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Abstract Two distinct hypoxic patterns were revealed from
high-frequency dissolved oxygen (DO) data collected from
North Branch of Onancock Creek, a shallow coastal estuary
of the Chesapeake Bay, from July to October 2004. Diurnal
hypoxia developed associated with large DO swings during
fair weather and hypoxia/anoxia developed for prolonged
2–5-day periods following rainfall events. A simplified
diagnostic DO-algae model was used to investigate DO
dynamics in the creek. The model results show that the
modeling approach enables important features of the DO
dynamics in the creek to be captured and analyzed. Large
anthropogenic inputs of nutrients to the creek stimulated
macroalgae blooms in the embayment. High DO production
resulted in supersaturated DO in daytime, whereas DO was
depleted at night as the high respiration overwhelmed the
DO supply, leading to hypoxia. Unlike deep-water environ-
ments, in this shallow-water system, biological processes
dominate DO variations. High macroalgae biomass inter-
acting with low light and high temperature trigger the
development of prolonged hypoxic/anoxic postrainfall
events.
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Introduction

Increased eutrophication resulting in low dissolved oxygen
(DO) or hypoxia (DO <2–3 mg l−1) in estuaries and coastal
waters has received extensive attention in recent years. The
formation of chronic hypoxic bottom waters (lasting days to
months) in deep estuaries and coastal oceans is a common
phenomenon of eutrophication and has been widely studied
for many years (e.g., Officer et al. 1984; Kuo and Neilson
1987; Paerl et al. 1998; Rabalais et al. 1991; Zaitsev 1992;
Welsh et al. 1994; Nixon 1995; Diaz 2001; Hagy et al. 2004;
Kemp et al. 2005). Annual summertime occurrences of
hypoxia in deep-water systems are driven by seasonal
stratification coupled with a sufficient supply of organic
matter. Analysis of oxygen budgets in Virginia estuaries
indicates that the variations in frequency, duration, and
severity of hypoxia are related to the net movement of
bottom waters (Kuo and Neilson 1987), which is closely
related to the strength of gravitational circulation, as well as
the vertical DO diffusion across the pycnocline (Kuo et al.
1991). The hypoxia in the Chesapeake Bay and its major
tributaries is attributed to high organic supply and estuarine
stratification (Kuo and Neilson 1987; Boicourt 1992; Kemp
et al. 2005). Thus, physical processes, such as water column
stratification and gravitational circulation, play a key role in
the formation of hypoxic bottom waters in deep-water
systems.

Intuitively, biological and physical processes in shallow
water systems should limit or eliminate the occurrence of
hypoxic events. Wind and tide-driven mixing of shallow
waters prevents stratification and favors the replenishment
of DO from the atmosphere. In addition, highly productive
angiosperms, such as seagrass, periphyton, drift macro-
algae, and abundant benthic macroalgae (Anderson et al.
2003), can assimilate some or all of the nutrients in the
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water column and diffused from the sediment (e.g.,
Henriksen 1980; Nowicki and Nixon 1985; Cerco and
Seitzinger 1997). However, large diurnal fluctuations of DO
between hypoxia and supersaturation are often observed in
shallow tidal creeks, lagoons, and estuaries (D’Avanzo and
Kremer 1994; Wenner et al. 2001; Moore 2004). Hypoxia
usually occurs at night and disappears after sunrise.
Although the duration of hypoxia is much shorter in shallow
waters than in deep waters, there is growing concern about
its potential detrimental effects on shallow-water inhabitants.
Fish kills in shallow waters are associated with sudden
severe hypoxic events in summer (D’Avanzo and Kremer
1994). Shallow waters are important nursery habitats for
many valuable aquatic species and a critical interface
between terrestrial and deeper coastal ecosystems, so it is
important to understand shallow-water DO dynamics.

Prolonged periods of low DO have been observed in
other shallow waters (Stanley and Nixon 1992; Park et al.
2007). Stanley and Nixon (1992) observed hypoxia in the
Pamlico River estuary under stratified conditions, while the
interaction of low light and high temperature was a crucial
trigger of anoxia in Waquoit Bay (D’Avanzo and Kremer
1994). These studies suggest that the factors that trigger the
development of hypoxia/anoxia in shallow-water systems
are different from those of deeper water.

