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Abstract

Surface and groundwater interact in the hyporheic zone beneath and adjacent to rivers in the
presence of a diverse microbial community. Heterotrophic bacteria mediate a range of
environmentally important reactions, yet few studies have quantified bacterial growth and death
dynamics in the hyporheic zone, and none have systematically analyzed their response to
variations in hydraulic or chemical conditions. We used MODFLOW and SEAM3D to simulate
hydraulics; dissolved oxygen (DO) and dissolved organic carbon (DOC) transport; and aerobic
microbial metabolism, growth, and death in hyporheic zones induced by riverbed dunes. We ran
simulations both with and without growth/death processes, and varied hydraulic parameters and
DO/DOC boundary concentrations. Microbial biomass reached steady state (t=3 days) in every
simulation, at which time there was greater biomass and DOC biodegradation rates in the
hyporheic flowcell (300% and 85% higher for the base case, respectively) when accounting for
microbial growth dynamics. This occurred as microbial biomass tailored its spatial distribution
to the availability of DO and DOC, demonstrating the importance of simulating growth/death
processes. Biomass generally increased with hyporheic flow cell area as upwelling groundwater
decreased. When varying surface water DO and DOC source concentrations relative to the base
case, the greatest effect on biomass occurred when increasing DOC and decreasing DO. We
determined minimum DO and DOC steady-state concentrations required for microbial growth,

but the minimums were not absolute or related by stoichiometry. Increasing DOC created a
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smaller area of microbes with higher concentrations relative to the base case. Increasing DO
slightly increased the area occupied by microbes while keeping the total biomass nearly constant.
Overall, microbial growth and death dynamics depend on DO and DOC availability in the
hyporheic zone, which is dependent on DOC/DO boundary concentrations and hyporheic flow

paths, and in turn the hydraulic interaction between surface water and groundwater.
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1. Introduction

The hyporheic zone is the zone of interaction of surface water (SW) and groundwater (GW)
beneath and adjacent to streams and rivers (Jones and Mulholland 2000, Gooseff 2010).
Parameters such as flow velocities, residence times, and chemical concentrations vary within the
hyporheic zone and usually are intermediate between those in SW and GW (Hendricks and
White 1991, Hester and Doyle 2008). Hyporheic exchange is influenced by parameters such as
SW flow velocity, stage fluctuations, GW flow, and channel bedforms (Cardenas 2015, De Falco
et al. 2018, Hester et al. 2019). Hyporheic exchange through bedforms often dominates total
exchange relative to other morphologically driven exchange such as that due to meanders
(Gomez-Velez and Harvey 2014, Gomez-Velez et al. 2015) with multiple studies evaluating
dune-induced hyporheic hydraulics, transport, mixing, and reactions (Cardenas 2009, Bardini et
al. 2012, Hester et al. 2013, Zheng and Cardenas 2018, Singh et al. 2019).

Hyporheic zones are habitat for organisms such as microbes and macroinvertebrates.
Microorganisms can be classified based on their role in the trophic transfer of energy, for
example autotrophs, heterotrophic bacteria, protozoa, and fungi (Jones and Mulholland 2000).
Many studies focus on bacteria as they are the most abundant group in the hyporheic zone
(Findlay 2000). Prior field studies have measured microbial biomass or taxonomic composition
in river beds/banks and their controls such as sediment permeability, water chemistry, and

particulate organic matter (Nogaro et al. 2013, Stegen et al. 2016, Stegen et al. 2018). Yet these
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studies did not resolve spatially explicit flowpaths, and thus could not evaluate effects of varying
transport or biogeochemical conditions on microbial metabolism or on spatial variability of
microbial activity and hence reaction rates. By contrast, laboratory studies of microbially-
mediated reactions in the hyporheic zone have been more spatially explicit. Some studies
measured microbially-mediated reactions and their effects in multiple dimensions, but measured
oxygenated area rather than microbial biomass (Kaufman et al. 2017, Galloway et al. 2019,
Wolke et al. 2020). Others directly measured microbial biomass and electron acceptor
consumption as affected by overall gaining or losing hydrologic conditions, the overlying water
column velocity, and sediment texture (De Falco et al. 2018, Cook et al. 2020). Yet lab studies
cannot conduct a full sensitivity analysis on potentially controlling hydraulic and biogeochemical
factors. Thus a key knowledge gap is how microbial growth and death processes, together with
varying availability of reactants, influence observed patterns of microbial abundance and

biogeochemical reactions in the hyporheic zone.

