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Abstract

The mobilization and mixing of sediments by the activities of streambed inhabitants, referred to as sediment reworking, con-

stantly modify the physical and hydraulic properties of streambeds. However, limited progress has been made to explore the

influence of this sediment-organism interaction on hyporheic exchange. In this work, we advance the understanding of the role of

macroinvertebrate sediment reworking in altering the hyporheic exchange flows in clogged streambeds. Laboratory experiments

are conducted in re-circulating flumes following a control (clogging) and treatment (clogging + sediment reworking) based de-

sign. The experiments involve studying the interaction of model organisms (Lumbriculus variegatus) with fine sediment (clay)

deposits, and its subsequent influence on hyporheic flow regime in homogenous model streambeds comprising fine sand, coarse

sand, and gravel sediments. We observe that model organisms burrowed extensively into the clogging layer, mixed the clay

particles with underlying grains, and eventually eroded or disintegrated the clogging layer at the bed surface in the treatment

flumes. As a consequence, the treatment flumes exhibited greater solute penetration depth, shorter median and mean residence

times, and higher hyporheic flux compared to their respective control flumes. The results also suggest that the modification

of hyporheic exchange flows depends on the overall reworking of the beds including both fine and substrate sediments. The

alteration of hydro-physical properties of streambeds and subsequently the hyporheic flow regime due to sediment reworking

has direct implications for the biogeochemistry of hyporheic zones and may impact the overall quality of surface and sub-surface

waters, particularly in low flow environments.
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Abstract 17 

The mobilization and mixing of sediments by the activities of streambed inhabitants, referred to 18 

as sediment reworking, constantly modify the physical and hydraulic properties of streambeds. 19 

However, limited progress has been made to explore the influence of this sediment-organism 20 

interaction on hyporheic exchange. In this work, we advance the understanding of the role of 21 

macroinvertebrate sediment reworking in altering the hyporheic exchange flows in clogged 22 

streambeds. Laboratory experiments are conducted in re-circulating flumes following a control 23 

(clogging) and treatment (clogging + sediment reworking) based design. The experiments 24 

involve studying the interaction of model organisms (Lumbriculus variegatus) with fine 25 

sediment (clay) deposits, and its subsequent influence on hyporheic flow regime in homogenous 26 

model streambeds comprising fine sand, coarse sand, and gravel sediments. We observe that 27 

model organisms burrowed extensively into the clogging layer, mixed the clay particles with 28 

underlying grains, and eventually eroded or disintegrated the clogging layer at the bed surface in 29 

the treatment flumes. As a consequence, the treatment flumes exhibited greater solute penetration 30 

depth, shorter median and mean residence times, and higher hyporheic flux compared to their 31 

respective control flumes. The results also suggest that the modification of hyporheic exchange 32 

flows depends on the overall reworking of the beds including both fine and substrate sediments. 33 

The alteration of hydro-physical properties of streambeds and subsequently the hyporheic flow 34 

regime due to sediment reworking has direct implications for the biogeochemistry of hyporheic 35 

zones and may impact the overall quality of surface and sub-surface waters, particularly in low 36 

flow environments. 37 

Plain Language Summary 38 

The stream-groundwater exchange underpins several critical ecosystem services such as natural 39 

processing of nutrients/contaminants and any modification to the exchange flows will directly 40 

influence the overall quality of both surface and sub-surface waters. It is well known that the 41 

accumulation of fine sediments could clog the streambeds and hamper the exchange of water and 42 

energy across the sediment-water interface. In addition to the presence of fine sediments, 43 

streambeds host a range of faunal organisms such as macroinvertebrates that burrow, feed, and 44 

excrete in the sediments, however, little is known how these activities could modify the hydro-45 

physical properties of clogged streambeds and consequently the exchange flows. In this work, 46 

we conduct laboratory experiments in Perspex built long channels to simulate a streamflow 47 

environment. These channels were filled with sediments to mimic streambeds which were 48 

clogged with clay particles (fine sediment). The results reveal that the activities of sample 49 

macroinvertebrates could penetrate and disintegrate the clay deposits. This enhances the rate of 50 

transfer of water molecules across the streambeds, reduces the time they reside in the bed, and 51 

increases the exchange depth. The modification of the exchange characteristics has direct 52 

consequences for the overall functioning of stream ecosystems. 53 

1 Introduction 54 

Hyporheic zone is regarded as a unique ecotone facilitating the exchange of mass and 55 

energy between the groundwater and stream. The two-way exchange across the sediment-water 56 

interface (SWI) in streams (referred to as hyporheic exchange) underpins several ecosystem 57 

functions such as natural processing of nutrients/pollutants [Bardini et al., 2012; Gandy et al., 58 

