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[1] Storm-driven flow pulses in rivers destroy and restructure sediment habitats that affect
stream metabolism. This study examined thresholds of bed disturbances that affected
patch- and reach-scale sediment conditions and metabolism rates. A 4 year record of
discharge and diel changes in dissolved oxygen concentrations (DDO) was analyzed for
disturbances and recovery periods of the DDO signal. Disturbances to the DDO signal
were associated with flow pulses, and the recovery times for theDDO signal were found to
be in two categories: less than 5 days (30% of the disturbances) or greater than 15 days
(70% of the disturbances). A field study was performed during the fall of 2007, which
included a storm event that increased discharge from 3.1 to 6.9 m3/s over a 7 h period.
During stable flow conditions before the storm, variability in patch-scale stream
metabolism values were associated with sediment texture classes with values ranging from
�16.4 to 2.3 g O2/m

2/d (negative sign indicates net respiration) that bounded the
reach-averaged rate of �5.6 g O2/m

2/d. Hydraulic modeling of bed shear stresses
demonstrated a storm-induced flow pulse mobilized approximately 25% of the bed and
reach-scale metabolism rates shifted from �5 to �40 g O2/m

2/d. These results suggest that
storm-induced bed disturbances led to threshold behavior with respect to stream
metabolism. Small flow pulses resulted in partial-bed mobilization that disrupted stream
metabolism by increased turbidity with short recovery times. Large flow pulses resulted in
full-bed mobilization that disrupted stream metabolism by destroying periphyton habitats
with long recovery times.

Citation: O’Connor, B. L., J. W. Harvey, and L. E. McPhillips (2012), Thresholds of flow-induced bed disturbances and their
effects on stream metabolism in an agricultural river, Water Resour. Res., 48, W08504, doi:10.1029/2011WR011488.

1. Introduction

[2] Floods play an important role in regulating river eco-
systems by controlling spatial and temporal patterns of biota
and ecological processes [Junk et al., 1989; Biggs et al.,
1999]. Stream metabolism measures primary production
and respiration, which incorporate ecological processes such
as the generation of biomass, along with nutrient and organic
matter cycling in river ecosystems [e.g., Mulholland et al.,
2001; Fellows et al., 2006]. Fluvial processes affect stream
metabolism through physical interactions with biota and by
geomorphic processes that generate a mosaic of habitat
conditions [Cardinale et al., 2002; Warnaars et al., 2007;
Munn et al., 2010]. Thus, stream metabolism is a highly

integrative measure of ecological processes that reflects the
overall health of a river, and it is a metric that is sensitive to
physical habitat characteristics and disturbances relating to
floods and land use practices within a watershed [e.g.,
Houser et al., 2005; Izagirre et al., 2008].
[3] Differences in stream metabolism rates among small

streams spanning a wide range of watershed characteristics
have shown that the primary controllers of stream metabo-
lism are light availability (canopy cover and turbidity) and
nutrients (primarily phosphorus) [e.g., Mulholland et al.,
2001; Izagirre et al., 2008]. For agricultural watersheds,
it has been shown that physical habitat, light availability,
and fluvial processes (including shear stresses, water depths,
and turbidity) are better than biomass measures or nutrient
enrichment factors at explaining variability in stream metab-
olism rates [Morgan et al., 2006; Frankforter et al., 2010].
Alterations to the landscape in agricultural watersheds typi-
cally result in rivers with limited riparian shading, shallow
depths, excess nutrients, seasonally warm temperatures, dense
algal assemblages, and an abundance of fine sediments with all
of these habitat-related factors having the ability to enhance
streammetabolism rates [Wiley et al., 1990; Young and Huryn,
1999]. The importance of fluvial processes with respect to
streammetabolism in agricultural rivers is considered to be the
combination of flashy hydrology and unstable sediment beds,
which have the potential to make physical habitat conditions
both spatially and temporally dynamic [Atkinson et al., 2008],
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and decrease light availability through increased turbidity
[Morgan et al., 2006].
[4] The response of stream metabolism to floods relates

directly to ecosystem stability factors described by resis-
tance and resilience [Uehlinger, 2000; Folke et al., 2004].
Periphyton that carry out critical biogeochemical processes
in rivers are primarily attached to, or embedded within, the
sediment bed [Brunke andGonser, 1997;Giller andMalmqvist,
2002]. In addition, aquatic vegetation contains substantial
epiphyton communities that can be entrained at high flows
[Harvey et al., 2011]. Floods generate additional shear
stress that affects periphyton and epiphyton attachment, as
well as the incipient motion of sediment particles resulting in
increased turbidity and the reorganization of physical habi-
tats. Small-scale heterogeneity in hydraulic conditions can
regulate biogeochemical processes and community structure
of benthic microorganisms and biofilms under steady flow
conditions between floods [e.g., Arnon et al., 2007;O’Connor
and Hondzo, 2008; Singer et al., 2010]. Thus, ecosystem
resistance relates to physical conditions that allow for habitats
and biological communities to withstand flood-induced shear
stresses, whereas ecosystem resilience relates to fluvial and
biological processes that affect the recovery of habitats and
their associated biological communities after a flood event.
[5] Conceptual models and field studies relating stream

metabolism to floods have primarily focused on events that
mobilize the entire sediment bed [Young and Huryn, 1996;
Uehlinger and Naegeli, 1998; Biggs et al., 1999;Uehlinger,
2000, 2006; Cronin et al., 2007; Atkinson et al., 2008]. All
of these studies examined stream metabolism and flooding at
the watershed and reach scales, which do not take into
account subreach variability in physical habitat character-
istics or patch-scale photosynthesis and respiration rates.
Heterogeneity in sediment substrata has been shown to
increase patch-scale rates of primary productivity and respi-
ration [Cardinale et al., 2002], as well as increase the depth
of oxic sediment zones [Wilson and Dodds, 2009]. In addi-
tion, at patch to reach scales, benthic algae is regulated by
variability in physical habitat characteristics, with higher
biomass typically associated with sediments consisting of
coarser sand to cobble particle sizes [Munn et al., 2010;
Ogdahl et al., 2010].
[6] The connection between biotic communities with

sediment substrata suggests that quantifying physical habitat
conditions relating to stream metabolism should incorporate
properties of the streambed, and sediment characteristics
have been shown to have a high degree of spatial organiza-
tion in rivers [Paola and Seal, 1995; Crowder and Diplas,
1997; Dietrich et al., 2006]. Gravel- and sand-bedded rivers
can be grouped into sediment textural patches (similar par-
ticle sizes and sorting) that originate from variability in
hydraulics and channel characteristics causing preferential areas
of entrainment and deposition [Buffington and Montgomery,
1999]. These sediment texture patches can also be catego-
rized as free, fixed, or forced with respect to hydraulic and
geomorphic processes that allow for sediment transport
(free), are immobilized by local coarsening (fixed), and that
are created by topographic features such as bars (forced)
[Nelson et al., 2009]. When characterizing physical habitat
according to sediment texture patches, it is important to
consider the fluvial and geomorphic processes controlling the
generation of free, fixed, and forced sediment patches, as

these processes dictate how various streambed habitats are
disturbed by various levels of flooding.
[7] In this study, we examined the effects of storm-induced

flow pulses (varying levels of flooding events) on stream
metabolism rates, and quantify threshold behavior in the
mobilization of sediment texture patches at the subreach
scale that regulates the response of stream metabolism in an
agricultural river. The study approach was twofold with an
examination of the long-term temporal variability of dis-
charge and dissolved oxygen data, along with a field-based
examination of the subreach scale response in hydraulics,
sediment texture, and stream metabolism rates to a single
flood event. Discharge and water quality gage data were
used to assess stream metabolism responses to flow pulses
from 2005 to 2008. Field measurements of patch- and reach-
scale metabolism measurements, sediment texture (including
algae and benthic organic matter coverages), and bathymetry
were used in combination with a hydraulic model to assess
stream metabolism variability at the subreach scale and in
relation to a flood event. Given the importance of subreach
variability in physical habitat on stream metabolism, we
hypothesized that flow disturbance effects on stream metab-
olism would vary according to the response of various sedi-
ment texture patches to flooding. Specifically, we examined
whether a flood that mobilizes only a portion of the stream-
bed would affect stream metabolism by decreasing light
availability because of turbidity, by the disturbance to
periphyton communities because of sediment scouring, or by
a combination of these effects.

