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Biofilm-induced bioclogging produces sharp interfaces
in hyporheic flow, redox conditions, and microbial
community structure

Alice Caruso'"", Fulvio Boano'""’, Luca Ridolfi'"*’, David L. Chopp?"*', and Aaron Packman3

"Department of Environment, Land, and Infrastructure Engineering, Politecnico di Torino, Turin, Italy, 2Department of
Applied Mathematics, Northwestern University, Evanston, Illinois, USA, 3Department of Civil and Environmental
Engineering, Northwestern University, Evanston, lllinois, USA

Abstract Riverbed sediments host important biogeochemical processes that play a key role in nutrient
dynamics. Sedimentary nutrient transformations are mediated by bacteria in the form of attached biofilms.
The influence of microbial metabolic activity on the hydrochemical conditions within the hyporheic zone is
poorly understood. We present a hydrobiogeochemical model to assess how the growth of heterotrophic
and autotrophic biomass affects the transport and transformation of dissolved nitrogen compounds in bed
form-induced hyporheic zones. Coupling between hyporheic exchange, nitrogen metabolism, and biomass
growth leads to an equilibrium between permeability reduction and microbial metabolism that yields
shallow hyporheic flows in a region with low permeability and high rates of microbial metabolism near the
stream-sediment interface. The results show that the bioclogging caused by microbial growth can constrain
rates and patterns of hyporheic fluxes and microbial transformation rate in many streams.

1. Introduction

Flow interactions between rivers and riverbeds control solute fluxes and travel times that influence hyporheic
habitat, microbial metabolism, and biogeochemical transformation rates. Hyporheic and surface water chem-
istry both depend on sedimentary microbial processes, which are in turn influenced by influent water
chemistry and pore water transport [Grimm and Fisher, 1984; Findlay, 1995; Jones and Mulholland, 2000;
Sophocleous, 2002; Boano et al., 2014]. These processes have been shown to regulate the export and uptake of
diverse stream-borne materials of high ecological significance, including nitrogen, phosphorus, organic car-
bon, and metals [Mulholland et al., 1997; Harvey and Fuller, 1998; Fuller and Harvey, 2000; Mulholland et al., 2008;
Zarnetske et al., 2011; Sawyer, 2015]. Early models for these processes primarily relied on effective reach-scale
parameterization of biogeochemical processes [Newbold et al., 1981; Bencala and Walters, 1983; Mulholland
et al., 1997]. Recently, increasing process understanding and high-resolution observations has been used
to develop spatially explicit models for key biogeochemical processes—most notably hyporheic nitrogen
cycling—at the scale of bed forms and other river channel features that drive hyporheic flow [Boano et al.,
2010; Tonina and Buffington, 2011; Bardini et al., 2012; Zarnetske et al., 2012]. However, these models have
not considered feedbacks between microbial growth and pore water flow. Microbial growth in streambed
sediments primarily occurs in the form of biofilms that encapsulate bed sediment grains [Battin et al., 2016;
Flemming et al., 2016]. Biofilm growth in porous media fills pore space, changes hydrologic properties of bed
sediments, and diverts pore water flow in ways that regulate microbial growth and metabolism [Suchomel
et al., 1998; Thullner and Baveye, 2008; Brovelli et al., 2009; Newcomer et al., 2016; Peszynska et al., 2016;
Coyte et al., 2017]. Here we present a new model that represents interactions between hyporheic exchange,
microbial growth, and heterotrophic and autotrophic metabolism of nitrogen, oxygen, and organic carbon.
In particular, we simulate coupling between pore water fluxes, nitrification/denitrifcation metabolism, and
the reduction in permeability associated with microbial growth. While available models capture the effects
of hyporheic exchange flow in stimulating microbial metabolism and biogeochemical transformation, they
do not consider the consequences of the resulting biomass growth in filling pore space, reducing streambed
porosity and permeability (bioclogging), and larger-scale feedbacks on rates and patterns of hyporheic
exchange flow. Our model lets us assess how coupling of physical and biological processes regulates spatial
distributions of microbial guilds that drive hyporheic nitrogen transformation, the associated heterogeneity
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in hyporheic flow and hydrological properties (porosity and permeability), and the resulting hyporheic
nitrogen transformation rates.

