntheses of hypoxia and eutrophi-
cation have been published since completion of the
Integrated Assessment (CENR 2000). Diaz (2001)
and Diaz et al. (2004) updated the synthesis of Diaz
and Rosenberg (1995) on marine benthic hypoxia
and increased, once again, the number of docu-
mented coastal areas of hypoxia and worsening
hypoxia in half the studies cited. Cloern (2001)
published a conceptual model of coastal eutrophi-
cation along with many examples. Rabalais (2004)
presented many examples of increased nutrient
loading (nitrogen and phosphorus), increased
primary production, loss of macrovegetation, in-
creased incidence of harmful algal blooms, and
increased hypoxia in several coastal ocean systems
since 1960. Boesch (2002) added to Cloern’s
inventory and bracketed when the changes in these
eutrophying coastal ecosystems began. In almost all
cases, the tipping points fell within a 20-yr period
between 1960 and 1980, a period during which
there was a dramatic increase in the amount of fixed
nitrogen being added to the biosphere, mainly from
industrially fixed fertilizers (Galloway and Cowling
2002).

An analogous situation to the Louisiana shelf is
the northwestern shelf of the Black Sea, because it
too is an exposed shelf rather than an enclosed
embayment, and it is fed by large rivers. Bottom-
water hypoxia on the northwestern shelf of the
Black Sea was first documented in 1973 (Zaitsev
1992). There is substantial evidence that eutrophi-
cation in the Black Sea is the result of large
increases in the discharge of nitrogen and phos-
phorus to the Black Sea from the 1960s and 1970s
(Mee 2001). The typical scenario followed with
increased nutrients triggering dense phytoplankton
blooms, a decrease in seawater transparency and an
increase in the load of organic detritus reaching the
seafloor (Tolmazin 1985; Mee 1992, 2001; Zaitsev
1992). The high organic loading was followed by an
expansion of oxygen-deficient waters over the

northwestern shelf in depths of 8 to 40 m and over
areas of the seafloor covering up to 40,000 km®. As
a result of the dissolution of the former Soviet
Union and declines in subsidies for fertilizers, the
decade of the 1990s witnessed a substantially de-
creased input of nutrients to the Black Sea (Mee
2001; Lancelot et al. 2002). For the first time in
several decades oxygen deficiency was absent from
the northwestern shelf of the Black Sea in 1996, and
receded to an area less than 1,000 km? in 1999 (Mee
2001). Just when Black Sea researchers were
convinced that the northwestern shelf was moving
towards recovery, late rainfall and higher tempera-
tures triggered a new large-scale hypoxic event in
2001, endangering the slow recovery of the coastal
ecosystem (Mee et al. 2005). Some think that the
inclusion of many central and eastern European
countries in the European Union will trigger
economic and industrial growth and modernized
agriculture that could threaten Black Sea coastal
water quality, but membership in the European
Union will also bring common policies and regula-
tions that will protect aquatic resources.

Parallel developments coincident with increased
nutrient loading in other ecosystems present further
compelling evidence, in addition to extensive
observational, historical, and mechanistic evidence,
that hypoxia in the northern Gulf of Mexico
became a severe and recurrent stress in this
ecosystem after the 1960s because of a rise in
nutrient loading at that time.

ALTERNATIVE CAUSES

There are alternative hypotheses to explain why
hypoxic conditions in the Gulf of Mexico occur or
have worsened. Some issues were addressed in the
Integrated Assessment (e.g., upwelling; CENR
2000). Others put forward are addressed here with
regard to the overwhelming influence of the
Mississippi-Atchafalaya inputs as well as the timing
of landscape and coastal ecosystem changes.

CHANNELING AND DIRECTION OF FLOW

In addition to the intensification of agriculture
and steady population increase within the Missis-
sippi basin, human activities have changed the
natural functioning of the Mississippi River system
in many other ways (Turner and Rabalais 2003).
Dams, navigation, channelization, and flood control
through leveeing along the length of the river are
clearly important watershed alterations that affect
the delivery of water, dissolved and particulate
matter, and the uptake and transformation of
nutrients. Other significant alterations in landscape
(e.g., deforestation, conversion of wetlands to
cropland, loss of riparian zones, loss of bottomland



hardwood flood plains, and expansion of artificial
agricultural drainage) have affected both the timing
of runoff, especially the peaks, and trapping of
sediments and nutrients. In particular, the dramatic
proliferation of agricultural land under artificial
drainage during the 20th century (Mitsch et al.
2001) interacted with increased fertilizer applica-
tions in the later half of the century to result in high
rates of nitrate losses.