2. Site Description and Study Design

[8] This study was conducted within the Eastern Iowa
Basins study unit of the National Water-Quality Assessment
Program (U.S. Geological Survey, USGS). This region is
within the Des Moines Lobe landform region, characterized
by low relief with rolling hillsides and is composed of poorly
drained glacial till surface materials with alluvium along
streams [Kalkhoff et al., 2000]. Historically, this region
contained shallow ponds and wetlands, but extensive ditch-
ing in the early 1900s was done to improve drainage and
allow for agricultural production, resulting in a system of
several first-order streams that feed the few larger river
reaches in the region. Annual precipitation averages 76 cm
(1951–1980), most of which occurs between April and
October each year [Becher et al., 2001]. Runoff is primarily
conveyed as overland flow except in areas that are tile-
drained, and streams are supplied by runoff and groundwater
discharge [Kalkhoff et al., 2000]. Water quality impairments
include high nutrient and pesticide concentrations [Schnoebelen
et al., 2003; Tomer et al., 2008] with biological communities
(fish, algal, and macroinvertebrate) composed of species
tolerant to environmental degradation [Kalkhoff et al., 2000].
[9] The study reach was located on the South Fork Iowa

River approximately 1.2 km upstream of USGS stream-
flow gaging station 05451210 (42�18′N54″, 93�09′W08″,
Figure 1a). The contributing drainage area to the gaging
station is 580 km2, of which 95% is used to support row crop
agriculture and large-scale animal feed operations [Karlen
et al., 2008]. The study reach was 185 m in length with
geomorphic features that include a meander bend upstream
of the reach and an island bar separating the upstream 90 m
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into two channels (Figures 1a and 1b). Habitat characteristics
of the study reach include an average riparian zone width of
32 m (with a riparian tree density of 43%), an open canopy
(107�, with 9% shading), and predominately sand and gravel
streambed sediments [Sorenson et al., 1999].

[10] The study design was twofold, consisting of (1) an
examination of discharge and dissolved oxygen data collected
at the gaging station and (2) a field-based examination of
reach- and patch-scale measures of physical habitat and
stream metabolism. The goal of the first approach was to
identify the characteristics of flooding events and recovery
periods that disrupt and reestablish the steady flow patterns
of stream metabolism, respectively. This analysis used
spring, summer, and fall measurements of discharge, dis-
solved oxygen, and meteorological conditions collected from
2005 to 2008. In 2005 and 2006, total annual precipitation
was on the order of the long-term mean. In 2007 and 2008,
total annual precipitation was well above the long-term
mean, coinciding with the record floods that occurred in
2008 throughout central Iowa [Buchmiller and Eash, 2010].
The second approach involved a detailed characterization
of a study reach performed from 26 September 2007 to
4 October 2007. This site characterization focused on mea-
surements of sediment substrata, bathymetry, and hydraulics,
in order to define physical habitat patches and relate those
to patch- and reach-scale stream metabolism measurements.
A large frontal system passed over Iowa on 2 October 2007,
which delivered 5 cm of rainfall over a 7 h period to the
study area. The storm event resulted in a near doubling of
the discharge in the South Fork Iowa River at the study
reach, which resulted in substantial sediment transport and
partial inundation of the island bar (Figure 2). A hydraulic
model was developed to examine the effects of this flooding
event on the physical habitat patches and relate those to the
measured stream metabolism rates.

3. Methods

3.1. Time Series Analysis of Discharge and Dissolved
Oxygen Data

[11] The effects of storm events and resulting flow pulses
on stream metabolism were analyzed using stream gage
(USGS, 05451210) and meteorological station (USGS,
421852093091202) data collected near the study reach from
2005 to 2008. For each year, there was little lag time (typi-
cally 1–4 days) between precipitation events and peaks in
discharge and there was a high degree of seasonality in the

Figure 1. The South Fork Iowa River study reach: (a) aerial
photograph and (b) measured bathymetry, stream bank
topography, and measurement locations of dissolved oxygen
concentration and velocity profiles.

Figure 2. Photograph looking upstream from the study reach’s island bar (a) on 27 September 2007
under preflood conditions (Q = 3.1 m3/s) and (b) on 3 October 2007 under postflood conditions
(Q = 6.9 m3/s). The arrow shows the location of the same survey stake in each photo.
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flow patterns (Figure S1 in the auxiliary material).1 There
are numerous ways to quantify temporal variability in flows
(see Olden and Poff [2003] for an overview of flow vari-
ability metrics). The intent for this study was to examine
correlations between peaks in the flow hydrograph to dis-
ruptions in the stream metabolism signal. Several methods
were considered for quantifying flow pulses, and it was
determined that increases in daily averaged discharge values
greater than 25% were the most efficient way to capture the
observable peaks in the annual hydrographs.
[12] Dissolved oxygen concentrations were measured

from April through October from 2005 to 2008 at the stream
gage (USGS, 05451210). Several data gaps in the dissolved
oxygen record were the result of sensor damage and cali-
bration drift. These data gaps include 1–4 April, 2–14 June,
and 12–19 July in 2005; 1–20 April and 13–18 September in
2006; 1–5 April, 24 April to 14 June, and 24–31 October in
2007; and 1–16 April in 2008. In agricultural rivers, the
combination of high nutrient loadings and low shading
enhances biological productivity, which produces large diel
changes in dissolved oxygen concentrations [e.g., Morgan
et al., 2006]. The difference between the daily minimum
and maximum dissolved oxygen concentration (DDO) was
used as a surrogate measure of stream metabolism in order
to characterize the strong diel dissolved oxygen concentra-
tion signal. This approach does not account directly for
temperature and reaeration effects to stream metabolism
measurement, but the use of the diel dissolved oxygen
signal has been shown to be a useful indicator of stream
metabolism for comparing small streams with varying
watershed impairments [Mulholland et al., 2005]. Dis-
turbances to the DDO signal were identified as values
falling below a threshold value. Threshold DDO values of
1.5 and 2 mg/L were qualitatively determined by examining
the DDO signal and discharge record over the entire study
period. Corresponding recovery periods were identified as
the time periods from initial disturbance to when the DDO
value went above the threshold value.

3.2. Field-Based Physical Habitat Characterization
and Stream Metabolism

[13] Reach and subreach variability in physical habitat
characteristics, stream metabolism, and the resulting effects
of the 2 October 2007 storm event were assessed using a
variety of techniques. Physical habitat was characterized by
sediment texture (based on particle sizes and sorting, along
with measures of benthic algae and organic material) and
bathymetry. The river hydraulics (velocity, flow, and bed
shear stress) were quantified using acoustic Doppler velo-
cimeter (ADV) technology, along with the development of a
two-dimensional (2-D) hydraulic model of the study reach.
Reach-scale stream metabolism was measured using a mass
balance of dissolved oxygen approach, which used diel
dissolved oxygen concentrations, reach-averaged channel
characteristics, and an empirical expression for reaeration.
Patch-scale stream metabolism was measured using dis-
solved oxygen profiles in the sediments in combination with
a reactive transport model, which required information on
bed shear stress and the hydraulic conductivity to estimate
an effective diffusion transport parameter.