2. Hydraulic and Biogeochemical Model

2.1. Model Description

In this study, we provide a new model that captures the effects of multiscale coupling and feedback pro-
cesses resulting from hyporheic microbial metabolism and growth. We build on prior models that represented
the effects of hyporheic exchange flow, nitrogen dynamics, and heterotrophic and autotrophic metabolism,
but did not account for the consequences of this metabolism in biomass growth that fills pore space and
alters hyporheic flow rates and patterns. Hyporheic exchange flow, nutrient dynamics, and heterotrophic
and autotrophic hyporheic nitrogen metabolism are simulated for base flow conditions in a low-gradient
sand-gravel bed stream, with moderate in-stream nutrient concentrations and no carbon limitation on
nitrogen metabolism.

We consider a turbulent water stream with mean water depth d and average velocity U flowing over a peri-
odic dune-shaped riverbed composed by homogeneous and isotropic sediments. Due to the morphological
periodicity, a single dune (with wavelength 4 and amplitude a) and the corresponding porous media below
it (depth L) are considered. As L > a is assumed, it follows that the stream-sediment interface can be approx-
imated as a horizontal plane in order to model the hyporheic flows in the sediments [Elliott and Brooks, 1997].
The domain of the mathematical problem results to be a vertical rectangle LxA. A Cartesian reference system
is adopted, where x and y represent the streamwise and upward coordinates, respectively, and the axis origin
is located on the left corner of the domain bottom.

The Darcian flow induced in the sediments by the pumping process [Elliott and Brooks, 1997] is described by

00
=~V Kvh =0, U
where 6(x, y, t) is the soil porosity, K = K(0) is the hydraulic conductivity, and h(x, y, t) is the hydraulic head
distribution. We assume that dunes are not moving, and the turnover mechanism is therefore neglected. The
Darcy velocity is given by q(x, y, t) = —KVh. Porosity depends on the total biomass concentration X = (X, +X,)
in the sediments
0(X)=00—ﬁ—£, )
Xp an
where X, and X, represent the concentration (referred to the total soil volume) of heterotrophic and
autotrophic biomass, respectively, and p,, and px, are the relative densities. The subscript O refers to the no
biomass condition. Therefore, the porosity varies in time as a function of biomass growth and decay. Hydraulic
conductivity is assumed to depend on porosity according to a power law, K = K,(6/6,Y, where the exponent
is setj = 3.In this way, the feedback between spatiotemporal bacteria biomass dynamics, the hydraulic prop-
erties of sediments, and the hyporheic flow field is established. This formulation is used to capture the effects
of microbial growth filling hyporheic pore space, and it has been found to robustly describe both physical
and biological clogging processes that fill pore space by deposition and growth on grain surfaces and accu-
mulation of deposits that bridge grain contacts. This is a multiscale formulation that captures the effects of
microscale deposition, biofilm cluster growth, and pore filling on upscaled bulk permeability. Both modeling
[e.g., Clement et al., 1996; Suchomel et al., 1998; Thullner et al., 2002; Thullner and Baveye, 2008] and experi-
mental [e.g., Jaffe et al., 1990; Chen et al., 2009, 2010] studies have adopted a power law relation, with the
exponent ranging within the interval 2 + 4, to model clogging process caused by biofilm growth in porous
media under different assumptions (e.g., heterogeneous porous media characterized by a random distribu-
tion of pore radii, different specific patterns for microbial growth, etc.). This relationship has also been applied
to reproduce clogging caused by colloid filtration. Equation (2) shows that biomass growth reduces the poros-
ity of the bed and, consequently, the permeability, influencing the solute transport within the sediments and
limiting nutrient availability for microbial metabolism.

The boundary conditions for the stream water turbulent flow over the streambed, equation (1), are no flux
on the lateral and lower boundary (0h/0x|,_o ; = 0 and oh/dy|,_, = 0) and dune-induced sinusoidal head on
the upper boundary, h|,_, = aj, sin(2zx/ A — x /2), where a,, is the value of head amplitude reported by Elliott
and Brooks [1997] based on experiments by Vittal et al. [1977] and Shen et al. [1990].
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A multicomponent reactive transport model is used to predict solute fluxes and concentrations in the
hyporheic zone. Four key solutes are considered: dissolved organic carbon (DOC, here considered to have the
generic composition CH,0), oxygen (O,), ammonium (NH), and nitrate (NO;). The chemical (convective and
dispersive) transport and reaction in the sediments are described as

