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This study explores how spatial dynamics and frequency of bedmobility events in a headwater stream affect the
spatial and temporal variability in stream benthic algal abundance and ultimately the resilience of benthic algae
to stream scouring events of different magnitudes. We characterized spatial variability in sediment transport for
nine separate flow events (0.1–1.7 of bankfull flow), coupling high resolution (b0.1 m2) two-dimensional shear
stress values with detailedmeasurements of the channel substrate. The stream bed was categorized into regions
of high and low disturbance based on potential mobility of different grain sizes. High resolution (b0.25 m2), in
situ measurements of benthic Chlorophyll-a concentrations (Chl-a) were taken on 18 sampling dates before
and after high flow events in regions of the streambed with contrasting disturbance to understand how benthic
algal communities respond to sediment transport disturbance through space and time. According to the model-
ing results, the percentage of the channel likely to be disturbed varied greatly across the different flows and con-
sidered grain sizes between 7.7 and 70.4% for the lowest and highest flow events respectively. Mean shear stress
in the channel bed across all sampling dates explained 49% of the variance in Chl-a. Over the 18 sampling dates—
encompassing post-disturbance impacts and subsequent recovery — Chl-a differed between disturbance level
categories defined based on the relative movement of the median grain size on 14 occasions. However, low dis-
turbance locationswere not always associatedwith higher Chl-a. The algal Chl-a biomass at any given timewas a
function of the stage of algal recovery following a high flow event and the magnitude of the disturbance itself—
impacting algal loss during the event. Resistance of the algal communities to bed disturbance and resilience to
recovery following a flowevent varied spatially. Areaswith low shear stresswere less susceptible to scour during
moderate disturbance events butwere slower to recoverwhen scour occurred. In contrast, high shear stress areas
responded rapidly toflood eventswith rapid declines, but also recoveredmore quickly and appeared tohavehigh
potential formaximum accrualwithin our study reach. Ultimately, timing alongwith the inverse relationship be-
tween resiliency and disturbance frequency highlights the complexity of these processes and the importance of
studying the interactions between geomorphic and ecological processes with high resolution across spatial and
temporal scales.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The process of sediment transport and deposition is a fundamental
organizing feature in fluvial systems that sets the physical habitat tem-
plate of streamenvironments. Indeed, bedmobility iswidely recognized
as a key organizing feature for ecosystemprocesses and biota in streams
(Peckarsky et al., 2014). Bed mobility and substrate scour that occurs
during sediment transport and deposition are particularly important
abiotic processes for stream primary production because they have
rces, and Management, Oregon
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the potential to remove benthic algae and reset the succession of stream
periphyton communities (Fisher et al., 1982; Biggs et al., 1999). Given
the role of instream primary production in supporting aquatic biota
and controlling stream nutrient dynamic, the resilience of stream pri-
mary producers— their capacity to withstand and recover from distur-
bance events (Holling, 1973; Bone et al., 2016)— is an important stream
characteristic.

In systems with low substrate stability throughout a reach and dur-
ing large discharge events when nearly all of the bed ismobile, abrasion
caused by small particles combined with the molar movement of large
particles scrapes away most of the existing benthic algae (Dodds et al.,
1996; Rosenfeld and Hudson, 1997; Uehlinger, 2000; Uehlinger et al.,
2003; Uehlinger, 2006; Hoellein et al., 2007; Atkinson et al., 2008;
isturbance on benthic Chlorophyll a: A high resolution perspective,
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Holtgrieve et al., 2010; Luce et al., 2010; Segura et al., 2011; Gerull et al.,
2012). For these large events that fully reset the system in regard to
benthic algal communities, an assessment of resilience necessarily fo-
cuses the recovery of streambed algal standing stocks to pre-event
levels (i.e., engineering resilience). In this context, recovery rates are
key to understanding the temporal dynamics of streamprimary produc-
tion as well as nutrient demand and food resources for secondary pro-
duction. During more moderate discharge events or when considering
ecosystem processes over time scales that encompass low-flow condi-
tions, considering stream resilience as a combination of recovery and
the potential to maintain ecosystem function (i.e., ecological resilience)
may be more appropriate (Holling, 1973; Hodgson et al., 2015; Bone
et al., 2016). In this study, we use a two-dimensional hydraulic model
to estimate stream bed mobility and repeated high resolution assess-
ments of stream benthic algal standing stocks in a western Oregon
stream to assess potential ecological and engineering resilience of
streamprimary producers tomoderate and large extent sediment trans-
port events.

High flow disturbances can remove benthic algae through
(i) dislodging or breaking algae from its hold on a substrate through the
elevated shear stress caused by increased water velocity, (ii) abrasion
by mobilized sediments that scours and breaks algae off from its sub-
strate, and (iii) molar action of tumbling gravel/cobble substrata upon
which algae grow that scrapes the algae from substrates (Francoeur and
Biggs, 2006). Although the importance of these processes has been recog-
nized for decades in a broad sense (Resh et al., 1988; Reice et al., 1990;
Biggs et al., 1999; Hart et al., 2013) most work quantifying mobility of
the bed in relation to primary production and algal biomass has
represented the flow field in one dimension. That is, assuming that the
distribution of the flow field is uniform or that substratemobilizes homo-
geneously across entire reaches or cross sections. This one-dimensional
perspective misses for instance the potential to identify lowmobility sec-
tions of a stream where scour may be more limited thereby allowing for
persistence of benthic primary producers (Pitlick and Wilcock, 2013).
We lack a clear conceptual framework that considers bedmobility events
on two dimensions —with associated effects on stream ecosystem resil-
ience. Part of the difficulty in developing this framework lies in the fact
that benthic periphyton removal processes (i–iii above) are temporally
and spatially variable. For example, while changes in sediment supply
often vary at the basin or subbasin scale, discharge and channelmorphol-
ogy often vary at the reach scale; and shear stress and grain size distribu-
tions (GSD) in the channel bed vary at the patch scale. Considering the
patch scale in particular, at this spatial resolution, different locations in
the stream may undergo contrasting geomorphic processes simulta-
neously during a high flow eventwhere activemovement of bedmaterial
may occur in one spot while other spots are completely stable (Segura
and Pitlick, 2015). This leads to spatially variable responses of benthic
communities to increasing discharge within a reach (Biggs and
Stokseth, 1996; Uehlinger et al., 2003). Early studies that evaluated the
magnitude of scouring disturbance to benthic algal communities were
based on peak discharge (Fisher et al., 1982; Biggs and Close, 1989;
Segura et al., 2011; Townsend and Douglas, 2014) or one-dimensional
models of sediment transport (Uehlinger et al., 1996; Biggs et al., 1999).
These studies therefore overlook the potential for spatial changes in trans-
port intensity during an individual event (Lisle et al., 2000; Stewart et al.,
2005;May et al., 2009;McDonald et al., 2010; Legleiter et al., 2011; Segura
et al., 2011; Segura and Pitlick, 2015),which could contribute to other fac-
tors that create spatial variability in benthic algae on the stream benthos
(Stevenson, 1990; Jowett and Biggs, 1997; Biggs et al., 1999; Francoeur
and Biggs, 2006; Townsend and Douglas, 2014). Algal abundances can
vary at different spatial and temporal scales because of differences in
scour, grazing pressure, light availability, and nutrient concentrations in
the surrounding water. Variability in algal biomass can manifest at local
scales across an individual sediment particle (Sekar et al., 1999;
Kanavillil et al., 2015), at the patch scale among different sediment parti-
cles (Cattaneo et al., 1997), at the habitat unit scale of the stream bed
Please cite this article as: Katz, S.B., et al., The influence of channel bed d
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associated with different morphologies such as riffles and pools
(Cardinale et al., 2002; Segura et al., 2011; Luce et al., 2013), and broadly
across stream reaches and among streams (Bernot et al., 2010).
Patchiness in algal biomass prior to a disturbance and patchiness in bed
mobility and scouring processes within a reach together will affect the
amount of biomass lost during high flow events; and the magnitude of
biomass reduction caused by an individual high flow in turn influences
how the community will recover after the disturbance has occurred
(Biggs and Close, 1989; Peterson et al., 1994; Biggs et al., 1998; Snell
et al., 2014; Coundoul et al., 2015). However, capturing the background
heterogeneity in Chlorophyll a (Chl-a) abundance anddeciphering the in-
fluence of variable scour fromother factors that affect spatial variability in
benthic algal standing stocks is challenging. Common sampling protocols
assess few (i.e., b30) sediment particles that are selected at random
through a reach (Biggs and Close, 1989; Davie and Mitrovic, 2014;
Townsend and Douglas, 2014), at transects across a reach (Biggs et al.,
1999; Townsend and Padovan, 2005), at patches (Segura et al., 2011),
or in other systematic sampling schemes. In the few studies to date
where spatial variability in sediment transport disturbance to benthic
algae has been investigated, the experiments were conducted in streams
with snowmelt flow regimes that experienced only one large mobiliza-
tion event per year that fully reset the system. This limited the possibility
to investigate the response and recovery of benthic algae to multiple dis-
turbance events of different magnitudes (Segura et al., 2011). In this
study, we use a novel Chl-a assessment method that allows for frequent
in situ estimates of benthic algal standing stocks to overcome issues of
spatial and temporal resolution in quantifying the response of benthic
algae to multiple high flow events in a rain-dominated system.

