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Anoxia in a coastal bay: case study of a seasonal event
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Abstract: Bahia Concepcion (Gulf of California) was studied to describe some extremely low dissolved-oxy-
gen values at the bottom of the bay. Surveys included measurements of vertical distribution of temperature, dis-
solved oxygen, nitrate, nitrite, phosphates and hydrogen sulfide. Thermal stratification from early spring to
autumn and a well-mixed water column during the winter were present. Dissolved-oxygen concentration was
homogeneous in the water column from winter to spring (5-7 mg L1). From summer to autumn, bottom dis-
solved oxygen (> 20 m) decreased to reach conditions of hypoxia (1-2 mg L) or anoxia; nitrate, nitrite, and
phosphates increased (up to 13, 1.7 and 2.2 uM) followed by alast short period of a deep hydrogen sulfide layer
(up to 3.1 mg L-1). A back calculation to estimate the input of organic matter in the deep layer showed that 18 g
C m2 y1 needed to be trapped in the bottom to induce such an oxygen depletion. This period is thought to be

unfavorable for bottom infaunain this bay.
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Seasonal anoxic or hypoxic conditions
have often been observed in temperate coastal
environments (May 1973, Santos and Simon
1980, Jargensen 1990, Babenerd 1991, Prena
1994) and to a lesser extent in tropical marine
environments (Vargas 1995). The frequency,
severity, and length of hypoxic conditions are
mainly a consequence of a hydrographic struc-
ture causing water stagnation (Jergensen
1990), or by the inflow of deep oxygen-depl et-
ed waters from adjacent regions (Prena 1994).
The decrease in dissolved oxygen in bottom
waters together with a stable halocline or ther-
mocline induces high periods of oxygen stress
that may have severe ecological consequences
on bottom fauna (Theede et al. 1969) and
demersal fish (May 1973, Officer et al. 1984).

Along the Mexican Pacific coast, several
events of fish mortality have been observed but
never studied. In Bahia Concepcién (Gulf of
Cdlifornia), aperiodic defaunation has

occurred, mainly in soft-bottom mollusks.
Some unpublished reports briefly explained
such mass mortalities by abnormal increasesin
water temperature. Preliminary studies have
identified also an abnormal decrease of dis-
solved oxygen (Reyes Salinas 1994). To
describe this process of anoxia, we have moni-
tored water quality variables and the physical
structure of the water column. On the basis of
the data obtained, we analyzed for either natur-
a or anthropogenic influences, as causes of the
environmental disturbances in this bay.

Bahia Concepcién: Bahia Concepcion is
one of the deepest and largest (282 km?)
coastal bays on the western side of the Gulf of
Cadlifornia, in an arid climate region (Fig. 1). A
|arge shallow southern plain and anorthern 10-
m deep sill near the bay entrance border the
bay’s central basin (30- to 35-m depth).

This bay has higher salinity (35.1 to
36.0%o, Gilmartin and Revelante 1978) than in
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the adjacent Gulf (< 35.2%0) because of high
evaporation, particularly during summer. The
terrestrial area is desertic, with an annual rain-
fall of about 113 mm. According to Gilmartin
and Revelante (1978), Bahia Concepcidn has a
total volume of 4553x10° m3 and an intertidal
volume of 221x10% m3, giving a relatively low
flushing index of 0.05.

The only urban development, the village of
Mulegé, is 3 km north of the entrance of the bay
(Fig. 1). It has about 3 000 inhabitants. The
exploitation of shellfish, as Argopecten ventrico-
sus, (Sowerby [1), was the main activity in the
bay (Villago-Fuente and Ochoa-Baez 1993),
however, the annua yield was highly variable
from year to year (1734 + 1582 t, Sepesca,
1993). Extensive and local events of shdlfish
defaunation occurred mainly during the summer
(Massd and Vélez pers. comm.), probably con-
tributing to the inconsistency of the yield.

MATERIALSAND METHODS

Hydrographic surveys were made in 1993
in March, June, September, October, and
December, and in 1994, in March, April, May,
June, and July.

In the 1993 surveys, four stations were
sampled along the axis of the central basin of
the bay (Fig. 1). Water samples were taken with
Van Dorn bottles at 0, 1, 3, 5, 7, 10, 15, and
20 m depths, except in October and December,
when additional samples at 25 to 30 m depth
were taken. During the 1994 surveys, three or
four stations were sampled on atransverse axis
of the bay (Fig. 1) and water samples were
taken at 0, 5, 10, 15, 20, 25, and 30 m.