d0c; 00
06— +¢;—
ot "ot

- V- (D,Ve)+q- V¢ =R, 3)
where ¢;(x,y, ) is the molar concentration of each compound (i = DOC, O,, NO3, and NHZ), D,, is the hydro-
dynamic dispersion tensor [Bardini et al., 2012] and R;(x,y, t) is the consumption/production rate of i. The
hydrodynamic dispersion tensor has components [Bear and Verruijt, 1992]

q,4;
lql
where i,j = x,y, ;, and a; are the longitudinal and transversal dispersion, respectively, 7 is the tortuosity,
8; is the Kroneckers delta, and D, is the molecular diffusion coefficient. Longitudinal transport is usually
more pronounced than transverse transport; therefore, the values of the dispersivities ¢, and a; range in the
interval @, /a; = 1/5 + 1/20. Molecular diffusion is much smaller than hydrodynamic dispersion and it can be
neglected.

0D; = () — ay) -

i +6;- (arlql +6 - D) , (4)

The model includes three biochemical reactions: aerobic respiration (CH,0+0, — CO, +H,0), denitrification
(5CH,0 + 4NOj + 4H* — 5C0O, + 2N, + 7H,0), and nitrification (NH] + 20, — NOj + 2H* + H,0). The first
two processes are heterotrophic and are generally induced by facultative denitrifying organisms in streambed
sediments, while the third is autotrophic and is usually attributed to specific autotrophic nitrifying bacteria,
such as Nitrosomonas and Nitrospira [Mccarty, 1971; Hunter et al., 1998]. Reaction rates for organic carbon and
ammonium are modeled as first order in soil porosity, chemical concentration, and heterotrophic biomass:

Rooc = —HpocXhCooc (fo2 + fNo;) ) (5)

Rur = —Hni; 0ot Co,» ©)

where pipoc and My are reaction rate constants. Notice that the DOC consumption stops when oxygen and
nitrate are depleted, because of the term (f,, + fNo;): while the rate of reaction of nitrification depends on
the concentration of both ammonium and oxygen. In the previous reaction rates, f,, and fNo; are equal to
[Hunter et al., 1998; Bardini et al., 2012]

o, .
if Co. < Co. i
fo = { Coglim 02 ~O2lim @)
2 .
1 if Co, = Co, im
and
Noy
;.
if cNos < Cnorsim
fNO; =(- fOZ)' €NO3 lim . 3 3 (8)
1 if Cnoy 2 Cnos fim:

where ¢, i, and CNoy Jim are the molar limiting concentrations for oxygen and nitrate. These concentrations
define conditions under which aerobic respiration and denitrification rates become linearly proportional to
Co, and Cnoy respectively. Denitrification occurs only when the oxygen concentration is lower than the lim-
iting value ¢y, jim- Similar to other reactive transport models [Marzadri et al., 2011; Bardini et al., 2013], the
influence of pH variation on reaction kinetics was considered to be negligible and thus omitted from the
model, due to the buffering in the hyporheic zone.

Since oxygen is involved both in nitrification and aerobic respiration, its reaction rate is modeled as
Ro, = fo,Rooc + 2Ru; 9)

Finally, nitrate is a byproduct of nitrification but it is also consumed by heterotrophic bacteria by denitrifica-
tion. This yields the net nitrate transformation rate

Ryo; = ﬁfNo;RDoc - RNHZ’ (10)

where = 0.8 is a stoichiometric coefficient.
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Similar to hydraulic head boundary conditions, no chemical flux conditions are set on the lower and lateral
domain boundaries. At the upper boundary (i.e., the stream-sediment interface), concentrations are assumed
equal to those in the stream at all times, i.e,, ¢;|,., = ¢;;, where subscript s refers to the stream. The same
values are also set as chemical initial conditions throughout the hyporheic zone.