The objective of this study was to evaluate resilience of stream ben-
thic algal abundance to high flow events. We consider the spatial dy-
namics of disturbance and the potential for low shear stress areas to
provide refuge habitat for benthic algae and the recovery of benthic
algae following moderate and high flow disturbance events. We apply
a two-dimensional (2D) shear stress model that encompasses a wide
range of flows (0.2Qbf to NQbf) to determine the influence of sediment
mobility on scour across the streambed and to assess recovery of ben-
thic Chl-a at high spatial resolution (b0.25 m2) that can encompass
areas with low and high shear stress. Understanding how the magni-
tude of high flow and bed scouring event disturbances affect primary
production across two dimensions is important for a wide range of en-
vironmental management applications including setting meaningful
environmental flow targets (Osmundson et al., 2002; Davie and
Mitrovic, 2014), restoring natural processes through river rehabilitation
projects (Murdock et al., 2004; Lake et al., 2007; Stanley et al., 2010), or
quantifying river metabolic and production rates relevant to higher
tropic levels.

2. Study site and methods

2.1. Study site

This studywas conducted in a cobble-gravel bed reach of Oak Creek,
Oregon (Fig. 1). The forested catchment drains 7 km2 underlain by ba-
saltic lithology (Milhous, 1973; O'Connor et al., 2014) in a region with
Mediterranean climate characterized by wet winters and cool/mild
summers. The study reach has a pool-riffle sequence in the upstream
end and a relatively straight section in the downstream section. The
reach is located directly upstream from a historic sediment transport
sampling facility where bedload samples were collected between
1969 and 1973 (Milhous, 1973) and which currently provides a square
cement weir where an accurate discharge to stage height relationship
can be built. The bankfull dimensions of the study reach channel are
6 m in width and 0.46 m in depth. The reach average slope is
0.014 m/m, and the bankfull discharge (Qbf) is 3.4 m3/s (Milhous,
1973). Elevations within the basin range from 143 to 664 m (Paustian
and Beschta, 1979). The basin is located in the McDonald-Dunn Forest,
isturbance on benthic Chlorophyll a: A high resolution perspective,
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Fig. 1. Location of the study reach inOak Creek, OR. Topographic surveying points, derived 0.1-mcontours, water surface elevation (WSE)monitoring locations, and the location of the grid
used to monitor Chlorophyll a are also included.
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which is owned andmanaged by the College of Forestry at Oregon State
University and dominated by Douglas fir (Pseudotsuga menziesii) and
Oregon White Oak (Quercu sp). In the riparian area surrounding the
study site the dominant species include Alder (Alnus sp), Black Cotton-
wood (Papulus trichocarpa), and Big Leaf Maple (Acer macrophyllus)
with lower densities of fir and oak.
2.2. Characterization of channel topography, grain size, and discharge

Detailed measurements of channel geometry and grain size were
collected in the study reach in the summer of 2015. Over 2000 bed ele-
vation points were surveyed with a total station during this period
(Fig. 1). The survey included 32 cross sections (XS). Cross sections
were established every 3 m (half bankfull width apart) with additional
survey points added between them to capture slope breaks such as riffle
crests, the channel thalweg, and the toe and top of banks. This topo-
graphic information was interpolated across the area of the reach
(Merwade et al., 2008; Merwade, 2009) and the interpolated map was
used as an input to the 2D hydraulic model (see below). Bed surface
grain size distribution (GSD) was characterized with 23, 100-particle
pebble counts along surveyed cross sections (Wolman, 1954). Grain
size fractions for the 16th, 50 th, and 84 th percentile were 19 ± 1.1,
45.1 ± 2.5, and 83.2 ± 3.5 mm respectively (Katz, 2016). The reach
hydrograph was calculated based on a rating curve coupled with
water elevation measurements taken at the downstream end of the
reach using a Hobo U20 Water Level logger (Fig. 2). The rating curve
Please cite this article as: Katz, S.B., et al., The influence of channel bed d
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covered discharge values up to 3.9 m3/s (1.1Qbf). Flows were above
this value during one event for 18 h during the study period (Fig. 2).

2.3. Hydraulic model

We estimatedmean velocity (U) and shear stress (τ) for seven flows
(0.4–3.4 m3/s, 0.12Qbf - Qbf) using the Flow and Sediment Transport
with Morphological Evolution of Channels (FaSTMECH) analytical solv-
er (McDonald et al., 2006). Themodel uses a finite difference solution to
the Reynolds-averagedmomentum equations (Nelson et al., 2003). The
calculations are performed within an orthogonal curvilinear grid that
follows the surveyed planform topography of the channel (Nelson and
Smith, 1989) and divides local velocities into cross-stream and down-
stream components (v and u respectively). The model inputs include
bed topography, discharge (Q), roughness (estimated with a constant
or variable drag coefficient, Cd), a measure of lateral eddy viscosity
(LEV), and the downstream stage. The model calibration procedure in-
volves adjusting the Cd and LEV to minimize the root mean square
error (RMSE) between modeled and observed water surface elevation
(WSE) at 13 locations (Fig. 1). Shear stress is calculated in the model
based on velocity, water density (ρ), and the drag coefficient:

τ ¼ ρCd u2 þ v2
� � ð1Þ

Model calculations were conducted for the entire reach using a 0.2-
m grid to ensure a flow domain long enough for the model to achieve a
robust calibration and to ensure no influence on the sampling grid by
isturbance on benthic Chlorophyll a: A high resolution perspective,
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Fig. 2. Hydrograph of Oak Creek, OR, during study period. Discharge values are calculated based on measurements taken at 10-min intervals and on the site-rating curve (see insert).
Chlorophyll-a sampling events are indicated with themarkers color coded according to the flow event used to describe shear stress conditions for the preceding high flow events (A–H).
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the boundary conditions. We collected Chl-a in a smaller section of the
reach (see Section 2.4). The number of wetted grid nodes in the model
domain varied from 9031 to 14,951 depending on flow level (Table 1).
A constant Cdwas used for eachmodel run. The RMSE between predict-
ed and measured WSE varied between 0.025 and 0.048 m and the R2 N

0.994. Calibrated Cd and LEV ranged from 0.017 to 0.04 and from 0.0010
to 0.0032 respectively. The WSE RMSE were well within acceptable
ranges found in other studies using FaSTMECH.

