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Abstract

Purpose Lowland chalk streams in the UK are experiencing
increased deposition of fine sediment due to changes in
land-use practices, channel modifications, and groundwater
abstraction. The excessive fine sediment deposits have been
linked to benthic habitat degradation, the obstruction of
surface—groundwater flow, and the storage of contaminants,
such as nutrients and pesticides. While research has been
conducted on the provenance, transport, deposition, and
storage of fine sediment in chalk streams, none has express-
ly investigated the erosion of fine sediment deposits.
Materials and methods A year-long field survey was con-
ducted in two reaches of the Frome-Piddle catchment (Dor-
set, UK) to quantify spatial and temporal variations in the
erosion thresholds of surficial fine sediment deposits. Ero-
sion thresholds were measured at randomly located points
within areas of sediment accumulation using a cohesive
strength meter (CSM). The threshold measurements were
paired with sediment cores for analysis of the physical, chem-
ical, and biological properties of the sediment. Spatial and
temporal patterns in the erosion thresholds of fine sediment
were analyzed using nonparametric statistical tests and visu-
alized with GIS. The sediment properties underlying the
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variations in erosion thresholds were examined through cor-
relation and linear regression analyses.

Results and discussion Erosion thresholds varied significantly
over space and time within the stream reaches. Erosion thresh-
olds were greater for fine sediment deposits found in the center
of the channel than in the margins. Thresholds were highest in
September 2008 and declined substantially to a minimum in
May 2009, with a small peak in March 2009, indicating an
annual cycle in erosion thresholds. Effective particle size was
identified statistically as the most important sediment property
influencing erosion thresholds and was probably underlying
much of the spatial variation within the reaches. None of the
measured sediment properties adequately characterized the
temporal variation in erosion thresholds, however, the results
suggest that biological sediment properties and water geochem-
istry (i.e., cation content) may play a role.

Conclusions By identifying significant spatial and temporal
variations in erosion thresholds, this study provides valuable
information on the stability of fine sediment deposits, and
sediment-bound contaminants, in lowland river systems.
This is a crucial step in assessing their local environmental
impacts and developing models of fine sediment transport
for the effective management of catchment sediment budg-
ets and water resources.

Keywords Erodibility - Erosion threshold -
Fine-grained sediment - Scour - Sediment properties -
Sediment transport

1 Introduction
Fine sediment is an essential component of riverine systems,

and plays a crucial role in many geomorphological and eco-
logical processes. However, society has altered the quantity,
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transport dynamics, and quality of fine sediment in many
aquatic environments, requiring us to monitor and manage
sediment for environmental, human health, and engineering
reasons (European Parliament 2002; Owens et al. 2005). To
accurately predict the transport dynamics of fine sediment,
though, we need to better understand how and why a key
parameter in sediment transport models, erosion threshold,
varies in riverine systems (Grabowski et al. 2011).

1.1 Sediment erosion thresholds

The stability of fine sediment deposits within river channels
is determined by a balance between erosive and resistive
forces. The principal erosive forces are shear stress and
turbulence imparted onto the sediment surface by flowing
water, as well as solid transmitted stress from particles
moving along the bed (Amos et al. 2004; Winterwerp and
Van Kesteren 2004). These are countered by the forces
within the sediment that resist erosion, which include grav-
ity, friction, cohesion and adhesion. Erodibility is a measure
of the resistive forces, and is most commonly represented as
an erosion threshold or erosion rate (Sanford 2008).

The erosion threshold of sediment is defined as the force
required to initiate surface erosion. Although it is typically
expressed in terms of water velocity or shear stress, it is actually
an attribute of the sediment itself. Erosion thresholds are dic-
tated by the characteristics of the surficial layer of the sediment.
A broad range of sediment properties are known to influence
erosion thresholds, including particle size distribution, bulk
density, water content, water geochemistry, organic content,
and extracellular polymeric substances (EPS) produced by
sediment inhabitants, such as bacteria and diatoms (for a re-
view, see Grabowski et al. 2011). These properties can vary
over space and time to produce significant variations in erosion
thresholds (Paterson and Black 2000; Hanson and Simon 2001;
Friend et al. 2003, 2005; Bale et al. 2006; Tolhurst et al. 2006a)

While the hydrodynamics related to fine sediment trans-
port in rivers have been well-studied and modeled (e.g.,
Naden et al. 2006), there is a paucity of empirical data on
the erodibility of fine sediment in riverine systems (Hanson
and Simon 2001; McNeil and Lick 2004; Gerbersdorf et al.
2005, 2007, 2008). This is compounded by an inability to
accurately predict erosion thresholds from first principles due
to the large number of sediment properties that interact to
determine erodibility (Black et al. 2002). Consequently, field
investigations are essential to understanding how and why
erosion thresholds vary in nature, and to develop accurate
models of fine sediment transport dynamics.

1.2 Fine sediment in lowland rivers

Lowland rivers have experienced increased fluxes of fine
sediment worldwide (Owens et al. 2005). This increase is

caused by soil erosion induced by human activity, such as
agriculture, mining, and deforestation. Evidence has shown
that this excess of fine sediment can impact the geomor-
phology, hydrology and ecology of the rivers due to higher
turbidity levels and increased sedimentation.

In the UK, the impact of fine sediment on lowland,
groundwater-dominated rivers has been a particular con-
cern. Chalk rivers are characterized by their crystal clear
waters and clean gravel beds, which support diverse aquatic
communities and productive fisheries. They have low
stream powers due to their relatively constant discharges
and high width/depth ratios. Consequently, chalk streams
are dependent on low sediment loads, but because of their
low stream power are less able to transport fine sediment or
erode it once it deposits on the channel bed.