Bacteria are modeled using a growth-death model based on the metabolic processes described in
equations (5)-(10), i.e., facultative denitrifying bacteria consume DOC by aerobic respiration and denitrifica-
tion, while autotrophic bacteria consume ammonia and produce nitrate by nitrification. Net microbial growth
is therefore simulated as

X,
()_th = YpoclRooc| = knXps (1m
X
0_ta = YNH;|RNH4+| — kaXas (12)

where Yy and YNH; are growth yields and kj, and k, are biomass die-off rates. This is a standard formulation
for biomass growth in pore spaces that have been shown to adequately represent biomass in complex system
geometries, such as reactor [Rittmann and McCarty, 2012; Qin and Hassanizadeh, 2015; Peszynska et al., 2016].
Initial conditions are spatially homogeneous, with Xj, > X, , (subscript 0 denotes t = 0) because autotrophic
bacteria grow more slowly and are less numerous than the heterotrophic ones [Ogaetal., 1991; Liu et al., 2004;
Ebeling et al., 2006]. Nonhomogeneous initial conditions of each organism are also tested to investigate the
sensitivity of bioclogging process to initial biomass distributions.

2.2. Simulation Conditions

Using the approach described in the previous section, numerical simulations are carried out to investi-
gate how the microbial growth controls the distributions of permeability, exchange flow, and nutrients. For
this purpose, we employ a numerical code in COMSOL Multiphysics®, a finite element solver that uses a
finite-volume approach [COMSOL, 2008]. A nonuniform mesh is adopted, with a higher node density near
the bed surface, where the spatial gradients are higher. Specifically, 100 structured layers of quadrilateral ele-
ments are generated along the top boundary of the domain, while a free meshing technique generating an
unstructured mesh is used to create triangular elements of size ranging from 0.01 m to 2.0 - 107> m in the
remaining part of the domain, for a total number of 35,064 elements.

We simulate low flow conditions in a stream with coarse sediments and no DOC limitation on nitrogen me-
tabolism. A flow with velocity U = 0.7 m/s and depth d = 0.16 mis considered. The streambed has a hydraulic
conductivity K, = 1073 m/s (characteristic of well-sorted coarse sands to gravels) and a porosity §, = 0.3and is
covered by bed forms with wavelength 4 = 1 m and height a = 0.1 m [Julien and Klaassen, 1995]. The depth
of the domain is L = 1 m, hence, the ratio between a and L allows us to approximate the domain as a flat
bed on which a sinusoidal head variation with amplitude a,, = 170 Pa is imposed. We assume a,/a; = 1/10
[e.g., Bardini et al., 2012] and choose longitudinal dispersivity of order of sediment diameter, ;= 2-1073 m
[Bear, 1988]. Solute in-stream concentrations are cpoc,; = 40 mg/L, ¢o,.; = 10 mg/L, Noy s = 1 mg/L, and
Cnpps = 0.05 mg/L, while oxygen and nitrate limiting concentrations (¢, i, and CNo;;nm) are set at 2 mg/L
and 0.2 mg/L, respectively. The initial values of biomass are imposed at X,, = 5- 1073 kg/m? and
Xa0 = 5 107 kg/m3. Finally, parameters describing microbial growth and metabolism have been chosen
based on values reported by previous studies of heterotrophic and autotrophic biofilm growth [Rittmann
and McCarty, 1980; Rittmann, 1982; Wanner and Gujer, 1986; Merkey et al., 2009]: upoc=1073 m3/(mth - d),
Hnwy = 107 m®/(mgy_ - mgo, - d), kg, = 11/d,ky =11/d, Ypoc = 0.16 mgpoc /Mgy, Yy = 0.16 mgyy: /
Mgy, px, = 1kg/m*and p, = 1kg/m’>.

In order to test the influence of initial conditions, we have also simulated a system with heterogeneous ini-
tial distribution of each microbial guild. Specifically, we have evaluated the spatial patterns of biomass and
permeability starting from initial random conditions. These random functions have been extracted from two
normal distribution with mean values m, = X, , = 5-1073 kg/m®and m, = X, , = 51076 kg/m? and standard
deviations s, = X, , = 0.5- 1073 kg/m3 and s, = X,, = 0.5 - 107¢ kg/m* and two uniform distributions with
same mean values and width equalto m;, ;, + 3s, ..
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3. Results and Discussion