Modeling studies have explored controlling factors, but the vast majority did not explicitly
simulate microbial populations themselves (Kessler et al. 2013, Li et al. 2017a, Hester et al.
2018). These studies typically assumed rates of reaction are a function of maximum rates of
microbial utilization and concentrations of electron donors (i.e., organic carbon or ammonia
nitrogen) and electron acceptors (dissolved oxygen and nitrate) expressed using second-order
reactions. Implicit to this approach was a uniformly-distributed microbial population that
maintained steady biomass concentration over time independent of nutrient concentrations
(Zarnetske et al. 2012, Hester et al. 2014, Hester et al. 2019, Li et al. 2020, Sun et al. 2022). By
contrast, some modeling studies have simulated microbial populations, for example in seepage
from channels and effects of disconnection (Newcomer et al. 2016, Xian et al. 2019) or
hyporheic flow through bedforms and effects of heterogeneity and sediment transport (Caruso et
al. 2017, Ping et al. 2020, Ping et al. 2022). Such models that explicitly simulate growth and
decay of heterotrophic microbial populations consistently showed transient behavior in the
biomass concentration with the greatest increases expected at the influent boundary where
electron donors and acceptors are introduced (Molz et al. 1986, Widdowson et al. 1988, Caruso
et al. 2017, Ping et al. 2020). Nevertheless, a remaining knowledge gap is a systematic
exploration of the combined influence of key hydraulic and biogeochemical controls on
microbial populations and microbially-mediated reactions.
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We simulated hyporheic zones induced by riverbed dunes, and compared aerobic microbial
metabolism dynamics when both accounting and not accounting for microbial growth and death
processes. We then conducted a sensitivity analysis of SW and GW boundary conditions. Our
objectives were to 1) simulate hyporheic aerobic microbial metabolism both with and without
microbial growth and death dynamics, 2) vary hydraulic and chemical boundary conditions, 3)
compare resulting variation in microbial biomass and spatial distribution, and 4) compare
resulting variation in DO and DOC mass and spatial distribution. We hypothesize that allowing
microbial populations to grow and die in response to temporally and spatially varying reactant
concentrations within the hyporheic zone will allow the microbes to consume more reactants
with smaller microbial populations, thereby increasing the efficiency of microbial consumption.
We further hypothesize that hydraulic controls on hyporheic flow and hence hyporheic flowpaths
and residence times will exert an important control on reactant concentrations and hence

microbial populations.

2. Methods

We simulated hyporheic flow through riverbed dunes constrained by background upwelling
groundwater (GW), transport of dissolved oxygen (DO) and dissolved organic carbon (DOC)
from the overlying water column into the hyporheic zone, and growth and death of an attached
aerobic microbial population within the submerged pore space including their microbially-
mediated metabolism of DOC and DO.

2.1 Model Codes and Governing Equations

The core of the numerical experiments were conducted using (1) MODFLOW (Harbaugh 2005)
to model GW hydraulics, and (2) SEAM3D (Waddill and Widdowson 1998, 2000) to model DO
and DOC transport, microbial aerobic respiration, and microbial growth and death. In addition,
we used OpenFOAM (Weller et al. 1998) to provide the spatially varying pressure along the top
surface of the dune (needed in MODFLOW) by solving the steady-state Reynolds Averaged

Navier Stokes (RANS) equations for the overlying river water for a range of conditions.

We used MODFLOW (Harbaugh 2005) to model GW hydraulics in two dimensions
(longitudinally along channel, and vertical). MODFLOW uses a control-volume finite-difference
method (CVFD) to solve the GW flow equation,
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where x; (L) indicates distance along the i Cartesian axis (in this case x and z), K; (L/T) is
hydraulic conductivity in the i direction; h is hydraulic head (L); Q; is volumetric
inflow/outflow per unit volume into the system (T?); SS is specific storage of the matrix (L%);
and t is time (T). MODFLOW was used in steady state mode, setting the transient term of
equation (1) to zero. We used MODPATH (Pollock 2012) to track particles and calculate
residence times for each upper and lower boundary cell. Use of OpenFOAM for the SW head

boundary condition is discussed in Section 2.3.