2007] and supporting sub-surface ecology [Brunke and Gonser, 1997]. The physical (e.g. bed 59 

morphology) and hydraulic (e.g. bed permeability or closely related hydraulic conductivity) 60 
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properties of streambeds are among the major drivers of hyporheic exchange, particularly at 61 

small scales [Bardini et al., 2012; Aaron I Packman and Salehin, 2003; Storey et al., 2003]. 62 

These hydro-physical properties of streambeds and consequently the hyporheic exchange flows 63 

could be modified due to several in-stream processes among which fine sediment clogging 64 

(abiotic) and sediment reworking by streambed inhabitants (biotic) are the critical ones 65 

[Shrivastava et al., 2020b]. It is important to comprehend the alteration in hyporheic flow regime 66 

(e.g. flux, residence times, and depth of exchange) as it has direct implications on the overall 67 

quality of surface and sub-surface waters. While the influence of fine sediment clogging on 68 

hyporheic exchange has been subject to extensive research in the past, little is known about how 69 

the activities of faunal organisms could modify the exchange across SWI in stream ecosystems. 70 

The focus of this work is to advance the understanding of the impact of the in-stream faunal 71 

organisms on their physical habitat and subsequently on the hyporheic flow regime. 72 

Sediment reworking is described as the mobilization and mixing of sediments due to the 73 

activities such as locomotion, burrowing, feeding, and excretion performed by the aquatic 74 

organisms inhabiting sediment beds [Kristensen et al., 2012]. For instance, polychaetes’ 75 

activities such as ingestion of sediments, deposition of fecal pellets, and construction of tubes 76 

have been observed to rework the tidal sediments up to a depth of 30 cm [Rhoads, 1967]. 77 

Similarly, ostracods (also known as seed shrimp) of average size ~0.5 mm were observed to 78 

construct burrows up to a depth of 4 mm leading to re-mobilization of marine sediments [Cullen, 79 

1973]. In freshwater environments, the influence of sediment reworking by fish (e.g. salmon) 80 

and crustacean (e.g. crayfish) species on sediment mobilization and transport has been 81 

documented [Gottesfeld et al., 2004; Johnson et al., 2011]. Streambeds also host a wide range of 82 

oligochaetes with some of the organisms observed at a density as high as 10
6
 individuals.m

-2
 83 

(e.g. Tubifex tubifex) [Brinkhurst and Kennedy, 1965]. These invertebrates could construct a 84 

dense network of galleries, for instance, burrows of depth up to 5 cm and a diameter ranging 85 

from 1-6 mm have been observed in streambeds [Song et al., 2010]. 86 

Compared to marine ecosystems, there is limited understanding of the influence of 87 

sediment reworking organisms on modifying the properties of their habitat and subsequently the 88 

exchange of mass and solutes across the SWI in stream ecosystems [Marmonier et al., 2012]. 89 

Most of the previous experimental work related to sediment reworking in freshwater sediments 90 

has been conducted in small mesocosms [Anschutz et al., 2012; Morad et al., 2010] or 91 

infiltration columns [Mermillod-Blondin et al., 2001; Mermillod‐Blondin et al., 2003; Geraldine 92 

Nogaro et al., 2006]. The results from these experiments may have limited applicability to 93 

flowing water (or lotic) environments where complex hydrodynamic conditions can be produced 94 

by the interaction of flow and channel boundary. To better represent the flow conditions in 95 

streams, in our recent work [Shrivastava et al., 2021], we conducted experiments in long re-96 

circulating hydraulic flumes and demonstrated that sediment reworking by macroinvertebrates 97 

could significantly alter the hyporheic flow regime, particularly in low flow environments (e.g. 98 

during dry season or in regulated streams that experience less frequent floods). 99 

Stream water is generally laden with fine sediments that deposit on/into the streambeds, a 100 

process described as fine sediment clogging [Brunke, 1999; Schälchli, 1992]. Accumulation of 101 

fine materials in a coarser streambed alters its composition and structure [Beschta and Jackson, 102 