Fine sediment deposition has increased over recent dec-
ades in lowland chalk rivers. This change has been attribut-
ed to shifts in land-use practices, specifically an increase in
tilled agriculture and more intensive grazing (Walling and
Amos 1999; Collins and Walling 2007a), and reduced base-
flows due to water extraction (Bickerton et al. 1993). The
fine sediment, defined as material finer than the gravel bed
(<2 mm) (Wood and Armitage 1997; Heppell et al. 2009),
ingresses into the bed and also forms substantial surficial
deposits. These sediment deposits negatively impact the
hydrology and ecology of rivers by obstructing hyporheic
flow (Boulton et al. 1998; Packman and Salehin 2003),
altering interstitial communities and nutrient processing
(Hancock 2002; Pretty et al. 2006), choking salmonid nest-
ing grounds (Acornley and Sear 1999), and storing
sediment-bound contaminants, such as heavy metals, pesti-
cides, nutrients, and pathogenic bacteria (Bowes et al. 2005;
Luoma and Rainbow 2008; Droppo et al. 2009). Conse-
quently, assessments of the stability of the fine sediment
deposits are essential to the holistic management of lowland
rivers, including restoration efforts to improve ecosystem
health and ecological status.

Substantial quantities of fine sediment are deposited and
stored within UK chalk river channels. Colmation (fine
sediment ingress into the gravel bed), accounts for a signif-
icant amount of fine sediment storage: 0.92 kg m ? for the
River Frome, 1.29 kg m 2 for the River Lambourn, and
1.59 kg m? for the River Piddle (Collins and Walling
2007a, b). These represent 19-57 % of the annual fine
sediment loads of the rivers. Surficial deposits constitute
even greater stores of fine sediment, particularly along
channel margins and within aquatic macrophyte stands
(Clarke 2002; Cotton et al. 2006; Gurnell et al. 2006).
Estimates of fine sediment storage within surficial deposits
range between 11.6 and 66.8 kg m ™~ for the Bere Stream and
between 0.9 and 23.5 kg m  in the River Frome (Heppell et
al. 2009). Furthermore, evidence that these deposits persist
longer than a year suggests that they may have longer-term
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ecological and hydrological impacts on the streams (Heppell
et al. 2009), although to date no study has quantified the
stability of the sediment deposits.

1.3 Study aim

The aim of this study was to improve our understanding
of fine sediment transport dynamics in lowland river
systems. This study reports on a year-long field survey
that investigated how erosion thresholds for fine riverbed
sediments varied spatially and temporally within chalk
river reaches, and the key sediment properties responsible
for the variations.

2 Materials and methods
2.1 Study location

A year-long field investigation of fine sediment erodibility
was conducted in two stream reaches within the Frome-
Piddle catchment (Dorset, UK); the Bere Stream (UK Grid
Reference 385563, 93009) and the River Frome (UK Grid
Reference 359790, 97390). The Frome-Piddle catchment
has been the focus of several recent studies on sediment
dynamics due to concerns about the sources and impacts of
fine sediment on the chalk stream ecosystems (Walling and
Amos 1999; Cotton et al. 2006; Wharton et al. 2006; Collins
and Walling 2007a; Heppell et al. 2009).

The study reaches were single thread and relatively
straight in planform (30 m longx7-9 m wide). They were
largely unshaded by riparian trees, permitting the growth of
in-stream macrophytes. The dominant in-channel aquatic
macrophyte in both streams was Ranunculus penicillatus
subsp. pseudofluitans (water crowfoot), a submerged mac-
rophyte that forms discreet patches in the higher flow sec-
tions of the reaches. Nasturtium officinale (watercress), an
emergent macrophyte found primarily along stream margins,
was seasonally abundant in the Bere Stream (Wharton et al.
2006). The bed is composed of flinty gravels, with fine sed-
iment (silt and sand) accumulating along the margins, within
macrophyte beds, and within unvegetated areas in the center
of the channel at times of low flow (Heppell et al. 2009).

2.2 Field sampling design

Bimonthly site visits were conducted from September 2008
to July 2009. During each visit, a survey was conducted to
map fine sediment accumulation, macrophyte distribution
and hydrodynamic conditions. Transects were laid across
the stream channel, at 1-m intervals, and point estimates
were taken of water depth, surficial fine sediment depth
(where present), macrophyte presence and species, and
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water velocity at 60 % depth (Valeport Model 801 flat flow
meter), at 0.5 m intervals.

The survey served two functions: (1) it provided important
environmental information on the reach and (2) it was used to
create a stratified random sampling design for the measure-
ment of fine sediment erodibility. The measurement
locations from the initial survey were stratified based
on the depth of fine sediment accumulation using a
threshold of 5 cm, which was the minimum depth of
sediment required for the extraction of an intact core
with an undisturbed sediment surface. Sampling loca-
tions for erodibility measurements were chosen randomly
from the >5-cm deep fine sediment strata (»=20), and sorted
so that sampling progressed in the upstream direction to
minimize disturbance during the sampling process.