Diurnal DO swings, a common feature observed in many
shallow waters in Chesapeake Bay, were observed from
July to October 2004 in North Branch of Onancock Creek,
a shallow coastal embayment of the Chesapeake Bay. High-
frequency monitoring data (15-min intervals) revealed that
DO was supersaturated during the daytime but approached
zero at night. The hypoxic patterns that occurred in North
Branch suggest that the creek is in a eutrophic state.
However, this diurnal DO fluctuation pattern was frequent-
ly interrupted by hypoxia/anoxia for 2–5 days in duration,
corresponding to rainfall events. The mechanisms for the
development of these hypoxic/anoxic events appear to be
different from those shallow-water hypoxic events reported
(e.g., Stanley and Nixon 1992; D’Avanzo and Kremer
1994; Park et al. 2007).

A previous model study of Onancock Creek described
the importance of sediment oxygen demand (SOD) on the
DO concentrations (Wang 2005). SOD is dependent on the
deposition of total organic matter and available DO. High
SOD contributed significantly to hypoxia in the water
column and high SOD will persist over time even with a
reduction of external nutrient loadings from point and
nonpoint sources (Wang 2005).

In this study, the hypoxia in Onancock Creek was
examined by the analysis of high-frequency DO measure-
ments (“Observations” section) and a simplified DO-algae
model, developed to simulate DO distribution during the
summer period (“Modeling DO Dynamics” section). The

model was then used to perform diagnostic studies of the
mechanisms controlling DO dynamics in the North Branch
of Onancock Creek (“Diagnostic Studies” section).

Observations

Onancock Creek, a small tributary of Chesapeake Bay, is
located on the Eastern Shore of Virginia. It has three
branches at its headwaters: North Branch, Central Branch,
and South Branch (Fig. 1). The drainage area is 39 km2 and
the water depth is variable with an average of 1.6 m (mean
sea level). The tide is dominated by the lunar semidiurnal
tidal constituent (M2) and has a mean range of 0.55 m.
Land uses in the watershed are dominated by forest (38%)
and cropland (30%). Other land uses include uncultivated
land (14%), developed land (10%), and wetlands (8%). The
major residential area is the town of Onancock, located in
the headwater region (see Fig. 1). The Onancock wastewa-
ter treatment plant [sewage treatment plant (STP)] is located
near the upstream end of North Branch and the outfall
discharges into the North Branch (average flow 0.01 ms−1,
TN>9 mg l−1 and TP>3 mg l−1).

The Virginia Department of Environmental Quality
(VADEQ) conducts bimonthly water quality monitoring in
Onancock Creek (Fig. 1). DO monitoring data from 1995–
2002 for all stations (Fig. 2) show mean and median
concentrations near 8 mg l−1 with no statistical differences
among stations (P=0.286, ANOVA). However, station NB
has the largest DO range among all the stations, varying
from less than 2 to 17 mg l−1. Based on the commonly used
hypoxia criterion of <2–3 mg l−1, DO minimums in the
North Branch indicate the occurrence of hypoxia.

A Hydrolab™ minisonde was deployed in summer,
2004, to measure high-frequency DO concentrations
(15-min intervals). The sonde was deployed 0.5 m
below the water surface where water depths vary from
approximately 1 to 2 m (high-frequency station NH in
Fig. 1). A second Hydrolab™ minisonde was deployed in
the Central Branch as the reference condition (high-
frequency station CH in Fig. 1). The sondes were replaced
normally every 4 to 7 days.