1979; Ryan and Packman, 2006] and subsequently impacts the overall stream ecosystem 103 

functioning [Brunke and Gonser, 1997; Hartwig et al., 2012; Géraldine Nogaro et al., 2010; 104 

Ongley et al., 1992]. Particularly, clogging of the streambeds has a negative influence on sub-105 
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surface ecology and has been associated with the reduction in stream biodiversity [J I Jones et 106 

al., 2012; Wood and Armitage, 1997]. However, certain species such as Chironomid and 107 

Oligochaetes have been reported as tolerant of excessive fine sediment input to streams [Datry et 108 

al., 2003; Lenat et al., 1981; Zweig and Rabeni, 2001]. It can be expected that these organisms 109 

could rework the fine sediment deposits and modify the hydro-physical properties of streambeds 110 

leading to alteration of the hyporheic flow regime. 111 

In the current work, we focus on assessing the interactions of sediment reworking 112 

organisms with fine sediment deposits on/into the streambeds and the subsequent influence on 113 

hyporheic exchange flows in stream ecosystems. More specifically, we conduct experiments in 114 

re-circulating flumes following control and treatment-based design to study the role of model 115 

organisms (Lumbriculus variegatus) in re-mobilizing the accumulated fine sediments (clay) in 116 

homogenous streambeds of different sedimentary composition (fine sand, coarse sand, and 117 

gravel). Dye tracer tests are performed to evaluate the hyporheic flux, residence times, and 118 

exchange depths in the control and treatment flumes. 119 

2 Experimental methods 120 

121 
Figure 1: Lumbriculus variegatus used as model sediment reworking organisms in the 122 

experiments, and b) one of the re-circulating flumes with dune-shaped gravel streambeds. 123 

2.1 Model bioturbating organisms 124 

Lumbriculus variegatus (commonly known as California blackworms), were used as 125 

model organisms (Figure 1a). L. variegatus (hereafter referred to as worms) are freshwater 126 

oligochaetes that prefer to dwell in shallow sub-surface regions of lakes or marshes feeding on 127 

organic material and microorganisms [Govedich et al., 2010]. However, these worms have been 128 

also observed in the river environments [Datry et al., 2010]. The typical behavior of these 129 

burrowing organisms is to keep their head down into the sediment bed to forage and tail up in the 130 

water to facilitate gas exchange [Work et al., 2002]. This behavior is similar to several other 131 

sediment reworking invertebrates such as tubificid worms, which are found readily in streams 132 

[Brinkhurst and Kennedy, 1965]. These worms could tolerate harsh environmental conditions 133 

and have been extensively used in several toxicological studies related to freshwater sediments 134 

[Blankson and Klerks, 2016; Leppänen and Kukkonen, 1998]. 135 
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2.2 Flume set up and bed materials 136 

The experiments were performed in the Sexton Ecohydraulics laboratory at The 137 

University of Melbourne using six Perspex recirculating flumes, each having dimensions 3 m (L) 138 

x 0.2 m (W) x 0.4 m (D) (Figure 1b, additional details related to the flume set up can be found in 139 

Shrivastava et al. [2020a]). The flow rates in the flumes were controlled by a pump controller 140 

and measured using GPI-TM series flowmeters. The slopes could be adjusted using scissor-jacks 141 

at the upstream end. Both flow rates (1.6 L.s
-1

) and slopes (1:300, V:H) were fine-tuned to attain 142 

uniform flow in the flumes to achieve an average flow depth of 9 cm. The flow velocity (~8.7 143 

cm.s
-1

) was obtained by dividing the flow rate by cross-sectional area (flume width x flow 144 

depth). These hydraulic variables were kept constant during the experiments and were similar 145 

across all the flumes. The experiments were conducted using tap water (pH = 6.7, salinity = 220 146 

S.cm
-1

). The evaporative loss over time was checked (on alternate days) by adding tap water 147 

into the flumes to maintain constant flow depth and water volume throughout the 148 

experimentation period.  149 

Fine sand (indexed as FS, D50 = 0.28 mm, porosity = 0.45), coarse sand (indexed as CS, 150 