For the most part, the structural hydrological
changes affecting the river occurred prior to the
1960s and prior to the advent of increased nutrient
concentrations and loads and recurrent hypoxia on
the shelf. Levees that extended down the lower
Mississippi River almost to the distributary channels
were present since the 1860s but were heightened
and reinforced following the 1927 flood. Flows
down the Atchafalaya had gradually grown to
present day levels after massive log rafts were
cleared in 1860, such that the proportion of the
Mississippi and Red River flows that had been
captured either equaled or exceeded the presently
regulated flow well before the completion and
operation of the Old River Control Structure at
river mile 315 in 1962 (Reuss 1998). The Old River
Control Structure was built to prevent the Atchafa-
laya River from capturing the main flow of the
Mississippi River. The present amount of water
(since the 1973 flood) diverted from the Mississippi
River to the Atchalafaya River, when combined with
the flow of the Red River going into the Atchafalaya
River, is 30% of the total flow of the Mississippi
River at the point of diversion.

Actions taken to manage the distribution of river
flow through the Mississippi-Atchafalaya delta in the
future could be of major consequence to the
development and distribution of hypoxia on the
continental shelf. Effects of river redistribution
should be taken into account in integrated ecosys-
tem-based management approaches that address
both coastal wetland loss and hypoxia (Boesch
2006). River diversions contemplated to restore
wetlands could affect some degree of nutrient
trapping, although the amount of nitrate that would
be lost or converted even in the most ambitious
efforts would be only a small part of the nutrient
reduction requirements of the Action Plan (Mitsch
et al. 2001). Management decisions that direct more
flow from Southwest Pass, presently a major conduit
to the shelf edge, onto the inner shelf either to the
east or west of the birdfoot delta, or that increase
the flows down the Atchafalaya may have major
consequences for shelf hypoxia. Most occurrences
of hypoxia east of the Mississippi River are during
periods of high Mississippi River flow (Rabalais
1992) and would increase if flow were directed to
this area; more fresh water and nutrients delivered
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to shallow water west of the birdfoot delta would
intensify stratification and nutrient-enhanced pro-
duction there; and historic sediment data down
plume of the Atchafalaya outflow indicate that
primary production has increased and hypoxia
worsened (Rabalais et al. 2004; Turner et al. 2004)
as more lower Mississippi River water was shifted
through the Old River Control Structure and onto
the western Louisiana shelf.

OTHER NUTRIENT OR CARBON SOURCES

The Mississippi River also delivers a complement
of different nitrogen and carbon forms in the
dissolved phase as well as particulate matter (Turner
et al. 2007). Recent estimates of the dissolved
organic carbon loading to the Gulf of Mexico is
3.1 X 10° Pg yr* (Bianchi et al. 2004) and is 0.80 X
10? kg yr! for particulate organic carbon and 0.078
X 10° kg yr' for particulate nitrogen (Duan and
Bianchi 2006). The estimate for particulate organic
carbon is within the range of previous estimates (8.0
X 10° kg C yr™', Milliman and Meade 1983; 2.5 X
10° kg C yr™', Trefry et al. 1994; 0.21 X 10° kg N
yr~!, Goolsby 2000). A potential carbon or nitrogen
source from eroding wetlands appears to be
relatively small compared to the river-derived
carbon or nitrogen loading spread out over the
same continental shelf (Turner et al. 2007).
Evidence from stable carbon isotopes (Turner and
Rabalais 1994) indicated that the marsh signal is
very close to shore and that the terrestrial river
carbon signature remains close to the Mississippi
River delta. The overwhelming signature on the
continental shelf affected by hypoxia is from in situ
produced marine carbon (Turner and Rabalais
1994). Continued increase in knowledge of the
biological importance of constituents, such as
dissolved organic phosphorus and urea (Dyhrman
and Ruttenberg 2006; Glibert et al. 2006), particu-
larly within the lower salinity, higher suspended
sediment portion of the river plumes, dictate
increased need to monitor these constituents.