2.4. Characterization of benthic Chlorophyll a

Wemeasured the concentration of benthic photosynthetic pigments
using a BBE Moldaenke BenthoTorch (http://www.bbe-moldaenke.de).
The Benthotorch is a handheld, in situfluorimeter that estimates Chl-adi-
rectly from the stream substrate based on absorbance of fluorescent light
(Kahlert and McKie, 2014). We used the benthotorch values as a surro-
gate for Chl-a concentration as it is the dominant pigment measured by
this device and because Chl-a is the dominant photosynthetic pigment
the benthic algae of this and other streams across the coast range
(Gregory, 1980). Further, benthic Chl-a concentrations are correlated
Table 1
FaSTMECH model development and calibration summary: discharge (Qi), ratio of Qi to
bankfull flow (Qi/Qbf), downstream (D.S.) stage, the number of calculation nodes, the root
mean square error (RMSE) between measured and modeled water surface elevations
(WSE), the coefficient of determination (R2) of the relation between measured and
modeled WSE, the calibrated drag coefficient (Cd), and lateral eddy viscosity (LEV)

Qi Qi/Qbf D.S. stagea # wet nodes RMSE (m) R2 Cd LEV

0.4 0.12 98.91 9031 0.048 0.994 0.040 0.001
0.64 0.19 98.96 9830 0.028 0.996 0.0380 0.0016
0.99 0.29 99.03 10,393 0.031 0.996 0.0250 0.0024
1.33 0.39 88.08 10,840 0.028 0.997 0.0180 0.0032
1.46 0.43 99.10 11,036 0.025 0.997 0.0170 0.0031
1.91 0.56 99.17 11,905 NAb NAb 0.0210 0.0025
3.41 1.00 99.34 14,951 0.031 0.996 0.0350 0.0010

a From an arbitrary datum
b N/A:Not available, theflowwas calibrated based on the relationship between calibrated

Cd and Q for the other flow scenarios and not based on WSE.

Please cite this article as: Katz, S.B., et al., The influence of channel bed d
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with instream primary production in headwater streams (Roberts et al.,
2007; Bernot et al., 2010), which allows us to relate algal standing stocks
to stream ecosystem function (primary production) in considering eco-
logical resilience in this system. We use the term Chl-a hereafter to refer
to benthotorch values for Chl-a concentrations. The Chl-ameasurements
were taken on18 separate occasions before and after highflowevents be-
tween 23 October 2015 and 11 April 2016 (Fig. 2). The Chl-a measure-
ments were made within a 20-m section of the reach (Fig. 1) using a
gridded sampling scheme. The grid had a spacing of 0.5 m × 0.5 m and
a total of 352 cells. Five replicates were randomly selected within each
(0.25 m2) grid cell; however, we avoided sampling the same area twice
within a sampling period. Grid cells were only sampled when the entire
grid cell was submerged and the stream substratewithin the cell was vis-
ible (i.e., no leaves). In order to minimize disturbance of the stream sub-
strate in sampled cells, measurements were taken across alternating
rowsmoving fromdownstreamup. The area of the grid is surrounded pri-
marily by deciduous vegetation with relatively similar light availability
(i.e., similar shading from the riparian area). Direct sunlight on the stream
reach was limited during most sampling events.

2.5. Stream abiotic factors: nutrients, light, and temperature

Water samples were collected monthly during the study period for
analysis of nitrate (NO3

−-N), ammonia (NH4
+-N), and phosphate

(PO4
3−-P). The samples were analyzed for nitrate and phosphate using

a Dionex ICS-1500 ion chromatograph. The ammonia analysis was per-
formed using a Technicon Auto-Analyzer II. Light wasmeasured using a
HOBO pendant light sensor and an Odyssey photosynthetically active
radiation (PAR) logger. The sensors were suspended above the stream
bed within the middle of the sampling grid at the edge of the bank.
The light intensitymeter was deployed from 23 October 2015 to 16 No-
vember 2015 and again from 8 January 2016 to 19March 2016. The PAR
sensor was deployed between 8 February 2016 and 11 April 2016. A re-
lationship was developed between LUX and PAR in order to convert the
light intensity data to PAR for the entire study period. Stream tempera-
turewasmeasured at 10-min increments in two locations: downstream
with the Hobo U20 water level logger (precision of ±0.44 °C) and up-
stream with a Solinst Edge water level logger (±0.05 °C) located 30 m
upstream from the reach.
isturbance on benthic Chlorophyll a: A high resolution perspective,
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2.6. Disturbance characterization

Channel bed disturbance was characterized using the model esti-
mates of shear stress coupled with the D2 (7 mm), D50 (45 mm), and
D84 (83 mm) to assess the likelihood of channel bed disturbance via
the Shield's stress:

τ� ¼ τ
ρs−ρð ÞgDi

ð2Þ

where τi∗ is the Shield's stress associated with the movement of given
grain size (Di), ρ is the density of water (1000 kg/m3), and ρs is the den-
sity of the sediment (2850 kg/m3 for basalt). We used a hiding function
to estimate the reference shears stress for motion for each Di (τri∗ ) based
on referencemeasured value forD50 for Oak Creek, τr50∗ =0.040 (Parker,
1990):

τ�ri
τ�r50

¼ Di

D50

� �−γ

ð3Þ

We assumed a γ value of 0.8. This information was used to calculate
the percentage of the channel bed in which the movement of each size
fraction was possible and to explore the relation between abrasion
(i.e., movement of smaller fractions) and saltation of larger particles
and the observed concentrations of benthic Chl-a. In order to look at
the influence of disturbance on the temporal variability of Chl-a, we
assigned a disturbance category to each grid that changed depending
on theflow level and shear stress distribution. The high disturbance cat-
egory was assigned to grid cells when τi∗/τr∗ ≥ 1 and to the low distur-
bance category when τi∗/τri∗ ≤ 1. These values correspond to regions of
the streambed where mobilization of the D2, D50, or D84 are expected
to either occur (high) or not occur (low).

The shear stress values for each high flow event (A–I) were defined
based on the modeled results from the flow closest in magnitude to
each instance (Table 2). The results from thesemodeled high flow events
were then used to define the flow conditions and channel bed distur-
bance for the subsequent Chl-a sampling events (see color markers in
Fig. 2). In doing so, we are investigating the effect that recent high flow
events of different magnitudes and the movement of different size frac-
tions have on Chl-a loss and growth dynamics (Table 2 and Fig. 2).

3. Results

3.1. Flow regime

The flow regime for Oak Creek during the study periodwas typical of
a rainfall-dominated system with frequent high flow events during the
wet season. Oak Creek experienced a series of nine high flow events
(A–I) between 23 October 2015 and 11 April 20,146 that ranged in
peak flow between 0.34 and ~6 m3/s with variable duration between 1
and 26 days (Table 2, Fig. 2). Event A occurred on 23 October 2015,
Table 2
High flow events (A–I) magnitude, duration, and size relative to bankfull (Qbf) flow; the mode

High flow event Dates Duration (d

A 30 October 2015–31 October 2015 2
B 16 November 2015–20 November 2015 4
Ca 3 December 2015–29 December 2015 26
D 12 January 2016–22 January 2016 10
E 29 January 2016–31 January 2016 2
F 14 February 2016–15 February 2016 1
G 19 February 2016–20 February 2016 1
H 13 March 2016–17 March 2016 4
I 21 March 2016–23 March 2016 2

a This consisted of a series of high flows between 1.3 and ~6 m3/s.
b Estimated.
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soon after leaf fall, and had a peak discharge (Q) of 0.34 m3/s, which
was equivalent to 0.1 of Qbf. High flow event B occurred 2 weeks after
event A and was roughly twice as large with a peak Q of 0.69 m3/s
(0.2Qbf). Flow event C — the highest during our period of record —
occurred between 3 December 2015 and 29 December 2015 (Table 2).
Flowwas elevated for the duration of this period with several individual
peaks present over the 26-day period. ThemaximumpeakQwas outside
the range of the rating curve but was estimated to be ~6 m3/s based on
the rating curve and a flow resistant equation (Ferguson, 2007). Field ob-
servations and time-lapse photography coupledwithmeasured stage in-
dicate that the overbank conditions during this event lasted less than one
day (~18 h). Five additional high flow events (D–I) occurred after event
C during thewinter period between12 January 2016 and 21March 2016.
Peak Q and duration for these events ranged from 0.49 to 1.91 m3/s and
from 2 to 11 days respectively (Table 2). Discharge in February
was lower than in December and January with only two moderate
(0.49–0.56 m3/s) high flow events (F and G). The last two high flow
event (H and I) reached 1.46 and 1.06 m3/s on 13 March 2016 and 21
March 2016 and lasted 4 and 2 days respectively (Table 2).