3.2.1. Sediment Texture and Bathymetry
[14] An initial grid-based, visual survey of the study reach

was done in order to identify patches according to sediment
texture in a similar fashion as described by Buffington and
Montgomery [1999]. A measurement grid with a total area
of 900 cm2 and 6 cm � 6 cm divisions was placed on the
streambed at 2 m intervals across the width of stream
transects located at 10 m intervals along the length of the
study reach. Additional grid measurements were conducted
at locations where there were noticeable transitions of bed
sediment material or flow conditions between stream trans-
ects. The measurement grid was used to estimate the top
three sediment particle size classes, as well as the percent
coverages of green algae and benthic organic material. A
digital camera in a waterproof case was used to photograph
grid measurements.
[15] The top three particle size classes were noted at each

grid measurement according to the level I classification
scheme presented by Buffington and Montgomery [1999],
which includes silt (Z, nonvisible grains), sand (S, 0.06 to
2 mm), gravel (G, 2 to 60 mm), cobble (C, 60 to 260 mm),
and boulders (B, >260 mm). The sediment texture mea-
surements were classified according to the third-second-first
most abundant particle size classes at a given location, with
the third and second most abundant classes being denoted by
a lower case letter and the most abundant class being deno-
ted by a capital letter. For example, a grid measurement that
consisted of 65% sand, 20% gravel, and 10% cobble would
be labeled as cgS. Any size class that represented less than
5% of the total area was considered negligible, and it was
possible to have sediment texture classes consisting of only
one or two classes. The spatial arrangement of sediment
texture measurements were then examined in order to group
measurements of similar sediment texture into larger patches
[Buffington and Montgomery, 1999].
[16] In addition to sediment texture, estimates of particle

sizes d50 and d90 (particle size for which 50% and 90% of
sediment is finer than, respectively) were made using the
grid-based measurements. The d90 values were estimated
visually, representing the larger particle sizes found for each
grid measurement. The d50 values were estimated according
to the most abundant particle size (capital letter in sediment
texture classification), and were further classified according
to the level II classification scheme presented by Buffington
and Montgomery [1999]. The use of visual mapping tech-
niques for characterizing sediments allows for larger data
coverage with reduced sampling effort, but estimated parti-
cle sizes tend to be biased low, and fines are difficult to
distinguish [Bunte and Abt, 2001]. Visual-based estimates of
particle size statistics d50 and d90 have been shown to have
associated errors on the order of 15% and 11%, respectively
[Latulippe et al., 2001]. The amount of green algae on the
streambed was estimated as the aerial coverage of filamen-
tous green algae identified by the grid measurements. Benthic
organic material was classified as either fine (FBOM) or
coarse (CBOM), depending upon whether it was predomi-
nantly floc material or leaf litter, and coarse woody debris
(CWB) was also mapped along the stream reach.
[17] The stream channel bathymetry and bank topography

measurements were made using a survey-grade, ProMark2
(Magellan, Santa Clara, California) real-time global posi-
tioning system (GPS) operated in static mode with a hori-
zontal accuracy of �0.012 m and a vertical accuracy of

1Auxiliary materials are available in the HTML. doi:10.1029/
2011WR011488.
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�0.015 m. Stream bank elevations along with water surface
elevation measurements were made at transects located
every 10 m along the reach, as well as at several locations
between transects to characterize major bed form features,
which resulted in an approximate average density of 1 sur-
vey point per 10 m2.
3.2.2. Hydraulic Measurements and Modeling
[18] A FlowTracker ADV (Sontek-YSI, San Diego,

California) was used to measure average velocities along
stream transects and discharge (Q) measurements were cal-
culated using velocity profiles measured at the downstream
cross section according to the velocity-areamethod [Turnipseed
and Sauer, 2010]. More detailed velocity profiles were made
using a 10 MHz ADV (Sontek-YSI, San Diego, California).
Velocity profile measurements were made at depth intervals
ranging from 1 to 3 cm (1 cm resolution near the sediments).
At each depth, the streamwise, transverse, and vertical
velocity components were measured at a sampling frequency
of 25 Hz for a duration of 2.5 min.
[19] A 2-D hydraulic model was developed using

the FaSTMECH computational code in combination with the
USGS Multidimensional Surface water Modeling System
(MD_SWMS, http://wwwbrr.cr.usgs.gov/projects/GEOMORPH_
Lab/project-MDSWMS.html) in order to stimualte water sur-
face elevations, depth-averaged velocities (streamwise and
transverse directions), and bed shear stress throughout the
study reach. The FaST-MECH model solves the vertically
averaged equations of motion using an orthogonal, curvilinear
grid where the flow is assumed to be steady, hydrostatic, and
turbulence is accounted for by Reynolds averaging using a
eddy viscosity closure. Bed shear stress (tb) is calculated using
a drag coefficient (Cd) closure for roughness

tb ¼ rCd u2 þ v2
� � ð1Þ

where r is the water density, u is the streamwise velocity
component, and v is the transverse velocity component. The
numerical solution scheme used by the FaSTMECH model
iteratively solves for velocities and water surface elevations at
model nodes until conditions are met regarding the conserva-
tion of mass and momentum over the model reach. A more
thorough description of the FaSTMECHmodel is described by
Nelson et al. [2003] and McDonald et al. [2010].
[20] The curvilinear grid for the modeled study reach had

an approximate cell size of 1.47 m in the streamwise and
transverse directions. GPS survey data of the river bathym-
etry was mapped to the model grid using the template
algorithm in MD_SWMS. Roughness was represented using
information from the sediment texture survey, where esti-
mates of d90 values were used to calculate roughness length
values (zo = constant � d90). Cd in equation (1) was calculated
assuming that the velocity profile in the vertical direction
was logarithmic

Cd ¼ 1

k
ln

h

zo

� �
� 1

� �� ��2

ð2Þ

where h is the local water depth and k is the von Kármán
constant equal to 0.41. Boundary conditions needed for the
FaSTMECH model include Q and downstream water surface
elevation. The storm event was modeled using stage and
discharge values recorded every 30 min using a stepwise

steady state approach over the duration of the storm. The
hydraulic model was calibrated to water surface elevations
by varying roughness conditions through iterations of the
constant term in equating zo using d90 values resulting in zo =
0.1 � d90. Calibration to water surface elevations was done
extensively during the steady discharge conditions (3.3 to
3.6 m3/s) that occurred during the reach characterization and
at postflood discharge conditions (6.8 m3/s). These prestorm
and poststorm measurements of water surface elevation and
discharge were compared to values measured at the USGS
stream gage in order to estimate a stage-discharge relation-
ship for the study reach. The hydraulic model was validated
for prestormflow conditions where the average difference
between measured and modeled water surface elevations
was �0.013 m.
[21] Flow disturbances to sediment texture patches were

assessed using computed Shields stress values

t* ¼ tb
Rpgd50

ð3Þ

where Rp = rs � r is the submerged specific gravity of
sediment (rs is the sediment density assumed to be 2.65 g/cm3)
and g is the acceleration due to gravity. The threshold for bed
movement for the sediment patches was judged to be when
t* exceeded a critical Shields stress (t*c). For sediment beds
of mixed particle sizes, t*c is influenced by the distribution of
particle sizes and irregular particle geometries, as well as
turbulent fluctuations in bed shear stress such that t*c values
have been reported to range from 0.030 to 0.073 in gravel bed
rivers [Buffington and Montgomery, 1997]. In this study,
two values of t*c were considered, 0.03 [Buffington and
Montgomery, 1997] and 0.0495 [Wong and Parker, 2006],
in order to represent a low- and high-end estimate of t*c for a
river with predominately sand and gravel sediments.
[22] A measure of surface water-groundwater exchange

was needed for the analysis of patch-scale metabolism rates
(described below), and was assessed using point measure-
ments of hydraulic conductivity and the calculation of an
effective diffusion coefficient (hyporheic exchange poten-
tial) using data from the hydraulic model. Hydraulic con-
ductivity measurements were performed at select locations
along stream transects in order to characterize the identified
sediment texture patches. A 10.2 cm diameter plastic tube
was inserted into the streambed to a depth of 10 cm (�2 cm
depending upon the sediment material), and hydraulic con-
ductivity was measured according to the falling-head method
using Hvorslev equation [Landon et al., 2001]. The effective
diffusion coefficient De was calculated using the scaling
expression described by O’Connor and Harvey [2008].
3.2.3. Reach- and Patch-Scale Metabolism
[23] Reach-scale metabolism measurements were made

using diel dissolved oxygen concentrations as suggested by
Odum [1956]. The primary processes affecting dissolved
oxygen concentrations in a river include transport, photo-
synthesis, respiration, and reaeration, and the resulting mass
balance is typically expressed as

