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Why should we investigate 
DO in the Bay?
• In other systems, nutrient-enrichment has led to low 

DO conditions: an indication of ecological decline.

Long Island Sound

Chesapeake Bay

?



Observing a unique system

• Urbanized 
watersheds

• Waste water 
inputs

• High 
sediment 
loads

• Strong tidal 
mixing

• Diverse 
habitats



Observing: not as 
passive as it 
sounds!
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Very interdisciplinary…

Biology

Minerals, 
organics



Requires a 
unique 
skillset







DO variability in space: 
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Can we go beyond condition to 
underlying mechanisms?



Framework: a 1-D transport 
and reaction equation

Unsteadiness Advection Dispersion Everything else!

C = DO concentration
[mg/L]

u = velocity
[m/s]

D = dispersion coefficient
[m2/s]

H = water depth
[m]

B = DO consumption rate
[g O2 m-2 day-1]
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Framework: a 1-D transport 
and reaction equation

Physical 
processes

Everything 
else!
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Parsing physical from 
biogeochemical: 
notoriously difficult
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tripod

a high tide

b low tide

c low tide, sill installed

Fig. 2 Tidal creek study site at a High tide and b Low tide. c

Following the installation of sharp crested sill

Observations: Tidal and Diel Variations in Elkhorn

Slough

The motivation for this study was to improve the under-

standing on how physical processes contribute to biological

variability, such as the chl a time series in Fig. 3d, where

semidiurnal, diurnal, and fortnightly tidal signals are super-

imposed on a phytoplankton bloom within the upper estuary

(the chl a maxima at L02 occur with falling water and peak

prior to or at low tide). A confounding factor in decipher-

ing such a signal is the small difference in the periodicity

of tidal and diel variations that are superimposed on one

another. We attempt to illustrate this with observations from

the field site.

Salinity in the main channel shows how tidal dynamics

alone affect scalar concentrations in Elkhorn Slough, with

variations evident at tidal, fortnightly, and monthly periods

(Fig. 3a). Tidal advection of the along-channel salinity gra-

dient was evident in the large salinity deviations relative to

the tidal mean trace. Elkhorn Slough is an inverse estuary

in the dry summer months (Nidzieko and Monismith 2013),

and so there was a negative relationship between salinity

and tide height (evident in the symbol sizes in Fig. 3c).

The variation in the low tide salinity maxima were caused

by monthly and semimonthly tidal range modulations that

occur along the US west coast (Fig. 3i). Salinity at low tide

increased throughout neap tides as salt was concentrated

within the estuary via evaporation; greater exchange during

spring tides brought in comparatively fresher ocean water

(at 33.5) and decreasing salinity. Changes in the tidal excur-

sion also contribute to the observed variations: lower tides

bring saltier water from farther up-estuary, while higher

tides push ocean water farther in, partially masking changes

due to tidal mixing.

The salinity observations in the tidal creek closely mir-

rored those in the main channel (Fig. 3b). The salinity in the

creek was lower than in the channel (Fig. 3c) because the

tidal creek location was seaward of the L02 site.

Oxygen in the main channel reflected some of the

same dynamics as salinity, with a few notable exceptions

(Fig. 3d). As with salinity, there was a pronounced tidal sig-

nature relative to the mean trace. Oxygen minima occurred

at low tide (contrast the reversed symbol size distributions

between panels c and f of Fig. 3) and were coincident with

salinity maxima (Fig. 3g), indicating that dissolved oxygen

decreased with distance into the estuary. The time-averaged

oxygen trace, however, has a fortnightly signal that is much

less pronounced than the fortnightly salinity variation. In

general, there is a draw-down of DO throughout neap tides

followed by an increase of DO during spring tides; this

variation may be attributed to the longer residence time of

upper Slough water during neap tides. There is a slight phase

shift with regard to where in the fortnightly spring-neap

cycle these subtidal changes occur: oxygen changes sev-

eral days before salinity changes, implying that biological

factors contribute to dissolved oxygen variations in upper

Elkhorn Slough.