3.2. Shear stress variability

The magnitude and variability of shear stress (τ) during high flow
events was investigated using a 2D hydraulic model (McDonald et al.,
2006). The model was used to characterize flow field conditions during
seven different flow levels from 0.4 to 3.4 m3/s (0.12Qbf-Qbf). Mean
shear stress increased with flow level from 18.3 N/m2 when discharge
was 0.40 m3/s to 51.12 N/m2 when discharge was 3.4 m3/s (Table 3).
Maximum τ ranged from 58.1 to 163 N/m2

. Shear stress was highly var-
iable throughout the reach for each of the modeled flows (Fig. 3). The
spatial distribution of τ values indicated a strong influence of bed topog-
raphy with low τ (0–10 N/m2) near the shallow bank boundaries for all
of the modeled flows (Fig. 3). The highest τ values in all cases were
found within and immediately downstream of the meander bend di-
rectly above the Chl-a sampling grid. This location corresponds with a
pool formed against cohesive clay banks that constrain the flow into a
small, deep, and stable portion of the stream. Shear stress values de-
crease along the straight portion of the stream but are highest in riffle
areas. These sevenmodeled flow levels (0.12Qbf-Qbf) were used to char-
acterize the flow field conditions during storms A-I (Fig. 2) and to quan-
tify channel bed disturbance in all 18 instances in which Chl-a was
measured (Table 3).

The spatial τ estimates were coupled with grain size fractions (D2,

D50, and D84) to calculate the likelihood of sediment scouring. The per-
centage of the channel bed experiencing shear stress values capable of
mobilizing each size fraction (i.e., τi∗/τr∗ ≥ 1) increased with Q (Table 3).
For the 0.4 m3/s flow 31.4, 7.7, and 4.8% of the area had τi∗/τr∗ ≥ 1 for
the D2, D50, and D84 respectively. For the highest modeled flow
(3.4 m3/s), these areas increased in size to 79, 70.4, and 66.4% (Table 3).

The spatial distribution of τi∗/τri∗ values was used to designate distur-
bance categories for nodes of the Chl-a grid. The disturbance
led flow use to characterize shear stress (τ) is also indicated

ays) Peak discharge
(Q) (m3/s)

Fraction of Qbf Modeled Q used to
characterize τ

0.34 0.1 0.40
0.69 0.2 0.64
6.0b 1.7 3.4
1.91 0.6 1.91
1.29 0.4 1.3
0.49 0.15 0.40
0.56 0.16 0.64
1.46 0.43 1.5
1.06 0.31 0.99
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Table 3
Modeled mean and maximum shear stress (τ) and percentage of channel bed with Shield stress above the reference for motion of the 2nd, 16th, and 84th percentiles of the grain size
distribution for seven flows (Qi = 0.4–3.4 m3/s) considering the completed modeled domain and the Chl-a sampling grid

Q (m3/s) All modeled domain Within sampling grid

τ mean (N/m2) τ max (N/m2) τ*/τr2∗ ≥ 1
(% of bed)

τ*/τr50∗ ≥ 1
(% of bed)

τ*/τr84∗ ≥ 1
(% of bed)

τ range (N/m2) τ*/τr2∗ ≥ 1
(% of bed)

τ*/τr50∗ ≥ 1
(% of bed)

τ*/τr84∗ ≥ 1
(% of bed)

0.40 18.34 58.12 31.4 7.7 4.8 2.43–56.39 40.6 15.6 8.8
0.64 23.10 75.80 50.2 20.3 12.1 2.07–69.25 58.0 34.1 25.0
0.99 24.62 83.29 54.2 24.5 16.7 2.02–74.06 62.5 40.9 32.4
1.33 25.60 81.72 57.0 28.3 19.8 2.96–75.25 67.0 45.2 36.4
1.46 26.16 80.87 58.2 30.2 21.2 2.47–76.89 69.9 47.4 39.2
1.91 32.76 106.65 68.6 48.4 38.5 4.83–104.69 82.1 64.5 55.1
3.40 51.12 163.06 79.0 70.4 66.4 19.38–158.69 99.4 95.7 92.9
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classification within the Chl-a sampling grid varied between flows
(Table 3, Fig. 3). For example, the high disturbance classification for
theD50 corresponds to the yellow, orange, and red areas in Fig. 3. In gen-
eral, we observed a region of high disturbance along the center of the
sampling grid for all Di, which grew in size with increasing Q and de-
crease Di; from 8.8–40.6% of the Chl-a grid for the 0.4 m3/s flow to
93.9–99.4% for the 3.4 m3/s event (Table 3). Areas of low disturbance
were found in general along the edges and within the lower portion of
the Chl-a grid, which corresponds to the banks and the head of a small
pool at the downstream end of the grid (Fig. 3). Putting these results
in context with the hydrograph indicates that during flow events A
and B (0.34 and 0.69 m3/s respectively) high disturbance nodes in the
Chl-a sampling grid occupied 40.6–58%, 15.6–34.1%, and 8.8–25% of
the bed considering the D2, D50, D84 respectively and the modeled
flows 0.4–0.64 m3/s (Table 3). During the highest flow event
(C, ~6m3/s) N93.9% of the Chl-a sampling grid experienced high distur-
bance according to all grain sizes considering themodel results for a 3.4-
m3/s event (Table 3). For the remaining winter high flow events (D–G),
the percentage of the bed exposed to high disturbance varied 25–82.1%
considering all grain sizes and the model results from flows 0.64 to
1.91 m3/s (Table 3); while for the early spring event (H) high distur-
bance characterized 69.9, 47.4, and 39.2% of the bed for the D2, D50,
D84 respectively, considering the modeling results for a 1.46-m3/s
event (Table 3).

3.3. Chlorophyll-a and channel bed disturbance

We collected 1466 measurements of Chl-a (each with 5 replicates)
over 18 sampling periods (Table 4). Overall, estimated grid cell Chl-a
values ranged from 0.02 and 176 mg/m2. Mean Chl-a concentration esti-
mates among disturbance levels and sampling dates varied between 0.14
and 59mg/m2 (Table 4).Wepaired each sampling timewith themodeled
τ values for the immediately preceding highflowevent (Fig. 2).We found
that the mean shear stress in the channel bed explained 49% of the vari-
ance inmeasured Chl-a concentrations among data points on the stream-
bed (Fig. 4A). The relation between mean τ during the previous storm
event and mean Chl-a for the 18 sampling occasions together is strongly
described by an exponential relation (Chl-a = 600e−0.11τ, r2 = 0.86, p-
value b 0.001; Fig. 4B). Based on the 2D shear stress results we were
able to investigate the effect that movement of different size fractions
had on Chl-a (Fig. 5). We found similar relations for large (D84), medium
(D50), and small particles (D2), indicating that at Oak Creek abrasion and
the saltation of largeparticles control biomass accrual. All the relations be-
tween the fraction of the bed with τi∗/τri∗ N 1 and Chl-a were exponential
and strong (r2=0.71–0.87, p-value b 0.0001, Fig. 5). However, themove-
ment of the smallest grains (D2) depicted a steeper (i.e., higher slope;
Fig. 5C) relation according to which, once 92% of the bed experienced
shear stress values above the reference for motion of the D2, the Chl-a
was consistently b0.6 mg/m2. This threshold was lower for the D50 and
D84 and indicated that Chl-a b than 0.6 mg/m2 when the movement of
these particleswas likely to occur in 67 and 81% of the bed. In sum, distur-
bance driven by bedload movement greatly controls the amount of Chl-a
Please cite this article as: Katz, S.B., et al., The influence of channel bed d
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that is removed (and conversely that persists). Indeed, considering the
likelihood of the movement of each fraction, we found significant differ-
ences in Chl-a between disturbance levels in 12–14 of the 18 sampling
dates that were collected before and after high flow events (Fig. 2,
Table 4). No comparisonwas possible for the three sampling dates imme-
diately after the highest peak flow (event C) because no sampling loca-
tions were classified as low disturbance for any of the size fractions.
This flood resulted in shear stress values that were capable of mobilizing
the D2, D50, and D84 in 99.4, 95.7, and 92.9% of the sampling grid respec-
tively (Table 3) indicating that ecological resilience from refuge of undis-
turbed substrates is lost during the most extreme flow conditions. Across
the 12–14 instances in which a significant difference in Chl-a between
disturbance patches was detected 7, 8, and 8 had post-disturbance Chl-a
values greater in the low disturbance grid cells relative to the high distur-
bance grid cell locations considering disturbance thresholds defined
based on the D2, D50, and D84 respectively. Conversely, we found 5, 6,
and 6 sampling events in which the mean Chl-a concentrations were
greater in the high disturbance category considering disturbance thresh-
olds defined based on the D2, D50, and D84 respectively (Table 4).