2.3 Measurement of sediment erosion threshold

Erosion thresholds were quantified using a cohesive strength
meter (CSM; MK4, Partrac), which is a portable jet test device
that has been used extensively in estuarine environments
(Yallop et al. 1994; Paterson 1989; Defew et al. 2002; Friend
etal. 2005; Tolhurst et al. 2003, 2006b). The CSM fires a jet of
water at the sediment surface within a test chamber, and
incrementally increases jet pressure until the erosion threshold
is reached, identified by the occurrence of sediment resuspen-
sion using a transmissometer. Water depths in the stream
exceeded the manufacturer’s guidelines, so the CSM could
not be used in situ. Therefore, sediment cores were taken by
hand using an acrylic core tube (¢ 6.6 cm 1.D.), ensuring an
undisturbed sediment surface and a consistent depth of over-
lying water, and erodibility was measured within the sediment
core tubes. Preliminary trials indicated that the Sand 1 setting
on the CSM produced the most precise estimates of erodibility
for the riverine sediment, so it was used for the entire field
survey. The setting has a low starting pressure (0.3 PSI), short
jet pulse duration (0.3 s), and small pressure steps (0.3 PSI).
The erosion threshold was defined, as is common for the
device, as the pressure at which average transmission within
the test chamber drops below 90 % of the maximum. Erosion
thresholds are reported as critical stagnation pressure (Pya),
which is the pressure of the impinging jet at the sediment
surface (Vardy et al. 2007). Py, was calculated based on Py
for the specific CSM unit following the methods of Vardy et
al. (2007) (n=3). Py is reported in SI units for pressure (Pa)
and for the MK4 CSM model is calculated according to the
following equation,

Pyag = 3.71(6.89P;) "7 (R2

2 = 094,P<0001) (1)

for P; up to 4.8 PSI, for CSM measurements from September
2008 to May 2009. In July 2009, a different CSM MK 4 unit
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was used, while the usual unit was being serviced, and the
calibration was:
adj

Pyag = 1.23(6.89P)" 78 (R2 =0.93,P < 0.001) (2)

for Py up to 4.8 PSI. The calculation of Py, allows erosion
thresholds to be compared between CSM models and
individual units. Until recently, CSM-derived erosion
thresholds were relative because a calibration had not
been successfully developed to convert the vertical
forces generated by the CSM to horizontal shear stress
(Vardy et al. 2007; Widdows et al. 2007). However,
Grabowski et al. (2010) have recently proposed an
empirical calibration between Py, and critical shear stress
based on a comparison of erosion thresholds measured using
the CSM and a laboratory flume,

7o = 0.0013Pyyq + 0.047
(For 40 Pa < Py, < 90 Pa) (Rﬁdj —087,P < 0.01)

which allows CSM-derived erosion thresholds to be compared
with hydrodynamic conditions to assess the stability of the
surficial fine sediment deposits. Erosion thresholds are pre-
sented principally as Py, because the observed range in Py
was wider than the empirical calibration, but critical shear
stress is included on figures to facilitate comparison.

2.4 Analysis of sediment properties

The sediment cores used to measure erosion threshold were
extruded in the field, and the top 3-cm layer retained for
laboratory analyses. The sediment was stored at 4°C for a
maximum of 12 h before processing and analysis. The
following physical, chemical and biological properties
were quantified for the sediment samples: effective and
absolute particle size; bulk density; water content; cation
concentrations; organic content; water-soluble carbohy-
drate fraction of EPS; and chlorophyll a. Effective par-
ticle size was measured using fresh sediment, and all other
properties were quantified using freeze-dried (lyophilized)
sediment.

Particle size was measured using a Beckman Coulter LS
13 320 Laser Diffraction Particle Size analyzer. Effective
particle size is the diameter of natural sediment aggregates,
which includes inorganic and organic components. Absolute
particle size is the diameter of the inorganic mineral grains,
quantified following treatment of the sediment with hydro-
gen peroxide (30 %) to remove organics and with hexame-
taphosphate to disperse particles (Cotton et al. 2006).
Particle size is reported as a median particle size (ds) and
is based on sediment volume. Dry bulk density and water
content were measured gravimetrically, based on the loss of

water due to freeze-drying. Particle size distribution and water
content data were used to calculate the bed solids volume
fraction, mud volume fraction, and sand volume fraction
according to Sanford (2008), as they have been shown to be
significantly correlated with erosion threshold in recent studies
(e.g., Dickhudt et al. 2011). These properties were included in
all analyses, but are not presented in the results section because
they were not identified as significant in this study. A measure
similar to mud volume fraction, mud density, was calculated as
the dry mass of fine sediment (<63 pm) divided by the volume
of fines and water. Cation content has a significant impact on
soil erodibility, and its possible role in governing sediment
erodibility was recently highlighted by Grabowski et al.
(2011). Cations (Na*, Ca**, and Mg”") were extracted using
a weak acid digest (Tipping et al. 2003), and measured with an
Inductive coupled plasma—OES (ICP-OES) using matrix-
matched multi-element standard. To correct for the strong
correlation between grain size and cation content, a granulo-
metric normalization was applied, in which cation contents
were divided by the absolute mud content (<63 pum) for the
sample (Loring 1991; Luoma and Rainbow 2008). Cations are
reported as content (in micrograms per gram sediment) and as
the ratio of monovalent to divalent cations (Na'/(Mg* +Ca*").
Organic matter content was measured using loss-on-ignition
(550°C for 4 h) (Cotton et al. 2006; Heppell et al. 2009). EPS
are produced by diatoms and bacteria living in the sediment
and have been shown to have a significant impact on sediment
erosion thresholds (Widdows et al. 2006; Droppo et al. 2007;
Gerbersdorf et al. 2007). The water-soluble carbohydrate frac-
tion of EPS (i.e., colloidal carbohydrates) was quantified using
a phenol/sulfuric acid assay and spectrophotometry (485 nm
wavelength), and reported as content (in micrograms per sed-
iment) (Underwood et al. 1995). Chlorophyll a content is a
measure of the photoautotrophic community in the sediment
and has been shown to correlate with sediment erodibility
(Tolhurst et al. 2003; Gerbersdorf et al. 2008). Chlorophyll a
was extracted using acetone, and quantified using a spectro-
photometer and the Lorenzen Pheopigment correction (US
EPA Method 46; USEPA 1997).

