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Abstract

Elevated fine sediment accumulation in a river system's gravel bed is known to cause

detrimental ecological impacts. Current sediment targets and approaches to mitiga-

tion have failed due to the oversimplification of geomorphological processes control-

ling fine sediment accumulation and the lack of relevant scientific knowledge

underpinning them. This is particularly apparent in chalk streams (groundwater-

dominated systems) which regularly exhibit high rates of sediment accumulation

despite low suspended sediment yields. A necessary first step is to better character-

ise their sedimentology; thus, the novelty of this study was to determine the sedi-

mentological characteristics of chalk stream gravel beds, specifically the quantity and

distribution of fine sediment with depth. We collated published and unpublished

freeze-core data, encompassing 90 sites across 11 UK chalk streams. Results showed

average quantities of fine sediment (<2 mm) in chalk stream gravel beds were 25%

by weight, with >75% of beds exceeding thresholds for ecological degradation.

Quantities of fine sediment increased with increasing depth into the bed, with an

average increase between surface and subsurface layers of 54%, and 89% of the

gravel bed over-saturated with fine sediment. Regional differences were attributed

to differences in stream power and local sediment sources, including surficial geology

and catchment land use. Additionally, a major contrast was identified between exper-

imental conditions in flume studies used to establish models describing interactions/

mechanisms of fine sediment infiltration into immobile gravel beds and the natural

conditions observed in chalk streams. As such, the use of such models as a basis to

explore sediment management scenarios is unlikely to predict the outcome of such

management techniques correctly in a real-world situation.
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1 | INTRODUCTION

Fine sediment (inorganic and organic particles <2 mm in diameter)

plays a fundamental role in freshwater systems. This includes in their

hydrogeomorphic cycles, habitat heterogeneity and for the delivery of

nutrients, dissolved organic matter and contaminants such as micro-

plastics and heavy metals (Chon et al., 2012; He et al., 2021; Owens

et al., 2005; Westrich & Förstner, 2007). However, excessive fine sed-

iment quantities both in the water column and, within riverbeds, can

alter the natural functioning of freshwater systems, resulting in

marked detrimental impacts on aquatic organisms (e.g., Baši�c

et al., 2019; Bo et al., 2007; Robertson et al., 2006; Rosewarne

et al., 2014; Sear et al., 2016). Sediment targets have been proposed

to guide the management of the fine sediment problem and can cur-

rently be split into two distinct categories (Collins et al., 2011): firstly,

water column metrics, such as turbidity levels and suspended sedi-

ment concentrations and secondly, river substrate metrics, such as

substrate composition/embeddedness, riffle stability and intragravel

dissolved oxygen concentration (Mondon et al., 2021). Few sediment

targets are based on suspended sediment concentrations, despite

their relevance for fine sediment accumulation (Collins et al., 2011;

Mondon et al., 2021). Targets based on suspended sediment concen-

trations (e.g., the repealed European Union (EU) Freshwater Fish

Directive annual mean target of 25 mg L�1 (78/659/EC)), are not sci-

entifically robust and are undermined by a number of inherent prob-

lems and assumptions; particularly in relation to chalk streams

(Mondon et al., 2021). Fundamentally, many proposed targets for sed-

iment management in freshwater systems have been oversimplified

through a lack of consideration of differences in hydro-

sedimentological responses (Collins & Anthony, 2008). Importantly,

existing sediment targets fail to recognise key mechanisms controlling

fine sediment deposition and accumulation in gravel beds, including

fine sediment inputs into a river network from the surrounding catch-

ment and/or channel margins, transport of fine sediment in the water

column as suspended load or bedload, infiltration of fine sediment

into the gravel beds and exfiltration of fine sediment from gravel beds

(Mondon et al., 2021).

Chalk streams are defined as groundwater-dominated systems,

with a base-flow index (river flow derived from groundwater chalk

aquifers) exceeding 75% and a course that runs primarily over basal

chalk geology (Mondon et al., 2021; O'Neill & Hughes, 2014). Approx-

imately 85% of the global chalk streams occur within the

United Kingdom, located across a chalk outcrop from Dorset to East

Yorkshire. They also occur in France, Belgium and Denmark (Mondon

et al., 2021; O'Neill & Hughes, 2014). The naturally clear water and

gravel beds of chalk streams, combined with their characteristic stable

flow, nutrient and temperature regimes, create ideal conditions for a

wide range of nationally and internationally protected habitats and

species (Berrie, 1992; Mainstone, 1999; Mondon et al., 2021). For

instance, the clean coarse gravels, naturally low prevalence of fine

sediment and well-oxygenated intra-gravel flows provide ideal spawn-

ing conditions for lithophilic fish such as Atlantic salmon (Salmo salar),

Brown trout (Salmo trutta) and Bullhead (Cottus gobio) (Greig

et al., 2007; Louhi et al., 2008; Tomlinson & Perrow, 2003). However,

chalk streams regularly display higher fine sediment quantities within

their gravel beds compared with other gravel-bed systems nationally

(Acornley & Sear, 1999; Dunscombe et al., 2018; Milan et al., 2000;

Sear et al., 2008). Elevated fine sediment quantities in chalk stream

gravel beds are a consequence of their natural conditions, most nota-

bly the inability to remobilise coarse framework gravels due to low

stream power and the resulting stability of the gravel beds

(Acornley & Sear, 1999; Sear et al., 1999, 2005). This subsequently,

increases the propensity for long-lasting and lethal/sub-lethal impacts

on chalk stream ecology (e.g., Everall et al., 2018; Greig, Sear, &

Carling, 2005; Heywood & Walling, 2007; Rosewarne et al., 2014).

Elevated fine sediment accumulation has resulted from the intensifica-

tion of agriculture and farming practices within chalk stream catch-

ments, increasing fine sediment inputs (Collins & Zhang, 2016;

Grabowski & Gurnell, 2016; Walling & Amos, 1999). In this regard, the

shift to winter-sown cereal production and amalgamation of smaller

fields into larger fields, have increased runoff pathway length and

velocity, erosion and connectivity between hillslope surfaces and river

networks (Boardman, 2013; Boardman et al., 2019; Evans, 2017;

Grabowski & Gurnell, 2016; Johannsen & Armitage, 2010). In addition,

centuries of in-stream activities such as the construction of weirs and

over-abstraction of chalk aquifers have reduced discharges and flow

velocities, further limiting bed mobility and contributing to elevated

fine sediment accumulation (Bickerton et al., 1993; Petts et al., 1999;

White et al., 2021; Wood & Armitage, 1999).

Robust and system-specific fine sediment management targets

can in principle be established for chalk streams; however, three gaps

in the current knowledge of the fine sediment problem in chalk

streams must be addressed. Firstly, better determination of the gravel

bed sedimentological characteristics, including quantity, distribution

and composition of fine sediment. Second, the significance of poten-

tial regional differences between the sedimentological characteristics

of chalk stream gravel beds and whether these can be attributed to

local superficial geology and/or catchment sediment sources/budgets.

Third, the representativeness of current models of fine sediment infil-

tration and resulting management for conditions occurring in chalk

streams. In the above context, robust sediment targets for

chalk streams, are critical to improve guidance and management for

achieving maintenance or restoration of ‘good ecological status’
under the Water Environment (Water Framework Directive) (England

and Wales) Regulations 2017 (JNCC, 2021). Despite the well-

documented need for improved management of the fine sediment

problem, and the concomitant need for mechanistically defined man-

agement targets (Collins et al., 2011, 2015; Collins & Zhang, 2016;

Mondon et al., 2021; Naden et al., 2016), a novel thorough and holis-

tic data synthesis and analysis has, until this present study, not been

carried out for multiple chalk streams. As such, our objectives were to

(1) collate existing freeze-core sediment data from a sample of English

chalk streams, including their tributaries; (2) using this data, describe

their gravel bed sedimentological characteristics through metrics that

link to the processes of bed structuring, fine sediment infiltration and

channel bed saturation and (3) investigate the representativeness of
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chalk stream sedimentology in models describing fine sediment/gravel

bed interactions. In doing so we aimed to identify gaps in the spatial

distribution of chalk stream sediment data and highlight critical areas

for future research.

2 | METHODS

2.1 | Database of chalk stream study sites

All streams investigated in this study are identified as chalk streams.

Data on the composition and structure of chalk stream gravel beds

were collated from previous field-based studies and reports. The main

determinator of whether data were appropriate for this study was the

inclusion of grain size distribution (GSD) and division of a sediment

sample into a pre-determined number of size fractions. Subsequently,

12 UK-based field studies were found that satisfied this criterion, cov-

ering 122 sample sites across 14 chalk streams. A variety of sampling

techniques were used to collect gravel bed sediment. However, a num-

ber of these suffer from elutriation and winnowing of fine sediment by

flowing water, which is not suitable given the need for detailed infor-

mation on finer sediment fractions. For the present study, freeze-coring

techniques (Carling & Reader, 1981; Petts et al., 1989;

Walkotten, 1976) are more suitable: freezing of bed sediment and

interstitial water in situ prevents fine sediment loss. Vertical sections of

the substratum preserved by freeze-coring also allow for the determi-

nation of vertical variations in sedimentological characteristics. Conse-

quently, the decision was taken to only consider samples that had been

collected using freeze-coring techniques: data assembled using alterna-

tive techniques such as bulk sampling and use of artificial redds

(e.g., Acornley & Sear, 1999; Heywood & Walling, 2007) were not con-

sidered further. Any sites that had experienced any form of documen-

ted riverbed restoration, including gravel cleaning and/or the artificial

augmentation of gravel, were also excluded.

The overall dataset meeting these criteria, subsequently, com-

prised 90 field sampling sites (Figure 1), encompassing 195 freeze-

core samples, across 11 chalk streams and their tributaries, from

10 studies (Acornley & Sear, 1999; Barron, 1992; Bateman, 2012;

Beaumont et al., 1993; Carling, 1983; Greig, Sear, & Carling, 2005;

Milan, 1994; Mitchell, 2015; Riley et al., 1999). These ranged from the

River Piddle in Dorset, South England, to the River Babingley in Nor-

folk, East England (Figure 1). The relevant data from each of these

studies were extracted from GSD tables and/or graphical readings of

cumulative frequency curves from corresponding papers. Where avail-

able, data appertaining to the chalk stream's physical characteristics

were also extracted; however, where this was not stated, information

was compiled from alternative sources (Table 1).

2.2 | Data analysis

GSDs based on the logarithmic Wentworth scale of particle sizes

(Appendix A) were used to compare gravel bed sediments and were

characterised by four distribution parameters: (1) the mean, central

tendency of the distribution; (2) the sorting coefficient (i.e., standard

deviation), spread of sizes around the average; (3) skewness, a mea-

sure of deviation from the symmetry of distribution and (4) kurtosis,

degree of concentration of grains relative to the average (Bunte &

Abt, 2001). A range of cumulative percentile values (grain size for

which the specified percentage of grains is coarser) such as the

median (D50) was also used to compare bed sediments. Several of

the original investigations reported these parameters; unreported sta-

tistics were calculated using the mathematical ‘Geometric method of

moments’ (Appendix B) in the Gradistat programme (Blott &

Pye, 2001). In addition, to establish the potential influence of catch-

ment and stream variables on quantities of fine sediment in the inves-

tigated gravel beds, the non-parametric Spearman's correlation

coefficient (rs) was calculated, enabling the strength of any monotonic

association to be quantified (Appendix C).

