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Abstract

Bioturbation occurs in streambeds by the actioa #nge of faunal species, but little is known
about how it could modify the hyporheic exchangstieams. Previous experimental work
investigating the effects of sediment-biota intéacon exchange across the sediment-water
interface has been largely conducted in small nesus or infiltration columns that do not
represent the lotic environment adequately. Theeethe experimental findings from these
studies may not be transferable to flowing watefirenments (e.g., streams). In this work, we
first present a conceptual model demonstrating#husal pathways through which the sediment
reworking and burrow ventilation processes (togetegerred to as bioturbation) could
potentially modify the hyporheic flow regime. Neid, study the role of activities of faunal
organisms in lotic environments and test some @ftlguments presented in the model,
laboratory experiments are conducted in re-circuggilumes. The experiments involved
investigating the modification of dune-induced hgfpic flow due to the activities of a model
bioturbating organism,umbriculus variegatuydollowing a control (without organisms) and
treatment (with organisms) based experimental de3ige sediment reworking activities such as
surficial deposition of fecal pellets and burrowingL. variegatuscaused significantly higher
hyporheic flux, longer mean residence times, argpdesolute penetration in the treatment
flumes relative to the control flumes. We advodhtd more intensive laboratory experiments
and field investigations must be conducted tottesipropositions put forward in the conceptual
model and advance our understanding of the robeadfirbation process in fluvial ecosystems.

Plain L anguage Summary

The exchange between surface and groundwater undegveral stream ecosystem services
such as biochemical cycling of nutrients and ation of contaminants. In this regard, a
comprehensive understanding of the in-stream pseseasfluencing the exchange across
sediment-water interface is essential for holisteam management. Detailed research has been
undertaken in the past to investigate the effeicphgsical variables such as flow velocity or

flow depth on surface and groundwater exchange.evewy little is known about how the
activities of faunal organisms such as macroinedtes that inhabit streambeds affect the
surface and sub-surface exchange. In this worlgdvance the conceptual understanding of
how activities such as feeding and excretion, laziion, and construction of galleries by
macroinvertebrates could alter the two-way exchawgess sediment-water interface. We also
conduct laboratory experiments by forming strearsbedPerspex built long channels to perform
preliminary testing of the propositions presentethie conceptual model. The results reveal that
activities of sample macroinvertebrates signifibantodified the rate of transfer of water across
the sediment-water interface, the time it residethe bed, and to what depth it is exchanged.
This modification in the exchange characteristias tlirect consequences for the overall
functioning of stream ecosystems.

1 Introduction

The exchange of mass and energy across the sedvagzttinterface (SWI), regarded as
hyporheic exchangd3pano et al.2014], underpins several stream ecosystem furesach as
processing of organic mattdfipdlay et al, 1993;Pusch 1996], cycling of nutrientHardini et
al., 2012], and attenuation of pollutants or contamiagGandy et al.2007]. These stream
functions are largely controlled by the hyporhéixf hydraulic residence times, and penetration
depth of solutes in the hyporheic zonEm{llay, 1995;Gomez et aJ.2012;Jones Jr et aJ.
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1995]. The hyporheic flux is the rate at which wglutes enter and exit the hyporheic zone.
The residence time can be regarded as a periadhich a parcel of water/solute remains in
contact with biologically active sediments withirethyporheic zone. The penetration depth
relates to the size or volume of the hyporheic zartbe sub-surface sediments and determines
the spatial extent to which surface water could with pore water in hyporheic interstices. The
influence of the physical variables (e.g. flow ra@mperature, morphology) on hyporheic flow
is well known [Cardenas et al.2004;Wondzell 2006], however, the impact of biotic variables
on hyporheic exchange is not investigated in dg&ditivastava et al2020b]. The latter could
significantly influence the exchange across SWdtreams, particularly in low flow
environments such as during the dry season orearsis that experience less frequent flood
disturbances. The focus of this work is to imprtdwe current understanding of the effect of the
activities of faunal organisms on hyporheic flonsireams.

Early evidence of the ability of faunal organismsrtodify their physical habitat is
illustrated in Darwin’s work where he observed thaithworms mixed the soil particles in a
garden significantlyParwin, 1892]. This phenomenon of particle reworking \dsr studied in
aquatic ecosystems, and it was regarded as ohe ahportant processes that modify the
structure and composition of marine sedime@glen 1973;J Grant 1983;Rhoads 1967].
Besides mobilizing bed sediments, some faunal asganare capable of transporting the
overlying water and suspended sediments into thehows, a process described as burrow
ventilation Aller, 1984;Marinelli, 1994;Meysman et al2006;Shull et al, 2009]. Taken
together, the sediment reworking and burrow vetniteprocesses by faunal organisms are
referred to as bioturbatiokfik Kristensen et al.2012]. Bioturbation has been studied
extensively in marine environments. For exampléygimetes’ activities such as ingestion of
sediments, deposition of fecal pellets, and conttrn of tubes have been observed to rework
the tidal sediments up to a depth of 30 &hgads1967]. Similarly, ostracods (also known as
seed shrimp) of average size ~0.5 mm were obséovenhstruct burrows up to a depth of 4 mm
leading to re-mobilization of bed sedimer@uflen 1973].

Similar to marine environments, stream ecosystdsuslwst a wide range of
bioturbating organisms that modify their physicabliat Clarke et al, 2008;Datry et al, 2010;
De Figueroa et aJ.2013;Gottesfeld et al.2004;Song et al.2010]. For instance, salmon and
crayfish, found commonly in streams, have beenaatsal with a significant streambed erosion
[Gottesfeld et al.2004;Usio and Townsend@004]. Similarly, invertebrates such as tubifgcid
worms have been observed at a density as high®asdLom? in riverine sedimentsBrinkhurst
and Kennedyl1965]. These invertebrates could construct aelaesvork of galleries, for
instance, burrows of depth up to 5 cm and diametaging from 1-6 mm have been observed in
field settings $ong et a.2010].