NEP ¼ GPP� CR ð4Þ

where NEP is the net ecosystem production, GPP is the
gross primary productivity, and CR is the community
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respiration. The balance of processes affecting dissolved
oxygen production, uptake, and exchange allows for a direct
calculation of NEP, whereas values of GPP and CR are
estimated assuming that GPP is negligible during the night
and that daytime values of CR follow a linear regression
between predawn and postdusk values [Marzolf et al., 1994].
[24] For the detailed reach study, a two-station mass bal-

ance of dissolved oxygen was performed using the auto-
mated algorithm presented by Bales and Nardi [2007].
Dissolved oxygen, temperature, conductivity, and pH values
were recorded at 5 min intervals using YSI 600XLM water
quality sondes (Sontek-YSI, San Diego, California). Reach
characteristics were derived from the GPS survey and
included the reach-averaged bed slope (S), wetted width (B),
and depth (H). Information on Q, average velocity (U), and
reach travel time (T) were made using a combination of
hydraulic measurements and modeling described previously.
The reaeration coefficient (K2) was estimated using the
regression equation

K2ð1=dÞ ¼ 1740S0:79U0:46H�0:74 ð5Þ

which was derived from a set of 315 gas tracer measure-
ments that included a wide variety of stream types [Moog
and Jirka, 1998].
[25] Patch-scale metabolism measurements were made

using dissolved oxygen concentration profiles measured
using a needle Clark-type sensor (Unisense, Aarhus, Denmark),
which has a sensitivity of 0.1 mg/L and a vertical spatial
resolution of 1 mm. The dissolved oxygen needle sensor was
traversed through the water column and the near surface
sediments using a fitted point gage with a calibrated dial
positioning system (Rickly Hydrological, Columbus, Ohio)
attached to a tripod stand. The conceptual model used to
calculate patch-scale metabolism rates combines processes
producing (photosynthesis) and consuming (biological res-
piration, chemical oxidation, and organic matter decompo-
sition) dissolved oxygen that occur across the sediment-water
interface. Estimates of the net volumetric production of
dissolved oxygen were obtained by fitting the measured
dissolved oxygen profile to the reactive transport equation

De
d2C

dy2
¼ P � R ð6Þ

where C is the dissolved oxygen concentration, y is the depth
into the sediments, De is the effective diffusion coefficient
described by equation (35) of O’Connor and Harvey [2008],
and P and R are the volumetric production and uptake
(combination of processes consuming dissolved oxygen)
rates of dissolved oxygen, respectively. Fitting the measured
dissolved oxygen concentration profiles to equation (6) was
performed using the PROFILE model, which fits the con-
centration profile to zones of net volumetric production using
a statistical algorithm to minimize errors [Berg et al., 1998].
[26] This patch-scale stream metabolism measurement

technique is based on the conceptual model that dissolved
oxygen production by photosynthesis occurs near the sediment-
water interface and uptake varies with depth in the sedi-
ments. For the purposes of this analysis, the PROFILE
model was set to include only two zones: a surface produc-
tion zone and an uptake zone below (Figure S2 in the

auxiliary material). The volumetric production and uptake
rates were integrated over depth in the sediments to yield the
net patch-scale production (NEPpatch) flux according to

NEPpatch ¼ Pdp þ R d � dp
� � ð7Þ

where dp is the depth of the production zone (inflection point
in the measured concentration profile) and d is the dissolved
oxygen penetration depth (where C = 0).

4. Results

4.1. Storm-Induced Flow Pulses and Diel Dissolved
Oxygen Concentrations

[27] April through October precipitation totals were
73.2 cm in 2005, 75.2 cm in 2006, 117.7 cm in 2007, and
93.5 cm in 2008. Discharges were largest in spring and early
summer, followed by base flow conditions during the fall in
2005 and 2008, whereas flow peaks were found throughout
spring to fall periods in 2006 and 2007 (Figure S1 in the
auxiliary material). Correlations between daily precipitation
totals and daily averaged discharges were not significant but
depicted less runoff generation during periods where crop
cover was present (15 June through 30 September each year;
Figure S3 in auxiliary material). A positive trend between
DDO with incoming solar radiation and a negative trend
with daily precipitation were observed but with much scatter
in the data (Figures 3a and 3b). The correlation between
DDO and discharge was stronger, and was approximated by
a power function but also suggests a threshold-type rela-
tionship (Figure 3c).
[28] Dissolved oxygen concentrations varied by as much

as 8 mg/L in a day with mean concentrations on the order of
10 mg/L under steady to declining discharge conditions
(Figure 4). Peaks in discharge coincided with periods when
the diel dissolved oxygen concentration fluctuations were
minimal. In Figure 4, the large flood that occurred in late
June 2007 showed a steady trend of increasing fluctuations
in diel dissolved oxygen concentrations during the postflood
succession period. The multiple floods that occurred later in
the summer and fall corresponded with several interruptions
in the fluctuating diel dissolved oxygen concentration signal.
The fluctuating diel dissolved oxygen concentration pattern
was represented as DDO values as shown in Figure 5 for
2005 through 2008. During steady to declining flow condi-
tions, DDO values were on the order of 4 to 8 mg/L. Peaks
in discharge corresponded with a rapid decline in DDO
values below 2 mg/L. The recovery period of the DDO
values back to the 4 to 8 mg/L range varied in relation to the
magnitude of the peak discharge, the number of discharge
peaks, and the seasonal time frame that the discharge peaks
occurred.
[29] Peaks in discharge, or flow pulses, vary in magnitude

with respect to the amount of precipitation, as well as the
prevailing flow conditions prior to the storm event. Flow
pulses were identified as changes in daily averaged discharge
of greater than 25% to account for seasonally varying flow
conditions. Detected flow pulses are shown in Table 1,
where the dates indicate the initial date of the flow pulse
along with the resulting peak discharge (Qp) and the percent
change in discharge (DQ). The time period to reach Qp

ranged between 1 and 4 days with an average value of 2 days.
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Flow-induced disturbances to theDDO signal were detected
as values that fell below a threshold value with recovery
periods being identified as the time for DDO values to
recover above the threshold value. This analysis was per-
formed using threshold DDO values of 1.5 and 2 mg/L,
which produced similar results with respect to disturbance
date and some variability with respect to the recovery period.
The DDO disturbance dates listed in Table 1 correspond to
the 2 mg/L threshold. The recovery periods listed in Table 1
correspond to the range in recovery periods based on the 1.5
and 2 mg/LDDO thresholds, as well as data gaps existing in
the DDO record.
[30] Flow pulses identified by this analysis ranged in Qp

from less than 1 to over 150 m3/s with corresponding DQ
values ranging from 25 to over 5000% (Table 1). Disturbances

to DDO values typically occurred in response to flow pulses
whereDQ was greater than 100%, a notable exception being
the disturbance that occurred on 22 September 2005 in
response to a DQ of 36% (Table 1). Recovery periods for
DDO ranged from 1 to more than 40 days, with approxi-
mately 70% of the detected disturbances having recovery
periods on the order of 15 days or more and the remaining
30% on the order of 5 days or less. From late April to mid-
June 2007, there were several flow pulses detected that
coincided with the largest data gap in the DDO record, and
other data gaps overlapped with the disturbance date and the
end of the recovery period. In addition to issues pertaining to
data gaps in the DDO record, disturbances and recovery
periods of DDO are often not the result of a single flow
pulse (Table 1 and Figure 5). For example, the DDO dis-
turbance that occurred on 2 October 2007 was initiated by
the flow pulse on the same day, but the recovery period was
affected by flow pulses that occurred on 8 October 2007 and
14 October 2007 (Table 1).