Models describing the mechanisms of fine sediment accumulation

in immobile gravel beds are explored in the Supporting

Information S1. Based on their limitations as discussed, the following

models were deemed most suitable to describe the condition occur-

ring in chalk stream gravel beds. Saturation states of the gravel beds

were determined using Equation 1, proposed by Wooster et al.

(2008), which quantifies the maximum quantity of fines that can infil-

trate a bed before it is no longer considered ‘framework-supported’
(i.e., the framework bed particles are not in tangential contact and

interstitial fines represent >30% of the total bed weight (Carling &

Glaister, 1987; Wilcock & Kenworthy, 2002)):

fs ¼
0:621 1�0:621σ�0:659

gg

� �
σ�0:659
gg

1�0:6212 σggσsgð Þ�0:659
x 1� exp �0:0146

Dgg

dsg
þ0:0117

� �� �
ð1Þ

where fs is the saturated fine sediment fraction (FSF), σgg and σsg are

the geometric standard deviations for the framework sediment and

infiltrating sediment, respectively and Dgg and dsg are the geometric

means of the framework sediment and infiltrating sediment, respectively.

Infiltration mechanisms of fine sediment in chalk stream gravel beds

were determined using Equation 2, proposed by Gibson et al. (2010):

(2.1) bridging, infiltrating fines are larger than the framework pore throats

and form a clogged surface layer; (2.2) unimpeded static percolation

(USP), infiltrating fines are smaller than the interstitial spaces in the bed

framework and subsequently, percolate downwards to an impermeable

layer and then fill upwards through the bed and (2.3) transition, a combi-

nation of both bridging and USP (Gibson et al., 2009, 2010; Herrero &

Berni, 2016) (further discussed in the Supporting Information S1):

D15 Framework

d85Matrix
<12�Bridging 2:1ð Þ

D15Framework

d5Matrix
>14�Unimpeded static percolation USPð Þ 2:2ð Þ

12<
D15 Framework

d85Matrix
<14�Transition 2:3ð Þ

ð2Þ

where, D15 Framework is the particle size for which 15% of the frame-

work particles are finer and d85matrix is the particle size for which 85%

MONDON ET AL. 3
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of the fine sediment particles are finer. In the original determination

of Equations 1 and 2, the gravel beds were initially void of fine sedi-

ment and the influence of silt and clay-sized fine sediment (<62μm)

was neglected. To achieve a similar representation of these conditions

using the current dataset, the gravel bed GSDs were split into coarse

particles (>2mm), representative of a bed framework initially void of

interstitial fines and matrix material (2mm> d>62μm), representative

of fine sediment >62μm. Gravel bed structures were also described

using the quantity of fine sediment as a proportion of the total bed

weight; fully framework-supported (FFWS) (<20%), framework-

supported (FWS) (20%–30%), transition (T) (30%–40%), matrix-

supported (MS) (40%–50%) and fully matrix-supported (FFMS) (>50%)

(Carling & Glaister, 1987; Church et al., 1987; Bunte & Abt, 2001;

Wilcock & Kenworthy, 2002; Frings, 2011). Finally, the determined

sedimentary characteristics of chalk streams were compared with the

conditions in flume experiments (Appendix D), used to determine

models describing the mechanisms of fine sediment infiltration and

accumulation in immobile gravel beds.

3 | CHARACTERISTICS OF GRAVEL BEDS
IN THE CHALK STREAM DATABASE

3.1 | Gravel bed structure

A wide range of grain sizes was found in the chalk stream beds exam-

ined, from boulders (>128 mm) to clay (<3.9 μm). On the basis of sta-

tistical moments, chalk stream gravel beds, on the whole, may be

described as very poorly sorted, finely skewed and mesokurtic to lep-

tokurtic (Table 2); exceptions are the Rivers Babingley and Wissey

F IGURE 1 Location of the chalk stream gravel bed field sampling sites investigated in this study. [Color figure can be viewed at
wileyonlinelibrary.com]

4 MONDON ET AL.
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which can be described as symmetrical and highly platykurtic

deposits; this is potentially explained by larger proportions of sand

present in their gravel beds compared with the other chalk streams

(Figure 2a). The average bulk D50 of the gravel beds was 13.95 mm

(0.5–33.86 mm). All sites with a bulk D50 < 10 mm (35% of sites), were

present on the Rivers Babingley, Wissey, Itchen, Test or Stiffkey, apart

from three sites on the River Wylye, two on the Upper Avon and one

on the Piddle.

The average chalk stream framework D50 was 19.67 mm (6.46–

37.44 mm). However, unlike the bulk D50, only the River Test was

consistently lower, explained by a finer range of framework particles.

All sites on the River Test had >99% of the framework consisting of

particles <32 mm. Despite having low bulk D50, the Rivers Babingley

and Wissey had frameworks consisting of coarser particles. All sites,

however, had <60% of the framework consisting of particles >32 mm

(Figure 2a). Average quantities of matrix material as a proportion of

TABLE 1 Physical characteristics of the average site on each of the chalk streams and their associated tributaries investigated in this study.

Chalk stream Catchment area (km2)a Altitude (m)a Width (m) Depth (m) Mean discharge (m3s�1)b Specific stream power (Wm�2)

Itchen 119.60c 30.70 10.43 0.28c 4.60 8.76

Test 84.60 49.08 11.50 6.69 3.96

Frome 109.00 20.75 13.02 4.96 7.43

Piddle 37.80 18.80 8.27 2.02 8.98

Avon 111.50 29.30 21.88 15.08 4.27

Upper Avon 82.90 53.30 11.97 3.53 8.81

Nadder 43.60 52.30 11.61 2.89 13.43

Wylye 72.10 59.80 11.71 4.03 13.68

Wissey 76.10 15.20 8.79 1.90 2.62

Babingley 102.50 13.90 7.21 0.55 9.27

Stiffkey 99.07 9.00 6.60 0.58 7.23

aData derived from the UK Environment Agency River Catchment Data Explorer (EA, 2021: https://environment.data.gov.uk/catchment-planning).
bData derived from the UK National River Flow Archive for the period when the original investigation took place (UKCEH, 2022: https://nrfa.ceh.ac.uk/

data/search).
cValues provided in the published studies.

TABLE 2 Summary grain size statistics for average deposits (0–40 cm) of the chalk streams investigated, including the bulk (framework and
matrix), framework (gravel) and matrix (fines) values. It – Itchen, Te – Test, Fr – Frome, Pi – Piddle, Av – Avon, UP – Upper Avon, Na – Nadder,
Wy – Wylye, Wi – Wissey, Ba – Babingley, St – Stiffkey (See Figure 1), Ave – Average, Dg – Geometric mean grain size, σg – Geometric standard
deviation (sorting coefficient), S – Skewness, K – Kurtosis, P2:0 – Proportion of fine sediment <2mm, P62 – Proportion of fine sediment <62μm.

Chalk stream

It Te Fr Pi Av UA Na Wy Wi Ba St Ave

Bulk (Gravel & Fines)

D50 9.80 6.22 22.48 17.78 15.60 21.25 16.61 15.67 5.71 4.54 6.26 13.95

Dg 5.68 4.31 20.27 14.22 7.60 13.53 10.44 14.70 2.99 1.82 4.42 10.20

σg 4.81 4.20 4.52 5.57 4.87 5.35 4.51 4.64 4.04 4.21 5.25 4.77

S �0.95 �0.96 �1.36 �0.95 �1.19 �1.26 �1.39 �1.24 �0.20 0.29 �0.57 �1.11

K 3.22 3.49 3.91 2.78 3.46 3.62 4.34 3.79 1.48 1.58 2.31 3.46

P2:0 27.72 34.70 16.32 23.49 19.22 19.12 14.95 18.69 45.14 51.63 35.69 25.17

P62 7.00 15.21 0.71 0.93 1.34 1.57 1.50 1.57 3.90 6.90 10.04 4.52

Framework (Gravel)

D50 14.96 10.89 26.82 24.89 19.87 26.80 20.32 19.47 23.02 20.37 12.58 19.67

Dgg 11.29 8.39 18.40 17.23 14.06 17.89 14.21 13.34 16.04 15.35 10.61 13.86

σgg 2.11 2.00 2.05 2.19 2.08 2.17 2.15 2.14 2.27 2.58 2.32 2.11

Matrix (Fines)

D50 0.47 0.35 0.56 0.49 0.44 0.43 0.47 0.46 0.53 0.47 0.45 0.46

Dsg 0.36 0.25 0.51 0.46 0.41 0.39 0.42 0.41 0.33 0.31 0.34 0.39

σsg 3.44 4.49 2.03 2.04 2.16 2.36 2.40 2.39 2.10 1.93 2.42 2.78

MONDON ET AL. 5
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total bed weight were 24% (1%–73%). Out of 195 beds investigated,

28 (14%) had matrix proportions >40% of the total bed weight and

can be considered matrix-supported deposits. All these sites were pre-

sent on either the Rivers Babingley, Itchen, Stiffkey, Test or Wissey.

In addition, all sites on the Rivers Babingley and Wissey had fine sedi-

ment >30% of the total bed weight, suggesting that neither of these

rivers have framework-supported gravel beds. Notably, the Rivers

Babingley, Wissey and Stiffkey had substantially higher quantities of

medium sand (1–0.125 mm), >70%, compared with the Rivers Itchen

and Test at 42% and 31%, respectively. The Rivers Itchen and Test,

however, had higher quantities of silts and clays (<62 μm), 38% and

47%, respectively. Comparatively, the Rivers Babingley, Wissey

and Stiffkey all had <15%. Conversely, 83 gravel beds (42%) had

matrix proportions <20% of the total bed weight and can in this

regard be considered framework-supported beds, with the River Nad-

der having the highest amount (92%).

3.1.1 | Surface vs. subsurface

Of all the gravel beds, 88% were characterised by a coarse surface layer

(Table 3), with higher bulk D50 and lower fine sediment quantities in sur-

face layers compared with subsurface layers. The presence of a coarse

layer can be quantified as the ratio between surface D50 and subsurface

D50 (Bunte & Abt, 2001), defined as an armour ratio. The armour ratio

varied across the systems and was highest on the Rivers Babingley, Wis-

sey and Stiffkey and lowest on the River Test. Over half the sites with

armour ratios of less than one were present on the River Test, as evi-

dent from the minimal differences between the surface and subsurface

GSD (Appendix E). All the other systems had a distinctive coarse-grained

surface layer, a finer subsurface layer, and a coarser bulk D50 (Table 3).

On average, the quantity of fine sediment as a proportion of the bed

layer in surface layers was 17% (Figure 2b; 0.26%–68%). However, the

omission of streams with larger quantities of fines (Itchen, Test, Wissey,

Babingley and Stiffkey), reduces this average to 11%. In comparison,

average fine sediment quantities as a proportion of the bed layer in sub-

surface layers were 27% (Figure 2c; 4.5%–87%). The average increase in

fine sediment between surface and subsurface layers was 58%. How-

ever, it was as high as 200% in some streams, such as the River Itchen.

This trend was observed in all systems, apart from the River Test, where

there was no marked difference, with fine sediment quantities averaging

30% in both surface and subsurface layers.