Electron acceptor (DO) and organic carbon substrate (labile fraction of DOC) transport,
microbial aerobic respiration, and microbial growth and death were modeled with SEAM3D
(Waddill and Widdowson 1998, 2000). SEAM3D solves the advection, dispersion, and chemical
reaction equation in a GW system,

a(6C*) 9
at  dx;

ack ]
e | — —— rk 1 rk
(HD j> o, (6v;C*) + Q;CE + R )

where C¥ is the dissolved concentration (ML) of species k (in this case DO and DOC); 6 is the

effective porosity of the medium (dimensionless); D;; is the hydrodynamic dispersion coefficient

tensor (L?T™1), v; is porewater velocity (LT™); C¥ is the concentration of any given source or sink
for a species k (ML™3); and R (ML>T™) is the chemical reaction term. In this study, R is a
biodegradation sink term for aerobic microbial metabolism given by Equations 3A and 3B for
DOC and DO, respectively

Mb CDOC CDO (3A)
Rpoc = — (_) pmaex
9 KDoC 4 cboc |\ kpo 4 (Do

M CDOC CDO
Rpo = — (_b) yvmer
9 KDOC + CDOC KDO + CDO (3B)

where My is the aerobic microbial biomass concentration (ML3); CP°C and CPO are the

concentrations of DOC and DO (ML), respectively; v™%* is the maximum specific rate of

utilization (T1); y is the DO use coefficient for aerobic metabolism (M/M); and KP°¢ and KP°
5
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are the half saturation constants for DOC and DO (ML), respectively (Molz et al. 1986,
Widdowson et al. 1988).

Microbial mass balance for the growth and death of the aerobic population enabled simulation of
the temporal changes in the spatial distribution of microbial biomass concentration (Waddill and
Widdowson 1998),

———= —kg+ Gy (4)

where k is the effective death rate (T™!) and G, is the growth rate of the aerobic population due
to available DOC and DO (TY). Growth rate is a function of the specific substrate utilization rate

v™a* (T1), in this case for aerobic metabolism as given by

DOC DO
G, = Yymaex ¢ ¢ (5)
b KDPoc 4 cpoc |\ gpo 4 Do

where Y is the biomass yield coefficient (MM™). The effective death rate is given by

kg = max|[0, k3¢ — (GE* + G)] (6)

where the subscript “bk” signifies background (initial) growth and death rates. The model
calculates the background growth rate based on the initial electron acceptor concentrations using

CDO
G{,)k = Ypmax (KDO—-I—CDO> (7)

The background effective death rate (k5¥) is set equal to the background growth rate to simulate
steady-state initial conditions when the microbial growth and decay are in balance throughout the
system at time zero. We did not simulate other microbial populations besides strict aerobes (e.g.,

facultative microbes) for this study.

Given our relatively oligotrophic conditions (DOC 1-15 mg/L, Table 1 and Section 2.3),
we simplified our model to not include the effects of microbial growth on porosity and therefore
hydraulic conductivity and porewater flow. This is consistent with field, laboratory, and

numerical studies of microbial growth in hyporheic and aquatic sediments where DOC levels
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were low (< 20 mg/L), where available substrate was insufficient to cause bioclogging (Nogaro
et al. 2013, Mendoza-Lera et al. 2017, De Falco et al. 2018, Ping et al. 2020, Xian et al. 2023),
and thus hydraulic conductivity was the main controlling factor (Mendoza-Lera et al. 2019). We
similarly assumed that the contribution of microbial death to the labile DOC supply was

negligible.

2.2 Model Domain and Grid

We first tested models with one dune, three dunes and five dunes to evaluate the effect on the
central dune of treating upstream and downstream groundwater boundaries as no-flow
boundaries. The central dune in the three-dune model (Figure 1) showed differences of up to 5%
in total microbial mass, DO and DOC when compared to the one-dune model. Additionally,
more than half of the domain showed differences larger than 1% when compared to the one-dune
model. However, the differences between the five-dune model and the three-dune model were
negligible as the total microbial mass, DO and DOC differed by approximately 0.01%
(Supporting Information 1). This suggested that there was no need to increase the number of
dunes beyond three and that using results from the central dune of a three-dune model was the
optimal choice in terms of results that were not influenced by the no-flow boundary conditions

while also reducing computational time.