It is well-established that bioturbation alters éxehange of water and solutes across the
SWI in marine environments, which in turn, influeswther physico-chemical and biological
processesHertics et al. 2010;Cable et al. 2006;Guimond et al.2020;Kostka et al.2002;Erik
Kristensen 1988;E Kristensen and Blackburda987;Volkenborn et a).2007]. In comparison to
marine sediments, bioturbation in freshwater sedimbas received less attention and only
limited evidence of the effect of bioturbating ongans on overall functioning of freshwater
ecosystems is available in the literature. For gelapMermillod-Blondin et al.[2003]
demonstrated that deposition of fecal pellets argsiruction of tubes or galleries by
invertebrates modified the bed porosity, whichumt altered the aerobic and anaerobic
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microbial processes in the hyporheic sedimentanbther study, tubificid worms were observed
to increase the hydraulic conductivity of cloggedisents by constructing deep galleries which
eventually increased the exchange between thecguafad sub-surface sedimerito@aro et al,
2006]. Although the previous work provides invaligainformation on the role of bioturbating
organisms in freshwater sediments, the resultsmoape transferable directly to running water
systems such as streams. Previous experimentaitigagons have been conducted largely in
mesocosmsAnschutz et al2012;Morad et al, 2010] or infiltration columnsN\lermillod-

Blondin et al, 2001;Mermillod-Blondin et al, 2003;Nogaro et al. 2006]. These experimental
setups do not mimic the flow conditions in a laitvironment where complex hydrodynamics
exists at the SWI due to the flow of surface watesr undulated streambeds.

In this work, we first propose a conceptual modsatibing various causal pathways
through which bioturbation can potentially affestal-scale hyporheic exchange in streams.
Next, laboratory experiments in re-circulating flesrare conducted to study the influence of
activities of faunal organisms on the exchangessc8WI and test some of the arguments
presented in the conceptual model. Specifically,ekperiments involve investigating the
modification of hyporheic flux, penetration dep#md residence time of water/solutes for dune-
induced hyporheic flow due to bioturbation by modeganisms.

2 Conceptual model

The exchange of water and solutes across the SWirethrough a series of hyporheic
flow paths. Sediment reworking and burrow ventilatprocesses are anticipated to alter the
geometry of these flow paths and subsequently maldéf hyporheic flow regime. In the
following paragraphs, we present a conceptual miidstrating causal pathways through which
bioturbation could potentially alter the small-gchlyporheic exchange in lotic environments
(Figure 1).

One of the primary drivers of hyporheic exchang#ésgeneration of pressure gradients
at the SWI as the surface water flows over a béd miegular topographygoano et al.2014].
Pressure gradients may develop due to the presémeerphological features ranging from a
few millimeters (e.g., individual grains, dunes)several kilometers (e.g., meandet§dger et
al., 2013;Stonedahl et al2013]. The formation of flow-induced topographifssatures and their
influence on water circulation in porous media rex®ived a lot of attentioB[ffington and
Toning 2009;Packman and Salehi2003], however, little is known about how theidties of
faunal organisms could influence the pressureidigion at the SWI. Burrow openings and
deposition of fecal pellets by faunal organismthatbed surface result in the development of
biogenic micro-topography, also termed as bioroegenwhich has been shown to influence
pressure gradients at the SWah et al, 2019;Huettel and Gust1992]. For exampldijuettel
and Gus{1992] demonstrated that formation of topograpHieatures (as small as 7Q@)
associated with the activity of faunal organismsited in generation of local pressure gradients
leading to advective flow in the porous media. Modgstudies have revealed that salmon
spawning creates both low- and high-pressure regoross the structure of the redd (nest) at
streambed surfac®{ixton et al.2015;Tonina and Buffingtar2009]. Further, sediment
reworking has been associated with the erosioredfdrains, which would eventually deposit at
some other downstream location and modify the bexphology. For example, it has been
observed in a field study that the spawning agtieftsalmon is a dominant control on sub-reach
scale topographical changes to the bed surtdasdan et aJ.2008].
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Hydraulic properties of sediments (e.g., permeghéind hydraulic conductivity) are also
a dominant control on hyporheic exchan§ayyer and Cardena2009], and they can be
modified by the activities of faunal organisms. FatanceBuxton et al[2015] reported that
fine sediments are winnowed from the bed due todfsawning, and as a consequence, the
hydraulic conductivity of spawned bed regions wisaoved to be higher by two orders of
magnitude in comparison to unspawned regions. alsgydemonstrated that the mean residence
time decreases and the hyporheic flux increasasgasater proportion of the bed is subject to
spawning. Similarly, a mosaic of macro-pores indbdiment bed could develop due to burrow
construction by invertebrates leading to prefeegitansport of water/soluteMgrmillod-
Blondin et al, 2003]. Feeding and excretion by faunal organisousd also modify the
permeability Erik Kristensen et al.2012]. For example, vertically oriented head-ugaoisms
(known as downward conveyors) feed on sedimertteeadurface and egest out fecal pellets in
the interstitial regions. This behavior could attez size and packing of bed sediments and
consequently modify the bed permeability. Furtlasrihe organisms generally move to a limited
depth in the bed, it can be expected that sedipemmieability in the lower layer may remain
largely unaffected by their activities. In othernds, a vertical permeability gradient could be
generated in the sediment bed due to the faunaitaed. The hyporheic flow in such streambeds
could be considered similar to the flow in layeoedtratified beds and the modification in
exchange characteristics for such beds has beeordérated in previous studigsgmezVelez
et al, 2014;Marion et al, 2008]. Furthermore, anisotropic permeabilitydeetould develop in
the bioturbated layer based on organism activitigsch could also re-direct the flow paths and
modify the hyporheic flow regimeS[Liu and Chyi2018;Zlotnik et al, 2011].