3.2 | Vertical variation of fines

Vertical variations of fine sediment quantities illustrated an overall

increasing trend with increasing gravel bed depth (Figure 3);

F IGURE 2 Percentages of gravel (d > 2 mm), sand (2 mm < d > 62 μm) and silt and clay (d < 62 μm) in the investigated chalk stream gravel

beds in; (a) overall deposits (0–40 cm), (b) surface layers (0–10/15 cm) and (c) subsurface layers (10/15–40 cm). Points are grouped by individual
chalk streams as depicted in the figure legend. Values from non-chalk stream gravel bed freeze cores are indicated by the grey region in
(a) (Thoms, 1987; Lambert & Walling, 1988; Milan, 1994; Quin & Williams, 1999; Quin & Williams, 2000; Greig, Sear, & Carling, 2005;
Twine, 2013). [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 3 Bulk (framework and
matrix) sediment characteristics for
surface (0–10/15 cm) and subsurface
(10/15–40 cm) layers in each of the chalk
streams investigated. (D50 – Median
particle size, Dg – Geometric mean grain
size, P2:0 – Proportion of fine
sediment <2mm).

Chalk stream

Surface (0–10/15 cm) Subsurface (10/15–40 cm)

Armour ratioD50 Dg P2:0 D50 Dg P2:0

Itchen 14.46 7.39 19.86 6.99 4.12 40.26 2.07

Test 5.36 3.88 35.52 4.93 3.83 38.06 1.09

Piddle 26.78 30.06 11.53 16.56 14.15 27.21 1.62

Wylye 24.26 27.87 9.69 12.43 11.58 22.74 1.95

Frome 28.11 33.19 8.32 20.20 18.24 19.35 1.39

Avon 21.97 12.48 11.03 14.33 6.51 21.95 1.53

Upper Avon 26.99 21.77 12.09 19.41 12.29 21.96 1.39

Nadder 25.01 19.53 5.43 14.88 8.33 18.51 1.68

Wisseya 11.23 33.08 2.78 54.85 4.04

Babingleya 5.86 50.88 1.63 66.05 3.61

Stiffkeya 15.15 20.29 5.21 46.20 2.91

Average 19.84 18.79 17.13 13.93 10.36 27.90 1.46

aDg for the surface and subsurface layers were not given in the original investigations. Full GSDs were

also not given for the surface and subsurface layers of the bed and therefore Dg for these systems could

not be calculated.

F IGURE 3 Quantities of fine
sediment (<2 mm) as a proportion of
individual gravel bed layers for each of the
investigated chalk streams (data are only
shown where available for individual bed
layers in the original investigations).
Points are grouped by gravel bed
structure, determined by the quantity of
fine sediment as a fraction of the total
bed weight; fully framework-supported
(FFWS) (<20%), framework-supported
(FWS) (20%–30%), transition (T) (30%–
40%), matrix-supported (MS) (40%–50%)
and fully matrix-supported (FFMS)
(>50%). Mean fine sediment proportions
in each gravel bed layer are represented
by the black lines. [Color figure can be
viewed at wileyonlinelibrary.com]
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increasing, on average, by 90% between surface and deepest sub-

surface layers. Only three systems had an increase in fine sediment

<50%; the Upper Avon (20%), attributed to the low quantities of

fines (<25% of total bed weight) present in each bed layer and the

Rivers Babingley (29%) and Test (7.5%), attributed to the high

quantities of fines (>30% of the total bed weight) present in each

bed layer. The highest increases in fine sediment quantities were

observed between the surface and first subsurface layers, averag-

ing 98%; the Rivers Wissey, Babingley and Test are omitted as the

original reports did not include data on the individual layers. Aside

from the Rivers Avon, Upper Avon and Stiffkey, these increases in

fine sediment quantities were >100%. Increases in fine sediment

quantities were less substantial between deeper bed layers (10–

20/20–30 cm), averaging 13%. However, there was an average

15% decrease in fine sediment quantities in the deepest bed layers

(30–40 cm), except in the Rivers Piddle and Stiffkey, which

increased by 13% and 8%, respectively.

On average, the structure of the bed layers was either FFWS or

FWS (71%), 14% were in T and 15% were either MS or FMS

(Figure 3). The Rivers Nadder and Upper Avon had no occurrences of

MS/FMS beds, whereas the River Wissey had only 7% FWS beds and

the River Babingley had no beds that were FFWS or FWS, having

73% FMS. There was a general trend of increasing MS/FMS layers

with increasing depth in the beds. An average of 9.5% of surface

layers (0–10/0–15 cm) were MS or FMS, compared with 19% of sub-

surface layers (10–40 cm). However, the proportion of bed structure

changes differed greatly between streams. For example, 10% of sur-

face layers (0–10 cm) in the River Stiffkey were MS and FMS, com-

pared with 70% of the subsurface layers (20–30 cm). Comparatively,

the River Wylye had zero MS/FMS surface layers (0–10 cm), 8% MS

beds in the middle bed layers and 0% in the deepest subsurface layers

(30–40 cm).

3.3 | Saturation of beds

A greater proportion of gravel beds were over-saturated with fine

sediment; 162 (89%) compared with 21 (11%) under-saturated beds

(Figure 4a). Aside from the Upper Avon (27%), all the streams had

<20% under-saturated beds. The Rivers Test, Stiffkey, Wissey and

Babingley exhibited no under-saturated beds. When focusing on the

surface (0–10 cm) and subsurface layers (10–40 cm) (Figure 4b &

4c), a greater proportion of surface layers were under-saturated with

fines (48%), compared with subsurface layers (10%) (the Rivers Stiff-

key, Wissey and Babingley were omitted due to limited data in the

original reports). The proportion of under-saturated surface layers

ranged from 92% on the River Nadder to 28% on the River Itchen,

whereas the proportion of under-saturated subsurface layers ranged

from 21% on the Upper Avon to 3% on the River Wylye. The River

Test had no occurrences of either under-saturated surface or subsur-

face layers and the River Itchen had no under-saturated subsurface

layers.

3.4 | The occurrence of infiltration mechanisms

Out of all the gravel beds investigated, 4.5% experienced USP or were

in transition, where both USP and bridging are occurring (Figure 5; the

Rivers Stiffkey, Wissey and Babingley were omitted due to limited

data in the original report). All other gravel beds investigated experi-

enced bridging. The occurrence of USP increased in the surface layers

(0–10 cm), 14%, with an additional 6% in transition. This ranged from

33% in the River Frome to 7% in the Rivers Avon and Wylye. Both

the Rivers Test and Itchen had no occurrences of USP in the surface

layers, with 100% experiencing bridging. Bed layers experiencing USP

decrease with increasing bed depth, with 6% of sites experiencing

USP in the 10–20 cm layer, decreasing to 0% in the 20–30 cm layer.

In contrast, beds experiencing USP increased in the deepest layers

(30–40 cm), to 6%. However, a large proportion (87%) of overall

deposits experiencing bridging were over-saturated with fines

(Figure 5a). In the surface layers, all beds experiencing USP (or in tran-

sition) were under-saturated with fine sediment and 63% of those

experiencing bridging were over-saturated with fine sediment. The

proportions of subsurface layers experiencing bridging and over-

saturated with fine sediment were higher, i.e., >90% in the 10–20,

20–30 and 30–40 cm bed layers.

3.5 | Field vs. experimental data

Comparison between the vertical distribution of infiltrating fine sedi-

ment in immobile gravel beds in experimental flume studies

(Appendix D) with those found in chalk stream gravel beds (Figure 3),

demonstrates contradictory trends in fine sediment quantities

(Figure 6). The general trend in chalk streams is that of increasing fine

sediment quantity with increasing bed depth, notably to 20/30 cm. In

contrast, most experimental fine sediment distributions present with

the highest proportions in the surface layers and decreasing quantities

with increasing bed depth. This divergence can mostly be attributed

to smaller framework GSDs used in experimental gravel beds. This

outcome is supported by the fact most of the gravel beds under

experimental conditions experienced bridging and that those where

USP was observed, had comparatively smaller infiltrating particles

(Appendix D).

The majority of experimental immobile gravel beds had a frame-

work D50 of <10 mm, with only one experiment including a gravel bed

framework with a D50 of >20 mm (Appendix D). In comparison, the

average framework D50 for chalk stream gravel beds investigated in

this study was 19.67 mm (Table 2), including several frameworks with

a D50 of >25 mm. There was, however, a greater representation of

infiltrating particle sizes in published experiments, ranging from 0.02

to 4 mm, compared with those in chalk streams, which had an average

matrix D50 of 0.42 mm. Infiltrating particles used under experimental

conditions nonetheless had GSDs with sorting coefficients of well-

sorted to moderately well-sorted samples, indicating that there is very

little variation in the grain sizes used. In contrast, the matrix fractions
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identified in chalk stream gravel beds were mostly poorly sorted to

very poorly sorted, indicating high variation in the grain sizes present.

4 | DISCUSSION

Excessive fine sediment quantities can alter the natural functioning of

freshwater systems, leading to detrimental impacts as observed interna-

tionally (e.g., Baši�c et al., 2019; Bo et al., 2007; Robertson et al., 2006;

Rosewarne et al., 2014; Sear et al., 2016). Chalk stream gravel beds often

have higher proportions of fine sediment compared with other types of

gravel-bed rivers (Acornley & Sear, 1999; Collins & Walling, 2007; Sear

et al., 2008). This has been attributed to a combination of anthropogenic

activities (e.g., expansive areas of winter cereal production on free-

draining soils) and the natural hydrological conditions within chalk streams

(e.g., low bed mobilising flows). However, current approaches to fine sedi-

ment management and targets have failed to address fundamental issues

specific to the chalk stream fine sediment problem (Mondon et al., 2021).

To determine the nature and extent of management requirements, knowl-

edge of the current state and sedimentary characteristics of gravel beds

(i.e., in relation to the distribution and quantity of fine sediment) is critical.

4.1 | Chalk stream sedimentary characteristics and
implications for modelling

The chalk stream gravel beds investigated in this study can be

described as poorly sorted deposits characterised by a bi-model

F IGURE 4 Comparison of calculated and
measured FSF (Equation 1) in the investigated
chalk stream gravel beds in (a) overall deposits
(0–40 cm), (b) surface layers (0–10/15 cm)
and (c) subsurface layers (10/15–40 cm). The
equilibrium line represents a critical threshold
of saturation, with gravel beds above the line
under-saturated with fines and those beneath,
over-saturated with fines. Points are grouped

by chalk stream, as depicted in the figure
legend. [Color figure can be viewed at
wileyonlinelibrary.com]
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distribution consisting of a coarse-grained framework filled by a fine-

grained matrix; fine sediments average 25% (±12.8%) of the total bed

weight and in this regard the beds would be considered framework-

supported. However, a large proportion of sites on the Rivers Itchen,

Test, Babingley, Wissey and Stiffkey had fine sediment quantities

>40% of the total bed sample and would be considered matrix-sup-

ported. Other UK gravel-bed systems have varying fine sediment

quantities, but average values are towards the lower end of the range

established herein for chalk streams (Table 3). For example, fine sedi-

ments accounted for 11.6% in highly flashy upland systems with low

base flow indexes (Carling & Reader, 1982), 8.9% in the surface 20 cm

of the River Exe, SW England (Lambert & Walling, 1988) and 15%–

19% in an urban section of the River Tame (Thoms, 1987). Chalk

stream fine sediment quantities were found to increase with increas-

ing depth in the gravel beds, with an average increase of 90%

between the surface (0–10 cm) and deepest layers (30–40 cm). Gravel

bed stratigraphy also reflected this, with matrix-supported layers

becoming more prevalent with increasing depth. Aside from the River

Test, all the chalk stream systems considered were characterised by a

coarser surface layer (0–10 cm), with relatively small proportions of

fine sediment (17%; Table 3). Despite this, infiltration mechanisms

were dominated by bridging, attributed to the majority of these beds

already being over-saturated with fines and therefore further infiltra-

tion of fines is inhibited. Furthermore, experimental flume studies

used to determine numerical models describing infiltration mecha-

nisms (Appendix D), do not represent the natural conditions observed

in chalk streams. In the determination of numerical models, few exper-

iments (e.g., three of the 10 experimental runs used by Wooster et al.