2.5 Data processing and analysis

As CSM erosion thresholds are estimated based on sediment
resuspension, the sediment must have a minimum mud
content (<63 pum) so that erosion is equivalent to resuspen-
sion (Grabowski et al. 2010). For the fine riverbed sediment,
laboratory trials indicated a minimum mud content of 10 %
(v/v; for more information, see Grabowski et al. 2010).
Particle size analyses were conducted for all sediment sam-
ples collected during the survey, and samples with less than
10 % mud content were excluded from the analysis. A total
of 185 samples were included in the analysis; 98 from the
Bere Stream and 87 from the River Frome. Null erosion
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threshold values, in which the sediment was too weak to be
measured by the CSM, were included in the analysis, but
were corrected to half the minimum erosion threshold mea-
sured by the CSM.

Statistical analyses were conducted using the software R,
and included non-parametric statistical tests to examine spatial
and temporal differences in erodibility (Kruskal-Wallis and
Mann—Whitney U tests), and Spearman’s rank correlation and
liner regression analysis to examine the relationships between
sediment properties and erosion threshold (R Development
Core Team 2009). The linear regression model was developed
using a square root transformed erosion threshold, and the
optimal model was selected using a combination of: (1) for-
ward/backward selection using the Akaike information crite-
rion and (2) best subsets regression using the Bayesian
information criterion (Gotelli and Ellison 2004; Zuur et al.
2007). Spatial representations of erosion thresholds were cre-
ated in ArcGIS using the natural neighbor’s interpolation.

3 Results

Surficial fine sediment deposits up to 40 cm deep were identi-
fied in the Bere Stream and River Frome during the study. The
deposits were located predominantly within macrophyte
stands, both in the center and margins of the channel. The
sediment texture varied within the reach, from silt in the mar-
gins to sandy silt and silty sand in the channel center (Fig. 1).

Green
surficial
layer
(Diatoms)

~1cm ~1cm

Fig. 1 Examples of sediment cores taken from the Bere Stream in a the
center of the channel and b the margins. Note: the channel sediment is
sandier than the marginal sediment, and an abundant autotrophic microbial
community is visible at the surface of the marginal sediment (March 2009)

@ Springer

3.1 Spatial and temporal variations in erodibility

Fine sediment erosion thresholds varied significantly over
space and time in the study reaches. Overall, erosion thresh-
olds were significantly greater in the channel centers than in
the margins in the Bere Stream (median thresholds 117 and
37 Pa, respectively) but not in the River Frome (median
thresholds 91 and 72 Pa, respectively; Mann—Whitney,
P<0.05). As stated above, CSM-derived erosion thresholds
are reported as Pg,,; a recent study found that a stagnation
pressure range of 40-90 Pa is equivalent to a critical shear
stress range of 0.10-0.16 Pa (Grabowski et al. 2010). This
cross-stream spatial pattern in erosion thresholds was not
consistent over time (Fig. 2). For example, the Bere Stream
exhibited a large range in erosion thresholds in November
2008 with the highest values found in the channel center
(see Fig. 2a). This spatial pattern, though, was not present in
May 2009 when erosion thresholds were considerably lower
(see Fig 2¢). In the River Frome, erosion thresholds were not
greater on average in the channel center than margins for

a Bere Stream b River Frome

w
o
o
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—
4]
o
§
>
o
=z

\

May 2009

Legend
Erosion threshold (Pa)
0 - 40

I 40 - 80
C80-120

[ 120 - 160

B 160 - 260

Fig. 2 Visualizations of spatial patterns in surficial sediment accumu-
lation (>2 cm depth) and CSM-derived erosion thresholds (Py,g) for
the Bere Stream (a, ¢) and River Frome (b, d) in November 2008 (a, b)
and May 2009 (c, d). Open circles mark the locations of erosion
threshold measurements
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either month; however, they did increase in the downstream
direction in November 2008 (see Fig. 2b, d).

The erodibility of the surficial fine sediment varied markedly
over the year-long survey. Overall, there was a general declin-
ing trend in erosion thresholds from September 2008 to May
2009 (97 % for the Bere Stream and —45 % for the River
Frome), which was followed by a modest increase in July 2009
(Fig. 3). This temporal trend was statistically significant in the
Bere Stream (see Fig 3a), but not in the River Frome (see
Fig 3b) (Kruskal-Wallis, P<0.05). The variation in erosion
threshold was high for each sampling date, perhaps reflecting
the high spatial variability in erosion thresholds (e.g., Novem-
ber 2008, see Fig. 2a). The sediments found in the margins and
channel centers differed substantially in their physical charac-
teristics (see Fig. 1), and by examining temporal trends sepa-
rately by location within the channel it was possible to partition
some of the variance and identify unique temporal responses.
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Fig. 3 Erosion thresholds for fine riverbed sediments in a the Bere
Stream and b River Frome by sampling date. CSM-derived erosion
thresholds are represented as critical stagnation pressure (Py,). Criti-
cal shear stress equivalent derived from empirical calibration by Gra-
bowski et al. (2010). Months marked with the same letter have erosion
thresholds that are not significantly different (Kruskal-Wallis, Mann—
Whitney, P<0.05)