The temporal evolution of spatial patterns in permeability, pore water flow and biomass is shown in Figure 1.
Sediment permeability is progressively reduced at streambed surface owing to microbial growth induced by
the nitrogen, carbon, and oxygen in the exchange flow. The hydraulic conductivity progressively decreases
overtime (Figure 1, first row), eventually reaching a steady equilibrium configuration. The pattern of hyporheic
exchange flow also changes substantially over time (Figure 1, second row) due to the clogging induced by
bacterial growth, which blocks flow at depth and confines it to the near-surface zone. The results show how
coupling between biofilm-induced clogging, hyporheic flow, and microbial metabolism leads to an equilib-
rium between permeability reduction and biomass growth characterized by sharp fronts. The homogeneous
stream sediments display a strong heterogeneity at steady state, with significant hyporheic flow confined only
in the shallow portion of the domain where high rates of bacterial growth occur. Therefore, the dynamics of
sediment porosity, biomass concentration, and hydrodynamic flow are highly related, and the bioclogging
process strongly limits the extent of hyporheic exchange. Moreover, the steady state fronts in biomass and
permeability result specifically from the coupling between hyporheic fluxes, nutrient reactions, and microbial
growth regardless of the initial biomass distributions. In fact, both heterotrophic and autotrophic microorgan-
isms stratify according to the same pattern even when spatial heterogeneous initial distributions are set. Thus,
the spatial heterogeneity in the microbial community does not significantly alter the hyporheic metabolism,
the bulk reactions rates, and the patterns of exchange flow.

The pattern of hydraulic conductivity is very similar to the one of heterotrophic biomass, indicating that per-
meability is governed by the distribution of heterotrophic denitrifying organisms. The strong stratification
of heterotrophic bacteria with depth in time can be observed in Figure 1 (third row). Owing to faster grow
rate, heterotrophic bacteria outcompete autotrophic nitrifiers (Figure 1, fourth row) for oxygen and space,
confining autotrophs to a thin layer near the sediment-water interface. In this layer, strong spatial gradients
of ammonium and oxygen concentration are observed. Thus, total microbial biomass and bioclogging are
both dominated by heterotrophic bacteria, and the permeability of the sediments is primarily dependent
on concentration of heterotrophic biomass within the pore space. The coexistence between nitrifying and
denitrifing bacteria is analyzed in Rittmann and Manem [1992], showing that the nitrifiers are forced deeper
in the biofilm. However, the clogging mechanism is not included in the system, and this could explain the
different behaviors. At steady state (Figure 1, third column), two distinct regions can be identified within
the sediments: a shallower zone, characterized by advective flux, rapid solute transport, and high rates of
microbial metabolism, and a deeper region that is characterized by very slow flow, nutritional depletion, and
little microbial growth. This shows that both penetration of nutrients and microbial metabolism in the sedi-
ments are eventually limited by bioclogging, which induces a very strong heterogeneity within the domain,
restricting hyporheic exchange, nutrient transformation, and microbial metabolism to a thin region near the
sediment-water interface.

For each time reported in Figure 1, we evaluate the total hyporheic exchange flux by integrating the verti-
cal component of Darcy velocity along the stream-bed interface (y = 1 m). Moreover, we calculate the total
biomass and the total rates of consumption of DOC, oxygen, nitrate, and ammonium by an integration over
the whole domain. The results are presented in Table 1. Hyporheic flow decreases over time as a result of an
increase of microbial biomass and consequent filling of pore space in the sediments. The heterotrophic and
autotrophic biomass initially grow and then decrease. The microorganisms begin to die when the stratifica-
tion effect is pronounced and the nutrient inflow coming from the river does not reach the deeper area of
the streambed. The reaction rates show a similar behavior of the biomass, with an initial increase followed
by a reduction.

Figure 2 represents the spatial patterns in DOC, O,, NO3, NH}, and microbial biomass under steady condi-
tions. The spatial distributions of solutes and biomass concentrations show clear stratification. Distributions
of key microbial functional guilds are controlled by the extent of penetration of electron acceptors from
the stream. Specifically, the spatial extent of heterotrophic and autotrophic biomass is controlled by the
penetration of nitrate and oxygen, respectively. The electron donors (DOC and NHZ) are not fully depleted,
indicating that metabolism is limited by delivery of electron acceptors (nitrate and oxygen) from the water
column. Strong coupling between heterotrophic metabolism, microbial growth, and permeability causes a
very sharp front at the maximal extent of nitrate penetration, which can be seen to co-occur in the patterns of
heterotrophic biomass (Figure 2d), nitrate (Figure 2c), permeability (Figure 1, first row), and pore water velocity
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Figure 1. Temporal evolution of spatial patterns in (first row) permeability, (second row) pore water flow, and (third row) heterotrophic and (fourth row)
autotrophic biomass at initial time (first column, t = 0 day), in the transient (second column, t = 5 days), and at the steady state (third column, t = 30 days).
Warmer colors indicate higher values of the variables. The arrows in Figure 1 (second row) indicate the flow direction. Notice that the y axes have been