(2008)), used either bed frameworks or infiltrating fine sediments with

GSDs representative of those occurring naturally in chalk streams.

GSDs used were often overly stylised, exhibiting for example, very

well-sorted distributions, limited grain sizes, very distinctive fractions

representing gravel and fines and often only considered the sand-

sized fine sediment fraction (e.g., Dudill et al., 2017; Gibson

et al., 2011; Kuhnle et al., 2013). Furthermore, the experimental gravel

beds were often <10 cm deep (Appendix D), i.e., shallower than the

30–40 cm deep samples from chalk streams. We conclude that

the published ex situ flume experiments reviewed in the present study

are not representative of the GSDs typically found in natural chalk

streams. Subsequently, models determined by these experiments have

F IGURE 5 Occurrence of infiltration mechanisms in the investigated chalk stream gravel beds based on Equation (2), plotted by infiltrating
fines d85 (excluding silt and clay-sized sediment, <62 μm) and framework gravel D15, by bed layers and mean deposits for (a) over-saturated beds
and (b) under-saturated beds. Points are grouped by infiltration mechanism. [Color figure can be viewed at wileyonlinelibrary.com]
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not been tested on the sedimentary conditions observed in chalk

streams, and therefore, it cannot be confirmed how suitable these

models are for describing the processes and mechanisms in chalk

streams in situ.

4.2 | Ecological suitability of gravel beds

Elevated fine sediment quantities have been extensively demon-

strated to affect detrimentally aquatic organisms, and thresholds

determined. For example, Heywood and Walling (2007) found that

Atlantic salmon (S. salar) egg mortality was 100% when fine sediment

quantities exceeded 14% of the total bed weight. Similarly, Greig,

Sear, and Carling (2005) reported 91.3% mortality of Atlantic Salmon

(S. salar) eggs when the proportion of fine sediment was 10% of the

bed weight. Of the chalk stream gravel beds investigated in this study,

78% exceeded the 14% threshold (Heywood & Walling, 2007) and

95% exceeded the 10% threshold (Greig, Sear, & Carling, 2005). Some

chalk stream biota have, however, been demonstrated to have a

higher tolerance to excessive fine sediment quantities. For example,

Baši�c et al. (2019) demonstrated a 20% mortality of incubating Barbel

(Barbus barbus) eggs for 10%–40% gravel bed sand content; we note

that consideration of only sand-sized particles removes the influence

of the potentially most detrimental fraction of fine sediment, i.e., silts

and clays (<62 μm). Clay has been demonstrated to substantially

reduce oxygen consumption by incubating salmonid eggs (Greig

et al., 2005). Neglecting the silt and clay fraction could potentially

explain the observed lower mortality, despite higher fine sediment

quantity, in the case of Barbel (Baši�c et al., 2019). Other species pre-

sent in chalk streams have been identified as intolerant to excessive

fine sediment, including, Ephemeroptera (Baetis rhodani) (Larsen &

Ormerod, 2010; Wood et al., 2005), Isopoda (Asellus aquaticus) (Wood

et al., 2005), mayfly (Ephemeroptera) eggs (Serratella ignita) (Everall

et al., 2018), white clawed crayfish (Austropotamobius pallipes)

(Rosewarne et al., 2014) and Brown trout (S. trutta) (Berli et al., 2014).

However, these studies only focused on suspended sediment concen-

trations, and it is therefore difficult to establish equivalent thresholds

for gravel bed fine sediment.

Published studies have recognised that the surface 10 cm's of

chalk stream gravel beds are the most ecologically sensitive to ele-

vated fine sediment. Higher macroinvertebrate species abundance

and diversity have been found in the benthic (0–5 cm) zone than in

the hyporheic zone (>20 cm) in many chalk streams (Bunting

et al., 2021; Davy-Bowker et al., 2006; Dunscombe et al., 2018;

Stubbington et al., 2015). In addition, lithophilic fish species spawn

in the surface 0–10/20 cm of chalk stream gravel beds, including

Brown trout (S. trutta) (Acornley & Sear, 1999; Louhi et al., 2008;

Milan et al., 2000), Barbel (B. barbus), Grayling (Thymallus thymallus)

(Fabricus and Gustafsson, 1955; Gonzci, 1989), River lamprey (Lam-

petra fluviatilis) and Brook lamprey (Lampetra planeri)

(Maitland, 2003; Silva et al., 2015). Atlantic salmon (S. salar) have

been found to spawn up to 30 cm deep (Collins et al., 2014;

DeVries, 2012; Milan et al., 2000). When considering the surface

layers (0–10 cm) of the investigated chalk beds, those exceeding

the fine sediment thresholds proposed by Heywood and Walling

(2007) and Greig et al. (2005), were 51% and 68%, respectively.

Although lower than total bed deposits, a substantial proportion

(>50%) of chalk stream gravel beds would be deemed unsuitable

for salmonid spawning on the basis of this assessment. It should be

noted, however, that the use of species-specific threshold values

alone may not be entirely suitable. For example, salmonid redds

have been recorded in gravel beds with fine sediment quantities

>32% (Crisp & Carling, 1989). Consequently, future management

and fine sediment targets should ideally focus on the improvement

of this near-surface (depth < 10 cm) zone of chalk stream

gravel beds.

F IGURE 6 Vertical distributions of fine
sediment quantity in the investigated chalk
stream gravel beds (denoted by field data),
compared with the results of fine sediment
infiltration and accumulation in immobile
gravel bed flume experiments (denoted by
experimental data), where data on fine
sediment accumulation was available
(Wooster et al., 2008; Gibson et al., 2009,

2010, 2011; Huston & Fox, 2015; Herrero &
Berni, 2016; Núñez-González, 2016,
Appendix D). Depths of both the field and
experimental beds have been normalised by
the bulk D50 of each deposit, allowing for
comparability between different depth
profiles used in the original investigations.
[Color figure can be viewed at
wileyonlinelibrary.com]
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4.3 | Causes of excessive fine sediment

Regardless of observed differences in the gravel bed sedimentological

characteristics and fine sediment quantities in the investigated chalk

streams, most gravel beds are over-burdened with fine sediment and

exceed quantities that are detrimental to some ecological functions.

Fine sediment quantities in gravel beds have been shown to relate to

a system's stream power (McKenzie et al., 2022; Naden et al., 2016;

Sear et al., 2008). Similarly, significant negative correlations (p < 0.01)

were observed in this study between decreasing stream power and

increasing quantities of fine sediment in the investigated gravel beds

(Appendix C). Comparison between chalk streams and other gravel-

bed systems in the United Kingdom (Figure 7) further supports this,

with the former characterised by the lowest stream powers and the

highest fine sediment quantities. Examples include the River Nadder,

which is characterised by lower fine sediment quantities and a flashier

flow regime, attributed to the Upper Greensand geology of its head-

waters, making it more responsive to rainfall events compared with

other chalk streams, which have predominantly chalk headwaters

(Barnsley et al., 2021). Similarly, the River Test has one of the lowest

stream powers and highest average fine sediment quantities. The

small difference in fine sediment quantities observed in the Test's sur-

face and subsurface layers is further evidence of low stream powers;

the stream powers are likely to be insufficient to create near bed tur-

bulence sufficient to remobilise even the finest surface sediment.

Stream power does not, however, explain all the observed varia-

tions in fine sediment quantities across the investigated chalk streams.

For example, the River Itchen has average stream powers closely com-

parable with the Upper Avon (8.76 and 8.81 Wm�2, respectively).

However, the Itchen, on average, has higher proportions of fine sedi-

ment (27.71% and 19.12%, respectively), indicating other factors. A

proposed gravel bed sediment budget separates the controlling fac-

tors of fine sediment accumulation in chalk streams into four distinct

overarching mechanisms (Mondon et al., 2021). Stream power heavily

influences three of these mechanisms: transport of fine sediment in

the water column; infiltration of fine sediment into the gravel bed and

exfiltration of fine sediment from the gravel bed. Subsequently, the

fourth mechanism, sediment supply to chalk streams, is most likely

the key influencing factor leading to high levels of fines in combina-

tion with relatively high stream power. Sediment supply to river net-

works is controlled by local catchment conditions such as sediment

source (e.g., land-use and geology) and catchment-network connectiv-

ity (Boardman et al., 2019; Upadhayay et al., 2022). For example, agri-

cultural runoff is a main contributor to fine sediment inputs in chalk

streams (e.g., Collins & Walling, 2007; Collins et al., 2009; Zhang

et al., 2014), with significant positive correlations (p < 0.01) observed

in this study between increasing proportions agricultural land and

increasing quantities of fine sediment in the investigated gravel beds

(Appendix C). Therefore, the higher proportions of arable land within

the River Itchen compared with the River Piddle (44% and 19%,

respectively), potentially explain the elevated fine sediment quantities,

most notably silts and clays (Naden et al., 2016). Agricultural inputs

are potentially further reduced in the Piddle catchment due to the

higher proportion of woodland (50% higher than the Itchen), which

acts as a sediment trap, reducing both connectivity within a catch-

ment and inputs into river channels (Pulley & Collins, 2021). The influ-

ence of sediment sources is also apparent in the Norfolk systems;

however, these differ from the Dorset and Hampshire systems as they

are predominantly influenced by local geology as opposed to the local

land-use. Most notably, the easily erodible sandy soils in the catch-

ments of North Norfolk; a consequence of ice-marginal processes, in

the Late Wolstonian age in the Babingley and Wissey catchments

F IGURE 7 Average quantities of fine
sediment (<1 and <2 mm) within the riverbeds
of chalk streams and other gravel-bed river
systems (Milan et al., 2000), compared with
system stream power. Points are grouped by
river system type. [Color figure can be viewed
at wileyonlinelibrary.com]
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(Gibbard et al., 2018) and Late Devensian age in the Stiffkey catch-

ment (Brand et al., 2002). The matrix material composition of the Nor-

folk chalk stream gravel beds supports this assertion, with these beds

having substantially higher proportions of sand-sized particles than

the Hampshire systems, which have larger proportions of silts and

clays.

4.4 | Implications for sediment management

It is evident that both the sediment-source and the transport capacity

(stream power) of a system, influence chalk stream propensity to

accumulate fine sediment. Therefore, management and targets that

address both these issues are critical. Given that the majority of chalk

stream gravel beds already have elevated proportions of fine sediment

(i.e., 89% are over-saturated with fines as defined by Wooster

et al., 2008) and that bed material is not naturally mobilised during

bankfull events, then reducing fine sediment inputs will have little

impact on the fine sediment already present. Specific stream power is

a function of a system's discharge, slope and width (Petit et al., 2005);

therefore, to alter stream power at least one of these factors must be

changed. Chalk streams are characterised by naturally low bed slopes,

which cannot be altered sufficiently to make substantial differences

to specific stream power. Increases in chalk stream discharges are also

not readily achievable, although further reductions can potentially be

managed by restricting abstraction from the chalk aquifers (Soley

et al., 2012). It is however worth noting that although abstraction

from chalk aquifers can be restricted through licensing, it will persist

for farming and potable supplies and thus, continue to influence flow

conditions in chalk streams. Therefore, only the channel width of

chalk streams can be efficiently altered with practical, readily available

and cost-effective restoration and management techniques.

