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Approach and Considerations
• Approach: Perform a synthesis of oxygen uptake rates and 

potential replenishment rates across diverse coastal 
ecosystems, quantify a metric that balances the two controls

• There are a diversity of time scales of oxygen depletion in 
coastal and marine ecosystems (permanent, seasonal, 
episodic, diel)

• The degree of oxygen depletion depends on the magnitude of 
the biogeochemical oxygen consumption rates relative to 
physical replenishment

• Oxygen consumption is driven by a variety sources, including 
watershed and wetland C inputs, nutrient-fueled
autochthonous organic matter, reduced chemical speciesOCB Sum

m
er W

ork
sh

op 2019



O2 Depletion Time Scales Vary Substantially Across Systems

(Testa and Kemp 2011)
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Despite the 
substantial 
differences in these 
systems, the same 
processes affect 
oxygen availability.
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Abstract
Aquatic environments experiencing low-oxygen conditions have been de-
scribed as hypoxic, suboxic, or anoxic zones; oxygen minimum zones; and, in
the popular media, the misnomer “dead zones.” This review aims to elucidate
important aspects underlying oxygen depletion in diverse coastal systems and
provides a synthesis of general relationships between hypoxia and its control-
ling factors. After presenting a generic overview of the first-order processes,
we review system-specific characteristics for selected estuaries where adja-
cent human settlements contribute to high nutrient loads, river-dominated
shelves that receive large inputs of fresh water and anthropogenic nutrients,
and upwelling regions where a supply of nutrient-rich, low-oxygen waters
generates oxygen minimum zones without direct anthropogenic influence.
We propose a nondimensional number that relates the hypoxia timescale and
water residence time to guide the cross-system comparison. Our analysis re-
veals the basic principles underlying hypoxia generation in coastal systems
and provides a framework for discussing future changes.
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Retentive systems Chesapeake Bay, Long moderate inputs, restricted
Island Sound, Baltic Sea, circulation, anthropogenic
Gulf of St. Lawrence & influence varies
Scotian Shelf
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a  Principal terms in oxygen budget c  Relative importance of water-column
       versus sediment respiration

b  Hypoxia timescale in relation to R and Oxini

»
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Figure 1
(a) Four processes that affect oxygen evolution in a defined control volume: air–sea exchange, sediment uptake, the balance of
water-column primary production and respiration, and physical transport across the volume’s boundaries. (b) Idealized trajectories of
oxygen over time in relation to net respiration rate (R) and initial oxygen concentration (Oxini). (c) Schematic contrasting the relative
roles of sediment and water-column respiration (Rsed and RWC, respectively) in driving total respiration in a deep (h1) versus shallow
(h2) water column.

of net biochemical consumption in the water column and sediment minus any physical supply)
and the duration for which this oxygen sink applies. In other words, hypoxia and ultimately anoxia
will occur when sinks exceed sources for long enough to drive oxygen below the hypoxic/anoxic
thresholds1 from its initial concentration (Figure 1b). When biochemical oxygen sinks are large,
hypoxia can be generated on short timescales, and relatively short periods of restricted physical
oxygen supply will suffice. When biochemical oxygen sinks are small, hypoxia will occur if the
physical supply is restricted for sufficiently long.

More formally, we can define the timescale to occurrence of hypoxia, τhyp (in days), as

τhyp = Oxini

R
,

where Oxini (in mmol O2 m−3) is the initial oxygen concentration (assumed to be above the
hypoxia threshold) and R (in mmol O2 m−3 d−1) is the net oxygen consumption rate. Then
the nondimensional number γ , which relates the timescale of hypoxia occurrence to the water
residence time τres (in days),

γ =
τhyp

τres
,

1Hypoxic conditions are generally defined as oxygen concentrations below 2 mg L−1 (62.5 mmol O2 m−3). Anoxic conditions
are said to occur when no oxygen is detectable.

www.annualreviews.org • Biogeochemical Controls on Coastal Hypoxia 4.3
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Time scale of hypoxia occurrence (in days)
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(a) Four processes that affect oxygen evolution in a defined control volume: air–sea exchange, sediment uptake, the balance of
water-column primary production and respiration, and physical transport across the volume’s boundaries. (b) Idealized trajectories of
oxygen over time in relation to net respiration rate (R) and initial oxygen concentration (Oxini). (c) Schematic contrasting the relative
roles of sediment and water-column respiration (Rsed and RWC, respectively) in driving total respiration in a deep (h1) versus shallow
(h2) water column.

of net biochemical consumption in the water column and sediment minus any physical supply)
and the duration for which this oxygen sink applies. In other words, hypoxia and ultimately anoxia
will occur when sinks exceed sources for long enough to drive oxygen below the hypoxic/anoxic
thresholds1 from its initial concentration (Figure 1b). When biochemical oxygen sinks are large,
hypoxia can be generated on short timescales, and relatively short periods of restricted physical
oxygen supply will suffice. When biochemical oxygen sinks are small, hypoxia will occur if the
physical supply is restricted for sufficiently long.