The characteristics of hyporheic flow could alsbmedified by the process of burrow
ventilation Erik Kristensen et al.2012;Y Liu et al, 2019]. Some burrow dwelling invertebrates
are capable of pumping the surface water into ¢a@sent using mechanisms such as peristaltic
body movements and ciliary actions and result @spure variations within the sediments
[Brand et al, 2013;Erik Kristensen et al.2012]. As a consequence, the surface and poes wat
exchange and the pore water transport (advectideldfusive) in the regions surrounded by
burrows could be influence®pskosch et g12010b;Shull et al, 2009]. Quantitative or
gualitative evidence of the effects of burrow viatibn on exchange across SWI in stream
environments has not yet been reported, howewvetiestin marine and lake environments have
demonstrated that a significant volume of surfaegewcould be pumped by burrow ventilating
organisms Christensen et gl2000;Roskosch et g12010a]. For exampl&oskosch et al.
[2010b] estimated that a burrow ventilating inverege,Chironomus plumosusould pump
water equal to the volume of the surface wateheflake (~3.7 x 10md) in approximately 5
days at a density of 745 indanSimilarly, Cable et al[2006] estimated an average pumping of
~5 cm.d! by the bioturbating organisms in Indian River Lag@nd reported that bioturbation
can significantly influence the seepage meter nreasents in marine sediments. It should be
noted that suspended sediments in the overlyingrneaiuld infiltrate into the porous streambed
as an organism pumps water into its burrow, thasgeemeability could be also modified.

It is important to note that the influence of biditation on the hyporheic exchange would
partially depend on the streamflow characterigtiosh as discharge, flow velocity, and
magnitude and frequency of floodddore, 2006]. For instance, very high flow velocities or
more frequent and intense flooding could destragénic structures built by organisms and
transport organisms to downstream regions or eilethé&m. In such streams, the effects of
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bioturbation on physical and hydraulic propertiésteeambeds and subsequently on the
exchange across SWI are unlikely to be significemtontrast, bioturbation could significantly
modify the processes at SWI in regulated streanmesevtine flow conditions are not variable or

in streams that experience less frequent floodsmgilarly, bioturbating organisms could
perform their activities effectively during basewl periods in a stream. This argument is
supported by field evidence where bioturbation tayfish has been reported to influence
suspended sediment fluxes and causing diel tuytagities during the base flow periddi¢e et

al., 2016]. Thus, tiny bioturbating organisms coulddguce proportionally large effects on the
functioning of fluvial ecosystems including the baage of water/solutes across the SWI during
low flow periods or under stable flow conditions.

Provided the conducive hydrological environmentesal physico-chemical and
biological variables determine the degree to whiehexchange across SWI is altered due to
bioturbation. Sediment reworking could be affedigdsariables such as sizeel Nadai-Monoury
et al, 2013;Heilskov and Holmer2001;Thrush et al.2006], densityDuport et al, 2006;
Marinelli and Williams 2003] and bioturbation behavior of the organi$bes Backer et a).
2011;Michaud et al. 2006], reworking timeDavis, 1993;Maire et al, 2008], and bed
composition Mermillod-Blondin and Rosenberg006]. For example, a range of surface
sediment reworking rates was observed for fournaxacally different in-stream faunal
organisms -Gammarus fossaruifinvertebrate, body size: up to 2 cm lorggricostoma
(invertebrate, body size: 1-2 cm lon@prdulegaster boltoni{invertebrate, body size: up to 4
cm long), andarbatula barbatulgfish, body size: ~10 cm long) in an experimestady de
Nadai-Monoury et aJ.2013]. The per capita sediment reworking ratessfadfossarum
SericostomaC. boltonii andB. barbatulawere 6.25 x 18 cn.d?, 3.93 cm.d?, 3.42 cm.d?,
and 63.5 crhd? respectively. SimilarlyMeadows and TaftL989] reported that U-shaped
burrow building invertebrate€€orophium volutatarburrow length: 3-4 cm) could decrease the
bed permeability while the invertebrates that carcstdeep burrowdNereis diversicolar
burrow length: 8-10 crmjould have an opposite effect. Their experimentewenducted at
different densities of. volutator(2500, 7500, and 22,500 ind3nandN. diversicolor(1000,
3000, and 9000 ind.Ayn and a greater degree of influence on the peritityalas observed at
higher densities of invertebratddermillod-Blondin and Rosenbefg006] proposed that the
physical characteristics of benthic systems areontapt controls on the bioturbation activity.
Bioturbating organisms could significantly influenthe sediment properties and directly
produce water/solute flux in diffusion-dominatedtgyns (fine-grained sediment bed, low pore
water flow rate). In advection-dominated systeneg(se-grained sediment bed, strong advective
pore water flow), the organisms may not considgratfluence the sediment properties and
could only modulate the flux of water/solutes. irotner work Navel et al. 2012], a six-fold
increase in bed permeability was observed in seaing columns filled with fine sand due to
burrow construction by ubifex tubifexinvertebrate, density: 12,800 ind4dmHowever, these
invertebrates could not considerably alter the gatoiity of columns filled with coarse sand.
Though not explicitly stated in their study, th&ateve size of worms and pores could be
considered as an important control on the extebedfdisturbance. It can be anticipated that the
locomotion and burrowing by faunal organisms caldgéelop new pore spaces or enlarge
existing pores if their size is larger than thegpsize. Alike sediment reworking, variables such
as mechanism and purpose of burrow flushigk| Kristensen et al.2014], burrow morphology
[Erik Kristensen et al.2012], burrow densityghull et al, 2009], and sediment permeability
[Meysman et al2005] have been shown to affect the magnitudriaow ventilation.
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The effect of the sediment-organism interactionl@nexchange across SWI could
exhibit a spatio-temporal variability as the adtes of bioturbating organisms are influenced by
several environmental variables. For instance,dasenutrient availability and sedimentary
composition, macroinvertebrates could be non-umfgdistributed along the riffles and pools
sections in the streamBI¢Culloch 1986], and thus, the physical reworking of seditaand
burrow ventilation in these sections would be spigtheterogeneous. The activities of
bioturbating organisms are also susceptible to teadwariations depending on variables such as
life-cycle history and bioturbation behavior of tkganism and temperatuf@ynn and
Arthington 2002;Meysman et al2010;Ouellette et al.2004;Roskosch et 312012]. For
example, some aquatic inhabitants tend to actineelyork sediments during the night compared
to the daytimel[operfido et al. 2010;Rice et al. 2016]. InRice et al[2016], the seasonal
variability in crayfish bioturbation in a headwatgbutary of the River Nene (United Kingdom)
was also reflected. They reported that the wintentims were characterized by lower
bioturbation activity which could be attributedltaver temperatures and higher flows. In
contrast, a significantly higher disturbance to bediments occurred during the summer months
(base flow periods). Furtheduellette et al[2004] conducted experiments at four different
temperatures —°C (winter), 6C (fall/spring), 13C (summer), and & (summer tide pool) to
study the seasonal difference in sediment reworkinyeanthes virengolychaete). They
found that the sediment mobilization by sample nigra was higher at 28 and 18C
compared to the cold regime’@ and 8C). Similarly, a higher rate of ventilation activitas
been observed at a higher temperaturéq@a8 comparison to ) in an experimental study
[Roskosch et gl2012]. This spatio-temporal heterogeneity inlifeeurbation activity adds
another layer of complexity in understanding tH&uence of this biotic process on stream
ecosystem functioning.