However, for chalk streams to have stream powers similar to

gravel-bed systems where fine sediment quantities are consistently

low (Figure 7), it would require channel width reductions to <1 m,

which would be challenging to achieve. Therefore, alternative and

practicable approaches to management and restoration must aim for

the same effects as reducing channel width but on a reach-scale, cre-

ating local patches of higher stream power. Approaches could include,

for example, the installation of large wood to generate localised

regions of higher velocity, management of in-channel macrophytes to

generate threads of highvelocity flows, and removal of obstructions

such as weirs (Gurnell et al., 2006; Gurnell & Bertoldi, 2022; Heppell

et al., 2009; Lenders et al., 2016; Osei et al., 2015; Parker

et al., 2017). Furthermore, such mitigation options are, arguably, read-

ily achievable and cost-effective. In addition, the introduction of large

wood and aquatic macrophytes creates a heterogenous habitat within

the gravel beds which is of enhanced ecological value, via fine sedi-

ment exfiltration through increased flows and via simultaneous

sediment deposition in patches of slower flow (Cotton et al., 2006;

Gurnell et al., 2006; Heppell et al., 2009; Osei et al., 2015). Areas of

fine sediment comprise a key habitat for several protected chalk

stream species such as the larval stage of River lamprey (L. fluviatilis)

(Silva et al., 2015). Consequently, previous restoration approaches

aimed solely at the removal of fine sediment instead of the restoration

of hydrological and sedimentological processes, such as gravel wash-

ing (Pander et al., 2015), are highly detrimental for species that require

this habitat, including lamprey for recruitment (Maitland, 2003). How-

ever, further research is required to determine to what extent these

management and restoration techniques are required to reduce fine

sediment quantities within the ecologically-important surface 10 cm

of chalk stream gravel beds, whilst also taking into consideration

catchment-based sediment sources that will release material with dif-

ferent thresholds for erosion and deposition.

5 | CONCLUSIONS

The results of this study confirm that the majority of chalk stream

gravel beds are over-saturated with fine sediment. Although there are

regional variations amongst English chalk streams, even systems with

the lowest fine sediment quantities (i.e., Dorset) are exceeding critical

thresholds for detrimental ecological effects. This in part can be

explained by low stream powers precluding flushing of fines from sta-

ble gravel beds, and geological variations coupled with an increased

supply of fines from intensive agricultural practices. Chalk stream

gravel beds are therefore confirmed as sensitive to increases in fine

sediment loads. As such, sediment targets designed to combat the

problem of excessive fine sediment need to consider the generation

of flushing flows, focusing particularly on the ecologically important

surface of 10 cm. To achieve this, management and restoration

approaches could be used, including channel narrowing, management

of instream macrophytes to produce narrow threads of unvegetated

gravels, installation of large wood to locally narrow the river channel

and the removal of engineering impediments to flow (hatches, weirs

etc.). Regional differences in the chalk stream fine sediment quantities

also demonstrated the potential importance of sediment sources in

controlling accumulation rates and highlighted the need to consider

sources in the management of fine sediment. By extending our under-

standing of the sedimentary characteristics of chalk streams, the pre-

sent study highlights the need for further research to establish the

magnitude of flushing flows required to increase rates of fine sedi-

ment exfiltration. Importantly, our results highlight that current exper-

imental data are not reflective of observed natural conditions,

bringing into question the representativeness of existing models

derived from experimental data. If robust and scientifically based sedi-

ment targets are to be established, future work must address the rep-

resentativeness of such models describing the interactions between

gravel beds and infiltrating fine sediment.
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Baši�c, T., Britton, J. R., Rice, S. P., & Pledger, A. G. (2019). Does sand con-

tent in spawning substrate result in early larval emergence? Evidence

from a lithophilic cyprinid fish. Ecology of Freshwater Fish, 28(1), 110–
122. https://doi.org/10.1111/eff.12435

Bateman, S. (2012). Sources and impacts of inorganic and organic fine sed-

iment in salmonid spawning gravels in chalk rivers. Masters of Philoso-

phy, University of Southampton.

Beaumont, W. R. C., Ladle, M., & Dear, B. E. (1993). An investigation of

salmon spawning gravels in the Wessex region. Institute of Freshwater

Ecology.

Berli, B. I., Gilbert, M. J. H., Ralph, A. L., Tierney, K. B., & Burkhardt-

Holm, P. (2014). Acute exposure to a common suspended sediment

affects the swimming performance and physiology of juvenile salmo-

nids. Comp. Biochemistry and Physiology Part A: Molecular & Integrative

Physiology, 176, 1–10. https://doi.org/10.1016/j.cbpa.2014.03.013
Berrie, A. D. (1992). The chalk‐stream environment. Hydrobiologia, 248(1),

3–9. https://doi.org/10.1007/bf00008881
Beschta, R. L., & Jackson, W. L. (1979). The intrusion of fine sediments into

a stable gravel bed. Journal of the Fisheries Research Board of Canada,

36(2), 204–210. https://doi.org/10.1139/f79-030
Bickerton, M., Petts, G., Armitage, P., & Castella, E. (1993). Assessing the

ecological effects of groundwater abstraction on chalk streams: Three

examples from eastern England. Regulated Rivers: Research & Manage-

ment, 8(1–2), 121–134. https://doi.org/10.1002/rrr.3450080115
Blott, S. J., & Pye, K. (2001). GRADISTAT: A grain size distribution and sta-

tistics package for the analysis of unconsolidated sediments. Earth Sur-

face Processes and Landforms, 26(11), 1237–1248. https://doi.org/10.
1002/esp.261

Bo, T., Fenoglio, S., Malacarne, G., Pessino, M., & Sgariboldi, F. (2007).

Effects of clogging on stream macroinvertebrates: An experimental

approach. Journal of Limnology, 37(2), 186–192. https://doi.org/10.

1016/j.limno.2007.01.002

Boardman, J. (2013). Soil erosion in britain: Updating the record. Agricul-

ture, 3(3), 418–442. https://doi.org/10.3390/agriculture3030418
Boardman, J., Vandaele, K., Evans, R., & Foster, I. D. L. (2019). Off-site

impacts of soil erosion and runoff: Why connectivity is more important

than erosion rates. Soil Use and Management, 35(2), 245–256. https://
doi.org/10.1111/sum.12496

Brand, D., Booth, S. J., & Rose, J. (2002). Late Devensian glaciation, ice-

dammed lake and river diversion, Stiffkey, north Norfolk, England. Pro-

ceedings of the Yorkshire Geological Society, 54(1), 35–46. https://doi.
org/10.1144/pygs.54.1.35

Bunte, K., & Abt, S. (2001). Sampling surface and subsurface particle-size dis-

tributions in wadable gravel- and cobble-bed streams for analyses in sedi-

ment transport, hydraulics, and streambed monitoring. Fort Collins.

Bunting, G., England, J., Gething, K., Sykes, T., Webb, J., & Stubbington, R.

(2021). Aquatic and terrestrial invertebrate community responses to

drying in chalk streams. Water Environment Journal, 35(1), 229–241.
https://doi.org/10.1111/wej.12621

Carling, P. (1983). Composition and bulk properties of Dorset river gravels.

Freshwater Biological Association, Teesdale Unit.

Carling, P. A. (1984). Deposition of fine and coarse sand in an open‐work

gravel bed. Canadian Journal of Fisheries and Aquatic Sciences, 41(2),

263–270. https://doi.org/10.1139/f84-030
Carling, P. A., & Glaister, M. S. (1987). Rapid deposition of sand and gravel

mixtures downstream of a negative step: The role of matrix‐infilling
and particle‐overpassing in the process of bar‐front accretion. Journal
of the Geological Society, 144(4), 543–551. https://doi.org/10.1144/
gsjgs.144.4.0543

Carling, P. A., & Reader, N. A. (1981). A freeze-sampling technique suitable

for coarse river bed-material. Sedimentary Geology, 29(2), 233–239.
https://doi.org/10.1016/0037-0738(81)90009-9

Carling, P. A., & Reader, N. A. (1982). Structure, composition and bulk

properties of upland stream gravels. Earth Surface Processes and Land-

forms, 7(4), 349–365. https://doi.org/10.1002/esp.3290070407
Chon, H. S., Ohandja, D. G., & Voulvoulis, N. (2012). The role of sediments

as a source of metals in river catchments. Chemosphere, 88(10), 1250–
1256. https://doi.org/10.1016/j.chemosphere.2012.03.104

Church, M. A., McClean, D. G., & Wolcott, J. F. (1987). River bed gravels:

Sampling and analysis. In C. R. Thorne, J. C. Bathurst, & R. D. Heys

(Eds.), Sediment transport in gravel bed Rivers (pp. 43–79). John Wiley.

Collins, A. L., & Anthony, S. G. (2008). Asessing the likelihood of catch-

ments across England and Wales meeting ‘good ecological status’ due
to sediment contributions from agricultural sources. Environmental Sci-

ence & Policy, 11, 163–170. https://doi.org/10.1016/j.envsci.2007.

07.008

Collins, A. L., & Walling, D. E. (2007). Sources of fine sediment recovered

from the channel bed of lowland groundwater‐fed catchments in the

UK. Geomorphology, 88(1–2), 120–138. https://doi.org/10.1016/j.

geomorph.2006.10.018

Collins, A. L., Anthony, S. G., Hawley, J., & Turner, T. (2009). Predicting

potential change in agricultural sediment inputs to rivers across

England and Wales by 2015. Marine and Freshwater Research, 60(7),

626. https://doi.org/10.1071/mf08033

Collins, A. L., Jones, J. I., Sear, D. A., Naden, P. S., Skirvin, D., Zhang, Y.,

Gooday, R. D., Murphy, J. F., Lee, D., Pattison, I., Foster, I. D. L.,

Williams, L., Arnold, A., Blackburn, J. H., Duerdoth, C. P.,

Hawczak, A., Pretty, J. L., Hulin, A., Marius, M., … Hill, C. (2015).

Extending the evidence base on the ecological impacts of fine sediment

and developing a framework for targeting mitigation of agriculture sed-

iment losses. Defra.