The high-frequency data show two distinct hypoxic
phenomena (Fig. 3). Firstly, very strong diurnal DO
oscillations occurred during summer fair weather periods
with little or no rainfall (7/14–7/19 and 8/8–8/11). The DO
varied daily from nearly 0 mg l−1 at night to higher than
12 mg l−1 during daytime. This phenomenon is similar to
those reported in Waquoit Bay, MA (D’Avanzo and Kremer
1994), and a tropical lagoon in Mexico (Reyes and Merino
1991), but the DO fluctuations in Onancock Creek were
much larger. Secondly, the strong diurnal DO oscillations
were suppressed after large rainfall events; DO dropped
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quickly and remained persistently low (<5 mg l−1) for
several days (7/23–7/27 and 7/29–8/01). After the rainfall
effect subsided, the diurnal DO oscillations reappeared. In
comparison, the DO distributions in the North and Central
Branches for November, 2004, were quite different (Fig. 4).
Diurnal DO oscillations were evident in both stations NH
and CH. The diurnal DO swing in North Branch is weaker
than summertime DO oscillations, but hypoxia did occur at
station NH during the fall study period.

Sediment and water quality samples were collected from
several stations (Fig. 1). The NB sediment has an organic
carbon content of about 8–9% dwt, which is higher than
many deep-water sites in the Chesapeake Bay, with about
5% dwt (Cowan and Boynton 1996). Water quality samples
collected in fall, 2004 (October and November), from
stations NH and CH show that chlorophyll-a concentrations
at station NH are higher than those at station CH (mean
chlorophyll-a concentration=37.9 vs 20.0 μg l−1; sample

C

STP

Chesapeake

Bay

Onancock Creek and Its 

Watershed

Upper Portion of

Onancock Creek

Fig. 1 A map of the study area: Onancock Creek. VADEQ stations are water quality and sediment samples
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size=8 for both stations). While not collected during the
summertime when hypoxia was most severe, the chloro-
phyll-a concentrations indicate that it is unlikely that
phytoplankton alone causes the larger DO swing in NB.
Abundant macroalgae was observed in fall, 2004, and
spring, 2005, raising the question of the role of macroalgae
in the DO processes of North Branch.

Both point source and nonpoint sources contribute large
amounts of nutrients and carbon to Onancock Creek. The
estimated loads are about 8.59 kg day−1 of nitrogen and
2.09 kg day−1 of phosphorus, respectively (Wang 2005).
Effluent samples from the STP outfall, collected in 2004 by

VADEQ, had high inorganic nitrogen (N) and phosphorous
(P) concentrations (on the average of 10 and 2 mg l−1,
respectively). Fair weather and postrainfall nutrient and
carbon concentrations of water samples taken above the
head of the tide in NB are shown in Table 1. Constituent
concentrations increase about 7% to 50% during rainfall
events, except NO2,3 (i.e., NO2 + NO3). The low
concentration of NO2,3 input during rainfall events indicates
that the source of NO2,3 is mainly from groundwater
(Stanhope 2003). The high dissolved organic carbon
(DOC) concentration indicates that a large amount of
DOC is discharged into the creek from rainfall events.

Modeling DO Dynamics

A simplified DO-algae model was developed to diagnose
the processes of hypoxia in North Branch of Onancock
Creek. For model purposes, a shallow coastal embayment
like North Branch can be depicted as a small-scale,
vertically well-mixed estuary. The DO concentration distri-
bution in both transverse and longitudinal directions is
assumed to be uniform. It is further assumed that tidally
induced longitudinal advection is negligible given the small
longitudinal velocity and concentration gradients and that
the longitudinal net transport is controlled mainly by
freshwater discharge. The DO dynamics are controlled by
phytoplankton, macroalgae (or attached algae), surface

Fig. 3 Observations of rainfall,
DO, DO saturation (%),
salinity, and temperature at high-
frequency station in North
Branch of Onancock Creek
(July 11–August 10, 2004)
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Fig. 2 A box plot of DO from VADEQ monitoring data for 1995–
2002 in North Branch (NB), Central Branch (CB), South Branch (SB),
and Onancock Creek main channel (MS)
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reaeration, net DO transport, and organic carbon respira-
tion. The DO processes can be described as follows:

dO

dt
¼ 2:67 P1 þ P2 � R1 � R2ð Þ þ ks Os � Oð Þ � kcC

� SOD

H
þ Om

V
� Qin

V
O ð1Þ

dA1

dt
¼ P1 � R1 �M1ð Þ � v1

H
A1 � Qin

V
A1 ð2Þ

dA2

dt
¼ P2 � R2 �M2ð Þ ð3Þ

dC

dt
¼ �kcC þ Cm

V
þ f1M1 þ f2M2 � vc

H
C � Qin

V
C ð4Þ

where O, Ai, and C are DO, algae, and organic carbon
(mg l−1), respectively. Pi = algae production (mg l−1 day−1),
Ri = algae respiration (mg l−1 day−1), and Mi = algae
mortality (mg l−1 day−1). The values of subscript i=1 and 2
denote phytoplankton and macroalgae, respectively. v1 =
settling velocity of phytoplankton (m � day�1); vc = settling
velocity of organic carbon (m � day�1); Qin = river
discharge (m3 s−1); Om and Cm are mass input of DO and
carbon, respectively (g day−1); kc = carbon decay rate
(day−1); ks = reaeration rate (day−1); Os is the saturated DO
concentration (mg l−1); SOD stands for the sediment
oxygen demand (gO2 m−2 day−1), which represents the
total amount of oxygen consumed by decomposition of
organic matter accumulated in the sediment; H = water

depth; V = volume of the creek (m−3); and fi = fraction of
carbon transferred to organic carbon due to mortality.

All nonphytoplankton algae were combined into “macro-
algae” and modeled as carbon units, which are not subject
to transport. The loss of macroalgae due to erosion was not
considered here. It is further assumed that nutrients are not
limiting in this nutrient-enriched embayment. The produc-
tion is modeled as a function of light and temperature:

Pi ¼ kgif Ið Þ 1:066ð ÞT�20Ai ð5Þ
where kgi is the growth rate at 20°C (day−1), I = irradiance
(W �m�2), and T = temperature. The effect of light on
production is expressed as:

f Ið Þ ¼ Iffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2h þ I2

q ð6Þ

I ¼ I0e
�kzz ð7Þ

I0 is the irradiance at the surface, z is the depth from the
surface to where algae is located (m), kz is light attenuation
(m−1), and Ih is defined as the irradiance at which the initial
slope of the production vs irradiance relationship intersects
the value of kgi (Cerco and Noel 2004). The respiration is
modeled as a function of temperature and DO:

Ri ¼ kri
O

OH þ O
1:08ð ÞT�20Ai ð8Þ

where kri is the respiration rate at T=20°C (day−1) and OH

is half saturation of DO concentration (mg l−1). Respiration
is inhibited when DO is depleted. When simulating macro-

Table 1 Comparison of concentrations with and without rain (from April to June, 2005)

Status NH3

(mg/L)
NO2,3

(mg/L)
PO4

(mg/L)
TDN
(mg/L)

TDP
(mg/L)

TOC
(mg/L)

DOC
(mg/L)

Rain
(mm)

Total
samples

No rain 0.06 1.41 0.01 1.84 0.02 4.40 3.23 0.00 8
Postrain 0.09 1.40 0.01 1.96 0.02 5.11 4.21 14.48 5
Percent increase 50.0% −0.7% 0.0% 6.5% 0.0% 16.1% 30.3%

Fig. 4 Observations of DO in
North Branch and Central
Branch of Onancock Creek
(November 2–22, 2004)
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algae, kz is expressed as a function of phytoplankton and
suspended sediment:

kz ¼ a A1 þ b S þ c ð9Þ
where S = concentration of suspended sediment (mg l−1), a is
an attenuation coefficient due to algae shading (μg l−1 m−1), b
is an attenuation coefficient due to suspended sediment
(mg l−1 m−1), and c (m−1) is a background value.