More formally, we can define the timescale to occurrence of hypoxia, τhyp (in days), as

τhyp = Oxini

R
,

where Oxini (in mmol O2 m−3) is the initial oxygen concentration (assumed to be above the
hypoxia threshold) and R (in mmol O2 m−3 d−1) is the net oxygen consumption rate. Then
the nondimensional number γ , which relates the timescale of hypoxia occurrence to the water
residence time τres (in days),

γ =
τhyp

τres
,

1Hypoxic conditions are generally defined as oxygen concentrations below 2 mg L−1 (62.5 mmol O2 m−3). Anoxic conditions
are said to occur when no oxygen is detectable.

www.annualreviews.org • Biogeochemical Controls on Coastal Hypoxia 4.3
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Figure 1
(a) Four processes that affect oxygen evolution in a defined control volume: air–sea exchange, sediment uptake, the balance of
water-column primary production and respiration, and physical transport across the volume’s boundaries. (b) Idealized trajectories of
oxygen over time in relation to net respiration rate (R) and initial oxygen concentration (Oxini). (c) Schematic contrasting the relative
roles of sediment and water-column respiration (Rsed and RWC, respectively) in driving total respiration in a deep (h1) versus shallow
(h2) water column.

of net biochemical consumption in the water column and sediment minus any physical supply)
and the duration for which this oxygen sink applies. In other words, hypoxia and ultimately anoxia
will occur when sinks exceed sources for long enough to drive oxygen below the hypoxic/anoxic
thresholds1 from its initial concentration (Figure 1b). When biochemical oxygen sinks are large,
hypoxia can be generated on short timescales, and relatively short periods of restricted physical
oxygen supply will suffice. When biochemical oxygen sinks are small, hypoxia will occur if the
physical supply is restricted for sufficiently long.

More formally, we can define the timescale to occurrence of hypoxia, τhyp (in days), as

τhyp = Oxini

R
,

where Oxini (in mmol O2 m−3) is the initial oxygen concentration (assumed to be above the
hypoxia threshold) and R (in mmol O2 m−3 d−1) is the net oxygen consumption rate. Then
the nondimensional number γ , which relates the timescale of hypoxia occurrence to the water
residence time τres (in days),

γ =
τhyp

τres
,

1Hypoxic conditions are generally defined as oxygen concentrations below 2 mg L−1 (62.5 mmol O2 m−3). Anoxic conditions
are said to occur when no oxygen is detectable.

www.annualreviews.org • Biogeochemical Controls on Coastal Hypoxia 4.3
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Time scale of hypoxia occurrence (in days)

initial oxygen concentration (mmol m-3)

net oxygen consumption rate (mmol m-3 d-1)
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(a) Four processes that affect oxygen evolution in a defined control volume: air–sea exchange, sediment uptake, the balance of
water-column primary production and respiration, and physical transport across the volume’s boundaries. (b) Idealized trajectories of
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of net biochemical consumption in the water column and sediment minus any physical supply)
and the duration for which this oxygen sink applies. In other words, hypoxia and ultimately anoxia
will occur when sinks exceed sources for long enough to drive oxygen below the hypoxic/anoxic
thresholds1 from its initial concentration (Figure 1b). When biochemical oxygen sinks are large,
hypoxia can be generated on short timescales, and relatively short periods of restricted physical
oxygen supply will suffice. When biochemical oxygen sinks are small, hypoxia will occur if the
physical supply is restricted for sufficiently long.