Collins, A. L., Naden, P. S., Sear, D. A., Jones, J. I., Foster, I. D. L., &

Morrow, K. (2011). Sediment targets for informing river catchment

management: International experience and prospects. Hydrological Pro-

cesses, 25(13), 2112–2129. https://doi.org/10.1002/hyp.7965
Collins, A. L., Williams, L. J., Zhang, Y. S., Marius, M., Dungait, J. A. J.,

Smallman, D. J., Dixon, E. R., Stringfellow, A., Sear, D. A., Jones, J. I., &

Naden, P. S. (2014). Sources of sediment-bound organic matter infil-

trating spawning gravels during the incubation and emergence life

stages of salmonids. Agriculture, Ecosystems and Environment, 196, 76–
93. https://doi.org/10.1016/j.agee.2014.06.018

14 MONDON ET AL.

 15351467, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rra.4250 by U

niversity O
f Southam

pton, W
iley O

nline L
ibrary on [19/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0003-4788-6016
https://orcid.org/0000-0003-4788-6016
https://orcid.org/0000-0003-0191-6179
https://orcid.org/0000-0003-0191-6179
https://orcid.org/0000-0001-8790-8473
https://orcid.org/0000-0001-8790-8473
https://orcid.org/0000-0003-0925-5010
https://orcid.org/0000-0003-0925-5010
https://orcid.org/0000-0002-0665-0368
https://orcid.org/0000-0002-0665-0368
https://doi.org/10.1002/(SICI)1099-1085(19990228)13:3%3C447::AID-HYP749%3E3.0.CO;2-G
https://doi.org/10.1002/(SICI)1099-1085(19990228)13:3%3C447::AID-HYP749%3E3.0.CO;2-G
https://doi.org/10.3390/w13162212
https://doi.org/10.3390/w13162212
https://doi.org/10.1111/eff.12435
https://doi.org/10.1016/j.cbpa.2014.03.013
https://doi.org/10.1007/bf00008881
https://doi.org/10.1139/f79-030
https://doi.org/10.1002/rrr.3450080115
https://doi.org/10.1002/esp.261
https://doi.org/10.1002/esp.261
https://doi.org/10.1016/j.limno.2007.01.002
https://doi.org/10.1016/j.limno.2007.01.002
https://doi.org/10.3390/agriculture3030418
https://doi.org/10.1111/sum.12496
https://doi.org/10.1111/sum.12496
https://doi.org/10.1144/pygs.54.1.35
https://doi.org/10.1144/pygs.54.1.35
https://doi.org/10.1111/wej.12621
https://doi.org/10.1139/f84-030
https://doi.org/10.1144/gsjgs.144.4.0543
https://doi.org/10.1144/gsjgs.144.4.0543
https://doi.org/10.1016/0037-0738(81)90009-9
https://doi.org/10.1002/esp.3290070407
https://doi.org/10.1016/j.chemosphere.2012.03.104
https://doi.org/10.1016/j.envsci.2007.07.008
https://doi.org/10.1016/j.envsci.2007.07.008
https://doi.org/10.1016/j.geomorph.2006.10.018
https://doi.org/10.1016/j.geomorph.2006.10.018
https://doi.org/10.1071/mf08033
https://doi.org/10.1002/hyp.7965
https://doi.org/10.1016/j.agee.2014.06.018


Collins, A. L., & Zhang, Y. (2016). Exceedance of modern ‘background’
fine-grained sediment delivery to rivers due to current agricultural land

use and uptake of water pollution mitigation options across England

and Wales. Environmental Science & Policy, 61, 61–73. https://doi.org/
10.1016/j.envsci.2016.03.017

Cotton, J. A., Wharton, G., Bass, J. A. B., Heppell, C. M., & Wotton, R. S.

(2006). The effects of seasonal changes to in-stream vegetation cover

on patterns of flow and accumulation of sediment. Geomorphology,

77(3), 320–334. https://doi.org/10.1016/j.geomorph.2006.01.010

Crisp, D. T., & Carling, P. A. (1989). Observations on siting, dimensions and

structure of salmonid redds. Journal of Fish Biology, 34, 119–134.
https://doi.org/10.1111/j.1095-8649.1989.tb02962.x

Davy-Bowker, J., Sweeting, W., Wright, N., Clarke, R. T., & Arnott, S.

(2006). The distribution of benthic and hyporheic macroinvertebrates

from the heads and tails of riffles. Hydrobiology, 563(1), 109–123.
https://doi.org/10.1007/s10750-005-1482-9

DeVries, P. (2012). Salmonid influences on rivers: A geomorphic fish tail.

Geomorphology, 157-158, 66–74. https://doi.org/10.1016/j.geomorph.

2011.04.040

Diplas, P., & Parker, G. (1992). Deposition and removal of fines in gravel‐
bed streams. In P. Billi, R. D. Hey, C. R. Thorne, & P. Tacconi (Eds.),

Dynamics of gravel‐bed rivers (pp. 313–329). John Wiley.

Dudill, A., Frey, P., & Church, M. (2017). Infiltration of fine sediment into a

coarse mobile bed: A phenomenological study. Earth Surface Processes

and Landforms, 42(8), 1171–1185. https://doi.org/10.1002/esp.4080
Dunscombe, M., Robertson, A., Peralta-Maraver, I., & Shaw, P. (2018).

Community structure and functioning below the streambed across

contrasting geologies. Science of the Total Environment, 630, 1028–
1035. https://doi.org/10.1016/j.scitotenv.2018.02.274

Einstein, H. A. (1968). Deposition of suspended particles in a gravel bed.

Journal of the Hydraulics Division, 94(5), 1197–1206. https://doi.org/
10.1061/jyceaj.0001868

Environment Agency. (2021). Catchment data explorer. https://

environment.data.gov.uk/catchment-planning

Evans, R. (2017). Factors controlling soil erosion and runoff and their

impacts in the upper Wissey catchment, Norfolk, England: A ten year

monitoring programme. Earth Surface Processes and Landforms, 42(14),

2266–2279. https://doi.org/10.1002/esp.4182
Everall, N., Johnson, M., Wood, P., & Mattingley, L. (2018). Sensitivity of

the early life stages of a mayfly to fine sediment and orthophosphate

levels. Environmental Pollution, 237, 792–802. https://doi.org/10.

1016/j.envpol.2017.10.131

Frings, R. M. (2011). Sedimentary characteristics of the gravel-sand transi-

tion in the river rhine. Journal of Sedimentary Research, 81(1–2), 52–63.
https://doi.org/10.2110/jsr.2011.2

Gibbard, P. L., West, R. G., & Hughes, P. D. (2018). Pleistocene glaciation

of fenland, England, and its implications for evolution of the region.

Royal Society Open Science, 5(1), 170736. https://doi.org/10.1098/

rsos.170736

Gibson, S., Abraham, D., Heath, R., & Schoellhamer, D. (2009). Vertical gra-

dational variability of fines deposited in a gravel framework. Sedimen-

tology, 56(3), 661–676. https://doi.org/10.1111/j.1365-3091.2008.

00991.x

Gibson, S., Abraham, D., Heath, R., & Schoellhamer, D. (2010). Bridging

process threshold for sediment infiltrating into a coarse substrate.

Journal of Geotechnical and Geoenvironmental Engineering, 136(2), 402–
406. https://doi.org/10.1061/(ASCE)GT.1943-5606.0000219

Gibson, S., Heath, R., Abraham, D., & Schoellhamer, D. (2011). Visualiza-

tion and analysis of temporal trends of sand infiltration into a gravel

bed. Water Resources Research, 47(12), W12601. https://doi.org/10.

1029/2011WR010486

Grabowski, R. C., & Gurnell, A. M. (2016). Diagnosing problems of fine sed-

iment delivery and transfer in a lowland catchment. Aquatic Sciences,

78(1), 95–106. https://doi.org/10.1007/s00027-015-0426-3

Greig, S. M., Sear, D. A., & Carling, P. A. (2005). The impact of fine sedi-

ment accumulation on the survival of incubating salmon progeny:

Implications for sediment management. Science of the Total Environ-

ment, 344(1), 241–258. https://doi.org/10.1016/j.scitotenv.2005.

02.010

Greig, S. M., Sear, D. A., & Carling, P. A. (2007). A review of factors

influencing the availability of dissolved oxygen to incubating salmonid

embryos. Hydrological Processes, 21(3), 323–334. https://doi.org/10.
1002/hyp.6188

Greig, S. M., Sear, D. A., Smallman, D. J., & Carling, P. A. (2005). Impact of

clay particles on the cutaneous exchange of oxygen across the chorion

of Atlantic salmon eggs. Journal of Fish Biology, 66(6), 1681–1691.
https://doi.org/10.1111/j.0022-1112.2005.00715.x

Gurnell, A. M., & Bertoldi, W. (2022). The impact of plants on fine sedi-

ment storage within the active channels of gravel-bed rivers: A prelim-

inary assessment. Hydrological Processes, 36(7), e14637. https://doi.

org/10.1002/hyp.14637

Gurnell, A. M., Oosterhout, M. P. V., Vlieger, B. D., & Goodson, J. M.

(2006). Reach-scale interactions between aquatic plants and physical

habitat: River Frome, Dorset. River Research and Applications, 22(6),

667–680. https://doi.org/10.1002/rra.929
He, B., Smith, M., Egodawatta, P., Ayoko, G. A., Rintoul, L., &

Goonetilleke, A. (2021). Dispersal and transport of microplastics in

river sediments. Environmental Pollution, 279, 116884. https://doi.org/

10.1016/j.envpol.2021.116884

Heppell, C. M., Wharton, G., Cotton, J. A. C., Bass, J. A. B., & Roberts, S. E.

(2009). Sediment storage in the shallow hyporheic of lowland vege-

tated river reaches. Hydrological Processes, 23(15), 2239–2251.
https://doi.org/10.1002/hyp.7283

Herrero, A., & Berni, C. (2016). Sand infiltration into a gravel bed: A mathe-

matical model. Water Resources Research, 52(11), 8956–8969. https://
doi.org/10.1002/2016WR019394

Heywood, M. J. T., & Walling, D. E. (2007). The sedimentation of salmonid

spawning gravels in the Hampshire Avon catchment, UK: Implications

for the dissolved oxygen content of intragravel water and embryo sur-

vival. Hydrological Processes, 21(6), 770–788. https://doi.org/10.1002/
hyp.6266

Huston, D. L., & Fox, J. F. (2015). Clogging of fine sediment within gravel

substrates: Dimensional analysis and macroanalysis of experiments in

hydraulic flumes. Journal of Hydraulic Engineering, 141(8), 4015015.

https://doi.org/10.1061/(ASCE)HY.1943-7900.0001015

JNCC. (2021). B7. Surface water status. https://jncc.gov.uk/our-work/

ukbi-b7-surface-water-status/#key-results

Johannsen, S. S., & Armitage, P. (2010). Agricultural practice and the

effects of agricultural land-use on water quality. Freshworks Forum, 28,

45–59. https://doi.org/10.1111/1752-1688.12904
Kuhnle, R., Wren, D., Langendoen, E., & Rigby, J. (2013). Sand trans-

port over an immobile gravel substrate. Journal of Hydraulic Engi-

neering, 139, 167–176. https://doi.org/10.1061/(ASCE)HY.1943-

7900.0000615

Lambert, C. P., & Walling, D. E. (1988). Measurement of channel storage of

suspended sediment in a gravel-bed river. Catena, 15(1), 65–80.
https://doi.org/10.1016/0341-8162(88)90017-3

Larsen, S., & Ormerod, S. J. (2010). Low-level effects of inert sediments on

temperate stream invertebrates. Freshwater Biology, 55(2), 476–486.
https://doi.org/10.1111/j.1365-2427.2009.02282.x

Lenders, H. J. R., Chamuleau, T. P. M., Hendriks, A. J., Lauwerier, R. C.

G. M., Leuven, R. S. E. W., & Verberk, W. C. E. P. (2016). Historical rise

of waterpower initiated the collapse of salmon stocks. Scientific

Reports, 6, 29269. https://doi.org/10.1038/srep29269

Louhi, P., Mäki-Petäys, A., & Erkinaro, J. (2008). Spawning habitat of Atlan-

tic salmon and brown trout: General criteria and intragravel factors.