D50 = 1.7 mm, porosity = 0.37), and gravel (indexed as G, D50 = 5.5 mm, porosity = 0.38) grains 151 

were washed to remove any foreign material (e.g. dirt) before filling into the flumes to form 152 

compositionally homogenous streambeds. Each grain type was filled into two flumes (one 153 

control- without organisms and another treatment- with organisms) and dune-shaped model 154 

streambeds with an average depth of 30 cm (based on 20 measurements performed from the base 155 

of the flume to the top of sand bed) were obtained. As the hyporheic exchange is sensitive to bed 156 

morphology [Chen et al., 2018], the dunes were shaped by hand to ensure that the dune height (3 157 

cm) and the distance between two consecutive dunes’ troughs or crests (24 cm) are uniform 158 

across all the experimental flumes at the start of experiments (Figure 1b). In each of the flumes, a 159 

known mass of ball clay (d50 = 0.006 mm) was introduced as fine sediments to clog the beds 160 

(400 gm in flumes with fine and coarse sand grains and 800 gm in flumes with gravel grains). A 161 

detailed procedure of clay addition into the experimental flumes is presented in [Shrivastava et 162 

al., 2020a]. It took approximately 5, 3, and 2 days in flumes with fine sand, coarse sand and 163 

gravel grains respectively for clay particles to settle on/into the streambeds. The clogging 164 

profiles were assessed manually from the flume walls (based on 20 measurements between crests 165 

and troughs) and no re-suspension was observed visually throughout the experiments. 166 

After the clay had deposited on/into the bed, pumps were turned off in all the treatment 167 

flumes and worms were introduced to achieve a density of ~9000 individuals.m
-2

 which is 168 

commonly found in natural environments [Cook, 1969]. The worms were fed (only once 169 

throughout the experimentation period) with fish food after their introduction and the flow in 170 

treatment flumes was reinstated after ~2 days. The flow velocity in the flumes was low enough 171 

to not erode both fine particles and worms. The worms were recovered from the flumes at the 172 

end of the experiments by manually digging the top surface of the bed. The spatial distribution 173 

and depths traversed by worms in the sediment beds were assessed through direct observations 174 

from the flume walls and during worm recovery. 175 

2.3 Tracer test to measure hyporheic exchange 176 

In this work, the hyporheic exchange was assessed by injecting a fluorescent dye tracer 177 

(Rhodamine WT) into the water column at downstream end of the experimental flumes after 15 178 

days of worms’ addition. The dye was added slowly over one re-circulation cycle of water (~90 179 
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sec) to ensure rapid and homogenous dye mixing, and its concentration in the water column was 180 

measured (two-minute interval) using Turner Designs Cyclops 7 sensors. The dye concentration 181 

in the water column decreases over time due to exchange with the pore water until an 182 

equilibrium (rate of change of dye concentration in the water column is close to 0) is reached 183 

leading to uniform dye concentrations in the water column and hyporheic zone. The experiments 184 

were ceased after this equilibrium condition was attained. The dye behaved inertly as also 185 

observed in our previous works [Shrivastava et al., 2020a; 2021]. The experiments were done in 186 

a closed room avoiding any direct contact of the dye with the sunlight to prevent its 187 

photochemical decay. 188 

The methodology to estimate the characteristics of hyporheic exchange (i.e., the 189 

hyporheic flux, residence time distributions, and exchange depths) are only briefly discussed 190 

here, a detailed description is presented in [Shrivastava et al., 2021]. The hyporheic flux (𝑞, 191 

m.min
-1

) was estimated from the initial gradient of the temperature-corrected time-series 192 

concentration of dye in the water column. An exponential equation is fitted (using principles of 193 

least squares) to the temperature-corrected time series of dye concentration and the mathematical 194 

function for the observed concentration profile is obtained. The observed and fitted concentration 195 

profiles match closely as indicated by the root mean square errors (less than 0.0065 for all 196 

curves). Using the mathematical function for the observed dye concentration and the approach 197 

presented in Elliott and Brooks [1997], the residence time distribution function (denotes the 198 

fraction of solutes that entered the bed at time t = 0 and still remain in bed at a time t = τ) and 199 

subsequently the median (𝑅𝑇𝑚𝑒𝑑 , min) and mean (𝑅𝑇𝑚𝑒𝑎𝑛, min) residence times were obtained. 200 