4.2. Physical Habitat and Stream Metabolism
During Steady Flow Conditions

[31] The main geomorphic features of the upstream por-
tion of the study reach are the island bar and the riffle seg-
ments on either side of the island bar, while the downstream
portion of the study reach is a straight channel with a fairly
uniform cross section (Figure 1b). The sediment texture
survey results indicate that the study reach was predomi-
nately gravel with sands and cobbles in patches. The top two
sediment texture classes csG and sG represent 44% of the
streambed (Table 2). The locations of the sediment texture
classes and the coverages of green algae and FBOM are
shown in Figures 6a–6c. The island bar was classified as
sand (texture class, S) because the majority of the northern
side of the bar was an eddy depositional area downstream of
the riffle, and vegetated portions of the island bar on the
southern side were not inundated during the flooding event

Figure 3. Correlations between DDO values and (a) solar
radiation, (b) daily precipitation, and (c) daily averaged
discharge.

Figure 4. Discharge and dissolved oxygen concentrations
measured on the South Fork Iowa River in 2007.
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of 2 October 2007 (Figure 2). Green algae was predomi-
nately associated with sediment texture classes containing
gravels and cobbles while FBOM was most prevalent along
the stream banks and finer particle sizes (Figures 6b and 6c
and Table 2).
[32] Hydraulic modeling of the study reach for steady

flow conditions of 1 October 2007 demonstrated high veloci-
ties and bed shear stresses associated with the riffle regions
on each side of the island bar (Figures 6d and 6e). Effective
diffusion values (hyporheic exchange potential) were great-
est at the head of the riffle located on the north side of the
island bar (Figure 6f ). Water velocities were greatest over the
csG, sG, and G sediment texture classes (Table 3), which
primarily represent the sediment substratum of the thalweg
portion of the channel (Figure 6a). Bed shear stress was
largest and most variable over the sgC sediment texture class
(Table 3), which is mostly associated with the riffle located
on the south side of the island bar (Figure 6a). Hydraulic
conductivity was greatest for gS and S sediment texture
classes, but effective diffusion was greatest for gS and G
sediment texture classes, indicating that hyporheic potential
over S sediment texture patches was limited by hydraulic
forcing (Table 3).
[33] Examining the combination of sediment texture pat-

ches, channel bathymetry, and hydraulics over the study
reach suggests that there were specific regions that can be
categorized as fixed, free, or forced patches (Figures 1b, 6a,
6d, and 6e). The riffle segments on either side of the island
bar represent fixed patches located at topographic high
points containing coarser sediments. The channel along the
south side of the island bar contains more cobble sediments
and a fairly armored bed near the riffle (sgC sediment texture
class). In addition, high percentages of green algal coverage
are associated with the southern riffle region (Figure 6b),
which suggests this patch has remained relatively fixed in
place over an extended period of time. The eddy depositional

area along the north side of the island bar (depicted in
Figures 1b and 2) represents a forced patch that has
remained in place because of the topographic high point and
vegetative cover of the upper portion of the island bar. The
channel along the north side of the island bar and down-
stream of the riffle is primarily unconsolidated sands and
gravels (sG sediment texture class) that represent a free
patch where the sediments have characteristics similar to
those described as bed load sheets [Whiting et al., 1988].
[34] Patch-scale metabolism measurements consisting of

dissolved oxygen profiles were performed at sampling
stations 2–4, shown in Figure 1a. These measurements were
taken during steady flow conditions (Q = 3.3 m3/s) on
1 October 2007. Dissolved oxygen profiles show a wide
range in concentrations at the sediment-water interface
ranging between 8.5 and 11 mg/L with penetration depths (d)
ranging from 2 to 10 cm (Figure 7a). Measurements at station
2 consisted of two profiles, one within the submerged portion
of the eddy bar (S sediment texture class) and the other within
the shallow pool downstream of the northern riffle (sG sed-
iment texture class). The eddy bar location had the largest
dissolved oxygen production (P) and uptake (R) rates, as well
as the highest percentage of FBOM coverage among mea-
surement locations (Figure 7b). The shallow pool location
consisted of loosely consolidated gravels and sands and had
the largest d of 10 cm. The resulting NEPpatch values at these
locations were �1.8 g O2/m

2/d in the eddy bar (S) location
and �16.4 g O2/m

2/d in the shallow pool (sG) location
(Table 4, a negative NEPpatch indicates a net removal of dis-
solved oxygen from the river). Stations 3 and 4 were located
in the downstream portion of the study reach with station 3
within the G sediment texture class and station 4 within the
csG sediment texture class. Measured NEPpatch values were
�2.8 g O2/m

2/d at station 3 and 2.3 g O2/m2/d at station 4,
which represents the only positive NEPpatch measured and

Figure 5. Discharge and DDO values (difference in daily minimum and maximum dissolved oxygen
concentrations) measured on the South Fork Iowa River in (a) 2005, (b) 2006, (c) 2007, and (d) 2008.
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coincides with the largest percent algal coverage of the
sampling locations (Figure 7b).
[35] Reach-scale metabolism measurements during steady

flow conditions of 1 October 2007 show the typical pattern
of a negative NEP during the night and positive during the
day time hours (Figure 8b). During the day, GPP values
range from 0 to 45 g O2/m2/d while NEP ranged from 0 to
30 g O2/m

2/d. CR values were typically on the order of
�20 g O2/m

2/d with daytime values estimated by linear
interpolation between dawn and dusk. Daily averaged values
of GPP, CR, and NEP were 11.0,�16.6, and�5.6 g O2/m

2/d,
respectively. The daily range in GPP falls within the range of
patch-scale measurements of the production flux (Pdp),
except the measurements at station 2 within the S sediment
texture class (Table 4). Patch-scale measurements of uptake
flux (R(d � dp)) were all greater than the daily range in CR
values, while the net production values at the patch scale
(NEPpatch) at all measurement locations were of similar
magnitude to the reach-averaged NEP value (Table 4).

4.3. Storm Disturbance Effects on Stream Metabolism

[36] The storm event on 2 October 2007 delivered over
5 cm of rainfall over a 7 h period that resulted in a change in
discharge from 3.1 to 6.9 m3/s (Figure 8a). Reach-averaged
metabolism rates of GPP, CR, and NEP were all shifted
toward net respiration during the storm event in comparison
to the values of the previous day under steady flow condi-
tions (Figure 8b). GPP was reduced from a daily maximum
of 45 g O2/m

2/d on 1 October 2007 to a daily maximum of
16 g O2/m

2/d during the storm event on 2 October 2007.
NEP and CR values were both negative throughout the day
on 2 October 2007.
[37] The effect of the storm-induced flow disturbance on

sediment bed mobility was assessed by comparing the ratio
of t*/t*c where values greater than one would indicate
incipient motion of the sediment bed. Figures 9 and 10 show
maps of t*/t*c computed over the study reach from prestorm
to poststorm conditions for t*c values equal to 0.0495 and
0.03, respectively (see the auxiliary material for time-lapse
Animation S1 of bed shear stress and stream metabolism
values during the storm event). Prior to the storm, t*/t*c
values indicated isolated regions where the incipient motion
threshold was surpassed for both t*c values; these locations
were primarily within gS sediment texture classes (Figures 6a,
9a, and 10). During the storm, as discharge increased the
island bar was inundated and showed increasing t*/t*c values
(Figures 2, 9, and 10). Increasing t*/t*c values during the
storm event were also observed along the north bank of the
upper portion of the reach, along the head of the island bar, and
along the north bank in the downstream portion of the study
reach (Figures 9b–9f and 10b–10f ). Large portions of the
study reach did not experience t*/t*c values above the
threshold for incipient motion for both the high and low t*c
values considered, and these immobile regions primarily fol-
lowed the southern side of the island bar and downstream
reach, which were associated with sediment texture classes
containing cobbles (Figures 6a, 9b–9f, and 10b–10f). The
primary difference in the maps of t*/t*c between the high and
low t*c values were associated with the inundation of the island
bar where incipient motion thresholds were surpassed earlier