All modeled dunes had a length of 2 meters and a height of 10 centimeters, or a dune length to
height ratio of 20, which is broadly consistent with field and laboratory dune geometry scaling at
bedload-dominated transport stages in creeks and shallow rivers (Best and Kostaschuk 2002,
Bradley and Venditti 2019, Cisneros et al. 2020). Grid cell size was set to 1 cm by 1 cm, and
model depth was set to 0.75 m for a total of 0.85 m at the peak of the dune, resulting in a total of
48,677 grid cells.
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Figure 1. MODFLOW and SEAM3D model domain

2.3 Model Parameters and Boundary Conditions for Base Case and Sensitivity Analysis
We performed a sensitivity analysis that varied hydraulic and DO/DOC concentration boundary
conditions one at a time relative to a base case (Table 1). This section provides details on model
parameters and their justification.



194 Table 1. Model Parameters and Boundary Conditions for Base Case and Sensitivity Analysis

Base Range Varied in
Abbrev- o )
Parameter o Case Sensitivity Units
iation _
Value Analysis
Varied in Sensitivity Analysis
Bottom (GW) boundary
_ Bottom q 760 76 — 2,600 m3/d
upwelling flux
E = Overlying water column (SW)
@) g _ a* 1 05-15 m
= T depthin OpenFOAM
a) c
C§> é_ Overlying water column
depth-averaged (SW) velocity u* 0.75 0.25-1 m/s
on OpenFOAM
Top boundary (SW) DO
O ) SW DO 5 1-15 mg/L
o§o concentration
< Top boundary (SW) DOC
W _ SW DOC 5 1-15 mg/L
concentration
Constants
> Hydraulic conductivity K 100 - m/d
8 O Horizontal to vertical
S - ) A 1:1 -
L anisotropy
Longitudinal dispersivity oL 0.01 - m
Transverse dispersivity ar 0.001 - m
Biomass yield coefficient Y 0.25 - a/g
q Effective porosity 0 0.3 - -
b Max specific rate of DOC
< o pmax 23.64 - g/g/d
W utilization
DO use coefficient y 1.07 - a/g
DOC half saturation constant KPboc 8.68 - g/m?
DO half saturation constant KPo 5.28 - g/m?

195 SW=surface water, GW = groundwater
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*varied in OpenFOAM to create top (SW) hydraulic head boundary conditions for MODFLOW.

2.3.1 MODFLOW Boundary Conditions and Parameters

The cells of the top (SW) boundary (Figure 1) were assigned a spatially-varying distribution of
constant heads from steady-state computational fluid dynamics (CFD) water column simulations
of the overlying river using OpenFOAM (Weller et al. 1998) (Figure 2). OpenFOAM solved the
Reynolds-averaged Navier-Stokes (RANS) equations using the k — 0 turbulence closure
scheme. SW depth (d, L) and depth-averaged SW downstream velocity (u, LT™) were varied in
OpenFOAM to generate different top boundary conditions for MODFLOW (Table 1, Figure 2).
These ranges of u and d represent SW hydraulic conditions where dunes would form (Colombini
and Stocchino 2008) and migrate downstream. Such depth-averaged water column velocities
(i.e., 0.25 - 1 m/s) are well within the range of expected river water velocities for the presence of
dunes in rivers. Values of u higher than 1.0 m/s would cause dunes to erode and disappear,
given the SW depths (d) and dune configuration used in the simulations. Values of u lower than
0.25 m/s would create situations where the SW flow does not have enough strength to create the
dunes in the first place. The resulting overall pattern of head distribution at the sediment-water
interface (Figure 2) is consistent with the laboratory measurements by Fehlman (1985).
Additional details of the OpenFOAM simulations, including benchmarking against prior
laboratory and modeling studies, are given in Lotts (2022).

Distance Downstream (m)

u=075m/s,d=1m  --eeeees u=025mis,d=1m ====- u=05m/s,d=1m

- ==u=1m/s,d=1m

u=0.75m/s,d=0.5m

u=0.75m/s,d=15m
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Figure 2. Top (surface water, SW) boundary hydraulic head distributions generated with
OpenFOAM for the surfaces of the three dunes in the model domain (u = depth-averaged

velocity in overlying SW, d = average depth in overlying SW).

Each cell of the bottom boundary was assigned constant flow representing the upward GW
discharge into SW (Cardenas and Wilson 2006, 2007, Hester et al. 2013). GW upwelling flow
(g) for the base case was set so that the lowest point of the hyporheic flow cell in the vertical
direction was close to the midpoint of the model domain; this corresponded to 760 m3/d. The
upper limit for the upwelling flow (0.03 m?/s) caused the hyporheic flow cell to almost disappear
and the lower limit (76 m®/d) caused it to almost meet the bottom of the domain. The sides of the
domain were treated as no flow boundaries. The base case model had a homogeneous hydraulic
conductivity (K) of 100 m/d, similar to previous studies of hyporheic flow in dunes (Cardenas
and Wilson 2007, Hester et al. 2013).