The conceptual model presented above highlightpaokential ways through which the
faunal organisms could alter the small-scale hygiarexchange. It can be recalled that
experimental research on investigating the roliaohal organisms in modifying the exchange
across SWI in lotic environments is very limitedhefefore, to support some of the arguments
presented in the conceptual model, we conductedrampnts in re-circulating flumes and
investigated the influence of bioturbation activity the hyporheic flow regime. Note that not all
propositions put forward in the conceptual modelldde tested as the experiments have a
limited scope.

3 Experimental methods

The experiments were conducted in re-circulatingh®s to investigate the modification
in the hyporheic flow regime due to the activittésa model bioturbating organism. The
experiments follow a control and treatment destgreg control and as many treatment flumes).
The control flumes (C1, C2, and C3) were free ofdrbation activity and they represent the
exchange characteristics for a dune-induced hypoflesv. The exchange characteristics
determined for treatment flumes (T1, T2, and T3phdestrate the effect of activities of
bioturbating organisms on the dune-induced hypaerfieiv regime. The statistical significance
of the observed differences in the exchange cheniatits between control and treatment flumes
was evaluated using Student’s t-test.
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3.1 Model bioturbating organisms

Lumbriculus variegatugcommonly known as California blackworms), weredias
model bioturbating organisms (Figure 2a)variegatughereafter referred to as worms) are
freshwater oligochaetes which prefer to dwell ialkiw sub-surface regions of lakes or marshes
feeding on organic material and microorganisBisn and Ghost2007]. However, these worms
have been also observed in the river environmé&dsy et al, 2010]. These worms are known
to construct burrows, and they keep their head dotanthe sediment bed to forage and tail up
in the water to facilitate gas exchaniédrk et al, 2002]. This behavior is similar to
bioturbation activities carried out by several otimertebrates such as tubificid worms, which
are found readily in streamBiinkhurst and Kennedy 965]. Also, these worms are tolerant to a
wide range of environmental conditions and havenlgegensively used in several toxicological
studies related to freshwater sedimeBisiikson and Klerk2016;Leppanen and Kukkongn
1998b]. These worms do not ventilate their burrawd therefore, only the effect of sediment
reworking activities on the hyporheic exchange ddé demonstrated.

3.2 Flume set up and bed material

The experiments were performed in six PerspexmaHeiting flumes (Figure 2b) in the
Sexton Ecohydraulics Laboratory at The Universitilelbourne. The dimensions of the flumes
were 3m (L) x 0.2m (W) x 0.4m (D) (additional détaielated to the experimental setup can be
found inShrivastava et a[2020a]). The flow rate was measured using a QRIs€ries
flowmeter and the flume slope was adjusted usimggscjacks at the upstream section of the
flumes. Both flow rate (1.6 L/s) and flume slope3(0, V:H) were adjusted to attain uniform
flow in the flumes with an average flow depth ofr@. The flow velocity (~8.7 cn§ was
obtained by dividing the flow rate by cross-sedticarea (flume width x flow depth) and it was
such that no erosion of bed grains or worms wasrebd. These hydraulic variables were kept
constant during the experiments and were similaysscall the flumes. Fine sand1D0.165
mm, Dyo: 0.315 mm, and porosity: 0.45) was washed to renamy foreign material (e.g., dirt)
before filling into the flumes to form model strela@ds with an average depth of 30 cm (based
on 20 measurements performed from the base ofuithefto the top of sand bed). As the
hyporheic exchange is sensitive to bed morphol@eh et al.2018], the dunes were shaped
by hand to ensure that the dune height (3 cm) laadistance between two consecutive dunes’
troughs or crests (24 cm) are uniform across aletkperimental flumes at the start of
experiments (Figure 2b). The experiments were coteduusing tap water (pH = 6.7, salinity =
220uS.cmt). The evaporative loss over time was checked ltennate days) by adding tap
water into the flumes to maintain constant flowtthegnd water volume throughout the
experimentation period.