River Research and Applications, 24(3), 330–339. https://doi.org/10.
1002/rra.1072

MONDON ET AL. 15

 15351467, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rra.4250 by U

niversity O
f Southam

pton, W
iley O

nline L
ibrary on [19/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.envsci.2016.03.017
https://doi.org/10.1016/j.envsci.2016.03.017
https://doi.org/10.1016/j.geomorph.2006.01.010
https://doi.org/10.1111/j.1095-8649.1989.tb02962.x
https://doi.org/10.1007/s10750-005-1482-9
https://doi.org/10.1016/j.geomorph.2011.04.040
https://doi.org/10.1016/j.geomorph.2011.04.040
https://doi.org/10.1002/esp.4080
https://doi.org/10.1016/j.scitotenv.2018.02.274
https://doi.org/10.1061/jyceaj.0001868
https://doi.org/10.1061/jyceaj.0001868
https://environment.data.gov.uk/catchment-planning
https://environment.data.gov.uk/catchment-planning
https://doi.org/10.1002/esp.4182
https://doi.org/10.1016/j.envpol.2017.10.131
https://doi.org/10.1016/j.envpol.2017.10.131
https://doi.org/10.2110/jsr.2011.2
https://doi.org/10.1098/rsos.170736
https://doi.org/10.1098/rsos.170736
https://doi.org/10.1111/j.1365-3091.2008.00991.x
https://doi.org/10.1111/j.1365-3091.2008.00991.x
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000219
https://doi.org/10.1029/2011WR010486
https://doi.org/10.1029/2011WR010486
https://doi.org/10.1007/s00027-015-0426-3
https://doi.org/10.1016/j.scitotenv.2005.02.010
https://doi.org/10.1016/j.scitotenv.2005.02.010
https://doi.org/10.1002/hyp.6188
https://doi.org/10.1002/hyp.6188
https://doi.org/10.1111/j.0022-1112.2005.00715.x
https://doi.org/10.1002/hyp.14637
https://doi.org/10.1002/hyp.14637
https://doi.org/10.1002/rra.929
https://doi.org/10.1016/j.envpol.2021.116884
https://doi.org/10.1016/j.envpol.2021.116884
https://doi.org/10.1002/hyp.7283
https://doi.org/10.1002/2016WR019394
https://doi.org/10.1002/2016WR019394
https://doi.org/10.1002/hyp.6266
https://doi.org/10.1002/hyp.6266
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001015
https://jncc.gov.uk/our-work/ukbi-b7-surface-water-status/#key-results
https://jncc.gov.uk/our-work/ukbi-b7-surface-water-status/#key-results
https://doi.org/10.1111/1752-1688.12904
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000615
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000615
https://doi.org/10.1016/0341-8162(88)90017-3
https://doi.org/10.1111/j.1365-2427.2009.02282.x
https://doi.org/10.1038/srep29269
https://doi.org/10.1002/rra.1072
https://doi.org/10.1002/rra.1072


Mainstone, C. P. (1999). Chalk rivers – nature conservation and manage-

ment. Water Research Centre.

Maitland, P. S. (2003). Ecology of the river, brook and sea lamprey. English

Nature.

McKenzie, M., England, J., Foster, I. D. L., & Wilkes, M. A. (2022). Abiotic

predictors of fine sediment accumulation in lowland rivers. Interna-

tional Journal of Sediment Research, 37(1), 128–137. https://doi.org/
10.1016/j.ijsrc.2021.06.003

Milan, D. J. (1994). Sediment quality characteristics of salmonid spawning

grounds. PhD thesis, Loughborough University.

Milan, D. J., Petts, G. E., & Sambrook, H. (2000). Regional variations in the

sediment structure of trout streams in southern England: Benchmark

data for siltation assessment and restoration. Aquatic Conservation:

Marine and Freshwater Ecosystems, 10(6), 407–420. https://doi.org/10.
1002/1099-0755(200011/12)10:6<407::AID-AQC421>3.0.CO;2-4

Mitchell, L. T. N. (2015). An assessment of rehabilitation gravels for Salmo

trutta spawning: A case study from a small chalk stream, the river Stiff-

key, Norfolk, UK. PhD thesis, University College London.

Mondon, B., Sear, D. A., Collins, A. L., Shaw, P. J., & Sykes, T. (2021). The

scope for a system-based approach to determine fine sediment targets

for chalk streams. Catena, 206, 105541. https://doi.org/10.1016/j.

catena.2021.105541

Naden, P. S., Murphy, J. F., Old, G. H., Newman, J., Scarlett, P.,

Harman, M., Duerdoth, C. P., Hawczak, A., Pretty, J. L., Arnold, A.,

Laizé, C., Hornby, D. D., Collins, A. L., Sear, D. A., & Jones, J. I. (2016).

Understanding the controls on deposited fine sediment in the streams

of agricultural catchments. Science of the Total Environment, 547, 366–
381. https://doi.org/10.1016/j.scitotenv.2015.12.079

Núñez-González, F. (2016). Infiltration of fine sediment mixtures through

poorly sorted immobile coarse beds. Water Resources Research, 52(12),

9306–9324. https://doi.org/10.1002/2016WR019395

O'Neill, R., & Hughes, K. (2014). The state of Englands chalk streams.

WWF-UK.

Osei, N. A., Gurnell, A. M., & Harvey, G. L. (2015). The role of large wood

in retaining fine sediment, organic matter and plant propagules in a

small, single-thread forest river. Geomorphology, 235, 77–87. https://
doi.org/10.1016/j.geomorph.2015.01.031

Owens, P. N., Batalla, R. J., Collins, A. J., Gomez, B., Hicks, D. M.,

Horowitz, A. J., Kondolf, G. M., Marden, M., Page, M. J.,

Peacock, D. H., Petticrew, E. L., Salomons, W., & Trustrum, N. A.

(2005). Fine-grained sediment in river systems: Environmental signifi-

cance and management issues. River Research and Applications, 21(7),

693–717. https://doi.org/10.1002/rra.878
Pander, J., Mueller, M., & Geist, J. (2015). A comparison of four stream

substratum restoration techniques concerning interstitial conditions

and downstream effects. River Research and Applications, 31(2), 239–
255. https://doi.org/10.1002/rra.2732

Parker, C., Henshaw, A. J., Harvey, G. L., & Sayer, C. D. (2017). Reintro-

duced large wood modifies fine sediment transport and storage in a

lowland river channel. Earth Surface Processes and Landforms, 42(11),

1693–1703. https://doi.org/10.1002/esp.4123
Petit, F., Gob, F., Houbrechts, G., & Assani, A. A. (2005). Critical specific

stream power in gravel-bed rivers. Geomorphology, 69(1), 92–101.
https://doi.org/10.1016/j.geomorph.2004.12.004

Petts, G. E., Bickerton, M. A., Crawford, C., Lerner, D. N., & Evans, D.

(1999). Flow management to sustain groundwater-dominated stream

ecosystems. Hydrological Processes, 13(3), 497–513. https://doi.org/
10.1002/(SICI)1099-1085(19990228)13:3<497::AID-HYP753>3.0.

CO;2-S

Petts, G. E., Thoms, M. C., Brittain, K., & Atkin, B. (1989). A freeze-coring

technique applied to pollution by fine-grained sediment. Science of the

Total Environment, 84, 258–272. https://doi.org/10.1016/0048-9697
(89)90388-4

Pulley, S., & Collins, A. L. (2021). Can agri-environment initiatives control

sediment loss in the context of extreme winter rainfall? Journal of

Cleaner Production, 311, 127593. https://doi.org/10.1016/j.jclepro.

2021.127593

Quin, A., & Williams, P. (1999). River crake freeze coring report. Lancaster

University.

Quin, A., & Williams, P. (2000). River Leven (at Newby bridge) freeze coring.

Lancaster University.

Riley, W. D., Mason, C., Rowlatt, S. M., Maxwell, D., Campbell, S., & Hull, S.

(1999). The efficacy of river channel modification in maintaining

improvements in salmonid spawning gravels following cleaning. South-

ern Region. Final report to MAFF and Environment Agency.

Robertson, M., Scruton, D., Gregory, R., & Clarke, K. (2006). Effect of sus-

pended sediment on freshwater fish and fish habitat. Fisheries and

Oceans Canada.

Rosewarne, P. J., Svendsen, J. C., Mortimer, R. J. G., & Dunn, A. M. (2014).

Muddied waters: Suspended sediment impacts on gill structure and

aerobic scope in an endangered native and an invasive freshwater

crayfish. Hydrobiology, 722(1), 61–74. https://doi.org/10.1007/

s10750-013-1675-6

Sear, D. A., Armitage, P. D., & Dawson, F. H. (1999). Groundwater domi-

nated rivers. Hydrological Processes, 13(3), 255–276. https://doi.org/
10.1002/(SICI)1099-1085(19990228)13:3<255::AID-HYP737>3.0.

CO;2-Y

Sear, D. A., Frostick, L. E., Rollinson, G., & Lisle, T. E. (2008). The signifi-

cance and mechanics of fine-sediment infiltration and accumulation in

gravel spawning beds. In D. A. Sear & P. DeVries (Eds.), Salmonid

spawning habitat in Rivers: Physical controls, biological responses, and

approaches to remediation (Vol. 65, pp. 149–174). American Fisheries

Society.

Sear, D. A., Jones, J. I., Collins, A. L., Hulin, A., Burke, N., Bateman, S.,

Pattison, I., & Naden, P. S. (2016). Does fine sediment source as well

as quantity affect salmonid embryo mortality and development? Sci-

ence of the Total Environment, 541, 957–968. https://doi.org/10.

1016/j.scitotenv.2015.09.155

Sear, D. A., Newson, M., Old, J. C., & Hill, C. (2005). River Wensum SAC geo-

morphological audit. English Nature.

Silva, S., Gooderham, A., Forty, M., Morland, B., & Lucas, M. C. (2015). Egg

drift and hatching success in European river lamprey Lampetra fluviati-

lis: Is egg deposition in gravel vital to spawning success? Aquatic Con-

servation: Marine and Freshwater Ecosystems, 25(4), 534–543. https://
doi.org/10.1002/aqc.2486

Soley, R. W. N., Power, T., Mortimore, R. N., Shaw, P., Dottridge, J.,

Bryan, G., & Colley, I. (2012). Modelling the hydrogeology and man-

aged aquifer system of the chalk across southern England. The Geologi-

cal Society, 364(1), 129–154. https://doi.org/10.1144/SP364.10
Stubbington, R., Boulton, A., Little, S., & Wood, P. (2015). Changes in

invertebrate assemblage composition in benthic and hyporheic zones

during a severe supraseasonal drought. Freshwater Science, 34, 344–
354. https://doi.org/10.1086/679467

Thoms, M. C. (1987). Channel sedimentation within the urbanized river

tame, U.K. Regulated Rivers: Research & Management, 1(3), 229–246.
https://doi.org/10.1002/rrr.3450010304

Tomlinson, M. L., & Perrow, M. R. (2003). Ecology of the bullhead. Natural

England.

Twine, K. G. (2013). Conservation of barbel (Barbus barbus) in the river

great Ouse. PhD thesis, The University of Hull.

UKCEH. (2022). National river flow archive. https://nrfa.ceh.ac.uk/data/

search

Upadhayay, H. R., Zhang, Y., Granger, S. J., Micale, M., & Collins, A. L.

(2022). Prolonged heavy rainfall and land use drive catchment sedi-

ment source dynamics: Appraisal using multiple biotracers. Water

Research, 216, 118348. https://doi.org/10.1016/j.watres.2022.

118348

Walkotten, W. J. (1976). An improved technique for freeze sampling

streambed sediments. US Department of Agriculture, Forest Service,

Pacific Northwest Forest and Range Experiment Station.