2.3.2. SEAM3D Boundary and Initial Conditions and Parameters

Top (SW) DO and DOC boundary concentrations (CP° and CP°C, respectively) in SEAM3D
were set as uniform along the dune surface and constant in time. For the base case, both
concentrations were set to 5 mg/L, which are intermediate within the ranges used previously in
hyporheic zone sensitivity analysis (Bardini et al. 2012, Hester et al. 2014) and stream water
quality (Dubrovsky et al. 2010, Corsi et al. 2011) studies. These values also correspond to a
DO:DOC ratio of 1:1, which is similar to the DO use coefficient y of 1.07.

For the sensitivity analysis, DO top boundary concentration was varied from 1 mg/L to 15 mg/L
in accordance with the ranges in the literature (Dubrovsky et al. 2010, Corsi et al. 2011, He et al.
2011, Bardini et al. 2012, Rajwa-Kuligiewicz et al. 2015) and to cover the full range of DO
saturation (14.6 to 7.6 mg/L at 0 °C to 30 °C, respectively). DOC was also varied from 1 mg/L
to 15 mg/L, again within the ranges observed in prior studies (Hester et al. 2014, Lee et al.
2016), and consistent with oligotrophic conditions (Nogaro et al. 2013, De Falco et al. 2018,
Ping et al. 2020, Xian et al. 2023).

11



243
244
245
246
247
248
249
250
251
252
253
254
255

256

257
258
259
260
261
262
263
264
265
266
267

The initial concentrations for DO, DOC, and biomass (CP°, CP°C, and My, respectively) were set
as spatially uniform throughout the model domain. The base case was simulated multiple times
with different initial conditions up to a total simulation time of 10 days to achieve a steady state
condition. Varying the initial conditions while keeping top boundary DO and DOC constant did
not much influence the final steady state total biomass (Supporting Information 1), which is the
focus of our reported results (Section 3). Thus the DO and DOC initial concentration was set
arbitrarily to 4 mg/L, similar to top boundary concentrations but slightly lower, consistent with
Bardini et al. (2012) and Hester et al. (2014). Initial biomass was set as uniform at 0.125 g/m3
such that the total initial biomass in the model domain was almost the same as the base case
steady state total biomass. This value is also arbitrary, but consistent with prior studies (Xian et
al. 2019, Ping et al. 2020, Ping et al. 2022). The maximum specific substrate utilization rate
(v™%*) and the biomass yield coefficient (Y) were (Table 1) based on previous modeling studies
(Essaid et al. 1995, Hester et al. 2014).

3. Results
3.1 Base Case

MODFLOW hydraulic results indicate water entered the domain in the higher pressure zone in
the middle of the upstream (stoss) side of the dune and left at the lower pressure zone centered
on the lee side (Figure 3A) consistent with prior studies (Elliott and Brooks 1997, Cardenas and
Wilson 2006, Hester et al. 2013). Flow paths indicate a hyporheic flow cell with residence times
that ranged from 0 to 60 hours. Steady-state SEAMS3D results for the growth/death base case
show that DO, DOC, and aerobic microbial biomass were concentrated within the hyporheic
flow cell, with higher concentrations wherever water entered the system and lower where water
left the system (Figure 3B, C, D). Concentrations were roughly inversely correlated with distance

to the edge of the hyporheic flow cell, and thus subsurface residence time.
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Figure 3. Spatial distribution of A) hydraulic head and flowpaths, B) aerobic microbial biomass,
C) dissolved oxygen (DO), and D) dissolved organic carbon (DOC) for the growth/death base
case simulation. All results are steady-state which for SEAM3D are output at a simulation time

of 10 days. Results presented are for central dune from the three-dune model domain (Figure 1).