Temperature was measured with aYSI or
HACH probe. Dissolved-oxygen (DO) con-
centration was estimated by the Winkler titra-
tion technique, orthophosphate was estimated
according to Murphy and Riley (1962), and
nitrate and nitrite according to Parsons et al.
(1984). Nutrient samples were filtered on
Whatman GF/C filters. Analyses of hydrogen
sulfide were made on samples from 0, 20, and
30 m depths using the iodometric procedure
described in Clesceri et al. (1989).

Pacific Ocean

El Remate

BAHIA CONCEPCION

Fig. 1. Bahia Concepcidn, sampling stations and 24-m iso-
bath. Stations 1, 2, 3 and 4 represent the central axis.
Stations 5, 1, 6 and 7, represent the transverse axis.
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Wind data (provided by the Comisién
Nacional del Agua) were obtained from a
meteorological station at Mulegé, 3 km north
of the entrance of Bahia Concepcion (Fig. 1).
Monthly wind averages were computed from
the 1993 measurements.

RESULTS

Our data were consistent with the seasonal
water structure reported earlier (Lechuga-
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Devéze and Morquecho-Escamilla 1998).
Summer is characterized by a stratified water
column, identified by a well-developed thermo-
cline and oxycline (Figs. 2a, 2b). This structure
is broken in winter to a totally homogeneous
water column. The temperature and oxygen
shows alittle variation along and across the cen-
tral basin and depth (Figs. 2c, 2d). The restart to
a dtratified condition is in spring (Figs. 2e, 2f)
when the surface layer is again warmed by the
seasonal warming.
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Fig. 2. Temperatures (a, ¢, €) and dissolved oxygen (b, d, f) for the central (a, b, c, d) and transverse (e, f) axis. Stations are
shown in Figure 1. Summer conditions (a-b) are based on the survey of 8 to 9 October 1993; winter conditions (c-d) are
based on the survey of 1 to 2 December 1993; Spring conditions (e-f) are based on the survey of 3 to 4 May 1994.

According the expected vertical structure of
temperature and dissolved oxygen, the whole
data (sampling stations 1 to 7) were monthly
pooledin 0to 10 m layer (surface layer; n=7to
28), and >20 layer (bottom layer; n = 2 to 8).
Lowest n numbers (7 and 2) were for March
1993 (data from sampling stetion 1). ANOVA
and TUKEY test compared temperature and dis-

solved oxygen data of the two layers, depth and
time were the independent variables. At 95% of
confidence level, both layers were proved to be
significantly different. The weight of this signif-
icance was the summer months. Temperature is
consistently higher, up to 8 °C, at the surface
than in the bottom layer during March to
October (Fig. 3a). In November-December, both
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surface and bottom layers are mixed by a
decrease in temperature (around 22 °C), and in
March, the entire water column reaches its low-
est temperature (around 18 °C). From April to
July, once again, the surface and bottom layers
are divided by the thermocline.

During this period of thermal stratification,
the bottom layer showed a decreasein dissolved
oxygen concentration (Fig. 3b). The lowest val-
ues were in October (1.3 + 1.1 mg O,/L), and
this extended over the entire basin (Fig. 2b).

By the period of thermal homogenization
(winter), values of dissolved oxygen did not
show differences between surface and bottom
layers (Figs. 2d, 3b). Once again, the cycle
towards the dtratification is restarted when the
thermocline is developed, and the bottom oxy-
gen is depleted.

Dissolved oxygen in the surface layer did
not show a seasonal trend, remaining between
5t07mg O,/L.
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Fig. 3. Means of temperature (a) and dissolved oxygen (b)
for 0to 10 m surface layer (open circles) and > 20 m bottom

layer (filled circles), using the whole data from all sampling
stations. Standard deviation of the layer is shown.

TABLE 1
Nutrient concentration in the water column along the central basin of Bahia Concepcion.