Statistically, the temporal trends in erosion threshold
were similar for sediment in the center and margins of the
Bere Stream, with both displaying significant decreases
between September 2008 and May 2009 (Fig. 4). However,
other temporal trends are apparent, although not statistically
significant. Marginal sediment exhibited an earlier and more
substantial decline in erosion thresholds at the start of the
survey, dropping from 144 to 28 Pa from September to
November (=80 %) (Fig. 5b). In contrast, erosion thresholds
remained high for this same period in the channel center,
and then dropped from 188 to 104 Pa between November
2008 and January 2009 (—45 %) (see Fig. 5a). In both the
channel center and margins, erosion thresholds for fine
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Fig. 4 Erosion thresholds for fine riverbed sediment in the Bere
Stream by sampling date for a sediment in the channel center and b
margins. CSM-derived erosion thresholds are represented as critical
stagnation pressure (Py,). Critical shear stress equivalent derived from
empirical calibration by Grabowski et al. (2010). Months marked with
the same letter have erosion thresholds that are not significantly dif-
ferent (Kruskal-Wallis, Mann—Whitney, P<0.05)
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Fig. 5 Erosion thresholds for fine riverbed sediment in the River
Frome by sampling date for sediment in a the channel center and b
margins. CSM-derived erosion thresholds are represented as critical
stagnation pressure (Pyg). Critical shear stress equivalent derived from
empirical calibration by Grabowski et al. (2010). Months marked with
the same letter have erosion thresholds that are not significantly dif-
ferent (Kruskal-Wallis, Mann—Whitney, P<0.05)

surficial sediment increased over the middle of the survey,
reaching local maxima in March 2009 (see Fig. 5). In the
River Frome, erosion thresholds decreased significantly
over the study period for sediment in the channel center
(—58 %) (see Fig. 5a). Erosion thresholds decreased over the
study period for sediment in the margins, but this was not
supported statistically, possibly due to the extremely high
erosion thresholds in March 2009 (see Fig. 5b).

3.2 Spatial and temporal variation in sediment properties

The sediment properties that control the erosion thresholds of
fine sediment showed considerable spatial and temporal var-
iation. The dry bulk density of the sediment was much greater
in the channel centers than margins (Fig 6a, b), which was
probably caused by the greater particle sizes found in the
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channel center (see Fig. 6¢—f). Dry bulk density, effective
particle size and absolute particle size showed similar tempo-
ral patterns; they increased over most of the study period for
channel sediment and marginal sediment in the Bere Stream
(see Fig 6a, c, e), but were variable or largely unchanged for
sediment in the River Frome (see Fig. 6b, d, f).

Normalized calcium, magnesium and sodium contents
were greater and more variable in the Bere Stream than in
the River Frome (Fig 7a, c, €). They were higher in the channel
centers than margins, and for the Bere Stream, peaked from
November 2008 to January 2009 and then declined to July
2009 (see Fig. 7a, c, e). Major cation contents decreased
slightly for the River Frome over time (see Fig. 7b, d, f).
Monovalent-divalent cation ratio showed strong declining
trends in the Bere Stream, reaching a minimum in March
2009 (see Fig. 7g). The pattern was similar for the River
Frome, except that the range was reduced (see Fig. 7h).

Biological sediment properties demonstrated marked var-
iations over space and time. Organic content, colloidal car-
bohydrate content, and chlorophyll @ content were greater
for sediment in the margins than channel centers, with the
exception of chlorophyll @ in the Bere Stream. All three
biological parameters decreased over the study period in the
Bere Stream for fine sediment in the channel center and
margins, with local peaks present in May 2009 in the mar-
gins and in March 2009 for colloidal carbohydrate content
in the channel center (Fig. 8a, c, e).

Temporal trends were less consistent in the River Frome.
Organic content decreased initially from September 2008 to
March 2009, but then increased to July for both channel and
marginal sediment (see Fig. 8b). Colloidal carbohydrate
content peaked in March 2009 for the channel center sedi-
ments but in November 2008 and May 2009 for the mar-
ginal sediments (see Fig. 8d, f). Chlorophyll a content was
low in channel center sediments and increased to a maxi-
mum in May 2009 (see Fig. 8f). It was greater and more
variable in marginal sediments with peaks in November
2008 and July 2009 (see Fig. 8f).

3.3 Relationship between erosion threshold and sediment
properties

Spearman’s rank correlation analysis identified significant
correlations between erosion threshold and many of the
measured sediment properties, particularly the physical and
chemical properties. In the Bere Stream, all of the measured
sediment properties, except colloidal carbohydrate and chlo-
rophyll a content, were significantly correlated with erosion
threshold (Table 1). Median effective particle size had the
highest level of correlation (r;=0.40, P<0.01). In the River
Frome, fewer sediment properties were significantly corre-
lated with erosion threshold, and correlation coefficients
were lower; only median effective particle size, median
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absolute particle size and sodium content were significantly
correlated with erosion threshold (Table 2). High levels of
covariation were evident amongst most of the sediment prop-
erties, so caution must be exercised in the interpretation of the
correlations. For example, organic content was negatively
correlated with erosion threshold in the Bere Stream (see
Table 1). Organic content is generally considered to have a
stabilizing impact on fine sediment (Aberle et al. 2004;
Gerbersdorf et al. 2007), particularly when dissolved cation
levels are as high as they are in chalk streams (Ravisangar et
al. 2005). The negative correlation was most likely caused by
the decrease in bulk density that often accompanies an in-
crease in organic content (Avnimelech et al. 2001).