Table 1. Flow Pulses and Disturbances to The DDO Signal

Flow Pulse DDO Disturbance

Date
Qp

(m3/s)
DQ
(%) Date Recovery Period (days)

Average Precipitation Years
2005

(DDO data gap 1–4 Apr)
11 Apr 25.9 1728 12 Apr 15–17
12 May 36.5 1105 14 May 15–16

(DDO data gap 2–14 Jun)
8 Jun 6.4 107 15 Jun a >10
25 Jun 32.1 1021 24 Jun 19–26b

(DDO data gap 12–19 Jul)
20 Jul 2.3 55
25 Jul 9.1 476 28 Jul 9–10
11 Aug 1.1 45
8 Sep 0.3 52
17 Sep 0.2 36 22 Sep 3–4
24 Sep 1.0 729

2006
(DDO data gap 1–20 Apr)

3 Apr 16.4 47
29 Apr 30.2 825 30 Apr 23–24
9 May 22.2 170
21 Jun 2.1 36
11 Jul 27.7 3899 12 Jul 13–15
9 Aug 0.8 75
2 Sep 0.3 25
10 Sep 17.3 5802 11 Sep 20–21c

(DDO data gap 13–18 Sep)
17 Sep 15.0 270
17 Oct 3.6 80 19 Oct 5–7
27 Oct 4.53 29

Above Average Precipitation Years
2007

(DDO data gap 1–5 Apr)
1 Apr 36.8 505 6 Apra 15–19
11 Apr 11.2 32 (DDO data gap 24 Apr to 14 Jun)
23 Apr 75.1 1035 (DDO data gap 24 Apr to 14 Jun)
6 May 22.5 129 (DDO data gap 24 Apr to 14 Jun)
23 May 26.5 482 (DDO data gap 24 Apr to 14 Jun)
31 May 31.0 158 (DDO data gap 24 Apr to 14 Jun)
7 Jun 19.7 36 (DDO data gap 24 Apr to 14 Jun)
21 Jun 79.6 1570 23 Jun 13–14
4 Aug 4.3 529 8 Aug 3–4
17 Aug 55.0 6671 19 Aug 25–26
7 Sep 7.4 44
2 Oct 9.5 177 2 Oct >22d

8 Oct 38.4 443
14 Oct 43.0 208 (DDO data gap 24–31 Oct)

2008
(DDO data gap 1–16 Apr)

10 Apr 31.1 345 (DDO data gap 1–16 Apr)
18 Apr 21.7 91 17 Apra >38
24 Apr 109.5 582
6 May 76.3 440
29 May 72.3 1654 30 May 37–38
5 Jun 183.1 510
7 Jul 25.7 308 Jul-8 24–26
17 Jul 47.8 710
28 Aug 1.2 27
7 Oct 0.8 135 8 Oct 1–2
15 Oct 1.2 120 18 Oct 1–2

aDisturbance date within data gap.
bRecovery date within data gap.
cRecovery period spans data gap.
dRecovery period extends into data gap.
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in the flood event with the lower t*c value (Figures 9d–9f
and 10d–10f).
[38] Median values of t*/t*c associated with each sedi-

ment texture class throughout the storm event are shown in
Figures 11a and 11b considering both the high and low
values of t*c. The storm event occurred from 10:30 AM to
5:30 PM, and prior to the storm median t*/t*c were above
the incipient motion threshold for the gS texture class only.
According to Figure 6a, the gS texture classes are primarily
located in isolated regions along the northern bank and
represent approximately 8% of the total study reach area
(Table 2). As discharge increased during the storm event, the
median t*/t*c values went above the incipient motion
threshold for both the S and zS sediment texture classes. The
low t*c value suggested that incipient motion for the S and
zS sediment texture classes occurred at 12 PM when the
discharge had increased from 3.1 to 3.2 m3/s (Figure 11b),
whereas the high t*c value suggested these patches were
mobilized at 4 PM when discharge had increased to 4.0 m3/s
(Figure 11a). By 7:30 PM, the discharge reached 6.5 m3/s
and median t*/t*c values exceeded incipient motion thresh-
old for the zG sediment texture class for both the high and
low t*c values. Over the course of the storm event, median
t*/t*c values were steady and below incipient motion
threshold conditions for csG, sG, G, sgC, and zC sediment
texture classes for both the high and low t*c values
(Figure 11).

5. Discussion

[39] The South Fork Iowa River has little riparian shading,
high nutrient concentrations, and abundant periphyton
communities that result in high photosynthesis rates during
the day and high respiration rates during the night, which is
typical for agricultural rivers [Young and Huryn, 1999;
Houser et al., 2005; Morgan et al., 2006]. The high photo-
synthesis and respiration rates in agricultural rivers result in
large diel fluctuations in DO concentrations. These large
fluctuations in diel DO concentrations can be quantified as
DDO values, which have been shown to correlate with
stream metabolism metrics of NEP, GPP, and CR for
streams under steady flow conditions [Mulholland et al.,
2005]. The main shortfall of using DDO as a surrogate
measure of stream metabolism is that is does not incorporate
the effects of discharge on K2, and the Q - K2 relationship is

difficult to determine and often site specific [e.g., Izagirre
et al., 2008]. The goal of this study was to examine flow
disturbance impacts on stream metabolism, and the use of
DDO provided a simple measure that allowed for the
assessment of disturbance and recovery times of stream
metabolism. In the South Fork Iowa River, peaks in dis-
charge (flow pulses) were correlated to storm-induced
precipitation events (Figure S1 in the auxiliary material),
as well as to disruptions of the DDO signal (Figure 5 and
Table 1). These results, and those of other studies, suggest
that stream metabolism is highly sensitive to flow dis-
turbances, as well as land use factors affecting rainfall-
runoff processes such as extensive drainage in agricultural
watersheds [Uehlinger and Naegeli, 1998; Uehlinger, 2000;
Houser et al., 2005; Mulholland et al., 2005; Uehlinger,
2006].
[40] The examination of the 4 year record of discharge

and DDO values at the South Fork Iowa River suggested
that changes in daily averaged discharge of greater that
100% resulted in a disruption to the DDO signal (Table 1).
The threshold condition defining a disruption to the DDO
signal corresponded to flows typically greater than 25 m3/s
(Figure 3), but there were several recorded disturbances to
the DDO signal at lower discharges (Table 1). Therefore,
there was no discharge magnitude that represented a
threshold condition for stream metabolism. Recovery peri-
ods of the DDO signal fell into two categories of less than
5 days or greater than 15 days. The observed pattern of dis-
tinct short- and long-recovery periods of the stream metab-
olism signal suggests that there are threshold conditions
governing the relationship between flow disturbance and
stream metabolism, but there were no specific discharge
values that determined the recovery period of the stream
metabolism signal (Figure 5 and Table 1). In addition, there
were several instances where multiple flow pulses occurred
affecting the recovery period of the DDO signal (Figure 5).
[41] Previous studies have used specific discharge values

for describing flow thresholds relating to stream metabolism
[Uehlinger and Naegeli, 1998; Uehlinger, 2000, 2006;
Atkinson et al., 2008]. This approach can be problematic,
given that the primary mechanism for flow disturbance
impacts on stream metabolism is via bed shear stress effects
on periphyton and sediment transport [Biggs et al., 1999;
Cronin et al., 2007], which is primarily controlled by tur-
bulence and sediment interactions rather than the magnitude

Table 2. Sediment Substratum Characteristics According to Sediment Texture Classes