=
o
[a] March June Sep
NO, O 0.60 0.35+0.23 0.81+0.37
uMo 1 0.96 0.42+030 0.56+0.18
3 2.69 0.69 + 0.40 1.97+1.78
5 0.38 029+022  1.06+1.00
7 0.69 0.40+0.20 0.54+0.22
10 251 059+033  1.03+0.72
15 088 0.68 + 0.58 0.92+0.93
20 019 255+1.06  3.06+1.90
NO, 0 0.67 0.09+0.06  0.02+0.01
uM 1 0.78 0.06 + 0.07 0.01+0.01
3 0.40 011+011  0.04+0.01
5 0.52 0.04 £ 0.05 0.04 £ 0.01
7 0.10 0.03+0.01  0.01+0.00
10 013 0.07+£0.01 0.01 + 0.00
15 010 0.39+065  0.02+0.01
20 0.09 174+ 041 0.85+ 0.18
PO, O 0.54 0.46 + 0.25 049+011
uMo 1 0.62 047+022  0.49+0.09
3 0.44 0.44 +0.20 0.51+0.16
5 0.49 0.59 +0.17 047 +0.17
7 0.95 0.38+0.25 0.46 + 0.09
10 064 057+021 051+011
15 058 1.10+0.72 145+ 0.91
20 075 222+062 156+0.50

Data are shown with standard deviation when available

Dec March May July

0.74 £ 0.52 0.54 + 0.36 0.27+045 Nodata
0.59+0.18 0.54+0.70 - -
0.41+0.12 0.68 + 0.43 - -

0.42 + 0.25 195+ 1.78 - -

0.64 +0.38 0.22+0.23 - -

0.46 + 0.36 0.19+0.20 - -

0.40 + 0.32 0.35+0.36 - -

0.88 + 0.62 0.62 + 0.83 473+363 Nodata
0.03 +0.03 0.06 + 0.02 0.05+0.04 020+ 0.08
0.02 + 0.02 0.06 + 0.01 - -

0.02 +0.01 0.06 + 0.02 - -
0.01+0.01 0.06 + 0.04 - -

0.02 + 0.02 0.07 + 0.03 - -

0.04 + 0.03 0.06 + 0.02 - -
0.01+0.01 0.08 + 0.05 - -

0.03 +0.02 0.07 + 0.02 029+022 120+0.14
0.62 +0.16 0.38+0.11 068+0.66 0.67 + 0.99
0.59 + 0.09 0.41 + 0.02 - -
0.62+0.13 0.39+ 0.08 - -
0.63+0.11 0.38 + 0.07 - -

0.50 + 0.03 0.37+0.03 - -

0.55 + 0.05 0.39 + 0.06 - -

0.59 + 0.06 0.49 +0.19 - -

0.56 + 0.05 0.39+0.04 240+0.82 313+0.99
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The isolation of the bottom layer by the
thermocline, depleted the dissolved oxygen by
organic matter oxidation. This processisthought
to be responsible for the increase of nitrates,
nitrites, and orthophosphates during the summer
(Table1). In spite of the high variability of nutri-
ent concentration at surface and bottom layers,
the bottom values clearly are well differentiated
from those of the surface.

Low oxygen levels or bottom anoxia
observed in October 1993 along the central axis
of the bay, was also conducive to the production
of hydrogen sulfide (Fig. 4, Table 2). The high-
est concentration (up to 3.1 mg L) wasfound at
sampling station 3 when bottom anoxia was
recorded (Fig. 2b and 4). The dight increase in
dissolved oxygen a 20 m was followed by a
decrease in hydrogen sulfide (0.5 mg L)
because dissolved sulfide oxidizes rapidly in the
presence of oxygen. This hydrogen sulfide layer

disappeared in the winter when the water col-
umn was mixed (Table 2).
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Fig. 4. Hydrogen sulfide on the central axis for October
1993.

TABLE 2

Monthly average of hydrogen sulfide (mg/L) at the central axis
(sampling stations 1, 2, 3, and 4) for the 1993 surveys.

Depth March June
om 0.0 0.03
20m 0.0 0.11 + 0.04
30m
DISCUSSION

Origin of the anoxic layer: The tempera-
ture structure in Bahia Concepcion is reason-
ably well defined throughout the annual cycle.
In winter (December to March), the whole bay
is well mixed probably by &) the convective
processes forced by a NW-NE wind stress
(Dressler 1981) that might drive waters from
the Gulf of California into the bay, and/or b)
the fast cooling of surface waters.

The beginning of thermal stratification
could be a response to a change of hydro-
graphic forces driven by the change of wind
direction (Fig. 5). In early spring (April), this
lowering of energy in the water column, and
warming of air temperature, act together to

September October December

0.11 +0.07 0.13+0.08 0.20+0.28
0.07 £ 0.09 0.11+0.13 0.01 £ 0.02
0.56 + 0.36 163+ 115 0.40+0.23

create and maintain a strong pycnocline iso-
lating the surface (0 to 10 m) from bottom
waters (> 15 m).