16 MONDON ET AL.

 15351467, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rra.4250 by U

niversity O
f Southam

pton, W
iley O

nline L
ibrary on [19/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.ijsrc.2021.06.003
https://doi.org/10.1016/j.ijsrc.2021.06.003
https://doi.org/10.1002/1099-0755(200011/12)10:6%3C407::AID-AQC421%3E3.0.CO;2-4
https://doi.org/10.1002/1099-0755(200011/12)10:6%3C407::AID-AQC421%3E3.0.CO;2-4
https://doi.org/10.1016/j.catena.2021.105541
https://doi.org/10.1016/j.catena.2021.105541
https://doi.org/10.1016/j.scitotenv.2015.12.079
https://doi.org/10.1002/2016WR019395
https://doi.org/10.1016/j.geomorph.2015.01.031
https://doi.org/10.1016/j.geomorph.2015.01.031
https://doi.org/10.1002/rra.878
https://doi.org/10.1002/rra.2732
https://doi.org/10.1002/esp.4123
https://doi.org/10.1016/j.geomorph.2004.12.004
https://doi.org/10.1002/(SICI)1099-1085(19990228)13:3%3C497::AID-HYP753%3E3.0.CO;2-S
https://doi.org/10.1002/(SICI)1099-1085(19990228)13:3%3C497::AID-HYP753%3E3.0.CO;2-S
https://doi.org/10.1002/(SICI)1099-1085(19990228)13:3%3C497::AID-HYP753%3E3.0.CO;2-S
https://doi.org/10.1016/0048-9697(89)90388-4
https://doi.org/10.1016/0048-9697(89)90388-4
https://doi.org/10.1016/j.jclepro.2021.127593
https://doi.org/10.1016/j.jclepro.2021.127593
https://doi.org/10.1007/s10750-013-1675-6
https://doi.org/10.1007/s10750-013-1675-6
https://doi.org/10.1002/(SICI)1099-1085(19990228)13:3%3C255::AID-HYP737%3E3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1099-1085(19990228)13:3%3C255::AID-HYP737%3E3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1099-1085(19990228)13:3%3C255::AID-HYP737%3E3.0.CO;2-Y
https://doi.org/10.1016/j.scitotenv.2015.09.155
https://doi.org/10.1016/j.scitotenv.2015.09.155
https://doi.org/10.1002/aqc.2486
https://doi.org/10.1002/aqc.2486
https://doi.org/10.1144/SP364.10
https://doi.org/10.1086/679467
https://doi.org/10.1002/rrr.3450010304
https://nrfa.ceh.ac.uk/data/search
https://nrfa.ceh.ac.uk/data/search
https://doi.org/10.1016/j.watres.2022.118348
https://doi.org/10.1016/j.watres.2022.118348


Walling, D. E., & Amos, C. M. (1999). Source, storage and mobilisation of

fine sediment in a chalk stream system. Hydrological Processes, 13(3),

323–340. https://doi.org/10.1002/(SICI)1099-1085(19990228)13:

3<323::AID-HYP741>3.0.CO;2-K

Wentworth, C. K. (1922). A scale of grade and class terms for clastic sedi-

ments. Journal of Geology, 30(5), 377–392. https://www.jstor.org/

stable/30063207

Westrich, B., & Förstner, U. (2007). Sediment dynamics and pollutant mobil-

ity in Rivers – an interdisciplinary approach. Springer Berlin.

White, J. C., Fornaroli, R., Hill, M. J., Hannah, D. M., House, A., Colley, I.,

Perkins, M., & Wood, P. J. (2021). Long-term river invertebrate com-

munity responses to groundwater and surface water management

operations. Water Research, 189, 116651. https://doi.org/10.1016/j.

watres.2020.116651

Wilcock, P. R., & Kenworthy, S. T. (2002). A two-fraction model for the

transport of sand/gravel mixtures. Water Resources Research, 38(10),

12-1-12-12. https://doi.org/10.1029/2001WR000684

Wood, P., Toone, J., Greenwood, M., & Armitage, P. (2005). The response

of four lotic macroinvertebrate taxa to burial by sediments. Archiv für

Hydrobiologie, 163, 145–162. https://doi.org/10.1127/0003-9136/

2005/0163-0145

Wood, P. J., & Armitage, P. D. (1999). Sediment deposition in a small low-

land stream—Management implications. Regulated Rivers: Research and

Management, 15(1–3), 199–210. https://doi.org/10.1002/(SICI)1099-
1646(199901/06)15:1/3<199::AID-RRR531>3.0.CO;2-0

Wooster, J. K., Dusterhoff, S. R., Cui, Y., Sklar, L. S., Dietrich, W. E., &

Malko, M. (2008). Sediment supply and relative size distribution effects

on fine sediment infiltration into immobile gravels. Water Resources

Research, 44(3), W03424. https://doi.org/10.1029/2006WR005815

Zhang, Y., Collins, A. L., Murdoch, N., Lee, D., & Naden, P. S. (2014). Cross

sector contributions to river pollution in England and Wales: Updating

waterbody scale information to support policy delivery for the water

framework directive. Environmental Science & Policy, 42, 16–32.
https://doi.org/10.1016/j.envsci.2014.04.010

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Mondon, B., Sear, D. A., Collins, A. L.,

Shaw, P. J., & Sykes, T. (2024). The sedimentology of gravel

beds in groundwater-dominated chalk streams: Implications

for sediment modelling and management. River Research and

Applications, 1–21. https://doi.org/10.1002/rra.4250

MONDON ET AL. 17

 15351467, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rra.4250 by U

niversity O
f Southam

pton, W
iley O

nline L
ibrary on [19/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/(SICI)1099-1085(19990228)13:3%3C323::AID-HYP741%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1099-1085(19990228)13:3%3C323::AID-HYP741%3E3.0.CO;2-K
https://www.jstor.org/stable/30063207
https://www.jstor.org/stable/30063207
https://doi.org/10.1016/j.watres.2020.116651
https://doi.org/10.1016/j.watres.2020.116651
https://doi.org/10.1029/2001WR000684
https://doi.org/10.1127/0003-9136/2005/0163-0145
https://doi.org/10.1127/0003-9136/2005/0163-0145
https://doi.org/10.1002/(SICI)1099-1646(199901/06)15:1/3%3C199::AID-RRR531%3E3.0.CO;2-0
https://doi.org/10.1002/(SICI)1099-1646(199901/06)15:1/3%3C199::AID-RRR531%3E3.0.CO;2-0
https://doi.org/10.1029/2006WR005815
https://doi.org/10.1016/j.envsci.2014.04.010
https://doi.org/10.1002/rra.4250


APPENDIX A: Wentworth scale

APPENDIX B: Geometric method of moments

F IGURE A1 Wentworth scale of particle sizes (Bunte &
Abt, 2001), separating particles in size classes increasing by a factor of
two (e.g., 2–4, 4–8 and 8–16 mm). These size classes are grouped into
six major particle-size categories: boulders, cobbles, gravel, sand, silt
and clay (adapted from Wentworth, 1922). [Color figure can be
viewed at wileyonlinelibrary.com]

TABLE B1 Geometric method of moments (adapted from Blott and Pye (2001)).

Mean Sorting (standard deviation) Skewness Kurtosis

xg ¼ exp
P

f lnmm

100 σg ¼ exp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
f lnmm� lnxgð Þ2

100

q
Skg ¼

P
f lnmm� lnxgð Þ3
100lnσ3g

Kg ¼
P

f lnmm� lnxgð Þ4
100lnσ4g

Sorting σgð Þ Skewness Skgð Þ Kurtosis Kgð Þ
Very well sorted <1.27 Very fine skewed <�1.30 Very platykurtic <1.70

Well sorted 1.27–1.41 Fine skewed �1.30 to �0.43 Platykurtic 1.70–2.55

Moderately well sorted 1.4–1.62 Symmetrical �0.43 to 0.43 Mesokurtic 2.55–3.70

Moderately sorted 1.62–2.00 Coarse skewed 0.43 to 1.30 Leptokurtic 3.70–7.40

Poorly sorted 2.00–4.00 Very coarse skewed >1.30 Very leptokurtic >7.40

Very poorly sorted 4.0–16.00

Extremely poorly sorted >16.00
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APPENDIX C: Associations between quantities of fine sediment and explanatory variables

Negative significant correlations (p < 0.01) were observed between the quantities of fine sediment presence in the investigated gravel beds of

chalk streams and their stream power. Positive significant correlations (p < 0.01) were also observed between the quantities of fine sediment

presence in the investigated chalk streams and the occurrence of agricultural land.

TABLE C1 Spearman's rank correlation between proportions of fine sediment within the investigated chalk stream gravel beds and potential
explanatory variables (values with significant levels p < 0.01 are indicated by *).

Proportion of
fine sediment

Stream
power
(Wm-1)

Framework
D50 (mm)

Catchment land-use (%)

Arable Grassland Arable &
grassland

Woodland

Bulk
(0 – 40 cm)

-0.39* -0.66* 0.26* -0.12 0.38* 0.08

Surface
(0 – 10/15 cm)

-0.47* -0.82* 0.26* -0.15 0.37* 0.06

Subsurface
(10/15 – 40 cm)

-0.41* -0.72* 0.29* -0.12 0.45* 0.06

1.0

- 1.0
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APPENDIX D: Sedimentary characteristics of experimental flume studies

TABLE D1 Sedimentary
characteristics of experimental flume
studies used to determine models
describing the mechanisms of fine
sediment infiltration and accumulation
into immobile gravel beds.

Experiment Run

Bed sediment (mm) Infiltrating sediment (mm)

Depth Dgg σgg Dsg σsg

Einstein (1968) 1–5, 9–11 22.2 2.29 0.02

6–8 88.9

Beschta and Jackson (1979) 1–18, 21 305 15.0 1.57 0.50

19, 20 0.20

Carling (1984) 1–16 150 16.0 2.12 0.19

17–25 100 0.15

Diplas and Parker (1992) 1–12 2.44 2.75 0.11

13–19 0.08

Wooster et al. (2008) Zone 1 & 10 120 7.20 1.87 0.35 1.24

Zone 2 10.2 1.77

Zone 3 13.1 1.68

Zone 4 17.2 1.17

Zone 5 7.30 1.90

Zone 6 7.90 1.22

Zone 7 8.70 1.71

Zone 8 7.60 1.46

Zone 9 4.30 1.65

Gibson et al. (2009) IFS 1 100 7.10 1.37 0.43 1.70

IFS 2 0.26 1.94

IFS 3 0.21 1.55

IFS 4 0.12 1.37

Gibson et al. (2010) Zone 1 100 9.70 1.27 0.21 1.55

Zone 2 7.20 1.39

Zone 3 6.00 1.19

Zone 4 5.30 1.24

Zone 6 3.70 1.25

Zone 8 2.90 1.10

Gibson et al. (2011) S1 100 7.70 1.41 0.65 1.58

S2 0.36 1.66

S3 9.70 1.27

Kuhnle et al. (2013) 1–30 35.0 1.15 0.30

Dudill et al. (2017) Run 1 5.00 0.70

Run 2 0.90

Run 3 1.50

Run 4 2.00

Run 5 3.00

Run 6 4.00
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APPENDIX E: Surface vs. subsurface GSDs

F IGURE E1 Mean GSD curves for each of the chalk stream gravel beds investigated, coloured by surface (0–10 cm) and subsurface (10–
40 cm) layers, as depicted in the figure legend. The Rivers Babingley and Wissey are separated by surface (0–15 cm) and subsurface (15–30 cm)
layers based on data reported in the original investigation. [Color figure can be viewed at wileyonlinelibrary.com]
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