The pumps in treatment flumes were temporarilygvat off before introducing the
worms. The worms were added into these flumesh@ae a density of ~9000 ind-has
observed in natural environmen@dok 1969]. The worms were fed (only once throughbat t
experimentation period) with fish food after thigitroduction and the flow in treatment flumes
was reinstated after ~2 days. These flumes wetarbigted for 10 days before the dye tracer test
was performed to measure hyporheic exchange cleastids (section 3.3). The worms were
recovered from the flumes by manually digging tkd bt the end of experiments (~85-90% of
worms were recovered). The spatial distribution depths traversed by worms in the sediment
bed were assessed through direct observationstfreritume walls and during worm recovery.
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3.3 Tracer test to measure hyporheic exchange

Tracer injection into the water column or sedimdrds been extensively used to assess
hyporheic exchange in recirculating flum&B Grant et a).2012]. In this study, hyporheic
exchange was investigated by injecting a fluoretsdge tracer (rhodamine WT) into the water
column at the downstream end of the flume. Thewdye added slowly over one re-circulation
cycle of water (~90 sec) to ensure rapid and homage dye mixing, and its concentration in
the water column was monitored (two-minute intervsing Turner Designs Cyclops 7 sensors.
The dye concentration in the water column decreagestime due to exchange with the pore
water until an equilibrium (rate of change of dgmcentration in the water column is close to 0)
is reached leading to uniform dye concentratiorthéwater column and hyporheic zone. It took
~9-10 days after dye injection to reach this stagbe flumes after which the experiments were
ceased. Temperature correction was applied tolikereed dye concentration in the water
column as the fluorescence intensity of dye tragares with temperaturé[aen et al. 2017].

The dye behaved inertly as also observed in owique work Shrivastava et a[2020a], also
seeAubeneau et a[2016]). The experiments were done in a closedrawoiding any direct
contact of the dye with the sunlight to prevenpit®tochemical decay.

3.3.1 Definition and determination of exchange ahtaristics
Hyporheic flux

The hyporheic fluxq) is defined as the volumetric flow rate averageerdahe bed
surface area. It was estimated from the initiatigrat of the tracer concentration decay curve
(Figure 3a) as also presented in several previmuakes Fox et al, 2016;Shrivastava et a|.
2020a].

Residence time distributions

Elliott and Brookq1997] presented an approach for estimating thneleighted average
residence functionR(7)) of solutes in streambeds constituted of regulared. In their
approachR (t) denotes the fraction of solutes that entered éueah time t = 0 and remains in
bed at atime t =.

The Elliot and Brooks (1997) method involves sofyaset of coupled equations;

m®) =q [_,C*(t = DR@AT.......coeeeee. (Equation 1)

f(f) = 1 — mO
c(t)=1 ~
where,

C*(t) is the normalized dye concentration obtained bidiig observed dye
concentration at any tinte (C(t), ppb), with initial concentration after completexing of dye
in the water columnd;), g (m/min) is the hyporheic flux into the bed surfaee(m) denotes the
accumulated mass per unit plan area of bed diviget) and is related to the depth of
penetration of solutes into the bed, a\dm) is the ratio of the total volume of water ret
flume system (excluding the pore wateb)£, n) to the plan area of the bed (A?)m

On substitutingn(t) from Equation 2 in Equation 1 we get,
A1 =C*(®)=q[R*C*.cervrrerrnrnnn. (Equation 3)
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We apply Laplace transform to Equation 3 and regeadt to get,

L{[R * C*T} = %’L{l- 0R0)) T (Equation 4)

L{R). LLC* (1)} = %,L{l- I 5) NSRS (Equation 5)
Further rearranging and taking inverse Laplacesfaam to obtairR,

da’ .
1 ;L{l—C ®)3

=L W ..................... (Equation 6)

An exponential equation (Equation 7) is fittedhe €*(t) (temperature corrected) curve
using the principles of least square method toinlikee mathematical function of observed
concentration (Figure 3a). The fitted curves matolsely with their corresponding observed
concentration profiles as indicated by the root m&guare errors (Table 1).

a; + (1 —ap)(ae™® + (1 —az)e ™)) viinnnnn, (Equation 7)
where, a, &, &, & are the parameters used to fit tHét) curves.

The mathematical function @f*(t) for each flume was input to Equation 6 to obtain
their corresponding residence time distributiorg(ife 3b). The mediaR{},.4) and mean
(RT,0qn) residence times were subsequently estimated taistribution (Table 1).

Table 1: Experimental details and hyporheic excbast@racteristics observed in the control and
treatment flumes.

" Flume Bioturbation o\ RTmed®  RTmean® d®  gx10° q'x10°
index time (min) (min) (m)  (m/min) (m/min)
C1 0.0031 1522 3730 0.043 1.31 1.15
Control C2 - 0.0029 1290 3840 0.042 1.24 1.10
C3 0.0050 1732 3782 0.042 1.28 1.11
T1 0.0027 1355 4298  0.055 1.43 1.33
Treatment T2 10 0.0047 1812 4917 0.06 1.40 1.22
T3 0.0041 2132 4521  0.054 1.39 1.20

groot mean square error values for the observeditied time series of dye concentration in the watdumn.
bmedian residence timémean residence timéaverage dye penetration depth in the Begporheic flux estimated
from the initial gradient of the tracer concentatecay curvedhyporheic flux estimated from tiRT,,,,,, andd.

Dye penetration depth

The normalized equilibrium dye concentrafi6f),, was used to establish the mass
balance of dye at beginning and end of the expetinaad the volume of water in hyporheic
zone(V,,, m®) which mixes with the surface water was obtairiegu@tion 8). In general, the
mixing between surface and pore water due to tkbange of dye across SWI results in non-
uniform dye concentration in the bdgljott and Brooks 1997]. For this work, a physical
quantity ‘equivalent penetration deptid, (m) is determined, as also demonstrated in previou
work [Elliott and Brooks$ 1997], such that if the dye were to homogenomsk/and produce
uniform dye concentration in the bed up to thistd€pnd unmixed below), the net dye
exchanged across the SWI equals the actual excloacgering due to non-homogenous dye
mixing. Mathematically, it can be expressed ag#tie of \, to A (Table 1). For dune-shaped
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sandy beds, the advective flow across the SWipeebed to cause rapid transport of dye
particles whereas the diffusive transport may oetwr later time. Dye transport via these two
mechanisms may get enhanced with the activitigsatéirbating organisms.