Equations 1–4 can be solved numerically by providing
light, temperature, kinetic parameters, and initial condi-
tions. Field-measured temperature and solar radiation time
series and modeled flow discharge (Wang 2005) were used
to drive the model. A mean water depth of 1.5 m and
volume of 64,350 m3 were used in the model. The carbon
loading is computed by multiplying flow and a carbon
concentration of 5 mg l−1. The O’Connor–Dobbins equa-
tion was used to compute the reaeration, and further
corrected by temperature (Thomann and Mueller 1987). A
5-cm velocity was added to the flow velocity to account for
the tidally induced reaeration. The saturated DO (Os) was
computed as a function of temperature (Chapra 1997). The
light attenuation effect caused by phytoplankton was given
a value of 0.72 μg l−1 m−1 (Cerco and Seitzinger 1997)
while values of 0.06 mg l−1 m−1 and 0.08 m−1 were used for
attenuation due to suspended sediment and background,
respectively. Suspended sediment is not simulated and
the sediment concentration during fair weather is very
low (5 mg l−1), while 20 mg l−1 was used during and for
3 days after rainfall events with precipitation greater than
5 in. SOD is expected to be high in the creek, so a
constant of 3 g m−2 day−1 was used in the model. A value
of 0.35 m day−1 was used as the settling velocity for
phytoplankton and organic carbon. A constant value of
0.15 day−1 was used for carbon decay. Mortality rates of
0.03 and 0.002 day−1 were specified for phytoplankton
and macroalgae, respectively. A value of 0.5 was used for
f1 and f2 as a fraction of organic carbon transferred to the
carbon pool.

The model was calibrated using DO data with an initial
chlorophyll-a concentration of 30 μg l−1 and macroalgae
concentration of 330 g m−2 dry weight. The phytoplankton
concentration was calibrated around 30 μg l−1 during fair
weather. The growth and respiration rates for both
phytoplankton and macroalgae, calibrated based on high-
frequency DO data, are 2.3 and 0.04 day−1 for phytoplank-
ton and 0.42 and 0.04 day−1 for macroalgae, respectively.
The rates for phytoplankton are within conventional ranges
(Thomann and Mueller 1987; Shen and Kuo 1996). The
rates used for macroalgae are within conventional ranges
(Valiela et al. 1997) and are similar to those values used in
the macroalgae model of the Tagus Estuary (Trancoso
2002). The inflow DO concentration during rainfall events
was calibrated to 5 mg l−1. This low concentration of DO

reflects the reduction that occurs as runoff passes over
marsh areas before discharging to the creek.

The model captures both the diurnal hypoxia and
prolonged DO sag following rainfall events (Fig. 5A).
Modeled and observed mean DO concentrations are 4.34
and 4.63 mg l−1, respectively, and modeled and observed
DO standard deviations are 3.97 and 3.81, respectively. The
root-mean-square error (RMS), mean error (MER), and
relative error (RER) are calculated as quantitative measures
of the model results by the following equations (Cerco and
Cole 1994):

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

O� Pð Þ2
n

s
ð10Þ

MER ¼
P

O� Pð Þ
n

ð11Þ

RER ¼
P

O� Pð ÞP
O

ð12Þ

where O is observations, P is model results, and n is total
number of observations. The RMS, MER, and RER for the
DO concentration are 1.78 mg l−1, 0.52 mg l−1, and 0.25,
respectively. The R2 is 0.88. The agreement of the model
with observed data indicates that the simplified DO
modeling approach captures important features of DO
dynamics in the creek and permits diagnostic studies to be
conducted. The calibrated results (hereinafter referred to as
baseline conditions) were used for comparison with the
model diagnostic studies.

Diagnostic Studies

Algal Growth and Respiration

Shallowwater environments are characterized by high rates of
primary production and respiration. Growth and respiration
rates are key parameters controlling algae production
(Thomann and Mueller 1987). The model was used to
demonstrate the influence of macroalgae growth and respira-
tion rates onDO variation (Fig. 5B and C). A 20% increase in
growth rate resulted in a corresponding increase in peak DO
of more than 5 mg l−1. In contrast, when the growth rate was
decreased by 20%, peak daytime DO dropped and nighttime
DO went almost to zero. Changes in respiration rates
behaved opposite to changes in growth rates. When the
respiration rate was decreased by 20%, DO increased up to
5 mg l−1. However, the model was insensitive to increases in
respiration rate during night and postrainfall, presumably due
to the insufficient amount of available DO.
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Net ecosystem metabolism (NEM), the net effect of
production and respiration, can be used to evaluate
estuarine environments as sources or sinks of carbon
(Smith and Hollibaugh 1997). The Onancock Creek model
computed the gross production (GP), community respira-
tion (CR), and NEM for fair weather and postrainfall
(Table 2). The modeled 30-day mean GP and CR values
were higher than other shallow water sites in the Mid-
Atlantic (Caffrey 2004), but NEM was comparable. From
the estimated mean values for postrainfall events (i.e.,

days 12–16 and 18–21), it can be seen that GP decreased by
about 49% with a corresponding decrease in respiration.
The results suggest that the system is heterotrophic.