More formally, we can define the timescale to occurrence of hypoxia, τhyp (in days), as

τhyp = Oxini

R
,

where Oxini (in mmol O2 m−3) is the initial oxygen concentration (assumed to be above the
hypoxia threshold) and R (in mmol O2 m−3 d−1) is the net oxygen consumption rate. Then
the nondimensional number γ , which relates the timescale of hypoxia occurrence to the water
residence time τres (in days),

γ =
τhyp

τres
,

1Hypoxic conditions are generally defined as oxygen concentrations below 2 mg L−1 (62.5 mmol O2 m−3). Anoxic conditions
are said to occur when no oxygen is detectable.

www.annualreviews.org • Biogeochemical Controls on Coastal Hypoxia 4.3
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nondimensional number that relates time 
scale of hypoxia occurrence to residence 
time

Hypothesized that this number (g) needs to be 
less than 1 for hypoxia to occur.
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Table 1 Cross-system comparison of selected estuaries and river-dominated shelves

System

Hypoxic-
layer

thickness
(m)

Maximum
hypoxic

area
(mean)
(km2)

Water-
shed area

(km2)
Discharge
(m3 s−1)

N load
(106 mol

d−1)

P load
(106 mol

d−1)

Residence
time

(τ res) (d)

Water-
column
oxygen

consumption
(mmol O2

m−3 d−1)

Sediment
oxygen

consumption
(mmol O2

m−3 d−1)

Sediment
fraction of

total
consumption

(%)

Hypoxia
timescale
(τhyp) (d)

Estuaries

Chesapeake Bay 15a 1,100b 170,000a 1,100c 17c 0.39c 180d 11e 20f 11 19

Pearl River 3g ND 450,000h 10,000i 77h 0.82h 4h 35j 66j 33 4

Baltic Sea 125k 70,000l

(49,000)
1,700,000m 14,000n 190o 4.1o 3,100k 0.3p 8q 17 600

Long Island Sound 12r 550s 44,000t 670u 29v 0.99v 75w 9.6r 19r 8 20

Gulf of St.
Lawrence

100x 1,300y 1,600,000z 15,000α 130β 1.7β 730γ 0.05x 9.7x 64 1,500

River-dominated shelves

Northern Gulf of
Mexico

4δ 23,000δ

(15,000)
3,200,000z 17,000ε 190h 3.6h 30ζ 10.0η 20θ 33 15

East China Sea 25κ 12,000κ 1,800,000h 29,000λ 93µ 1.4µ 11h 28λ 23ξ 3 8

Northwestern
Black Sea

9π 20,000ρ

(15,000)
1,400,000σ 8,900σ 140σ 1.6σ 150ρ 1.8φ 6.8ρ,χ 30 89

The characteristics of each system are compiled from the literature sources cited in the footnotes below. For the calculation of the fraction of oxygen consumption by the sediment, the total oxygen consumption is the sum of
water-column consumption integrated over the hypoxic layer and sediment oxygen consumption. The definition of the hypoxia timescale is given in Section 2; for this calculation, we used an initial oxygen concentration of
225 mmol O2 m−3. Abbreviations: N, nitrogen; ND, no data; P, phosphorus.
aKemp et al. 2005; bTesta et al. 2014; cQ. Zhang et al. 2015; dDu & Shen 2016; eSmith & Kemp 1995; fBoynton et al. 2018; gYin et al. 2004; hRabouille et al. 2008; iCai et al. 2004; jZhang & Li 2010 (modeled); kWulff &
Stigebrandt 1989; lCarstensen et al. 2014; mWulff et al. 2014; nJohansson 2018; oNausch et al. 1999; pPers & Rahm 2000; qNoffke et al. 2016; rWelsh & Eller 1991; sUS Environ. Prot. Agency 2017; tWolfe et al. 1991; uGay
et al. 2004; vJ. Donnell, unpublished data; wBricker et al. 2007; xLehmann et al. 2009; yBelley et al. 2010; zHowarth et al. 1996; αSaucier & Chasse 2000; βHowarth et al. 1996; γBourgault et al. 2012; δFennel et al. 2016;
εNatl. Park Serv. 2017; ζK. Fennel, unpublished data; ηMurrell et al. 2013; θYu et al. 2015b; κChen et al. 2007; λChen et al. 2009; µC.-C. Chen, unpublished data; ξZhou et al. 2017; πCannaby et al. 2015; ρCapet et al.
2013; σLudwig et al. 2009 (estimated for the Danube, Dnieper, and Dniester); ϕA. Capet, unpublished data; χ Capet et al. 2016.
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N load
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P load
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Water-
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oxygen
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oxygen
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timescale
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Estuaries
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Pearl River 3g ND 450,000h 10,000i 77h 0.82h 4h 35j 66j 33 4