1

v
Ceq

p = Vow X (

— D) (Equation8)

Further, the average hyporheic flux is dependertherdepth of exchange aRd,,,.,.
In addition tog, another estimate of average hyporheic flyi (as calculated as the ratiodf
t0 RTppean (Table 1).

4 Results

4.1 Bioturbation activity

The activities of worms in treatment flumes begannsafter their introduction into the
flumes and digging of bed was observed within aliewrs (Figure 4a and 4b). The worms
traveled no more than 2-3 cm into the bed and weneentrated around the trough region of the
dunes as seen from the flume walls and during weaavery. Small-scale aggradation and
degradation of sand grains around some of the duhe$h were densely colonized by worms
were also observed in the treatment flumes (FidajeThe heads of the worms were buried in
the bed and their tails were observed at the bddci(Figure 4d) indicating their feeding and
excretion behavior (upward conveyors). The depwsitif fecal pellets was observed on the bed
surface for all the treatment flumes (Figure 4d).

4.2 Exchange characteristics

The hyporheic fluxg, in treatment flumes was observed to be signitigdrigher than
the control flumes (Figure 5a, p = 0.005). The o#gstimate of hyporheic fluxy’, was also
significantly higher in the treatment flumes corgzhto the control flumes (Figure 5a, p =
0.021). They' was consistently lower and within 85% of théTable 1). In comparison to the
control flumes, treatment flumes exhibited sigrfitly larger dye penetration depths(Figure
5b, p = 0.001). The difference in median residdimoes,RT,,.q, between the treatment and
control flumes was not significant (Figure 5c, p.387), however, the mean residence times,
RT,.can, iN the former was significantly longer than tageér (Figure 5c, p = 0.012).

In the short residence time range (<404 minutésg)freatment flumes exhibited smaller
hyporheic flux (proportion of) than the control flumes but the difference was-significant
(Figure 5d, p = 0.062). The difference in the hyymic flux between the control and treatment
flumes in the intermediate residence time rangd-@I03 minutes) was also not significant (p =
0.98). A significantly higher hyporheic flux wassarved in the treatment flumes compared to
the control flumes in the longer residence timegea>8103 minutes). Note that these ranges are
chosen based on the mean and median residencediises/ed in the experimental flumes (the
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numbers are derived from powers of the natural egpbal function, &, where n =0,1,2,3...
for instance, &= 403, = 8103).

5 Discussions

5.1 Modification of hyporheic exchange

For given physical and hydraulic variables (flowoaity, height of dunes, bed
permeability), the dye was exchanged with the bettie control flumes through a series of
short, intermediate, and long flow paths. The sedinbeds in the treatment flumes were
reworked by the bioturbating organisms, which imf@ltered the system of nested flow paths in
the sand beds. As a result, a significant modificeto the mean residence times, equivalent dye
penetration depths, and average hyporheic flux wiserved in the treatment flumes. The
potential causes of these modifications considetiegconceptual model (section 2) are
presented in this section, however, further expenital research is needed to test these
explanations and understand the complex influentbgturbating organisms on hyporheic
flow.

The smalled values in control and treatment flumes relativehtaverage bed depth
(30 cm) indicate that the sediment beds were rlyt fuixed with the surface water. We
speculate that it could be attributed to the urderin the bed produced due to the hydraulic
gradient in the flumegJardenas and Wilsqr2007b]. It has been observed in previous
investigations that the presence of underflow nayress the hyporheic flow field and limit
the vertical depth of exchange in the sediment[Baddenas and Wilsqr2007a].

Based on the visual observations from this studlrasults from previous research
[Colombo et a].2016;Lick, 2006], it is evident that sediment reworking laynple organisms
could alter the surface topography and hydraulkperties of bed sediments. Deposition of fecal
pellets in form of coarse particles generated niagrography and also enhanced bed
permeability at the SWI. The holes/burrows dughmse organisms were readily visible in the
treatment flumes (Figure 4d) indicating that treef worms was larger than the size of pores
in the sand bed. Thus, burrowing by the worms cbakk caused the development of dense-
network of macro-pores. Such modification to thd pmperties in treatment flumes potentially
resulted in the pumping of dye across the SWifaster rate compared to the control flumes,
and therefore, thg andg’ were observed to be significantly higher in therfer compared to
the latter. Furthel,. variegatushave been observed to burrow in vertical direckiook, 2006]
which could have resulted in the preferential floixye to the deeper bed regions leading to
significantly largerd in treatment flumes compared to the control flundesthe flow paths are
directed to deeper bed regions, a significantiyhardhyporheic flux was observed in the long
residence time range in the treatment flumes coeaptar the control flumes. This also explains
the observation of lower hyporheic flux (althougst significant) in the treatment flumes in
short residence time ranges compared to the cdhiroé as the presence of burrows in the
upper layers of the bed could have potentiallyadee the shorter flow paths deeper into the bed.

Due to the extension of flow paths into deeperaesli the dye resided for a longer time
in the bed before emerging back to the surfacem@tnsequently, the mean residence times in
the treatment flumes were significantly longer thiaa control flumes. The observation of higher
residence times of solutes in treatment flumesmsistent with findings oflermillod-Blondin
et al.[2003] in which experiments were performed usimgtration columns. The authors
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reported that the creation of burrows and depasiticfecal pellets increased the porosity of
sediments which in turn increased the height okeiment layer in the columns and
subsequently resulted in longer residence timess@uly further advances the understanding of
the influence of bioturbation in fluvial ecosystelstaking into account the hydrodynamics
associated with the flow of surface water over gwpphical features such as dunes. Note that
local sediment transport due to sediment reworkictgities resulted in the alteration of the
structure of a few dunes (Figure 4c). However,tfogphology of a large section of the flume (>
80%) remains unchanged, and therefore, the motidican hyporheic flow regime due to
alteration in dune morphology may be considereymfscant.