The model experiments with varying growth and
respiration rates of macroalgae suggest that NEM in the
creek was primarily controlled by the macroalgae (Figs. 5B
and 5C). When the growth rate was increased by 20%, GP
increased by 23%, while CR only increased by 10%,
compared to the baseline condition. In contrast, when the
growth rate was decreased by 20%, the peak DO was

Table 2 GP, CR, and NEM calculated from model and diurnal curve method showing baseline conditions (rows 1–3) and various modeled
scenarios (rows 4–6). Values are in gO2 m

−2d−1

Date Description GP CR NEM

Model DCM Model DCM Model DCM

7/11–8/10/2004 30-day mean (baseline conditions) 25.4 23.9 31.2 27.4 −5.8 −3.5
7/14–7/19/2004 Mean—fair weather (baseline conditions) 32.2 34.8 37.5 36.5 −2.2 −1.7
7/23–7/27 and 7/29–8/01 (days
12–16 and 18–21 from 7/11/2004)

Mean—postrainfall events (baseline conditions) 12.9 14.3 27.9 23.6 −15.0 −9.3

7/11–8/10/2004 20% increase in macroalgae growth rate 31.3 34.6 −3.3
7/11–8/10/2004 20% decrease in macroalgae growth rate 19.9 27.6 −7.7
7/11–8/10/2004 20% decrease in macroalgae respiration rate 27.0 29.8 −2.81

DCM diurnal curve method

Fig. 5 Model results and diag-
nostic tests: A comparison of
model results and observations,
B results of change in growth
rate, and C results of change in
respiration rate
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reduced in daytime and the creek became almost anoxic at
night. GP decreased about 22% and NEM changed about
33%. Changes in respiration rates behaved opposite to
changes in growth rates. When the respiration rate was
decreased by 20%, GP increased about 6%, but NEM was
changed about 52%.

Surface Reaeration and SOD

Surface reaeration is an important physical process for DO
replenishment in shallow water (Chapra 1997), while SOD is
one of the dominant factors in DO removal. The O’Connor–
Dobbins equation was used to estimate surface reaeration.
The reaeration rates varied from 0.78 to 1.52 day−1. The
effect of changing the reaeration rate on DO distribution was

studied by increasing and decreasing ks by 50% (Fig. 6A).
When the reaeration rate was increased by 50%, DO
decreased in daytime and increased at night. The daytime
decrease may be attributed to the release of DO to the air
under supersaturated conditions while the nighttime increase
resulted from a DO supply that exceeded consumption.
Decrease of reaeration worked in the opposite direction as
increase of reaeration. Figure 6A shows that an increase or
decrease of DO concentrations was less than 0.5 mg l−1

during fair weather. DO increased more than 1.0 mg l−1

during and postrainfall events. This is probably due to the
relatively high surface runoff compared to the flow during
fair weather, which increases the reaeration rate.

A constant SOD flux of 3.0 g O2 m
−2 day−1 was used in

the model. The flux value used is in the same range as the

Fig. 6 Model diagnostic results:
A change in reaeration rates,
B change in SOD rates,
C change in carbon input, and
D change in saturated DO
inflow (DOs)
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flux measured in shallow water of Indian River-Rehoboth
Bay, Delaware (Cerco and Seitzinger 1997). The SOD
values were increased and decreased by 50% to study the
effect on DO distribution (Fig. 6B). The DO decreased as
SOD increased if the daily minimum DO concentration in
the creek was more than 5 mg l−1 (days 5–6 and 29–31).
DO decreased more than 1.0 mg l−1 when SOD increased
by 50%. However, DO changed only slightly during and
post rainfall suggesting that the impact of SOD was limited
under hypoxic conditions due to DO limiting. The change
in DO was about 0.5 to 1.0 mg l−1 under fair weather
conditions. Decreasing SOD resulted in an opposite change
in DO concentration as that of increasing SOD.