Oxygen in the tidal creek (Fig. 3e) had much greater diel

swings than in the main channel (Fig. 3f), higher maxima,

and lower minima. These can be attributed to the shallower

depths in the creek than in the channel, which can more

readily buffer the diel cycle. These large diel swings are

also evident in the dissolved oxygen-salinity relationships,

which show considerable variability around mid-tide in con-

trast to the more linear oxygen-salinity trend in the main

channel (contrast Fig. 3g, h).
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Abstract Optical in situ chemical sensors enable sampling

intervals and durations that rival acoustic techniques used

for measuring currents. Coupling these high-frequency bio-

geochemical and physical measurements in estuaries to

address ecosystem-scale questions, however, is still com-

paratively novel. This study investigated how tides affect

ecosystem metabolism in a mesotidal estuary in central

California (Elkhorn Slough). Dissolved oxygen measure-

ments were used to estimate the terms in a control volume

budget for a tidal creek/marsh complex at tidal timescales

over several weeks. Respiration rates were 1.6 to 7.3 g

O2 m− 2 day− 1; net community production approached 20 g

O2 m− 2 day− 1. We found that aquatic NCP integrated

throughout the creek complex varied significantly over the

spring-neap cycle. The intertidal contribution to aquatic
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metabolism was net heterotrophic during spring tides and

generally in balance during neap tides because spring-tide

marsh inundation was limited to nighttime, and therefore the

marsh could not contribute any primary production to the

water column. At the estuary scale, the fortnightly export of

oxygen from the main channel to the intertidal was largely

balanced by an advective flux up-estuary.

Keywords Biogeochemical cycling · Elkhorn Slough ·

Tides ·Air-sea gas exchange · Primary production ·

Ecosystem metabolism · Estuarine mixing ·

Net community production

Introduction

The residence time of material entering an estuary is a fun-

damental component of estuarine ecosystem metabolism

(Statham 2012). Estuaries are sites of significant productiv-

ity (Cai 2011) and biogeochemical transformations (Smith

and Hollibaugh 1993), and therefore the length of time that

a parcel of water remains in an estuary affects whether

an ecosystem may be a net source or sink of material to

the coastal ocean (Nixon and et al. 1996; Dettmann 2001).

The rates of these biogeochemical processes, however, can

be affected by the same physical processes that control

residence time. For example, wind-driven sediment resus-

pension has been found to increase sediment nutrient fluxes

by up to an order of magnitude (Corbett 2010), and tidal

sediment resuspension shifts ecosystem processes from the

benthos to the water column (Porter et al. 2006, 2010).

Determining the interaction between physical and biological

processes in estuaries has been hindered by the inherent dif-

ficulty of making sustained biogeochemical measurements

at the tidal, fortnightly, and episodic timescales over which



We developed a method to 
remove transport from the data

Physical 
processes

Everything 
else!

“Net DO flux”

>0: net production
<0: net respiration
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Monthly median value

25th percentile

75th percentile

Daily 
averages

Alviso Slough

DO flux time-series



• Decline in daily-averaged DO 
concentration reflects increased 
consumption rates

• DO consumption is calculated 
using measurements 10 to 60 
minutes apart

• The DO consumption flux is 
associated with large drops in DO

DO flux time-series



Spatial variations in 
net DO flux
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What does this mean for 
net metabolism?
• Net metabolism = net DO flux – reaeration

• Reaeration estimated at the Alviso Slough station, where 
we have water properties, wind, and flow velocity

• Net DO flux: 
~ -10 to -5 g O2 m-2 day-1

• Reaeration: 
~ +0 to 2 g O2 m-2 day-1

• Net metabolism:
~ -12 to -5 g O2 m-2 day-1

Respiration dominates at this 
location, implying external
O2 drawdown.

Photosynthesis

Respiration
+-

Benthic Respiration

Reaeration: + 0 to 2

Net DO flux: -10 to -5

Net metabolism: -12 to -5



Alviso complex: respiration 
dominated
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1) An external source of oxygen demand: Organic material exported from 
managed pond A8?

2) Enhanced efficiency of respiration through stratification?



Alviso complex: not chronically 
low in DO

Typical estuarine 
respiration

DO flux:
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DO 

concentration: 

Interquartile 

range shown in 
dark blue

3 mg/L

10 mg/L

Some of the oxygen 
demand is met by 
DO-enriched A8 
effluent.

Both DO 
consumption and 
supply are 
important!



The influence of managed ponds

Ponds are incubators 
of phytoplankton

DO-enriched water
and organic material 
are discharged to 
slough network 

High supply of DO, 
high demand for DO

What are 
implications for 
management?

DO, organics



Mooring network helps us understand DO condition 
and driving mechanisms 

(physical, biogeochemical)

We’ve developed an efficient way of estimating net 
metabolism

The margins consume DO, but also supply it

Where does that leave managers?

Next steps: explore effects of A8 management in the 
data; physical-biogeochemical interactions in sloughs
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