Baltic Sea 125k 70,000l

(49,000)
1,700,000m 14,000n 190o 4.1o 3,100k 0.3p 8q 17 600

Long Island Sound 12r 550s 44,000t 670u 29v 0.99v 75w 9.6r 19r 8 20

Gulf of St.
Lawrence

100x 1,300y 1,600,000z 15,000α 130β 1.7β 730γ 0.05x 9.7x 64 1,500

River-dominated shelves

Northern Gulf of
Mexico

4δ 23,000δ

(15,000)
3,200,000z 17,000ε 190h 3.6h 30ζ 10.0η 20θ 33 15

East China Sea 25κ 12,000κ 1,800,000h 29,000λ 93µ 1.4µ 11h 28λ 23ξ 3 8

Northwestern
Black Sea

9π 20,000ρ

(15,000)
1,400,000σ 8,900σ 140σ 1.6σ 150ρ 1.8φ 6.8ρ,χ 30 89

The characteristics of each system are compiled from the literature sources cited in the footnotes below. For the calculation of the fraction of oxygen consumption by the sediment, the total oxygen consumption is the sum of
water-column consumption integrated over the hypoxic layer and sediment oxygen consumption. The definition of the hypoxia timescale is given in Section 2; for this calculation, we used an initial oxygen concentration of
225 mmol O2 m−3. Abbreviations: N, nitrogen; ND, no data; P, phosphorus.
aKemp et al. 2005; bTesta et al. 2014; cQ. Zhang et al. 2015; dDu & Shen 2016; eSmith & Kemp 1995; fBoynton et al. 2018; gYin et al. 2004; hRabouille et al. 2008; iCai et al. 2004; jZhang & Li 2010 (modeled); kWulff &
Stigebrandt 1989; lCarstensen et al. 2014; mWulff et al. 2014; nJohansson 2018; oNausch et al. 1999; pPers & Rahm 2000; qNoffke et al. 2016; rWelsh & Eller 1991; sUS Environ. Prot. Agency 2017; tWolfe et al. 1991; uGay
et al. 2004; vJ. Donnell, unpublished data; wBricker et al. 2007; xLehmann et al. 2009; yBelley et al. 2010; zHowarth et al. 1996; αSaucier & Chasse 2000; βHowarth et al. 1996; γBourgault et al. 2012; δFennel et al. 2016;
εNatl. Park Serv. 2017; ζK. Fennel, unpublished data; ηMurrell et al. 2013; θYu et al. 2015b; κChen et al. 2007; λChen et al. 2009; µC.-C. Chen, unpublished data; ξZhou et al. 2017; πCannaby et al. 2015; ρCapet et al.
2013; σLudwig et al. 2009 (estimated for the Danube, Dnieper, and Dniester); ϕA. Capet, unpublished data; χ Capet et al. 2016.

w
w

w
.annualreview

s.org
•

Biogeochem
icalC

ontrolson
C

oastalH
ypoxia

4.15

Annu. Rev. Mar. Sci. 2019.11. Downloaded from www.annualreviews.org
 Access provided by Dalhousie University on 06/18/18. For personal use only. 

Hypoxia 
time scale 
(d)

19
4

600
20

1,500

15
8
89

Chesapeake Bay
Pearl River
Baltic Sea
Long Island Sound
Gulf of St. Lawrence

N Gulf of Mexico
East China Sea
NW Black Sea

Fennel & Testa, ARMS

OCB Sum
m

er W
ork

sh
op 2019



P load (106 mol d–1)

N
 lo

ad
 (1

06 
m

ol
 d

–1
)

0

10

20

30

40

50

60

70

0 50 100 150

Se
di

m
en

t o
xy

ge
n 

de
m

an
d 

(%
)

Hypoxic-layer thickness (m)

0

10,000

20,000

30,000

40,000

50,000

60,000

70,000

0 50 100 150 200

M
ax

im
um

 h
yp

ox
ic

 a
re

a 
(k

m
2 )

N load (106 mol d–1)

1

10

100

1,000

10,000

1 10 100 1,000 10,000

H
yp

ox
ia

 ti
m

es
ca

le
 (d

)

Residence time (d)

1:1

CB

ECSPRE

LIS

NWB

Baltic

Namibia

GSL

NGOM

CB

ECS

PRE

LIS

NWB

Baltic

GSL

NGOM

CB

ECS

PRE

LIS

NWB

Baltic

GSL

NGOM

CB

ECS

LIS

NWB

Baltic

GSL

NGOM

y  = 0.017x
Adjusted r2 = 0.78
p < 0.001

0

50

100

150

200

0 2 4 6 8

a b

c d

FennelFig04.pdf   1   5/23/18   4:57 PM

Fennel & Testa, ARMS

For Most Hypoxic Systems, g <1

g > 1, indicating low 
oxygen source water

OCB Sum
m

er W
ork

sh
op 2019



What Can we Learn from 
Smaller Time and Space Scales?