The direct atmospheric deposition to the offshore
surface waters is a small amount of the total
nitrogen budget (1-2%, Goolsby et al. 1999).
Upwelled flow of nitrate from deeper waters may
be important at the shelf edge at depths of 100 m,
but there are limited physical transport mechanisms
for enhancing continental shelf processes (Wiseman
et al. 2004) and no documented role for it in
controlling the severity or size of the hypoxic zone.
Groundwater discharges directly to the Gulf are
unlikely to be important because of the lack of
shallow aquifers along the Louisiana coast and the
low potential for transfer in a cross-shelf direction
(Wiseman et al. 2004). Saline groundwater seeps
through bottom sediments on the inner to mid
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Louisiana shelf, but the source and composition of
this groundwater is uncertain (Krest et al. 1999).
Another study indicates that oil and gas formation
water, geothermal convection, and seawater recircu-
lation are the major sources of ground water on the
Louisiana shelf, with a minimum input of terrestri-
ally derived topography driven flow (McCoy et al.
2007).

The best current knowledge, confirming the
Integrated Assessment (CENR 2000), is that the
outflows of the Mississippi and Atchafalaya rivers
dominate the nutrient loads to the continental shelf
where hypoxia is likely to develop.

METRICS OF HYPOXIA

Obtaining the data necessary to determine the
size of mid-summer hypoxia with regard to the goal
of the Action Plan (Mississippi River/Gulf of Mexico
Watershed Nutrient Task Force 2001) requires at
least one quasi-synoptic survey in mid to late July to
be consistent with the long-term data (Rabalais et al.
1999, 2002a, unpublished data). Additional surveys
in June, July, August, and September would
enhance our understanding of temporal variability
in the distribution of hypoxia. If additional surveys
were to be incorporated into a future monitoring
program, additional metrics that consider the
increased variability likely to be observed would
need to be developed.

Alternative metrics, other than bottom area, can
be used to quantify the extent, duration, and
intensity of hypoxia. Volume measurements are
typically used in the Chesapeake Bay to measure
change and to develop empirical relationships with
river discharge (e.g., Hagy et al. 2004). Preliminary
volume calculations for the northern Gulf of
Mexico hypoxic zone correlate well with bottom-
area estimates ([volume (10° m*) = 0.0041 (area in
km?) — 13.727, r* = 0.7391, n = 14], Rabalais et al.
unpublished data). The average hypoxic volume for
the northern Gulf of Mexico (45 X 10° m?) is about
an order of magnitude greater than the average
hypoxic volume for the Chesapeake Bay; the Gulf of
Mexico approached 10" m? in 2002.

Area or volume estimates of dissolved oxygen
concentrations less than a certain value (e.g., < 2
mg 17!, moderate hypoxia, and < 1 mg 17", severe
hypoxia) do not adequately describe the total
oxygen deficiency of the water column. Dissolved
oxygen condition can be determined as a deficit (or
a surplus) of oxygen below (or above) 100%
saturation at a known temperature and salinity
(Justic 1991). Calculations of oxygen deficiency
would be useful in models that link oxygen budgets
with nutrient loads and carbon budgets. Changes in
nutrient management that can be expressed in
altered loads of nitrogen and phosphorus and

subsequent changes in carbon and oxygen budgets
provide a more comprehensive status of ecosystem
condition than area or volume calculations.

Other nutrient management strategies identify
ecological goals to determine steps to achieve those
goals. The Tampa Bay National Estuary Program set
a goal of increase in percent cover of turtle grass,
Thalassia testudinum, and other native seagrasses in
Tampa Bay over a 20-yr period (summarized in
National Research Council 2000). Nitrogen loading
reductions (tons per year) were proposed that
would lead to a specified improved level of water
clarity (by reducing phytoplankton biomass) that
was needed to achieve the desired increased area of
seagrasses. The New York State Department of
Environmental Conservation, besides mapping area
of dissolved oxygen levels, determines the weekly
bottom-water oxygen levels, and from that deter-
mines the number of days of hypoxia (< 3.5 mg 17")
each year. Length or frequency of oxygen concen-
trations below a specified level is used to character-
ize a degraded ecological condition (National
Research Council 2000), and indices can be de-
veloped for quantifying hypoxia and anoxia (Nirn-
berg 2004). Other restoration or management
strategies determine swimable, fishable, drinkable
standards for water use or levels of dissolved oxygen
below which specific organisms are physiologically
stressed, die, or are unable to sustain healthy
population levels.