Hypoxia: Diurnal and Prolonged

Prolonged DO sags after rainfall events can be caused by
changes in flow, organic carbon, and nutrient loads from the
watershed, and biochemical processes inside the creek.
Postrainfall runoff can exceed mean flow by an order of
magnitude. Large marsh areas in the upper watershed and
terrestrial production contribute large amounts of DOC to
the creek (Table 1). To account for increased loading

postrainfall, field measurements of inflow carbon concen-
tration of 5 mg l−1 were used in the model. The specified
DO concentration of 5 mg l−1 was based on the model
calibration. The effects of changing carbon and DO inputs
on DO distribution were tested by assuming that the carbon
concentration was zero (Fig. 6C) and the inflow DO
concentration was saturated (i.e., DOs=8 mg l−1)
(Fig. 6D). It should be noted that either an increase in DO
or a reduction in carbon has the same effect on DO
distribution, but to different degrees. The test results
indicate that DO increased on days 14–15 and 18–20
during large runoff events. However, the low DO con-
ditions on days 22–23 and 25–26 remain unchanged.
Because low levels of DO occurred during periods without
significant surface runoff, it is unlikely that nonpoint source
inputs alone can explain the low DO.

Possible factors controlling prolonged hypoxia are high
macroalgae biomass and the interaction of low light and
high temperature. The influence of light on DO can be
studied by altering the light attenuation coefficient in the
model. Figure 7A shows that DO production decreased
dramatically with a decrease in light following rainfall
events. A 20% decrease in kz resulted in a DO level as high

Fig. 7 Model diagnostic results:
A change in light attenuation,
B change in mean temperature,
and C change in SOD alone
(dashed red line), and change in
macroalgae biomass and SOD
combined (solid black line)
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as 30 mg l−1 during sunny days, while an increase of 20%
in kz resulted in a drastic decrease in DO. A probable cause
of low DO levels associated with a rainfall event is that low
light inhibits DO production by macroalgae photosynthesis.

The effect of temperature on DO was tested by decreasing
the mean baseline temperature of 24°C to mean temperatures
of 17 and 14°C (Fig. 7B). It can be seen that the diurnal DO
swing was dampened by a decrease in temperature. The peak
DO was reduced by as much as 5 mg l−1. Minimum DO
increased as well, but the system was still hypoxic. A high
biomass of macroalgae will cause low DO at night even
when the mean temperature is about 14°C.

Model simulations where SOD was decreased to 0.5 g−1

day−1, or where SOD was decreased to 0.5 g−1 day−1

combined with the macroalgae initial biomass reduced by
50% indicate that hypoxia cannot be totally eliminated with
a reduction in SOD alone (Fig. 7C). The system is
predominated by biological processes. As macroalgae
biomass decreases, the influence of SOD on DO becomes
more important. The diagnostic studies suggest that a high
biomass of macroalgae linked with low light and high
temperature are the dominant factors causing prolonged DO
sags in Onancock Creek.

Discussion

DO distribution in North Branch of Onancock Creek
demonstrates two distinct patterns of shallow-water hypoxia;
diurnal hypoxia in fair weather and prolonged hypoxia
associated with rainfall events. The field surveys showed
that the water became very turbid with large amounts of
organic matter and suspended solids after large runoff events.
The turbidity could last a few days in the creek due to its low
flushing rate. The overenrichment of organic matter from
both autochthonous production and allochthonous inputs,
and DO-depleted water discharged into the embayment from
the surrounding marsh areas, also contributed to the
prolonged hypoxic events postrainfall.

Modeling DO Dynamics

The model results showed that macroalgae production was
the dominant cause of the large diurnal DO swings and
hypoxia/anoxia in the creek. High rates of organic
production in estuaries have been attributed to high rates
of nutrients (Nixon et al. 1986) with correspondingly high
production of algae and macroalgae.