The observations from the treatment flumes proenxdence of the spatially
heterogeneous distribution of worms in the sedinbext Although the worms were initially
introduced uniformly along the flume length, thejocated themselves predominantly at the
troughs of the dunes as the experiments progréssgale 4b and 4c). The worms were
observed at both the lee and stoss side of theschews the trough regions. The downstream side
of the dune (lee side) where the worms were obdetwaespond to the flow recirculation
region which exhibits a relatively low flow envinment. The surface water is directed into the
sediments at the stoss side of the dunes; thismegiexpected to be well-oxygenated due to the
regular supply of oxygen from the overlying wateoWever, the sample organisms can tolerate
low oxygen levels). Thus, more conducive dwelliogditions were available in the regions
close to the dunes’ troughs compared to other égidms which supported a dense population of
worms near the troughs. The preferential spatighaient of worms could have potentially
resulted in a greater degree of sediment rewonkeay troughs compared to the crests. The
influence of this site-selective sediment reworkimgmodification of hyporheic flow was not
investigated in this study, however, it is antitgzhthat the modification of hyporheic flow paths
due to bioturbation could be spatially heterogeseou

The pore water dye concentrations could also beented by the uptake of dye particles
into the bodies of. variegatusa process described as bioaccumulatiogdrsoll et al, 1995;
Leppéanen and Kukkoneh998a,Van der Oost et al2003]. The potential routes of this
accumulation are — a) ingestion of sediment haswigte particles adsorbed on its surface, and
b) pumping of solute particles dissolved in thegpwater. The previous research in this area has
largely focused on bioaccumulation of hydrophobigamic chemicals and heavy metals on/into
the bodies of aquatic organisn@@dodyear and McNeijllLl999;Maenpaa and Kukkone&006;
Rainbow and Luom&011]. It has been observed that the solutesldsd in pore water are
more readily available th. variegatusand several studies have estimated the uptakefrate
different chemical compounds by these worifisgn et al, 2015;Leppanen and Kukkongn
1998a;Wang et al.2020]. For example, the uptake rate of fiproan {nsecticide) by.
variegatusfrom pore water has been estimated to be ~531@ lipidt.min* [Wang et al.
2020]. Similarly, Khan et al, 2015] observed that the influx rate of silver JAwrticles from
pore water into the bodies bf variegatusvas ~0.9 x 18 L.dry weight'.min. We anticipate
that although dye particles could get exchangeddst the worms’ bodies and pore water, this
exchange would be insignificant in comparison ®dldvective exchange between the surface
water and pore water.
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5.2 Implication of results

The role of bioturbation in modifying the ecolodiead physico-chemical processes of
benthic systems is studied to a greater degreaimmenvironments compared to stream
environments. This could be attributed to the that marine ecosystems generally comprise of
fine-grained sediments (e.g., muddy sand) andrémesport of mass and energy in such
sediments is expected to be diffusion-dominakddrmillod-Blondin and Rosenberg006]. For
such conditions, sediment reworking and burrow Negian could significantly alter the physical
characteristics of sediments in marine environmekgghe stream environments are generally
characterized by coarse sediments with advectbresfwithin and across the beds, faunal
bioturbation may have been considered inconsecléntiotic environments which could be a
likely reason for the limited research on bioturtyain stream ecosystems. However, now it has
been increasingly recognized that faunal organsoogd modify streambed processes,
particularly in streams with low hydrologic ener@yg. during base flow periodyipore, 2006;
Rice et al. 2016]. The results from our work provide moredevice of the importance of
bioturbation in lotic environments and demonstthtt macroinvertebrate bioturbation could
significantly alter the small-scale hyporheic exofpa This also implies that the activities of
faunal organisms could directly influence the bmgeemistry in hyporheic zones, and thus
could modify the overall quality of surface and s|usface waters. For instance, our findings
suggest that sediment reworking could increaséyperheic flux, which in turn, is a dominant
control on the concentration of dissolved oxyged several other biochemical activities in
hyporheic zonesHeeder et a].2018]. In addition to influencing streambed ch&tnyi by re-
configuring the physical structure, macroinvertébi@oturbation can potentially manipulate the
community of microorganisms including their acties and abundance in porous medadker
et al, 2016;Mermillod-Blondin et al.2004]. Due to their ability to modify the availity of
resources for other organisms, macroinvertebrateseaognized as ecosystem enginedvags
et al, 1994]. We do not focus on the concept of ecosysgtegineering in this manuscript, but it
is worth noting that model organisms could haveratt the community of microorganisms by
redistributing organic matter as a result of seditmeworking activities such as excretion of
fecal pellets. The change in community structurenmiroorganisms would eventually cause
variability in the cycling and attenuation of netnts or pollutants.

The permeability and closely-related hydraulic ageitvity in streambeds have been
observed to vary in space and tifgalver, 2001;Genereux et al2008], however, a
comprehensive explanation of this variability ig yet achievedBlaschke et al[2003] and
Stewardson et a[2016] identified the reworking of sediments ag afthe potential processes
that could influence streambed permeability, andveark support this argument. Although not
measured in-situ in our experiments, the permeaglufibed sediments is expected to be
modified due to sediment reworking activities sashburrow construction and deposition of
fecal pellets at the bed surface. This also hasi¢atpns on modeling strategies of surface and
sub-surface exchange that assume homogenous asithneient bed propertieBdano et al.
2006]. This simplistic representation of streambamldd cause uncertainties in estimating
exchange characteristics, particularly at sitek Wigh faunal densities.