Linear regression analysis identified median effective
particle size (dso.) as the sole significant predictor variable

for erosion threshold in the Bere Stream:

Pyag® = 0.029(dsoc) + 3.84 (Rgdj =0.16,P < 0.001)

(4)

Median effective particle size, though, poorly captured the
significant temporal variation in erosion threshold, which can
only be modeled using month as a dummy variable in the
regression (R*=0.34, Radj2=0.29, P<0.001). Median erosion
threshold was one of three significant predictor variables for
erosion threshold identified in the River Frome,

Pyag® = 0.030(dso.) — 0.74(Mg) +2.76(Na) + 5.09  (5)

(Rgdj —0.12,P < 0.001)
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where Mg is magnesium content and Na is sodium content.
The negative relationship between magnesium content and
erosion threshold is not supported by the theory of clay
particle coagulation (Partheniades 2007), and may relate to

@ Springer

another sediment property. If magnesium content is removed
from the linear regression model, sodium content is no longer
significant, thereby producing a one-variable model with me-
dian effective particle size (Radj2=0.06, P<0.05). While the
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linear regression models are significant for both streams, they
do not account for much of the observed variance inherent in
the dataset.

When linear regression analysis was conducted indepen-
dently for each sampling period, coefficients of determina-
tion were greater and additional predictor variables were
identified (Table 3). For example in the Bere Stream, dry
bulk density and organic content accounted for over 50 % of
the variation in erosion threshold in November 2008, but
median effective particle size was the sole significant pre-
dictor variable in May 2009 (Radj220.34, P<0.05) (see
Table 3). In the River Frome, mud density was the only
significant predictor variable in November 2008 (Radf:
0.26, P<0.05), but organic content and colloidal carbohy-
drate content accounted for the greatest variation in erosion

—=a— Channel --4--Margin

threshold (Radj2:0.25, P<0.05). Overall, dry bulk density,
median effective particle size, mud density and organic
content were the sediment properties identified most fre-
quently in the analysis. However, as with the correlation
analysis, caution should be exercised in the interpretation,
due to high levels of covariation in the dataset.

4 Discussion

The purpose of this year-long field survey was to quantify
the erosion threshold of fine sediment over space and time in
lowland river reaches with recent histories of siltation. Ero-
sion threshold is an attribute of the sediment that is deter-
mined by several key sediment properties (Mehta et al.
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Table 1 Spearman’s rank correlation coefficients for erosion threshold and sediment properties for the Bere Stream, n=98

Erosion Dry bulk Effective dsp Absolute dsq Ca®" content Mg2+ content Na' content Monovalent/ Organic  Colloidal Chl-a
threshold ~ density divalent cation content carbohydrate content
content
Erosion threshold -
Dry bulk density 0.27* -
Effective ds, 0.40° 0.58% -
Absolute dsq 0.38% 0.80% 0.73% -
Ca®" content 0.26" 0.23 0.55" 0.52° -
Mg*" content 0.28° 0.34° 0.54° 0.55° 0.77* -
Na' content 0.31% 0.18 0.57% 0.51% 0.83% 0.66" -
Monovalent/divalent  0.25" -0.012 028" 0.24° 0.20 0.19 0.67" -
cation
Organic content -0.24° —-0.95% -0.65% —0.82% -0.27% 0.37% —0.018 0.01 -
Colloidal carbohydrate —0.17 —0.67% -0.41° —0.048" -0.17 -0.16 0.01 0.21° 0.68% -
content
Chl-a content 0.13 -0.51* 0.18 —0.18 0.41° 0.28* 0.60° 0.51* 0.46" 0.36° -

?Level of significance, 0.01 (two tailed)
® Level of significance, 0.05 (two tailed)

1989; Winterwerp and Van Kesteren 2004; Sanford 2008),
and is an important parameter in transport dynamic models for
sediment and sediment-bound contaminants. This study found
that erosion thresholds for fine riverine sediment varied sig-
nificantly within stream reaches and over time. To the authors’
knowledge, this is the first empirical study to identify signif-
icant seasonal differences in erosion thresholds for riverine
sediment, and one of only a few to report spatial variations
(Hanson and Simon 2001; McNeil and Lick 2004).
Spatially, erosion thresholds varied substantially within
the 30-m-long stream reaches, ranging by up to three orders
of magnitude in a single sampling date. While spatial pat-
terns differed by stream and sampling date, erosion thresh-
olds were greater on average for fine sediment located in the
channel center compared with the margins, particularly in
the Bere Stream (see Figs. 4 and 5). This difference was

caused by spatial patterns in the particle size of river bed
sediment, which resulted from an interaction between aquat-
ic macrophytes and water flow.

Chalk streams support abundant in-channel macrophyte
growth, which alters flow and sedimentation patterns to pro-
duce distinct hydromorphological and sedimentological zones.
Dense macrophyte patches growing in the center of channels
deflect the flowing water, producing a low flow, low turbu-
lence environment within the patches that is conducive to the
accumulation of fine sediment (Clarke 2002; Cotton et al.
2006; Wharton et al. 2006; Heppell et al. 2009). The margins
are naturally low flow, depositional environments in straight
channels, due to the effects of bed and wall friction on water
flow velocities. The width of this marginal zone is determined
by the channel dimensions, flow characteristics, and the pres-
ence of obstructions or marginal aquatic macrophytes (Gurnell

Table 2 Spearman’s rank correlation coefficients for erosion threshold and sediment properties for the River Frome, n=87