The temporal variation of Chl-a concentrations during the study peri-
od can be characterized by periods of biomass loss immediately following
high flow events and periods of biomass accrual between high flow
events (Fig. 6). The lowest measured mean concentrations occurred fol-
lowing the highest flow event of sampling period, which was also the
highest event of the year (event C: between 4 January 2016 and 26
January 2016 with Chl-a concentrations b0.36 mg/m2; Table 4).

In addition to variability in scour and the loss of benthic periphyton,
variability in the recovery (resilience) of benthic periphyton also ob-
served. The highest measured mean concentrations occurred in the high
disturbance areas (defined based on the movement of any of the grain
sizes considered) during relatively long recovery periods following rela-
tively low flow events in 13 November1 2015, 13 days after a 0.1Qbf

event when Chl-a reached 50, 59, and 46.8 mg/m2 and in 29 February
2016, 9 days after a 0.16Qbf event when Chl-a reached 39.5, 37.7, and
48.3 mg/m2 considering the likelihood of the movement of the D2, D50,
andD84 respectively (Fig. 6A–C). This suggests anupper limit of Chl-a con-
centration. Indeed, areas of lowdisturbance also reached anupper bound-
ary in Chl-a levels around ~35 mg/m2 (Table 4, Fig. 6A–C).

Considering all size fractions (D2, D50, and D84), the patterns of Chl-a
concentrations in areas of high and low disturbance were similar
(Fig. 6A–C). This pattern indicated that the susceptibility of Chl-a con-
centrations to disturbance by high flow events was dependent on the
state of recovery of the algal community at the time of the disturbance
and not solely the size distribution of mobilized sediment. For example,
considering the D50, Chl-a concentrations increased consistently in re-
gions of high and low disturbance from 14 to 630% following high
flow events when pre-disturbance Chl-a concentrations were
b25.4 mg/m2 (Table 4). These increases occurred primarily in the win-
ter when high flow events were relatively frequent (Fig. 2). Specifically,
Chl-a increased following high flow events E–G, 0.14–0.38Qbf (sampling
dates 8 February 2016, 15 February 2016, 22 February 2016, and 29 Feb-
ruary 2016), as well as in 30 November 2015 after a 0.2Qbf event. Mean
isturbance on benthic Chlorophyll a: A high resolution perspective,
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Fig. 3. Shear stress (τ) distributions for six of the modeled flows between 0.4 and 3.4 m3/s (0.1Qbf-Qbf).
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Chl-a concentrations across the bed consistently increase between 4
January 2016 and 29 February 2016 after the highest flow event
(1.7Qbf, event C) despite the occurrence of two high flow events
(0.6Qbf and 0.4Qbf respectively) on 12 January 2016 and 29 January
2016. In other words, these two high flows that ranked 2nd and 4th of
the 9 in terms of flow magnitude did not create a noticeable decrease
in Chl-a concentrations in either high or low disturbance regions. Chl-
Please cite this article as: Katz, S.B., et al., The influence of channel bed d
Geomorphology (2017), https://doi.org/10.1016/j.geomorph.2017.11.0
a decreased in high and low disturbance regions (defined based on
the D50) of the streambed in 20 November 2016, 4 January 2016, 19
March 2016, and 31 March 2016. The Chl-a concentrations prior to
these dates were above the 40th percentile of the Chl-a distribution
(15.91 mg/m2). The percent decrease associated with storm events
ranged from 8 to 99%, with the greatest depletions registered in 4 Janu-
ary 2016 following the largest flood (1.7Qbf). The identified thresholds
isturbance on benthic Chlorophyll a: A high resolution perspective,
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Fig. 4. Relationship between shear stress and Chl-a during 18 sampling events. (A) All measurements and (B) mean values of shear stress and Chl-a per sampling date.
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indicated that Chl-a consistently increased after a high flow eventwhen
preceding Chl-a values are b~15 mg/m2 and that Chl-a consistently de-
creases after a high flow eventwhen preceding Chl-a N 29mg/m2. Thus,
increases and decreases of Chl-a were observed when preceding Chl-a
was 15–29 mg/m2. This is also reflected in different accrual rates be-
tween the winter and fall periods.

Although the temporal patterns of Chl-a accrual and depletion are
similar considering the relative movement of different grain sizes
(Fig. 6A–C), we found contrasts in the magnitude of the difference in
Chl-a between high and low disturbance. For example, in 26 January
2016, 8 February 2016, and 15 February 2016, Chl-a in the low distur-
bance areas was 1.5–2.9 higher than in the high disturbance (defined
based on theD2) compared to 1.2–2.1 timesmore Chl-a in the low distur-
bances vs. the high disturbance based the D84 (Fig. 6D). These instances
occurred after highwinter flowswhen abrasion by small particles (repre-
sented here by the D2) likely played a significant role in the Chl-a distur-
bance regime. Conversely, the movement of coarse material played a
more significant role in 23 October 2015, 6 November 2015, and 19
March 2016. In these dates, Chl-a in the low disturbance was 1.2–1.4
higher than in the high disturbance (defined based on D84) compared to
0.64 and 1.2 timesmore Chl-a in the low disturbances vs. the high distur-
bance based on the D2 (Fig. 6D).

The doubling time for the period preceding the 1.7Qbf event between
23October 2015 and 13 November 2015was 15 and 31 days for the low
Fig. 5. Relationship between the percentage of bed with shear stress above the reference fo
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and high disturbance areas (based on D50) respectively. We found sim-
ilar results based on disturbance categories defined with theD2 (19 and
29 days) and the D84 (18 and 22 days). Finally, the doubling time was 3
times shorter in the winter time (5 days, considering mean Chl-a con-
centrations between 4 January 2016 and11 January 2016,when preced-
ing Chl-a was b1 mg/m2) than in the fall (16 days, considering mean
Chl-a concentrations across high and low disturbance areas between 2
November 2015 and 13 November 2015 when preceding Chl-a was
17 mg/m2) demonstrating the inverse relation between channel bed
disturbance intensity and Chl-a accrual rate.

3.4. Nutrients, temperature, and light

We considered the influence of other factors on the observed vari-
ability of Chl-a. Nutrient concentrations ranged from 4.8 to 102.4, 4 to
39, and 6.4 to 38.6 μg/L for nitrate, ammonia, and phosphate respective-
ly. Nitrate concentrations were on average 45 μg/L and consistently
below63 μg/L except in November 2015 afterflow event Awhen nitrate
concentration was N100 μg/L. Temperature varied between 1.8 and
14.9°C, and light varied between0.27 and 11.3mol/m2. These are factors
that affect overall periphyton accrual, but in this stream they do not vary
at the small spatial scales atwhichwewere quantifying patterns of algal
standing stocks. Nutrient concentrations and temperature were uni-
form within the Chl-a sampling grid considering the fact that the flow
r movement of the D2 (A), D50 (B), and D84 (C) and for mean Chl-a per sampling date.
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Fig. 6.Mean Chlorophyll-a (Chl-a) measurements for low and high areas of disturbance defined based on the threshold for motion of the D2 (A), D50 (B), and D84 (C) in Oak Creek, OR,
between 16 October 2015 and 11 April 2016. (D) Presents the ratio of Chl-a in the low to high disturbance areas for instances with significant differences between the two disturbance
categories considering the movement of the D2, D50, and D84.
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was very well mixed. Light could potentially explain some of the ob-
served spatial variability (Heaston et al., 2017; Warren et al., 2017).
However, shading conditions within the sampling grid are relatively
uniform in this system in winter when few leaves are on the tree
and therefore fewer localize sunflecks develop. Overall, given the
Mediterranean climate with wet winters, most days were cloudy
throughout thewinter sampling period. In an assessment of correlations
between nutrients (nitrate, ammonia, and phosphate), PAR, and water
temperature and mean Chl-a, all yielded weak nonsignificant relation-
ships (r2 b 0.2 and p-values N 0.3).