Many complex models have been used for simulating
macroalgae successfully (e.g., Biber et al. 2004; Trancoso
2002). The simplified DO-algae model used in this paper
simulates the key DO dynamics in shallow waters without
explicitly simulating coupled water-sediment processes.

The model grouped different species of drift and attached
macroalgae into one macroalgae group without consideration
of individual species. Macroalgae species differ in maximum
uptake rates, half-saturation coefficients, and uptake efficien-
cies relative to surface-to-volume ratios (Duarte 1995; Hein
et al. 1995). Additionally, macroalgae production rates
depend on nutrient supply, light, and temperature, and vary
from year to year. The model assumes that nutrients are not
limited.

Although our approach has limitations, the model
reasonably describes DO dynamics in Onancock Creek.
The model strengths include using high-frequency DO data
for calibration. Because the model is very sensitive to key
parameters, such as macroalgal growth and respiration
rates, and initial biomass, the calibrated parameters are
reliable (Shen and Kuo 1996). Also, the model is very
sensitive to light attenuation and simulations match ob-
served DO patterns. Using unlimited nutrients is acceptable
for a short-term model simulation period, but nutrient
limitations should be incorporated for long-term predictions
of DO and biomass production.

Diagnostic Studies

Algal Growth and Respiration

The diurnal curve method (Odum 1956) has often been
used to compute NEM (Russell et al. 2006; Caffrey 2004).
For comparison to model results, the diurnal curve method
was used to compute GP, CR, and NEM for Onancock
Creek (Table 2). The model-estimated GP is slightly lower
than the diurnal curve method. Values computed using both
methods are close for the period of fair weather while the
model-estimated CR is higher after rainfall events. The
modeled monthly mean CR is higher than the calculated
values, and this difference may be due to some missing
observation data used to compute the diurnal curve values.

Surface Reaeration and SOD

Surface reaeration as an oxygen input and oxygen removal
from SOD are important processes affecting DO concen-
trations in Onancock Creek. Reoxidation of reduced sulfur
accounts for at least half of sediment oxygen consumption
in shallow coastal systems (Jørgensen 1982). In the
mesohaline region of Chesapeake Bay, rates of dissolved
sulfide production and release correspond to a potential
oxygen demand of 1–2 gO2 m

2 day−1. This rate is equal to
or greater than the estimated rate of eddy-diffusive bottom-
water reaeration during summer (Roden and Tuttle 1992).
Anaerobic respiration, primarily sulfate reduction and
release of sulfite (H2S), is not simulated explicitly in the
model. The SOD specified in the model represents a
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combined effect of sediment oxygen reduction and oxygen
consumed due sulfite release.

Hypoxia: Diurnal and Prolonged

The diagnostic studies enable investigation of the cause–
effect relationships of transient hypoxia/anoxia and pro-
longed DO sag in the creek. High nutrient inputs from both
point and nonpoint sources fuel macroalgae production in
the creek, resulting in strong diurnal DO fluctuations during
fair weather. During rainfall events, reduced light inhibits
photosynthesis and the generation of DO. At the same time,
high temperatures promote high rates of macroalgal
respiration. In Onancock Creek, biological processes
dominate DO variations, unlike other shallow-water sys-
tems where physical processes are more dominant.

In summary, the results show that the modeling approach
used in this study enables important physical and biological
factors of DO dynamics in the creek to be captured and it
permits diagnostic studies of DO processes. High biomass
of macroalgae interacting with low light and high temper-
ature are the dominant factors explaining low DO in North
Branch of Onancock Creek in July, 2004. The short-term
effect of this interaction is demonstrated by improved DO
in the fall when temperature and macroalgae biomass levels
decrease. Over the long term, high macroalgae biomass will
persist given sufficient nutrient supply and light. The large
amount of organic material deposited following the macro-
algae dieoff will remain in the creek and accumulate due to
poor tidal flushing, which drives increasing levels of SOD.
In the future, incorporating additional biological processes
into a physical dynamics model will better explain DO
dynamics in a shallow-water, well-mixed estuary.
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