Erosion Dry bulk Effective dsp Absolute dsq Ca®" content Mg2> content Na' content Monovalent/ Organic  Colloidal Chl-a
threshold ~ density divalent cation content carbohydrate content
content
Erosion threshold -
Dry bulk density 0.11 -
Effective dso 0.23° 0.86° -
Absolute dsq 0.22° 0.88° 0.88° -
Ca®" content 0.15 0.70* 0.72% 0.80% -
Mg*" content 0.14 0.68° 0.66° 0.78* 0.95% -
Na' content 0.22° 0.35% 0.44% 0.58% 0.78% 0.75% -
Monovalent/divalent 0.18 —0.56* —0.48* -0.37° -0.35° -0.29° 0.27° -
cation
Organic content -0.14 —-0.95% -0.87% —0.88" -0.69* —-0.67* —-0.34" 0.56" -
Colloidal carbohydrate —0.01 -0.57% —-0.48° —0.48% -0.31* —-0.30* -0.09 0.34% 0.54% -
content
Chl-a content -.014 —0.86% -0.71° -0.79* —-0.53° —-0.53° -0.25° 0.47% 0.88* 0.54% -

Level of significance, 0.01 (two tailed)
®Level of significance, 0.05 (two tailed)
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Table 3 Linear regression models by sampling date and river Table 3 (continued)
Bere Stream River Frome Bere Stream River Frome
Sep 2008 Rag” 0.36 0.52
Intercept -8.76 1.58 P value <0.001 <0.01
Chlorophyll a 0.1582% Stream
Dry bulk density -12.57* Intercept 3.84° 5.09¢
Mud density 56.82% Effective dsq 0.029° 0.030°
Absolute ds, 0.149° Magnesium content -0.74°
Ragi” 0.30 0.48 Sodium content 2.76°
P value <0.05 <0.01 Radj2 0.17 0.12
P value <0.001 <0.001
Nov 2008 Total
Intercept -17.437* 0.757 Intercept 4.89¢
Dry bulk density 27.66° Effective dso 0.025¢
Mud density 32.54° Ragi” 0.12
Organic content 82.301° P value <0.001
Ragi” 0.53 0.26 X —
P value <0.01 <0.05 bLevel of s1.gn1.ﬁcance, 0.05
Level of significance, 0.01
Jan 2009 ¢ Level of significance, 0.001
g;;rf,f}fﬁ density ilo 06 250 et al. 2006). While fine sediment accumulates in both channel
Effective dso 0.107° macrophyte patches and along the margins, the sediment prop-
Chlorophyll @ (normalized 0.0607 erties differ due to differences in sediment inputs. Fine sedi-
by mud content) ment accumulates in the margins primarily by the deposition of
R’ 0.41 suspended sediment, so is composed primarily of clays and
P value <0.05 silts; however the sediment is coarser-grained within the mac-
rophyte patches in the channel centers because the fine sedi-
Mar 2009 ment originates from both the deposition of suspended
Intercept 27.20° -32.69° sediment and the physical retention of bedload (Heppell et
Organic content —80.46" al. 2009). In this study, median particle sizes were greater in
Dry bulk density -16.58* the fine sediment deposits in the channel centre than margins
Magnesium content -1.6" in both streams (see Fig. 8c—f). This difference was greater in
Sodium content 12.42° the Bere Stream, where the gradient in flow velocity across the
Mud density 149.65° channel was greater due to the presence of abundant marginal
RM,J.2 032 0.48 vegetation, and erosion thresholds were consistently higher on
P value <0.05 <0.05 average in the channels than in the margins (see Fig. 3).
The positive correlation between median particle size and
May 2009 erosion threshold found in this study supports earlier research
Intercept —0213 —0213 on particle entrainment for non-cohesive sediment (for
Effective dso 0.029% reviews, see Dade et al. 1992; Grabowski et al. 2011). Al-
Organic content ~80.81° though clay contents were in excess of the minimum threshold
Colloidal carbohydrate 0.0076 (P=0.06) ~ needed for cohesion in sand-mud mixtures for most of the
content sediment samples, the high silt/clay ratios and low bulk densi-
Rag® 0.34 0.25 ties, particularly of the finer-grained marginal sediment,
P value <0.05 <0.05 yielded sediment that was non-cohesive (van Ledden et al.
2004). The sediment framework was principally silt- or sand-
Jul 2009 dominated, in which cohesive forces were negligible and grav-
Intercept 436 3.962 ity was the major resisting force. If water contents in the finer-
Effective ds 0.021° grained sediments were lower (i.e., higher bulk densities),
Monovalent/divalent 3.791e3° forces of cohesion and adhesion within the sediment would
Calcium content 6.508e—3° have become more dominant and erosion thresholds would

@ Springer



1186

J Soils Sediments (2012) 12:1174-1188

have likely increased with a decrease in average particle size,
thereby producing the familiar negative unimodal entrainment
curves of Hjulstrom and Postma (Dade et al. 1992).