4. Discussion

The goal of this study was to investigate the relationship between
the spatial variability of shear stress and the spatial variability of benthic
Chl-a loss and recovery following moderate and large discharge events
in a headwater stream. In addition to recovery rates, spatial variability in
scourwas expected to illustrate how the heterogeneous environment of
streams can promote resilience to more moderate events by creating
areas with low shear stress where benthic periphyton can persist.
After coupling 2D estimates of shear stress values for a wide range of
flows with measurements of benthic photosynthetic pigments (used
Please cite this article as: Katz, S.B., et al., The influence of channel bed d
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as a surrogate for Chl-a and collected at the same high spatial resolution
before and shortly after nine separate winter storm events), we found
that spatial variability in localized shear stress that develops during
more moderate storm events can yield spatially variable benthic algal
abundances.

We observed an inverse relation between the relative movement of
particles of different sizes (i.e.,D2,D50, andD84) and Chl-a for most sam-
pling dates after relatively high discharge storm events (0.4–1.7 of
bankfull discharge). This supported our expectation that areas of elevat-
ed shear stress would be disproportionally impacted by high flow
events. However, in contrast to our expectations, the high shear stress
locations were not universally lower in periphyton standing stocks,
and spatial variability in flow appeared to influence the recovery of
the system. During the recovery period (particularly long recovery pe-
riods) higher shear stress areas appeared to accumulate periphyton at
a faster rate than the low shear stress areas thereby demonstrating
greater recovery (engineering resilience) as well as greater initial sus-
ceptibility to higher flows. Further, the antecedent conditions and
phase of recovery from prior events modulated the effects of the local
shear stress and the relative effect of the movement of different grain
sizes. These regions of high shear stress are particularly dynamic in re-
gard to periphyton abundance not only in loss but also in recovery.
isturbance on benthic Chlorophyll a: A high resolution perspective,
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Table 4
Summary of benthic Chlorophyll-a (Chl-a) measurements taken on 18 sampling dates between 23 October 2015 and 11 April 2016: the total number of grid cells sampled (n), mean and
standard deviation (std) of the Chl-a concentrations (Chl-a mean, Chl-astd) are given for grid cells classified as low (τi∗/τri∗ b 1) and high (τi∗/τri∗ ≥ 1) disturbance categories for the D2, D50, and
D84; the Student's t-test p-value comparing Chl-a between low and high disturbance during each sampling date are also presented.

Date D2 D50

Low disturbance (τ*/τi∗ b 1) High disturbance (τ*/τi∗ ≥ 1) t-Test Low disturbance (τ*/τi∗ b 1)

n Chl-a mean
(mg/m2)

Chl-a std.
(mg/m2)

%
change

n Chl-a mean
(mg/m2)

Chl-a std.
(mg/m2)

%
change

p-Value n Chl-a mean
(mg/m2)

Chl-a std.
(mg/m2)

%
change

23-Oct-15 27 22.54 2.00 0.00 50 22.69 1.12 0.00 0.6747 54 24.18 1.22 0.00
29-Oct-15 28 12.54 1.29 −0.44 54 24.45 1.20 0.08 b0.0001 59 17.25 1.01 −0.29
2-Nov-15 28 25.27 2.61 1.02 57 25.76 1.56 0.05 0.2815 62 24.23 1.53 0.40
6-Nov-15 25 36.04 2.97 0.43 54 30.21 2.09 0.17 b0.0001 57 36.44 2.15 0.50
13-Nov-15 24 26.52 3.75 −0.26 39 50.03 2.92 0.66 b0.0001 49 30.99 2.89 −0.15
20-Nov-15 19 10.13 2.10 −0.62 55 18.56 2.14 −0.63 b0.0001 40 12.58 1.84 −0.59
30-Nov-15 17 32.34 4.20 2.19 55 22.84 1.83 0.23 b0.0001 39 26.45 2.22 1.10
4-Jan-16 – 0.00 0.00 – 86 0.15 0.02 −0.99 – – 0.00 0.00 –
8-Jan-16 – 0.00 0.00 – 87 0.30 0.00 1.06 – – 0.00 0.00 –
11-Jan-16 – 0.00 0.00 – 87 0.35 0.03 0.18 – – 0.00 0.00 –
26-Jan-16 2 1.75 1.44 0.00 88 0.60 0.09 0.69 b0.0001 17 1.24 0.41 0.00
8-Feb-16 11 9.80 1.16 4.60 73 4.41 0.50 6.39 b0.0001 35 7.08 0.75 4.72
15-Feb-16 20 12.59 2.12 0.28 66 8.31 0.82 0.88 b0.0001 49 9.21 1.11 0.30
22-Feb-16 20 27.46 2.05 1.18 66 18.37 1.25 1.21 b0.0001 49 25.55 1.59 1.77
29-Feb-16 20 25.63 3.20 −0.07 66 39.55 2.97 1.15 b0.0001 49 29.18 2.45 0.14
19-Mar-16 7 13.29 3.10 −0.48 80 16.35 1.18 −0.59 b0.0001 31 15.91 1.72 −0.45
31-Mar-16 16 14.02 1.08 0.05 70 14.25 0.70 −0.13 0.2831 40 13.84 0.76 −0.13
11-Apr-16 8 19.77 2.08 0.41 61 19.25 0.60 0.35 0.1167 30 20.07 0.81 0.45
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Over longer periods, rapid loss and recovery of Chl-a in high shear stress
areas combined with reduced loss and also reduced recovery rates in
the low shear stress areas are likely to interact to createmore consistent
reach-scale Chl-a abundances during the winter in this system when
moderate discharge events occur regularly. However, the largest event
in our study period demonstrated that fluvial disturbances mobilizing
most of the streambed particles can override this potential mechanism
for ecological resilience and can significantly reduce benthic algal Chl-
a concentrations throughout an entire reach. In this case, the faster re-
covery rates in the high shear stress regionswere the key factors in pro-
viding resilience to the system.

The applicability of 2D modelling to small mountain streams has
grown in recent years (e.g., Cienciala and Hassan, 2013; Segura and
Pitlick, 2015;Monsalve et al., 2016) increasing the potential to better un-
derstand complex sediment transport and channel evolution processes
and to investigate the influence of channel bed disturbance in headwater
stream ecosystems (Segura et al., 2011). Traditionally, bed disturbance
has been characterized based on metrics of discharge (Fisher et al.,
1982; Biggs and Close, 1989; Townsend and Douglas, 2014), one-
dimensional (ID) estimates of substrate mobility (Uehlinger et al.,
1996; Biggs et al., 1999; Hoyle et al., 2017), or spatial patterns of scour
and fill (Matthaei et al., 2003; Luce et al., 2013). Because these metrics
do not account explicitly for the spatial variability of shear stress and
oversimplify sediment transport processes within a reach, they are not
able to identify the underlying disturbance processes. Our flowmodeling
results indicate heterogeneous flow field conditions in Oak Creek across
all modeled flows (0.1Qbf-Qbf). The range of modeled shear stress values
had the potential tomobilize the D2,D50, andD84 in 31.4–79, 7.7–70, and
4.8–70.4% of the channel bed respectively. In the absence of this 2D per-
spective and based solely onmean shear stress values (1D approach), we
would have found a binary disturbance response variable (0% or 100%),
which would have yielded only two unstable events (both N0.56Qbf)
able to mobilize the D50 and D84, while all events would have been able
to mobilize the D2. Indeed, a 1D approach would have missed the large
shear stress variability we reported where areas of the bed exhibited
values up to almost 6 times the reference value for motion for the D50,
even though the mean value was not even 2 times, as well as the expo-
nential relations we found for the individual size fractions (Fig. 5). Our
study is a step forward fromprevious attempts not only becausewe con-
sidered a 2D approach to describe the flow field (Segura et al., 2011) but
also because we were able to conduct high resolution in situ
Please cite this article as: Katz, S.B., et al., The influence of channel bed d
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measurements of benthic Chl-a. This is to our knowledge the first at-
tempt to measure the flow field and benthic algae at high resolution at
the reach scale.