Sediment Texture Class

Streambed Coverage
d90
(cm)

d50
(cm)

FBOM
(% Coverage)

Green Algae
(% Coverage)(m2) (%)

Cobbley sandy gravel, csG 1057 22.6 6.0 2.0–6.4 0–50 0–50
Sandy gravel, sG 1014 21.7 2.5 0.6–2.0 0–100 0–20
Gravel, G 568 12.2 6.0 0.6–2.0 0–50 0–16
Sandy gravelly cobble, sgC 566 12.1 12.0 6.4–12.8 0–38 0–38
Sand, S 446a 9.6 2.0 0.006–0.2 0–25 0
Gravelly sand, gS 368 7.9 6.0 0.006–0.2 0–25 0–30
Silty sand, zS 342b 7.3 3.0 0.006–0.2 0–63 0–25
Silty cobble, zC 300 6.4 22.0 6.4–12.8 0–11 0–25
Silty gravel, zG 9 0.2 22.0 6.4–12.8 0–11 0–29

a75% of sand texture class (S) is located adjacent to island bar.
b40% of silty sand texture class (zS) is located along stream banks.
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of the flow. Understanding how flow disturbances affect bed
shear stresses requires knowledge of the physical habitat
conditions described by the hydraulics, geomorphology, and
sediment conditions in a river. In addition, patch-scale var-
iability in physical habitat conditions greatly affect algal
abundance and community structure [Munn et al., 2010;
Ogdahl et al., 2010], so physical processes governing bed
mobility occurring at the patch scale affect the relationship
between flow disturbance and stream metabolism. For the
South Fork Iowa River, there were two distinct groupings of
stream metabolism recovery periods and a variety of dis-
charge-related conditions that affected stream metabolism.
The mechanisms governing these patterns were hypothe-
sized to relate to subreach variability in sediment habitats for
stream metabolism and how these habitats responded indi-
vidually to flow disturbances. Specifically, flow disturbances
were considered to mobilize either a portion or the majority
of the streambed resulting in corresponding short- and long-
recovery periods of stream metabolism.
[42] The physical habitat of the study reach was assessed

using visual mapping techniques to identify sediment texture
patches according to themethod ofBuffington andMontgomery
[1999], and larger-scale free, forced, and fixed regions [e.g.,
Nelson et al., 2009]. The upper half of the study reach
included an island bar that created two channels where the
northern channel contained sand and gravel sediments (sG
and csG sediment textures classes), and the southern channel
contained cobble and gravel sediments (sgC and csG sedi-
ment texture classes); the lower half of the study reach was
mostly gravel and sand (Figure 6a). The coarser cobbles in
the southern channel of the upper reach (which extended
along the southern portion of the lower reach as well) con-
stituted a fixed sediment texture region of armored sedi-
ments, which have the ability to persist even during floods
[Wilcock and DeTemple, 2005]. The cobble sediments of the
southern channel also contained the greatest densities of
green algae in the study reach (Figure 6b), suggesting that
these sediment texture patches were relatively stable during
the several flood flows that occurred previously in 2007
(Figure 5c). The thalweg of the northern channel in the upper
reach and most of lower reach (with exception to cobbles
along the southern bank) represented a free sediment texture
region where the sand and gravel sediments showed indica-
tions of sediment transport from previous floods including
the presence of bed load sheets [Whiting et al., 1988]. Por-
tions of the island bar of gently sloped sands along the
northern channel represented a forced sediment texture patch,
most of which only becomes active once water levels rise
(Figure 2).
[43] Patch-scale stream metabolism rates varied amongst

sediment texture classes, but the largest volumetric produc-
tion (P) and uptake (R) rates were recorded in the S sediment
texture class at station 2 (Figure 7). This location is within
the submerged portion of the forced sediment texture region
of S sediment texture class associated with the island bar
(Figures 1b, 2, and 6a). The only patch-scale metabolism
measurement that had a net production flux (positive
NEPpatch value) was at station 4 in the csG texture class (portion
of the fixed cobble sediment texture region, Figure 7). The
production flux (Pdp), uptake flux (Rd � Rdp), and NEPpatch
values for the South Fork Iowa River (Table 4) were larger

Figure 6. Physical habitat and hydraulic variable maps of
the South Fork Iowa River study reach for steady flow condi-
tions of 1 October 2007: (a) sediment texture class, (b) green
algae coverage, (c) fine benthic organic material (FBOM)
coverage, (d) depth-averaged velocities, (e) bed shear stress,
and (f) estimates of effective diffusion (hyporheic exchange
potential).
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than values previously reported in other studies examining
patch-scale variability in stream metabolism rates. Cardinale
et al. [2002] used chamber mesocosms in a forested stream
and recorded production fluxes ranging from 0 to 4.8 g O2/m

2/d
and uptake fluxes ranging from 0 to �1 g O2/m

2/d. Wilson
and Dodds [2009] used microsensor-based measurements
of NEPpatch (similar to this study) in a prairie stream with
values ranging between �0.1 and +0.3 g O2/m

2/d. Patch-
scale stream metabolism rates are expected to vary between
forested, prairie, and agricultural streams; however, differ-
ences arising between mesocosm chambers and microsensor
profile-based measurements of stream metabolism are not
fully understood. The main difference between the NEPpatch
results of this study and those of Wilson and Dodds [2009]
was our use of the effective diffusion coefficient (De) over
the molecular diffusion coefficient in equation (6), which has
been shown to significantly affect flux calculations from
concentration profiles [O’Connor and Harvey, 2008].
[44] The prestorm, daily averaged value of NEP measured

at the South Fork Iowa River was bounded by the patch-
scale measurements of NEPpatch (Table 4). In addition, the
measured NEP value was of similar magnitude to values
reported across a variety of biomes [Mulholland et al.,
2001], and in agricultural watersheds [Frankforter et al.,
2010]; however, daily averaged GPP and CR values were
similar to the largest values recorded in these studies.
During steady flow conditions before the storm GPP values
ranged between 0 and 45 g O2/m

2/d, but the storm event
on 2 October 2007 reduced the range in daytime GPP values
to 0 and 16 g O2/m

2/d. Conversely, CR values during the
nighttime increased from �20 g O2/m

2/d before the storm to
�35 g O2/m

2/d after the storm (Figure 8). The shift from a
moderate- to a high-net respiration system in response to the
flow disturbance was suspected to be the result of decreasing
photosynthesis from increased turbidity and the loss of algal
assemblages to drift, as well as an increase in heterotropic
uptake caused by the increased delivery of organic material
to the water column and sediment surface.
[45] The storm event on 2 October 2007 more than dou-

bled the discharge during the daytime period, which resulted

Table 3. Modeled Hydraulic Variables and Measured Hydraulic Conductivity by Sediment Texture Classes During Steady
Flow Conditions of 1 October 2007a

Sediment Texture
Depth
h (cm)

Velocity
u (cm/s)

Bed Shear Stress
tb (N/m

2)
Effective Diffusion

De (m
2/s)

Hydraulic Conductivity
Kc (cm/s)

csG 35.3 43.3 4.35 2.68 � 10�6 0.004
(28.6–46.9) (33.6–50.3) (2.81–5.73) (1.33 � 10�6 to 6.56 � 10�6)

sG 29.8 40.0 3.27 5.17 � 10�6 0.096
(19.9–44.0) (26.5–54.0) (1.91 – 4.74) (2.42 � 10�6 to 9.54 � 10�6)

G 35.2 41.9 4.70 1.21 � 10�5 0.065
(27.9–41.3) (26.0–52.8) (2.37–6.91) (7.75 � 10�6 to 2.04 � 10�5)

sgC 43.5 32.7 7.72 8.11 � 10�6 0.004
(31.4–52.5) (25.2–42.8) (4.03–12.62) (4.42 � 10�6 to 1.47 � 10�5)

S 5.5 7.9 0.20 2.80 � 10�7 0.178
(3.8–14.0) (1.6–21.6) (0.01–1.36) (8.52 � 10�9 to 2.82 � 10�6)

gS 49.7 38.4 3.49 2.01 � 10�5 0.180
(28.8–60.0) (32.8–43.3) (2.79–4.10) (1.52 � 10�5 to 2.39 � 10�5)

zS 21.2 15.6 0.85 6.33 � 10�7 0.000
(13.9–33.2) (6.0–25.8) (0.32–2.09) (1.57 � 10�7 to 2.68 � 10�6)

zC 56.8 21.6 3.20 2.65 � 10�6 0.001
(43.9–69.8) (15.8–27.2) (2.27–3.94) (1.53 � 10�6 to 3.60 � 10�6)

zG 18.8 0.8 0.03 1.49 � 10�8 0.001
(13.9–21.2) (0.1–2.6) (0.00–1.19) (1.04 � 10�9 to 1.02 � 10�6)

aMedian values shown with 25th and 75th percentile values shown in parentheses.