Median effective particle size was identified as the
primary predictor variable for erosion threshold in both
streams (see Eqgs. 4 and 5). Effective particle size is the
diameter of natural sediment aggregates (i.e., flocs), and is
contrasted with absolute particle size, which is the diam-
eter of the constituent mineral grains. Virtually all fine
sediment is aggregated in aquatic environments due to the
effects of cohesion between clay minerals and adhesion by
organic matter (Droppo et al. 1997; Droppo 2001). Sedi-
ment aggregates are microcosms of microbial life, and
support communities of diatoms, bacteria and fungi,
which alter the physical, chemical, and mechanical prop-
erties of the aggregates. Consequently, the properties and
behavior of a sediment aggregate differ markedly from a
single mineral grain of the same size. For example, aggre-
gates typically have lower densities and lower settling
velocities than mineral grains of the same diameter
(Droppo et al. 1997). Accordingly, recent research on fine
sediment transport in rivers has emphasized the need to
measure effective particle sizes (Walling and Amos 1999;
Droppo 2001; Cotton et al. 2006; Heppell et al. 2009).
The results of the field study strengthen this claim, by
providing the first empirical evidence of the importance of
effective particle size on the erosion threshold of fine
riverbed sediments.

The significant temporal variations in erosion threshold
are suggestive of an annual cycle. Erosion thresholds were
greatest in September and November (autumn in the North-
ern Hemisphere), decreased over the subsequent sampling
periods (winter and early spring) reaching a minimum in
May, and then increased to July (summer) (see Fig. 3).
Superimposed on this annual cycle are high erosion thresh-
old values in March 2009

What caused these temporal variations in erosion
thresholds? Chalk streams experience temporal cycles in
many environmental variables, including discharge, water
chemistry, temperature, and biological production, any of
which may impact sediment properties and erosion
thresholds. For example, the peak in erosion thresholds
in autumn coincided with the peak coverage of aquatic
macrophytes in chalk streams (Flynn et al. 2002; Heppell
et al. 2009). It also corresponded with a period of low
baseflows and a reduced frequency and intensity of high
water events, due to the depletion of aquifers and re-
duced rainfall during the drier summer months. These
changes in discharge and baseflow are responsible for
the temporal variations observed in sediment cation con-
tents (see Fig. 7). Cation concentrations, particularly cal-
cium, would be highest when baseflow from the chalk
aquifer comprised the majority of the flow in the river
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(e.g., late summer/early autumn). As runoff increased in
the rainy winter months, cation levels would decrease (Berrie
1992). This temporal signal is clear in the baseflow-dominated
Bere Stream, but not in the flashier River Frome, which
receives more input from runoff (see Fig. 7). Dissolved cations
increase the cohesion of clay particles and stabilize the EPS
frameworks produced by the sediment’s biological commu-
nity (for a review, see Grabowski et al. 2011). Consequent-
ly, erosion thresholds have been shown to be positively
correlated with cation content, often expressed as total
salinity, in several studies (Kandiah 1974, as cited in
Parchure and Mehta 1985; Winterwerp and van Kesteren
2004; Spears et al. 2008). Therefore, the temporal varia-
tions in cation contents may have contributed to the tem-
poral trends in erosion thresholds.

The sediment’s biological properties displayed similar
temporal trends as erosion threshold, particularly in the
Bere Stream, which suggests they may also be contrib-
uting to the temporal variation in erosion threshold (see
Fig. 8). Research conducted in estuarine mudflats has
identified significant temporal variation in erosion
thresholds caused by biological communities, in which
benthic diatoms and cyanobacteria stabilize surficial
sediment during the summer months due to the produc-
tion of EPS (e.g., Amos et al. 2004). Significant corre-
lations between erosion thresholds and EPS content
have been identified for fine riverine sediment in sever-
al studies as well (e.g., Gerbersdorf et al. 2005, 2007),
one of which presents evidence to suggest that EPS is
better able to stabilize sediment in the spring rather than
winter (Gerbersdorf et al. 2005).

Benthic diatoms are abundant in chalk streams, partic-
ularly in early spring when large blooms occur on and in
the sediment (Berrie 1992). Diatoms have been shown to
have a significant stabilization effect on the sediment
through the production of EPS (Paterson 1989; Droppo
et al. 2007; Lundkvist et al. 2007) and may strongly
influence erosion thresholds in the chalk streams. While
the measures used to quantify EPS or photoautotrophic
microbial community abundance were not identified as
significant predictor variables for erosion threshold for
each stream (see Egs. 4 and 5), the green surficial layers
present on sediment surfaces and the high erosion thresh-
olds observed in March 2009 do suggest a possible
causal linkage (see Figs. 1b, 4, and 5). The lack of
statistical significance is perhaps not unsurprising given
the complexity of EPS, both in its molecular composition
(e.g., non-colloidal carbohydrates, proteins, and DNA)
and structure (e.g., fibrous and capsular) (Decho 2000;
Flemming and Wingender 2001, 2010), and the targeted
laboratory techniques employed in this study. Therefore,
temporal changes in the quantity or quality of EPS in the
sediment could be responsible for some of the temporal
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variations in erosion thresholds observed in this study,
and we would recommend that future studies endeavor to
quantify a wider range of EPS fractions.

5 Conclusions

This study has identified significant spatial and temporal
variations in erosion thresholds for fine riverbed sediment
in two lowland rivers that were caused by changes in the
physical, chemical and biological properties of the sediment.
The variable nature of erosion thresholds has important
implications for the management and modeling of fine sed-
iment dynamics in lowland rivers. Estimates of river flow or
individual measurements of erosion threshold are insufficient
to assess the stability of riverbed deposits, or predict scour
events, and must be combined with information on the sedi-
ment erodibility over the relevant spatial and temporal scales.
This is particularly important when ecological, hydrological
or toxicological impacts are associated with fine sediment
erosion and transport, such as benthic habitat loss and
sediment-bound contaminant mobilization. To better under-
stand these seasonal variations in erosion thresholds, more
research is needed that investigates how river flow, particular-
ly the timing, magnitude and sequencing of flow events,
influences sediment properties and erosion thresholds.
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