Corsica River Estuary, MD
Depth (m) 1 2-3 

~Area Hypoxic (km2) 4 0.5 

Chlorophyll (µg/L) 80 to >150                              50 to >300

Observed thyp (days) 1-2 1-5

Corsica 
River

Rock
Creek

Rock Creek, MD
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Rock Creek, MD: A Highly-Eutrophic Creek Managed by 
Aeration
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Anoxia Upon Experimental Shutdown of Aerators 

Aeration AerationNo Aeration

Harris et al. 2015

Diel Cycling
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Corsica River Estuary, MD: A Highly-Eutrophic Creek with Diel Cycling Hypoxia

Photo credit: Will Parsons, Chesapeake Bay Program
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Summary

Great diversity among coastal systems experiencing hypoxia. 
Same processes at play but relative importance varies.

Even at low rates of oxygen consumption hypoxia can occur if 
residence time is long or source water is oxygen-poor.

In river-dominated systems hypoxic zone size scales with 
nutrient load.

Very shallow and productive systems develop hypoxia at the 
timescale of a few days. These types of systems are likely 
common in eutrophic systems.
Future increases in temperature should increase thyp, but other 
climatic changes relevant  

Ratio of hypoxia time scale and residence time
provides a framework for cross-system comparisons

MA11CH04_Fennel ARI 1 June 2018 12:20
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Time
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High R Low R

Long timescale to
hypoxia when R is low 

Oxini

Air–sea
exchange
Air–sea
exchange

Sediment
uptake

Sediment
uptake

Balance between
water-column primary
production and respiration

Balance between
water-column primary
production and respiration

h2Rsed Rsed

h1

Rwc

Shallow water columnDeep water column

Partitioning of oxygen consumption

Rwc × h1
Rsed

h1 » h2

Rwc × h2

Rsed

Physical
transport

Short timescale to 
hypoxia when R is 
high or Oxini is low 

a  Principal terms in oxygen budget c  Relative importance of water-column
       versus sediment respiration

b  Hypoxia timescale in relation to R and Oxini

»

Rwc × h1 Rsed Rwc × h2 Rsed

Figure 1
(a) Four processes that affect oxygen evolution in a defined control volume: air–sea exchange, sediment uptake, the balance of
water-column primary production and respiration, and physical transport across the volume’s boundaries. (b) Idealized trajectories of
oxygen over time in relation to net respiration rate (R) and initial oxygen concentration (Oxini). (c) Schematic contrasting the relative
roles of sediment and water-column respiration (Rsed and RWC, respectively) in driving total respiration in a deep (h1) versus shallow
(h2) water column.

of net biochemical consumption in the water column and sediment minus any physical supply)
and the duration for which this oxygen sink applies. In other words, hypoxia and ultimately anoxia
will occur when sinks exceed sources for long enough to drive oxygen below the hypoxic/anoxic
thresholds1 from its initial concentration (Figure 1b). When biochemical oxygen sinks are large,
hypoxia can be generated on short timescales, and relatively short periods of restricted physical
oxygen supply will suffice. When biochemical oxygen sinks are small, hypoxia will occur if the
physical supply is restricted for sufficiently long.

More formally, we can define the timescale to occurrence of hypoxia, τhyp (in days), as

τhyp = Oxini

R
,

where Oxini (in mmol O2 m−3) is the initial oxygen concentration (assumed to be above the
hypoxia threshold) and R (in mmol O2 m−3 d−1) is the net oxygen consumption rate. Then
the nondimensional number γ , which relates the timescale of hypoxia occurrence to the water
residence time τres (in days),

γ =
τhyp

τres
,

1Hypoxic conditions are generally defined as oxygen concentrations below 2 mg L−1 (62.5 mmol O2 m−3). Anoxic conditions
are said to occur when no oxygen is detectable.
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Thank You
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