The current method of assessing the mid-summer
extent of hypoxia is sufficient to support the Action
Plan in assessing whether the five-year running
average of the hypoxic area is less than 5,000 km?. It
also has the advantage that it reflects the early
history of research in the area, can be consistently
acquired, and addresses the public interest of how
large the Dead Zone is. More frequent measure-
ments of simple metrics (e.g., area and volume)
from late spring through late summer would help
ensure that the metric is representative of the
system in any given year. A series of years with active
tropical storm seasons may skew the area or volume
data to less than representative of the river
discharge, nutrient flux, and conditions of stratifi-
cation, such as when the water column is disrupted
by a storm within a week or two of the mapping
survey (e.g., 2003 and 2005). Such a misrepresenta-
tion of the annual cycle of hypoxia formation and
maintenance could negatively influence manage-
ment plans for reducing shelf hypoxia and undercut
public support for management.

Metrics associated with the monthly (transect C
west of the Mississippi River) and bimonthly
(transect F off the Atchafalaya River; Figs. 4 and 5)
transects and coastal observing systems at fixed
points (Fig. 2) continue to provide greater temporal



resolution to the physical, chemical, and biological
properties associated with hypoxia and the dis-
charges of fresh water and associated constituents
from the Mississippi and Atchafalaya rivers. Higher
resolution measurements with towed instrumenta-
tion or autonomous underwater vehicles, while not
addressing the metrics necessary to determine the
efficacy of the Action Plan, should be considered in
future research to facilitate understanding of the
dynamics of Gulf hypoxia and to enhance model
development and validation.

Conclusions

The details of the variability and dimensions of
hypoxia are more fully described now than when
compiled for the Integrated Assessment (CENR
2000), but the time course of development of
hypoxia and its seasonal and spatial distribution
have not changed. The quasi-synoptic, shelfwide
mapping of the hypoxic area and the associated
biological, chemical, and physical variables on
a consistent grid in mid summer is an adequate
and valuable means of measuring hypoxic condition
in support of the 2001 Action Plan. Increased
coverage of hypoxia shelfwide distributions during
summer months would provide complementary data
on summer distribution and compensatory data to
account for precruise events in years when the
consistent mid-summer grid follows storms. Finer
resolution of features, more frequent surveys over
shelf-scale areas, and high frequency observations at
key locations across the shelf are needed to better
understand the biological, chemical, and physical
processes that support the formation and mainte-
nance of hypoxia.

Other metrics of hypoxic condition, such as
volume and total oxygen deficiency, which can be
constructed using existing data and future data, will
provide additional insight into hypoxia dynamics.
Hypoxic area has the advantages of being relatively
simple to calculate, is a long-term indicator, and is
a measure that is readily grasped by the public. For
longer-term indication of ecosystem response to
changes in nutrient loads (anthropogenic increases,
managed reductions, or climate-induced changes),
a fairly simple expression of the extent and severity
of hypoxia would benefit the public discourse on
remediation and prevention. Additional considera-
tions for more detailed indices of hypoxia are the
cost, the degree of complexity, and a continued
consistent collection of the data that support the
indicator.

The causes of hypoxia formation, size and
severity, and changes over decadal scales, with
variations in Mississippi River discharge and nutri-
ent loads, are reinforced by additional data and
published results summarized in this paper. The
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long-term data on hypoxia, sources of nutrients,
associated biological parameters, and paleoindica-
tors continue to verify and strengthen the relation-
ship between the nitrate-nitrogen load of the
Mississippi River, the extent of hypoxia, and
changes in the coastal ecosystem (eutrophication
and worsening hypoxia) that reflect the increased
nitrogen loads. Additional results on phosphorus
and nitrogen limitation in the Mississippi River
plume (four cruises in 2001; Sylvan et al. 2006) add
to the existing body of evidence that nutrient
limitation varies by season, location, and salinity
(Rabalais et al. 2002b) and indicate that both
nitrogen and phosphorus, which derive primarily
from nonpoint sources (Goolsby et al. 1999), should
be addressed in future nutrient management plans.
Multiple lines of evidence, representing a wide array
of data sources, provide a consistent big-picture
scenario of increased eutrophication resulting from
increased nutrient loading and manifesting as
a seasonal and perennial hypoxic zone. The
additional findings broadly reinforce the science
supporting the 2001 Action Plan that aims to reduce
nutrient loads, primarily nitrogen, as a means of
reducing hypoxia in the northern Gulf of Mexico.
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