A mass balance of dye at beginning and end of the experiment was established based on the 201 

equilibrium dye concentration and the volume of water in hyporheic zone (𝑉𝑝, m3
) which mixes 202 

with the surface water was obtained. The equivalent dye penetration depth (𝑑̅) or the depth of 203 

exchange was obtained as the ratio Vp to bed plan area (A, m
2
). Further, the average hyporheic 204 

flux is dependent on both the depth of exchange and mean residence times (𝑅𝑇𝑚𝑒𝑎𝑛). Thus, 205 

another estimate of average hyporheic flux (𝑞′, m.min
-1

) was calculated from the ratio of 𝑑̅ to 206 

𝑅𝑇𝑚𝑒𝑎𝑛. 207 

3 Results 208 

3.1 Clogging profiles in control and treatment (prior to worms’ addition) flumes  209 

Both control and treatment flumes for each sediment type exhibited similar clogging 210 

profiles. In beds with fine sand, a superficial clogging layer of average depth ~4 mm was 211 

deposited on the top and no infiltration of fine sediment was visible through flume walls (Figure 212 

2a). In coarse sand beds, fine sediments largely deposited on top of the beds to form a clogging 213 

layer of average depth ~3 mm (shallow infiltration of ~0.2 mm were observed at some locations) 214 

(Figure 3a). In gravelly substrate, both infiltration of fine sediments into the bed (average depth 215 

~4.8 cm) and deposition on the surface (~2.4 mm) were observed (Figure 4a). These depositional 216 

patterns match closely to clogging profiles observed in our previous work [Shrivastava et al., 217 

2020a]. 218 

3.2 Observation of worm activity and disturbance to clay deposits 219 

In treatment flume with fine sand (FS-T), the worms were found concentrated in the top 2-3 cm 220 

as noted in previous experimental studies [Roche et al., 2016; Shrivastava et al., 2021] and the 221 

holes or burrows dug by them were visible at the bed surface (Figure 2b and 2d). On contrary, in 222 
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coarse-bedded treatment flumes (coarse sand and gravel grains), worms navigated to deeper bed 223 

regions as observed from the flume walls. Worms were distributed randomly across the depth of 224 

the bed in treatment flume with coarse sand (CS-T) (Figure 3b) whereas, a significant proportion 225 

of worms almost reached to the bottom of the flume with gravel bed (G-T) leaving only a few 226 

worms reworking the top layer. Nearly 85-90% of worms were recovered at the end of 227 

experiments. 228 

 229 

Figure 2: State of the treatment flume with fine sand grains (FS-T) as observed from the flume 230 

walls during the experiments – a) before addition of worms, b) on Day 7 after worms’ addition, 231 

and c) on Day 15 after worms’ addition. The top view of the flume on Day 10 (d) illustrates the 232 

holes/burrows and tails of the worms and the disappearance of clogging layer from the bed 233 

surface as a result of sediment reworking. 234 

The visual observations through flume walls in treatment flumes indicate that clay 235 

particles were transported to deeper bed regions and mixed with underlying sediments in all the 236 

treatment flumes. In FS-T, the interface between the fine sand and clay layer progressively 237 

dissolved due to mixing of sediments by the worms (Figure 2b and 2c) exposing the top surface 238 

of the sand bed at some locations (Figure 2d). The clay particles were observed to be mixed with 239 

the sand grains up to a depth of ~2 cm. In CS-T, clay particles were transported up to a depth of 240 

~3 cm (Figure 3c) and disintegration of surficial clogging layer was also observed (Figure 3d). 241 

For the gravel substratum, the clay layer on the top disappeared and the infiltrated clay particles 242 

were re-worked to un-clog the pores in the top 5 cm of the bed (Figure 4b-d). 243 

3.3 Hyporheic exchange characteristics 244 

The 𝑞 (estimated from the slope of curves presented in Figure 5a-c) were highest in 245 

flumes with gravel and lowest in flumes with fine sand. For all three sediment types, treatment 246 

flumes exhibited higher 𝑞 than their respective control flumes (Table 1). The 𝑞 in treatment 247 

flumes with coarse grains (CS-T and G-T) and fine sand (FS-T) were higher by over ~50% and 248 
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~25% respectively than their respective control flumes. The estimates of 𝑞′ were consistently 249 

lower and within 70% of the 𝑞.  250 

251 
Figure 3: State of the treatment flume with coarse sand grains (CS-T) as observed from the 252 

flume wall during the experiments – a) before addition of worms, b) on Day 7 after worms’ 253 

addition, and c) on Day 15 after worms’ addition. The top view of the flume on Day 10 (d) 254 