5.3 Limitations and future directions

The current literature of bioturbation in freshweatediments consists of limited
laboratory experiments conducted in lotic environtagShrivastava et al2020b]. Our work,
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performed in re-circulating flumes, provides valigainsights on the effect of sediment
reworking by macroinvertebrates on hyporheic exgban streams. However, controlled flume
setups in the laboratory are yet a simplistic repngation of the fluvial environment. For
example, all the experiments were conducted atglesflow rate. The interaction of bioturbating
organisms with their physical habitat would likélsgtve been different if the experiments were
conducted at different flow rates (or velocities)hin the safe range for organisms and grains.
Similarly, the experimental beds were homogenouisstattic. We anticipate that the model
organisms could have caused a minimal disturbancearse-grained beds (e.g., gravel). On the
contrary, the effects of their activities could Baxeen proportionally larger in beds composed of
silt or clay (soft sediments). The bioturbation\aty by macroinvertebrates may get suppressed
if the bed grains are mobile. Our experiments dameorporate a full range of complexities that
exist in natural environments. For instance, thgreke of sediment reworking may vary based on
several environmental variables such as the presaimaredators, vertical connectivity, sunlight,
temperature, and pHBpulton et al. 1992;Fortino, 2006;Moldovan and Leve015;Palmer,
1990].

Further, several propositions presented in the&oto@l model concerning the living
organisms are not validated due to limited scopauofwork. The experiments were conducted
at a pre-determined density of a single spetiegariegatus which exhibited a specific size and
bioturbation behavior. For instance, considerirsgenario where the model organisms were
double the size (in length and width) of organisreed in this study, it can be anticipated that
the burrows constructed by such worms would haea Ipeuch larger than the burrows
developed in the sand beds in our study. Thugateeof transport of water/solutes across the
SWI can be expected to be higher than observedriexperiments. In case the sizes of pores
and worms were relatively similar, the worms cqgoddentially use the pore spaces to move
within the bed. It can be expected that the mixdnd mobilization of sediment would have
occurred to a lesser degree and fewer macroporeklwevelop in the bed. As a consequence,
the flux across SWI may not enhance significarBiynilarly, a greater degree of sediment
reworking could have occurred in sand beds if #estty of worms was higher than the density
used in our experiments. Additionally, the modejamisms do not perform burrow ventilation,
therefore, our experiments do not provide evidesideow the burrow ventilation process could
influence the hyporheic flow regime.

The conceptual model that we present in this staayserve as a basis for further
investigations that could be directed to exploeedbmplex pathways through which
macroinvertebrates can influence the surface-gnvatet exchanges in fluvial settings. The
imminent research must focus on conducting experisneith different types and mix of
species, in beds with different compositions anohgerphologies, and under different
environmental conditions. More intensive reseaodu$sing on the above-mentioned aspects is
part of our ongoing research. Field observationsiaurbation are scarce so more qualitative
and quantitative evidence for bioturbation at lagmles should be also obtained.

6 Conclusions

In this work, we present a conceptual model desaipotential pathways through which
macroinvertebrate bioturbation could alter hypoetikw in streams. To support some of the
arguments presented in the conceptual model, l&dygraxperiments in re-circulating flumes
were conducted and the effects of activities ofrttoelel bioturbating organisrapmbriculus
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variegatus on the dune-induced hyporheic exchange was studia result of sediment
reworking activities such as burrow constructiod deposition of fecal pellets at the bed
surface, the model bioturbators potentially modifiee bed morphology and permeability of
sediment beds. Consequently, the treatment fluxigibiged significantly higher mean
hyporheic flux, deeper solute penetration depthd,langer mean residence times than the
control flumes. The modification to the hyporhdmaf regime due to sediment reworking
activities can have direct implications on the lgiochemical cycling of nutrients and pollutants
in the hyporheic zones which will ultimately infloee the overall quality of surface and
groundwater in the stream ecosystem. Finally, veeide directions for the imminent studies to
support and strengthen the ideas presented in ok and advance the understanding of the role
of sediment-organism interactions in fluvial ecdeyss.
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Figure Captions

Figure 1: Conceptual model with an arrow diagrasspnting the potential pathways through
which bioturbation could modify the small-scale bgipeic exchange in lotic environments.
Bioturbation is divided into sediment reworkingégn box) and burrow ventilation (orange box)
processes. The routes through which bioturbatiadcmfluence hyporheic flow are presented
in bold text within the dotted boxes. The referen(miperscript numbers) associated with each
of these routes are cited at the bottom of therédunderlined in-figure citations correspond to
studies undertaken in lotic environments whilerést are conducted in marine environments).
The influence (+/- sign) of a particular faunaliaty on a given route is also presented within
the dotted boxes. The activities within dotted tsoaee classified under sediment reworking or
burrow ventilation processes using the above-meatiacolor code. The blue boxes (within
curly brackets) represent the external variablasdbuld influence the degree to which sediment
reworking and burrow ventilation processes occur raay also result in spatio-temporal
variability in the bioturbation activity. Note thtte influence of bioturbation on the hyporheic
flow regime is likely to be significant in stream&h low hydrologic energy such as low flow
velocity, discharge, and experiencing less freqbegtt flow events.

Figure 2:Lumbriculus variegatussed as model bioturbating organisms in this wanki b) one
of the experimental flumes with sand bed havingirredshaped morphology.

Figure 3: a) The observed (markers) and fittedefjntemperature-corrected normalized dye
concentration in the water column, and b) flux vsegl cumulative residence time distributions
for the control (C1, C2, and C3) and treatment (T2, and T3) flumes. The root mean square
errors for the fits are reported in Table 1.

Figure 4: State of the sand bed in one of thertreat flumes at various stages of the experiment
- a) before worms’ addition, b) after 4 hrs. of wist addition, c) after 10 days of worms’
addition, and d) top view of the flume (on Day Bpwing fecal pellets, worms’ tails and burrow
openings at the bed surface.

Figure 5: MeanX£ 1 standard deviation, no. of samples = 3) valaesf average hyporheic
fluxes (g and @’), b) depth of dye penetration;ngan and median residence times, and d)
hyporheic residence time distributions shown as fitu short, intermediate, and long residence
time ranges in the control and treatment flumesersk sign (*) indicates a significant
difference between the control and treatment flumes
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