Our results indicated that channel bed disturbance considering the
movement of theD2,D50, andD84 explains a large proportion of the ben-
thic Chl-a variability. Although this relation was negative overall
(i.e., lower Chl-a values associated to high disturbance), in some in-
stances Chl-awas significantly higher in channel bed locations associat-
ed with high disturbance (defined based on any grain size) than in
nearby low disturbance sites. While the mechanism by which high dis-
turbance could be associated to low Chl-a is relatively clear: high veloc-
ity and shear stress removing biofilm cells from the rock surfaces (Biggs
and Close, 1989; Biggs et al., 1999), themechanisms bywhich high Chl-
a is associated to high disturbance is less straightforward. In our study,
this was the case on 29 October 2015, 2 November 2015, 13 November
2015, 20 November 2015, 29 February 2016, and 31 March 2016 inde-
pendent of the grain size used to define disturbance. Most of these
were sampling dates in the fall prior to the largest flow event (1.7Qbf)
or during relatively calmperiods in thewinterwhere algal communities
were allowed to recover unabated by large flow events. During these
events, we hypothesize that the removal of large senescence biofilm
communities and higher mass transfer in the higher velocity microhab-
itats led to the improvement of habitat conditions for rapid algal cell col-
onization and growth. Thus, the disturbance history appears to play an
important role in the benthic Chl-a dynamics in this temperate-
rainfall system. Although the temporal trends of Chl-a accrual in low
and high disturbance patches were similar considering the movement
of different sediment sizes, we found evidence that after the large
storm events in thewinter (26 January 2016 to 15 February 2016) abra-
sion was significantly more relevant for Chl-a accrual than the saltation
of coarse particles. During this period, the areas of low disturbances
(i.e., no movement of D2) had 1.5–2.9 more Chl-a compared to 1.1–2.1
for the low disturbed areas considering coarse material (D50 and D84).
One possible explanation for this more drastic contrast between low
and high disturbance patches could be a reflection of the greater avail-
ability of fine sediment within the channel bed following a large flow
event (i.e., event C) than after more moderate events. Indeed, input of
fresh fine sediment from bank erosion or mobilization of the armor
layer in the bed is possible during large events.

Our data supports the importance of understanding algal abun-
dances prior to a disturbance event when determining the response of
isturbance on benthic Chlorophyll a: A high resolution perspective,
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Table 4
Summary of benthic Chlorophyll-a (Chl-a) measurements taken on 18 sampling dates between 23 October 2015 and 11 April 2016: the total number of grid cells sampled (n), mean and
standard deviation (std) of the Chl-a concentrations (Chl-a mean, Chl-astd) are given for grid cells classified as low (τi∗/τri∗ b 1) and high (τi∗/τri∗ ≥ 1) disturbance categories for the D2, D50, and
D84; the Student's t-test p-value comparing Chl-a between low and high disturbance during each sampling date are also presented.

D50 D84 Overall mean

High disturbance (τ*/τi∗ ≥ 1) t-Test Low disturbance (τ*/τi∗ b 1) High disturbance (τ*/τi∗ ≥ 1) t-Test

n Chl-a mean
(mg/m2)

Chl-a std.
(mg/m2)

%
change

p-Value n Chl-a mean
(mg/m2)

Chl-a std.
(mg/m2)

%
change

n Chl-a mean
(mg/m2)

Chl-a std.
(mg/m2)

%
change

p-Value Chl-a mean
(mg/m2)

23 19.95 1.62 0.00 b0.0001 64 24.52 1.14 0.00 13 17.49 1.89 0.00 b0.0001 22.65
23 24.06 1.78 0.21 b0.0001 69 17.28 0.96 −0.30 13 27.69 2.21 0.58 b0.0001 18.92
23 30.06 2.72 0.25 b0.0001 72 24.30 1.48 0.41 13 31.32 3.07 0.13 b0.0001 25.63
22 24.81 2.81 −0.17 b0.0001 66 34.41 1.97 0.42 13 25.19 3.44 −0.20 b0.0001 32.14
14 58.96 3.82 1.38 b0.0001 54 40.10 2.51 0.17 9 46.83 5.81 0.86 b0.0001 41.15
34 17.65 2.59 −0.70 b0.0001 51 13.36 1.77 −0.67 23 16.55 2.80 −0.65 b0.0001 14.27
33 21.54 2.57 0.22 b0.0001 50 23.75 1.93 0.78 22 26.27 3.44 0.59 b0.0001 24.35
86 0.15 0.02 −0.99 – – 0.00 0.00 – 86 0.15 0.02 −0.99 – 0.15
87 0.30 0.00 1.06 – – 0.00 0.00 – 87 0.30 0.00 1.06 – 0.30
87 0.35 0.03 0.18 – – 0.00 0.00 – 87 0.35 0.03 0.18 – 0.35
73 0.57 0.10 0.61 b0.0001 29 0.89 0.25 0.00 61 0.55 0.10 0.57 b0.0001 0.60
49 4.14 0.59 6.30 b0.0001 47 7.55 0.72 7.48 37 3.63 0.61 5.55 b0.0001 5.27
37 8.55 1.05 1.06 0.01 58 9.53 1.02 0.26 28 8.04 1.14 1.22 b0.0001 8.86
37 16.95 1.44 0.98 b0.0001 58 24.83 1.48 1.61 28 16.48 1.54 1.05 b0.0001 20.82
37 47.77 4.74 1.82 b0.0001 58 29.86 2.40 0.20 28 48.32 5.21 1.93 b0.0001 33.10
56 15.99 1.44 −0.67 0.81 42 17.07 1.46 −0.43 45 14.47 1.69 −0.70 b0.0001 15.96
46 14.70 0.93 −0.08 b0.0001 50 14.13 0.70 −0.17 36 14.31 1.08 −0.01 0.3577 14.18
39 18.48 0.83 0.26 b0.0001 35 19.85 0.71 0.41 34 18.16 1.01 0.27 19.29
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the algal community to it— rather than using just post-disturbance data
alone. For instance, events B and H had moderate peak discharge levels
(0.2Qbf and 0.43Qbf respectively), and after those events wemeasured a
reduction in Chl-a concentrations. However, Chl-a concentrations in-
creased following high flow events D, E, F, and G,which had comparable
discharge (ranging from 0.16Qbf to 0.56Qbf). Although flows were com-
parable between these two sets of events, mean Chl-a concentrations
prior to the second set of events (D–G) was substantially lower (overall
mean 0.35–8.86 mg/m2) than for the first (B and H; 41.2–33.1 mg/m2).
High flow events D-G occurred following a complete reset of the chan-
nel bed and of the benthic algal community after a 1.7Qbf flow, while
events B and H occurred after periods of prolonged growth with rela-
tively little disturbance. After event D in 26 January 2016, disturbance
by saltation of coarse particles (D84) only resulted in differences be-
tween low and high disturbance patches of 1.6 times, while for the D2

the low disturbance areas had almost 3 times as much Chl-a as the
high disturbances areas. Presumably, the community composition in
the channel bed in which the shear stress is large enough to move
large grains are more resistant to losses, whereas the channel bed
areas in which the movement of D2 is possible are more prone to
biomass losses. Indeed, the results of other studies focusing on the resis-
tance and succession of individual taxa that comprise algal communities
can help explain the observed differences between these high flow
events. Previous studies indicated that high resistance species are
often more abundant in river patches subject to high velocity than in
patches subject to low velocity (Peterson and Stevenson, 1992) and
that different species have different levels of resilience (Schneck and
Melo, 2012; Hart et al., 2013). In essence, early successional species
such as diatoms show greater resistance to flood disturbance than late
successional species such as filamentous algae because of differences
in their growth forms (i.e., compact single cell diatoms vs. lengthymul-
ticellular filamentous algae) (Stevenson, 1990; Peterson and Stevenson,
1992; Biggs and Thomsen, 1995; Davie and Mitrovic, 2014). Although
we did notmonitor species composition in the current study, our results
are consistentwith differences in growth form and susceptibility to sub-
sequent scour; and the fundamental pattern of initial biomass muting
storm responses holds for this mechanism as well.