illustrates the holes/burrows and disintegration of the deposited clay layer due to the activities of 255 

model sediment reworking organisms. 256 

Table 1: Calculated exchange characteristics in control (C) and treatment (T) flumes with fine 257 

sand (FS), coarse sand (CS), and gravel (G) grains. 𝑅𝑇𝑚𝑒𝑑 and 𝑅𝑇𝑚𝑒𝑎𝑛 represents the median 258 

and mean residence times respectively, 𝑑̅ represent the equivalent dye penetration depth, and q 259 

and q’ represent the hyporheic fluxes estimated from the initial gradient of the tracer 260 

concentration decay curves and as the ratio of 𝑑̅ to 𝑅𝑇𝑚𝑒𝑎𝑛 respectively. 261 

Flume index 
𝑅𝑇𝑚𝑒𝑑 

(min) 

𝑅𝑇𝑚𝑒𝑎𝑛 

(min) 

𝑑̅ 

(m) 

𝑞 x10
-5 

(m.min
-1

) 

𝑞′ x10
-5 

(m.min
-1

) 

FS-C 2426 3781 0.035 1.23 0.95 

FS-T 864 3596 0.050 1.53 1.39 

CS-C 804 1769 0.219 17 12 

CS-T 346 1069 0.238 27 22 

G-C 110 223 0.165 92 74 

G-T 56 139 0.173 140 125 

The residence time distributions for all the experimental flumes are presented in Figure 262 

5d. For each sediment type, the 𝑅𝑇𝑚𝑒𝑑 and 𝑅𝑇𝑚𝑒𝑎𝑛 were shorter in treatment flumes compared to 263 
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their respective control flumes (Table 1). The calculated 𝑑̅ was greatest in coarse sand and 264 

smallest in fine sand beds. For each sediment type, the treatment flume exhibited higher 𝑑̅ 265 

compared to the respective control flume. The 𝑑̅ in FS-T, CS-T, and G-T was higher by ~42%, 266 

~10% and, ~5% respectively than their respective control flumes. Note that the beds in 267 

experimental flumes were not completely mixed with surface water. 268 

269 
Figure 4: State of the treatment flume with gravel grains (G-T) as observed from the flume wall 270 

during the experiments – a) before addition of worms, b) on Day 7 after worms’ addition, and c) 271 

on Day 15 after worms’ addition. The top view of the flume on Day 10 (d) illustrates the 272 

disappearance of clogging layer from the bed surface as a result of sediment reworking by model 273 

organisms. 274 

4 Discussions 275 

4.1 Disturbance to model streambeds 276 

The model organisms reworked the fine sediments that were deposited on/into the bed. 277 

Sediment reworking either transported the clay particles from the surface to underlying bed 278 

regions or potentially re-suspended the deposited particles into the water column. The transport 279 

of clay particles into the bed and their subsequent mixing with the underlying grains occurred 280 

due to activities such as burrowing, feeding, and excretion. These activities may have also 281 

loosened up the clogging layer leading to erosion of the fine particles at the interface followed by 282 

re-suspension in the surface water. In addition to sediment reworking, mobilization of fines 283 

would have partially occurred due to hyporheic flow, particularly in treatments with coarse 284 

grains. However, any movement of fine sediments occurred only after the worms disturbed the 285 

clay deposits at the top. 286 

In a conceptual model presented in Shrivastava et al. [2021], it was proposed that the 287 

modification to structure and hydraulic properties of streambed due to sediment reworking 288 
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depends on the size of an organism and the composition of sub-surface sediment (e.g. fine or 289 

coarse). The experimental findings from the current work strengthen the ideas presented in the 290 

conceptual model. In all the treatment flumes, the clay layer deposited at the bed surface was 291 

disturbed readily as the relative size of clay particles and interstitial pores are likely to be much 292 

smaller than the model organisms. However, the interaction of worms with the underlying 293 

sediments differed amongst the treatment flumes. In FS-T, the pore sizes are expected to be 294 

smaller than the size of worms which could have potentially resulted in re-mobilization of sand 295 

grains (along with the clay particles) and development of macro-pores due to worms’ activities 296 