Jun
Au; Jul Sep o
R >E
May / &
Oct Apr Feb Jan
March
Nov
Dec
1m/s
v

Fig. 5. Monthly average of wind field for 1993. Numbers
indicate month of the year.
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Changes in the oxygen concentration at the
bottom layer could be correlated with &) the oxy-
gen consumption from biological oxidation of
organic matter (May 1973, Babenerd 1991,
Llansd 1992), or b) intrusions of adjacent oxy-
gen-depleted bottom waters advected by wind
influence (Officer et al. 1984, Breitburg 1990,
Prena 1994). The advection of low oxygen
waters coming from the ocean into Bahia
Concepcion does not seem to oceur. Thelow DO
waters of the Gulf of California(1.0 mg O, L)
are present at 300 m, and the thermoclineiswell-
developed in summer acting as a barrier to
impede the upwelling of this water (Emilsson
1993). Therefore we can explore the in situ
inputs of oxidizable materia to the bay.

Bahia Concepcion isin an arid area, where
the annual precipitation averages 113 mm.
There is no agricultural or industrial land use.
The only inputs of organic matter from human
activity originate at Mulegé village (3 000
inhabitants). The urban wastewater is treated
before being discharged into a small river flow-
ing 3 km north of the mouth of the bay. Some
tourist facilities are along the coast of the bay.
The nutrient or carbon inputs from this very low
population density, even though not measured,
seem easily diluted upon reaching the bay.
Natura inputs of organic matter seem be sup-
plied by red tides of Noctiluca scintillans occur-
ring every winter (Garate-Lizarraga 1991,
1995). Lechuga-Devéze and Morquecho-
Escamilla (1999) showed, aso in winter, a
diatom-dominated population.

Martinez-LOpez and Gérate-Lizarraga
(1994) reported a widespread spawning of
shellfish, again in the winter. It seems the
physical and chemical conditions of winter
render the whole bay capable of sustaining an
environment rich in autotrophs and het-
erotrophs. This produces a high grazing pres-
sure and therefore an increase in the settling of
organic particles. Further, plankton biomass
and organic debris could be trapped in the bot-
tom layer by the density gradient formed dur-
ing spring to summer.

The gradual decrease of dissolved oxygen
at the bottom during spring and summer are
directly correlated to an increase in nutrients.
This process ends in late summer to mid-
autumn when hypoxic conditions are reached.
When the DO is depleted, and organic nitrogen
has been oxidized into NO, and NO,, the
anaerobic metabolism seems to be stimulated,
promoting the production of hydrogen sulfide
(Theede et al. 1969).

Rates of carbon degradation: We can
obtain a rough estimate of the rate of carbon
degradation through the rates of oxygen con-
sumption of the deep stagnant water (> 20 m).
This assumes no significant oxygen exchange
between surface and bottom layers (e.g. diffusion
from the photic layer, tidal mixing, wind mix-
ing), and the main input of organic matter isfrom
the winter plankton biomass. The mean rate of
oxygen consumption during March to October
1993 and March to July 1994, was 0.028 +
0.006 mg O, L d* (equals to 0.028 + 0.006 g
O, m3 d1). Using a10 m depth of stagnant bot-
tom water (20 to 30 m depth), we obtained a con-
sumption of 0.28 g O, m2 d™%. Because 3.47 g of
oxygen is used to oxidize 1 g of organic carbon,
we obtained a rate of 0.081 g C m? dl. To
extrapolate for the total organic matter load,
we again assumed a linear oxygen depletion
during 225 days, obtaining 18 g C m?2 y!
(1.6 mol C m?2y1) accumulated during the
winter in the bottom of Bahia Concepcidn.
Using the standard deviation of data (0.006) the
range could extend from 14 to 22 g C m2 y-1,

Other environments affected by discharges
of anthropogenic organic matter, as the Baltic
Sea (the Oresund and Western Baltic), had rates
and organic loads near the range obtained in
this study. For the Oresund, Mattsson and
Stigebrandt (1993) reported an oxygen con-
sumption rate of 0.038 mg O, L™ d! and an
annual flux into the basin of 20.7 g C m2 y1,
For the Western Baltic, Balzer (1984) reported
25 mol Cm2y? (30 gC m?y?) of organic
matter decomposed at the sediment water inter-
face.
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Fig. 6. N-nitrogen evolution for the central axis during
March to October 1993

March: average of the entire column. June to October:
average of the bottom layer.