exaggerated to evidence the patterns.
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Table 1. Values of Pore Water Flow, Biomass Concentrations Per Unit
Stream Width, and Reaction Rates at Different Times

t = 0 day t = 5 days t = 30 days
q (m?/s) 3.16-107° 2.41-107° 2.24-107°
X, (kg/m) 0.00410 0.00415 0.00341
X, (kg/m) 3.38-107 4.12.1076 3.32-107°
Rooc (kg/(ms™1)) 2.61-1077 2.91-1077 2.47-1077
Ro, (kg/(ms™") 2.27-1077 2.42-1077 2.25-1077
Rno; (kg/(m's™") 1.41.1078 2.36-10°8 1.80- 1078
Rypy (kg/(m s7") 1.79-10710 3.18- 10710 2.41-107°
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Figure 2. Expanded view of the spatial distributions of microbial biomass and chemical constituents near the

sediment-water interface at steady state: (a) DOC, (b) O, (c) NO3, (d) heterotrophic biomass, (e) NHI, and (f) autotrophic
biomass.

(Figure 1, second row). The sharp interface for heterotrophic growth co-occurs with the penetration of nitrate
and not oxygen because these organisms are facultative, and oxygen is preferentially depleted before nitrate
near the sediment-water interface. Therefore, the spatial distribution of the concentrations of DOC, O,, and
NO; is most strongly influenced by heterotrophs, which occlude the pores and prevent the infiltration of nutri-
ents to deeper sediments. Conversely, the ammonium concentration is essentially controlled by autotrophic
biomass, which survives only in a very thin layer near the streambed surface where the oxygen concentra-
tion is sufficient for the growth of both species. The ammonia concentration is very low in the deeper part
of the domain, owing to the low pore water fluxes into this part of the domain and the rapid metabolism of
ammonia in the region of high autotrophic nitrification just under the sediment-water interface.

CARUSOETAL.

BIOCLOGGING-INDUCED BIOCHEMICAL ZONATION 4923



@AG U Geophysical Research Letters 10.1002/2017GL073651

These results suggest that an equilibrium between nutrient exchange and microbial metabolism arises from
feedback among biomass growth, reduction of permeability, and reduction of nutrient fluxes. When equilib-
rium is reached, two distinct zones are found: first, a superficial zone with lower hydraulic conductivity since
the nutrient availability is sufficient to allow the survival of a high amount of biomass that occupies most of
the porous space; second, a deeper zone with higher hydraulic conductivity, where the nutrient flux is low
due to consumption by microrganisms in the surficial zone, and the biomass is not able to survive. Between
these two areas, a transitional zone is present, where hydraulic conductivity, biomass, and nutrient concen-
trations vary sharply. The reduction of the hydraulic conductivity in the shallower zone prevents the supply
of nutrients and substrates to the deeper zone, causing the biomass to die off and eventually restoring the
hydraulic conductivity of the open granular sediment bed.

Microbial growth and filling of hyporheic pore spaces is expected to be a generally important control on
hyporheic flow and metabolism. Our findings show that biofilm-induced bioclogging strongly regulates
physical and biogeochemical processes in the hyporheic zone since it limits both exchange flux and bio-
geochemical transformation rates and controls the distribution of different types of microorganisms in many
streams and rivers. Therefore, the coupling between hyporheic flow exchange, microbial growth, and nutri-
ent transport is an important process that has to be better understood in order to correctly evaluate nutrient
transformation rates in the hyporheic zone and the role of streambeds in nutrient cycling. Rivers are sub-
ject to additional, larger-scale complexities that will modulate the processes demonstrated here. In particular,
hyporheic bioclogging should be compared with siltation-induced clogging and the frequency of sediment
remobilization and invertebrate grazing, both of which disrupt biofilms, in order to evaluate in more detail
the dynamics of hyporheic permeability, flow, and biogeochemistry in rivers.
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