The results of our study also show that the recovery of algal commu-
nities in the period following high flow events is dependent on the in-
tensity and spatial extent of the disturbing event. For example, during
the initial recovery period after a moderate flow (0.1Qbf, event A),
Please cite this article as: Katz, S.B., et al., The influence of channel bed d
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patches in the bed that did not experience mobilization of the D2, D50,
or D84 (i.e., low disturbance) had faster Chl-a recovery rates (Fig. 6)
than areas inwhich these size fractionswere likelymobile (i.e., high dis-
turbance). With faster recovery when storms were less frequent, these
high shear stress locations could ultimately support higher Chl-a con-
centrations. By the end of the longer fall recovery period in our study
system, biomass in high disturbance areas grew at a much faster rate
with doubling times 1.2–2 times those in low disturbance areas (15–
19 vs. 22–31 days). Overall doubling times were 2.3 longer during the
fall vs. thewinter. Possiblemechanisms for these differences in recovery
rates include increased nutrient flux and light availability (because of
removal of dead biomass) in areas of elevated velocity. This interpreta-
tion is consistent with several studies (Stevenson, 1990; Peterson et al.,
1994; Matthaei et al., 2003; Murdock et al., 2004; Townsend and
Douglas, 2014) yet in contrast to many others (Biggs and Close, 1989;
Uehlinger et al., 1996; Biggs et al., 1999; Bergey and Resh, 2006;
Segura et al., 2011), which showed inverse relationships between resil-
ience anddisturbance. In our system, algal biomass in the areasmore re-
sistant to scour (lower shear stress) were less resilient in regard to
recovery rates, whereas the areas more likely to scour (less resistance)
had greater algal biomass resilience with a greater capacity to recover
from disturbance. Frequent sampling during time periods between dis-
turbance events was important in identifying this relationship along
with adequate rates of recovery in the time periods without distur-
bance. Assuming Chl-a as a metric for ecosystem functions we found
no evidence for a functional change in the benthic algal standing stocks
response to the observed overbank flow event, highlighting the ecolog-
ical resilience of this ecosystem. Given the dynamic nature of streams,
the capacity for recovery from a high flow event is expected and has
been observed in other studies. In a study with continuous measure-
ments of stream gross primary production (GPP) throughout a full
year, Roberts et al. (2007) found that GPP declined sharply in spring fol-
lowing a large storm event and that it took 5 days for GPP rates to return
to pre-storm levels. Working in artificial stream channels, Gerull et al.
(2012) found that recovery to pre-disturbance GPP took about 7 days;
but others have demonstrated that it can take up to 2 weeks for GPP
to recover to pre-storm levels (Dodds et al., 1996). And, Segura et al.
(2011) reported lower Chl-a values in high disturbance areas between
snowmelt in June up to mid-September in a high elevation system in
Colorado; but in that system, even though recovery rates were similar
to thosewe calculated here (12–26 days), biomass accrual never peaked
isturbance on benthic Chlorophyll a: A high resolution perspective,
10

https://doi.org/10.1016/j.geomorph.2017.11.010


12 S.B. Katz et al. / Geomorphology xxx (2017) xxx–xxx
or plateaued. This result also indicates that resilience of systems to scour
in regard to recovery rates also depend on other factors such as stream
temperature, light, and nutrient availability (Rosenfeld and Roff, 1991;
Biggs et al., 1999; Houser et al., 2005; Uehlinger, 2006; Roberts et al.,
2007).

The engineering resilience of an algal community (capacity to recover
from disturbance) is dependent not only on the disturbance history or
the inverse relation between resilience and disturbance frequency but
also on the availability of abiotic resources such as light, temperature,
and nutrients, as well as biotic interactions such as grazing pressure
and community composition (Larned, 2010; Townsend and Douglas,
2014).We believe that frequent in situ sampling in a systemwithmoder-
ated (above freezing) winter temperatures and periodic disturbances
provided an ideal system to explore the spatial variability in resistance
toflood scour and resilience after the disturbance event. Typically, studies
investigating the influence of disturbance on the resilience of benthic
algae compare streams with different disturbance histories (Biggs et al.,
1999), through flume experiments (Peterson and Stevenson, 1992;
Peterson et al., 1994; Biggs et al., 1998; Coundoul et al., 2015) or most
commonly by studying temporal changes in one stream with multiple
disturbance events (Fisher et al., 1982; Power and Stewart, 1987; Biggs
and Close, 1989; Stevenson, 1990; Uehlinger et al., 1996; Murdock
et al., 2004; Davie et al., 2012; Snell et al., 2014; Townsend and
Douglas, 2014). Differences in abiotic growth resources either among
sites or within the same site at different times of the year may affect
the growth rates of benthic algae, which complicates isolating the influ-
ence of disturbance processes. Our study design, however, allowed us
to isolate the influence of bed disturbance on resilience of algal commu-
nities (algal abundance) with multiple post-treatment sampling events
occurring in a nondestructiveway.Whilewemade every effort to control
for the availability of these abiotic resources, variability in the species
composition of grazer macroinvertebrates was possible. Future efforts
could continue to include assessing the movement of different size frac-
tions by coupling a modelling approach such as the one we conducted
here with bedload measurements. Adding assessments of whole stream
metabolism along with standing stocks of benthic periphyton would
also be useful in quantifying the overall resilience (persistence during a
disturbance and recovery) of gross primary production at the reach
scale. An additional aspect that deserves attention in extrapolating
these results to other systems is understanding the relative importance
of sediment supply and underlying lithology in modulating the effect of
the movement of different size fractions on primary production.

5. Conclusions

The resilience of benthic algal communities to disturbance fromhigh
flow events is significantly influenced by antecedent conditions and
variability in the spatial and temporal patterns of streambed shear
stress and sediment mobility. In this study, we coupled 2D hydraulic
modeling with high resolution measurements of benthic Chlorophyll a
(Chl-a) to investigate temporal and spatial variations in biomass in re-
sponse to disturbance of benthic algae in a forested mountain stream.
We found significant differences inmean Chl-a concentrations between
disturbance levels in 14 of 18 sampling occasions. In contrast to our ex-
pectation, channel bed areas with high disturbance did not always have
the lowest Chl-a concentrations. Instead, prior disturbance history and
the state of Chl-a recovery influenced the response of Chl-a to channel
bed disturbance. Algal biomass in areas with lower shear stress were
generally more resistant to scour but generally were also less resilient
(slower to recover), whereas the areas more likely to scour (with less
resistance) generally had greater algal biomass resilience with a greater
capacity to recover from disturbance. Ultimately, timing along with the
inverse relationship between resiliency and disturbance frequency
highlights the complexity of the process of benthic algal loss and recov-
ery associated with high flow events. High resolution measurements of
disturbance and frequent sampling during time periods between
Please cite this article as: Katz, S.B., et al., The influence of channel bed d
Geomorphology (2017), https://doi.org/10.1016/j.geomorph.2017.11.0
disturbance events was important in identifying this relationship
along with adequate rates of recovery in the time periods without dis-
turbance. This is a novel use of high resolution benthic algal sampling
paired with a high resolution 2D hydraulic model and provides a step
forward in the development of a framework to organize and predict
the effects of disturbance in primary production in streams.
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