The similarities with our rates may be for-
tuitous and very speculative. However to vali-
date this first approach, we can aso estimate
the organic load through the N-nitrate release
(Fig. 6) using:

N-nitrate rate (mmol m2d?1) =[(N,—N)/ d] S,

where N, is the initial mean of N-nitrate
concentration for the entire water column
(March: 0.977 mmol m3), N, is the final mean
of N-nitrate concentration for the deep layer
(October: 6.89 mmol m3), d, is the number of
days of this period (196 days), and S, is the
depth of stagnant layer (10 m). Using thisfor-
mula, we obtain an estimate of 0.3015 mmol
N m2dl.

Cdlculating 225 days (21 March to 31
October) as the total period of water stagna-
tion, we obtain arate of 68 mmol N m2y1, or
5.4 g C m?2y1 [calculated by: mmol N x (N:
P) x 12,where N: P = 106: 16, and 12 is the
molecular weight of carbon], about one-third
of the carbon computed from oxygen data in
this work. This rate is near to that reported for
the Western Baltic Sea (Balzer 1984). There,
160 mmol N m2ytor 12.7g C m?2y? repre-
sents alittleless than one third of the oxidation
of 30g C m2y? (25 mol C m?2y?).

We have assumed for this area there may
have been no oxygen influences from the sur-
face layers and the organic load comes from
winter inputs. However, these assumptions
could be inaccurate because of direct vertical
episodic mixing or diffusion through the ther-
mocline. Nevertheless, the calculated total
organic matter load, certainly underestimated,
represents an adequate approach that encour-
ages further examination.

Causal effects of oxygen depletion:
Anthropic activities should promote coastal
eutrophication resulting in an increased organ-
ic load and, consequently, increased oxygen
demand leading to episodic or aperiodic anox-
ic conditions (May 1973, Llansd 1992, Prena
1994). However, the development of anoxiain
Bahia Concepcion cannot be associated with
human impact because the area has alow pop-
ulation density. Furthermore, according to
Gilmartin and Revelante (1978) data on anox-
ic bottom, high nitrate and phosphate values
were first observed in 1976. This could indi-
cate that anoxic conditions are more related to
natural influences.

Tilting fluctuation of isotherms originating
from thetidal and wind motion of surface waters
should induce a gentle upwelling into the shal-
lows of the southern plain (El Remate) advecting
the anoxic and hydrogen sulfide-rich bottom
layer, where shellfish banks are located (Félix-
Pico 1987). If the tolerance to oxygen deficien-
¢y and hydrogen sulfide by marine bivalves is
affected by high temperatures (Theede et al.
1969), and the mean letha time in these condi-
tionsisaround 4 days (Barthel 1984), then anox-
ia and hydrogen sulfide should be responsible
for some sudden summer to autumn mollusk
mortality. In the light of these data, Bahia
Concepcion has recently been considered as an
endangered area (Arriaga et al. 1998)

The decreased oxygen content in the deep
layer of Bahia Concepciénismost likely asea
sonal increase to oxidize natura inputs of
organic matter. Extensive non-periodic shell-
fish mortality could be linked to wind- or tide-
induced advection of the anoxic layer into the
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shellfish banks. It is evident that the coupling
of natural processes of organic matter produc-
tion, water mass structure, and biogeochemical
transformations in the sediments dominates to
a great extent the biological environment of
Bahia Concepcidn.
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RESUMEN

Se midieron seis variables fisico-quimicas en Bahia
Concepcién (Golfo de California, 1993 y 1994) para
explicar €l origen de valores muy bajos de oxigeno disuelto
en el fondo. La estructura hidrogréfica mostré una fuerte
estratificacion térmica vertical del inicio de la primavera
hasta €l otofio, mientras que durante el invierno se observa
una columna de agua homogénea. Las concentraciones de
oxigeno disuelto siguen el mismo patrén: homogéneas de
invierno a primavera (5-7 mg L ), mientras que del vera-
no a otofio disminuyen en la capa de fondo (> 20 m) hasta
alcanzar condiciones de hipoxia (1-2 mg L) o anoxia. Las
concentraciones de nitrato, nitrito y ortofosfatos también
aumentan en lacapadefondo (13, 1.7 y 2.2 UM respectiva-
mente), seguido de un corto periodo de formacién de sul-
furo de hidrogeno (hasta 3.1 mg L-1). Por célculos indirec-
tos se establece que 18 g C m2 a® de materia orgénica son
atrapados en el fondo provocando la severa disminucion del
oxigeno disuelto. Este periodo se considera critico para la
fauna benténica de esta bahia
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