(e.g. burrowing). On contrary, in CS-T and G-T, the visual observations suggest that worms 297 

easily moved within the large pores after penetrating the clogging layer leaving the sediment 298 

structure in the bed layers largely undisturbed. Further, mobilization of coarse grains was limited 299 

due to their much larger size compared to fine sand. 300 

 301 

Figure 5: The observed (markers) and fitted (lines) temperature-corrected normalized dye 302 

concentration in the water column of experimental flumes with a) fine sand b) coarse sand and c) 303 

gravel, and d) flux weighted cumulative residence time distributions for the control and treatment 304 

flumes of all sediment types. 305 

4.2 Influence on hyporheic exchange 306 

The accumulated clay particles formed a seal of low permeability clogging layer which 307 

potentially inhibited dye transport in the control flumes. The digging of clogged beds and 308 

construction of burrows destroyed the fine sediment layer and exposed the underlying coarser 309 
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bed grains. Consequently, the vertical transport of dye in treatment flumes was enhanced leading 310 

to greater 𝑑̅ compared to the control flume of each sediment type. The bed permeability at the 311 

SWI in treatment flumes is expected to be higher than the control flume due to reworking of the 312 

clogging layer. As a result, the dye is exchanged rapidly across the SWI which potentially caused 313 

shorter 𝑅𝑇𝑚𝑒𝑑 and 𝑅𝑇𝑚𝑒𝑎𝑛 in the former. For the same reasons, 𝑞 in treatment flumes for each 314 

sediment type was higher than its respective control flume. The 𝑞′ in treatment flumes were 315 

higher than their respective control flumes due to greater 𝑑̅ and shorter 𝑅𝑇𝑚𝑒𝑎𝑛 in the former. 316 

The modification of hyporheic flow across the treatments of different grain sizes was 317 

dependent on the overall degree of bed disturbance due to the interaction of worms with the 318 

clogging layer and underlying bed grains. For instance, in coarse-bedded treatment flumes, the 319 

destruction of clogging layer at the top supported rapid vertical exchange leading to shorter 320 

𝑅𝑇𝑚𝑒𝑎𝑛 and higher hyporheic fluxes compared to their respective control flumes. However, the 321 

flow in underlying sediment layers of these flumes is expected to not alter to a great extent as the 322 

reworking activities could only marginally influence the structure and hydraulic properties of 323 

coarse-grained bed (as described in section 4.1). Consequently, the exchange depths in CS-T and 324 

G-T were only slightly greater than their respective control flumes. Contrastingly, in treatment 325 

flumes with fine sand, worms were able to mix and mobilize the sand grains and built extensive 326 

burrows in the top layer of bed sediments leading to deeper dye transport in FS-T compared to 327 

FS-C. 328 

The results related to sediment bed disturbance from our experiments are consistent with 329 

earlier findings from laboratory experiments conducted in slow infiltration columns [Geraldine 330 

Nogaro et al., 2006]. The authors reported that certain macroinvertebrates could potentially 331 

reduce clogging and maintain high hydraulic conductivity in the bed sediments. However, the 332 

effects of modification of hydraulic properties on exchange across SWI in vertical columns could 333 

not be translated to lotic environments where water and solutes are driven in and out of the bed 334 

due to stream flow over undulated bed surface. The re-circulating flume setup is a better 335 

representation of the stream environment and has been extensively used to study hyporheic 336 

exchange in the past [Aaron I. Packman and MacKay, 2003; Rehg et al., 2005; Salehin et al., 337 

2004]. Thus, our experimental observations of alteration in dune-induced hyporheic flow in 338 

clogged streambeds due to the activities of macroinvertebrates are more relevant than previous 339 

laboratory investigations. 340 

4.3 Implications of the work 341 

The permeabilities in natural streambeds have been reported to vary over several orders 342 

of magnitude [Calver, 2001] and the justification for this variability has been largely based on 343 

the deposition or erosion of fine sediments with the streamflow [Cardenas and Zlotnik, 2003; 344 

Leek et al., 2009; Levy et al., 2011; Wu et al., 2015]. Our previous theoretical and experimental 345 

work has provided evidence of the modification of bed permeability due to the burrowing, 346 

feeding, and excretion behavior of the in-stream fauna. The findings from current experiments 347 

further advance our understanding of the sediment-organism interactions and suggest that 348 

sediment reworking organisms could potentially mobilize fine sediments within the bed or re-349 

suspend them into the surface water. By doing so, these organisms are capable of altering the 350 

permeability of clogged streambeds. Moreover, both longitudinal transport [Gottesfeld et al., 351 