Figure 7. Patch-scale metabolism measurements derived
from (a) dissolved oxygen profiles and (b) calculated pro-
duction and uptake fluxes according to equations (6) and (7).
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in portions of the island bar and stream banks becoming
inundated, as well as an increase in bed shear stress to por-
tions of the reach (Figures 9 and 10). The corresponding
effects of the flow disturbance on stream metabolism is
shown in Animation S1 in the auxiliary material. Uncer-
tainty in our estimates of bed shear stress arising from the
visual based estimates of particle sizes (d50 and d90) can
influence the results of a Shields stress criteria analysis of
bed mobilization. In this study, the uncertainty in quantify-
ing bed mobilization was accounted for by considering a
high and low t*c threshold value to bound the analysis.
Results were consistent for both the high and low t*c
threshold values with the main difference being in the timing
and the degree of mobilization of specific sediment texture
patches. In additions, both analyses for the high and low t*c
values were consistent in predicting nonmobilization condi-
tions for the remaining sediment texture patches (Figures 9,
10, and 11).
[46] The estimated Shields stress criteria (t*/t*c, for both

the high and low t*c threshold values) suggested that only the
gS, S, zS, and zG sediment texture classes were mobilized
during the flow disturbance (Figures 11a and 11b), which
together only represent 25% of the streambed area (Table 2).
These sediment texture patches were primarily located
adjacent to the island bar and along the stream banks, com-
posed fine sediment particles, and coincided with large
quantities of FBOM (Figure 6). The low t*c threshold value
suggested that the zS sediment texture was immediately
affected by the onset of the storm event, which corresponds
with timing of the initial alteration to the NEP signal
(Figure 8b). The partial mobilization of finer sediments is
consistent with the results of Vericat et al. [2008], which
described a bed shear stress threshold below which sediment
transport is dominated by fine sediment patches, and above
which sediment transport is more uniform over a reach. In
addition, fine particles mobilized during high flows typically
have higher nutrient concentrations associated with them,
making them more biologically active [Harvey et al., 2011].
[47] The results of the 2 October 2007 storm event anal-

yses depict a partial bed mobilization of sediment patches
containing fine sediments, which suggests that the primary
mechanism responsible for the disruption of stream metab-
olism was through increased turbidity rather than reach-scale
bed mobilization. Fine sediment transport and increased
turbidity limited photosynthesis by reducing light penetration,
and stimulated respiration through the mobilization of fine,
biologically active sediments. This effect of turbidity on
stream metabolism has been shown for streams under steady
flow conditions in watersheds where physical characteristics

produce various turbidity levels [Izagirre et al., 2008].
Because only a small portion of the total streambed (which
includes algal and microbial communities) was disturbed, the
storm-induced turbidity effect on stream metabolism would
be suspected to have a short recovery time observable in the
DDO signal. Unfortunately, this hypothesis could not be
tested as two even larger floods occurred immediately
following the 2 October 2007 flow disturbance (Table 1 and
Figure 5c).

6. Summary

[48] This study used the analysis of discharge and DDO
data to identify threshold behavior of stream metabolism
response to flow disturbances. No specific discharge criteria
could be identified that determined the observed grouping of
short- or long-recovery periods of the stream metabolism
signal. Physical habitat characterization and hydraulic
modeling of storm event in the fall of 2007 showed that only

Table 4. Patch- and Reach-Scale Metabolism Measurements
During Steady Flow Conditions on 1 October 2007

Production
(g O2/m

2/d)
Uptake

(g O2/m
2/d)

Net Production
(g O2/m

2/d)

Patch-scale Pdp R(d � dp) NEPpatch
Station 2 (S) 214.3 �216.2 �1.8
Station 2 (sG) 26.7 �43.13 �16.4
Station 3 (G) 32.2 �35.0 �2.8
Station 4 (csG) 40.1 �37.8 2.3

Reach-Scale GPP CR NEP
Daily averaged 11.0 �16.6 �5.6

Figure 8. Reach-scale metabolism measurements of NEP,
GPP, and CR under steady flow conditions of 1 October
2007 and the storm event on 2 October 2007: (a) discharge
and cumulative precipitation and (b) reach-scale metabolism
values for NEP, GPP, and CR.
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Figure 9. Maps of t*/t*c values (t*c = 0.0495, high mobilization threshold) over the study reach during
the storm event on 2 October 2007 at (a) 10 A.M., (b) 12 P.M., (c) 2 P.M., (d) 4 P.M., (e) 6 P.M., and
(f ) 8 P.M.
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Figure 10. Maps of t*/t*c values (t*c = 0.03, low mobilization threshold) over the study reach during
the storm event on 2 October 2007 at (a) 10 A.M., (b) 12 P.M., (c) 2 P.M., (d) 4 P.M., (e) 6 P.M., and
(f) 8 P.M.
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25% of the streambed was mobilized. Of the streambed that
was mobilized, most was associated with a forced sediment
texture grouping of sand sediments along the island bar
where patch-scale metabolism rates were largest. This evi-
dence suggested that stream metabolism was primarily
affected by increased turbidity and potentially some periph-
yton drift, rather than full bed mobilization, in response to the
flow disturbance. This type of flow disturbance was
hypothesized to be associated with the short-recovery period
(less than 5 days) of stream metabolism, but the effect of
multiple flow pulses acting on a single recovery period of
stream metabolism could not be fully realized in this study.
The results of this study support previous findings suggesting
bed mobility is a primary factor affecting stream metabolism.
In addition, this study extends this conclusion to the subreach
scale, indicating threshold behavior in stream metabolism is

the result of varying responses of sediment textural patches to
partial or full bed mobilization by flow disturbances.

Notation

C dissolved oxygen concentration [M/L3].
Cd drag coefficient.
CR community respiration [M/L2/T].
De effective diffusion [L2/T].
d50 median particle size [L].
d90 particle size for which 90% is finer [L].

GPP gross primary productivity [M/L2/T].
g acceleration due to gravity [L/T2].
H reach-averaged stream depth [L].
h stream depth [L].

K2 reaeration coefficient [T�1].
NEP net ecosystem production [M/L2/T].

NEPpatch net patch-scale production [M/L2/T].
P patch-scale production [M/L3/T].
Q discharge [L3/T].
Qp peak discharge of flow pulse [L3/T].
R patch-scale uptake [M/L3/T].
Rp submerged particle specific gravity [M/L3].
S reach-averaged slope.
T reach-averaged travel time [T].
t time [T].
U reach averaged velocity [L/T].
u streamwise velocity [L/T].
v transverse velocity [L/T].
y depth in sediments [L].
zo roughness length [L].

DDO daily change in dissolved oxygen concentration
[M/L3].

d DO penetration depth [L].
dp DO production zone depth [L].
k von Kármán constant.
r water density [M/L3].
tb bed shear stress [M/L/T2].
t* Shields stress.
t*c critical Shields stress.
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