2004; Statzner et al., 1996] or consolidation of fine particles [Cardinale et al., 2004] could occur 352 

based on the reworking behavior of the organisms which might influence the bed 353 
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morphodynamics. This ability of streambed inhabitants to influence fine sediment dynamics in 354 

streams has implications on existing sediment transport theories that largely ignore biotic 355 

influences on fate and transport of fine sediments. 356 

With the ability to modify streambed properties and subsequently the hyporheic flow 357 

regime, sediment reworking organisms could also potentially influence the biogeochemistry of 358 

hyporheic zones. The rates of processing of nutrients and pollutants would get affected by the 359 

modification in hyporheic flux and residence times of solutes in the biologically reworked zones 360 

of streambeds. Additionally, macroinvertebrates are regarded as ecosystem engineers [C G Jones 361 

et al., 1994], and can potentially modify the structure and composition of microbial communities 362 

in the hyporheic zones by regulating the availability of resources. For instance, clogged 363 

streambeds are generally characterized by an impeded supply of oxygen to the sub-surface 364 

sediments that could result in the development of anoxic environments in deeper bed regions 365 

supporting the activities of anaerobic organisms. However, mitigation of clogging due to 366 

sediment reworking could potentially improve the vertical connectivity and supply oxygen from 367 

surface water to deeper regions and stimulate activities of aerobic organisms. The modulation in 368 

biologically mediated chemical transformations of solutes would potentially influence the overall 369 

quality of surface and sub-surface waters and thus has implications for stream management and 370 

conservation programs that aim to restore biogeochemical functions in streams. 371 

4.4 Limitations and future directions 372 

These experiments provide valuable insights into the interaction of sediment reworking 373 

organisms with the accumulated fine sediments in a streambed. However, the experimental 374 

flumes and flow conditions are yet a simplistic representation of the stream environment. For 375 

instance, the beds were homogenous and the flow regime (e.g. flow velocity and depth) was such 376 

that no erosion of fine/bed sediments or model organisms occurred during the experiments. The 377 

degree of sediment reworking and its influence on hyporheic exchange flows would be 378 

expectedly different had the bed or organisms were unstable. Further, these experiments 379 

demonstrate the interplay of just one species with the fine sediment deposits. However, natural 380 

streambeds host a range of organisms exhibiting different sizes and reworking behaviors. The 381 

prey-predator relationships between the inhabitants may play a critical role in determining how 382 

the streambed properties would be influenced. Additionally, the experiments were conducted in a 383 

controlled environment and did not incorporate the impact of environmental variables such as 384 

availability of nutrients and conducive temperature regime [Fortino, 2006; Malard et al., 2003; 385 

Mermillod‐Blondin et al., 2004; Palmer, 1990; Shelton et al., 2016] on the biological reworking 386 

of sediment beds. Clearly, comprehending the influence of  sediment reworking organisms on 387 

streambed processes is complicated and we call for performing more intensive laboratory 388 

experiments under variable physico-chemical and biological environments. Also, field evidence 389 

of the modification of hydro-physical properties of streambeds due to feedback mechanisms 390 

between the fine sediment clogging and sediment reworking processes are rare, thus future 391 

research must be also directed to study impacts of sediment-organism interactions at large scales. 392 

5 Conclusions 393 

Laboratory experiments in re-circulating flumes were conducted to investigate the effects 394 

of sediment reworking by macroinvertebrates on hyporheic exchange in compositionally 395 

different streambeds clogged with clay-sized fine sediments. The model organisms, Lumbriculus 396 
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variegatus, re-worked the deposited clogging layer leading to enhanced vertical hydrological 397 

connectivity in treatment flumes compared to control flumes. For treatment flume of each 398 

sediment size, the penetration depths were greater, mean and median residence times were 399 

shorter, and hyporheic fluxes were higher than the respective control flume. Our experiments 400 

reveal that the modification to hyporheic flow characteristics in the treatments was dependent on 401 

the interaction of organisms with both fine sediments and underlying bed grains. The results also 402 

highlight that the size of organisms relative to the size of bed grains and pores is a dominant 403 

control on the extent to which model streambeds were disturbed. We suggest that more intensive 404 

laboratory experiments along with field evidence of sediment-organism interactions should be 405 

the focus of imminent studies to advance our understanding of the role of in-stream fauna in 406 

stream ecosystems. 407 
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