When microbial growth/death were not simulated, our SEAM3D results were similar to those in
Hester et al. (2013) with the formation of a thin steady-state GW-SW water mixing zone (Figure
4A, B) and a uniform spatial distribution of aerobes (Figure 4C). By contrast, growth/death
dynamics caused a broader area of intermediate DO and DOC concentrations (i.e. a lower
concentration gradient) (Figure 4D, E), consistent with the spatial distribution of aerobes
concentrated where the DO and DOC were present (Figure 4F). Biomass in the no-growth/no-
death scenario remained unchanged with time as expected, while that for the growth/death

scenario stabilized by about 3 days in both the hyporheic flowcell and the larger model domain
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(Figure 4H). By contrast, steady state DOC concentrations were reached much sooner (Figure
4G), after approximately one day of simulation. The DO concentrations (not shown) followed an

identical pattern and difference in magnitude as the DOC concentrations.

There was 12% lower overall steady-state microbial biomass within the model domain for the
growth/death scenario (6.0 mg, Figure 4F, H) than for the no growth/no death scenario (5.2 mg,
Figure 4C, H). In contrast, the steady-state microbial biomass within the hyporheic flowcell for
the growth/death scenario (1.8 mg, Figure 4H) was greater by a factor of 3.0 compared to the
steady-state biomass for the no growth/no death scenario (0.6 mg, Figure 4H). While the fact that
growth/death provides greater biomass in the hyporheic flowcell and lower biomass in the total
model domain is a robust finding, we note that the magnitude of this difference is arbitrary based
on model domain size because the die-out of microbes at the bottom of the growth/death model
domain means that increasing the depth of the model domain would increase the microbial mass
in the no growth/no death scenario relative to the growth/death scenario (i.e. the differences
would increase). There was 14% lower steady-state DOC mass in the both the model domain
and the hyporheic flowcell for the growth/death scenario (22.3 and 7.6 mg, respectively) than in
the no growth/no death scenario (25.9 and 8.8 mg, respectively) (Figure 4G), and in contrast to
biomass, this finding in not arbitrary as additional model depth at zero concentration does not
affect total solute mass present. Finally, the steady-state rate of total DOC consumption
throughout the model domain was 85% for the growth than no-growth scenarios (not shown). In
sum, at steady-state, the growth scenario showed greater DOC consumption due to more biomass

in the hyporheic flowcell, resulting in less DOC remaining in the model domain.
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Figure 4. A) Dissolved oxygen (DO) spatial distribution, B) dissolved organic carbon (DOC)
spatial distribution, and C) aerobic microbial biomass spatial distribution for no growth/no
death conditions. D) DO spatial distribution, E) DOC spatial distribution, and F) aerobic
microbial biomass spatial distribution for growth/death conditions. G) Total mass of DOC in
model domain and the hyporheic flowcell for both base cases (growth/death and no growth/no
death). H) Total biomass in model domain and the hyporheic flowcell for both base cases
(growth/death and no growth/no death). Results presented in panels A-F are for central dune

from the three-dune model domain at steady-state (t=10 days).

3.2 Hydraulic Sensitivity Analysis

In our sensitivity analysis of hydraulic parameters in MODFLOW, we varied top boundary

surface water (SW) depth and depth-averaged velocity (via OpenFOAM) and bottom boundary
15
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groundwater (GW) upwelling flow (Table 1). Together these parameters determine the
hydraulic head distributions at the top (SW) and bottom (deeper GW) boundaries of the model
domain, respectively. Model results indicate that both boundary heads exhibited non-uniform
spatial distributions (Figures 2, 5A). To simplify our analysis of controlling factors, we present
the results using the ratios of both the maximum and average SW heads to maximum GW head,
rather than the actual heads, because the relative balance of these two heads is a key control on

hyporheic flow cell size or area (Hester and Doyle 2008) (Figure 5A).
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Figure 5. A) Surface water (SW) and groundwater (GW) head distributions along the top and

bottom boundaries of the central dune of the model for base case scenario, B) Steady state
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hyporheic flow cell area as a function of maximum SW to maximum GW head ratio, C) Steady
state hyporheic flow cell area as a function of average SW to average GW head ratio, D) Steady
state biomass (with growth/death) vs maximum head ratio, E) Steady state biomass (with
growth/death) vs hyporheic flow cell area. Results presented are steady state (t= 10 days) for
central dune from the three-dune model domain (Figure 1). We approximated flow cell area in
C and D as including all cells with DO concentration > 0.1 mg/L (this matched the flow paths

corresponding to the hyporheic flow cell, Supporting Information 2).

As SW/GW head ratio decreased, the size or area of the hyporheic flow cell induced by the dune
decreased (Figure 5B). The area of this cell increased almost linearly with max boundary head
ratio but levelled off slightly at higher ratios, whereas area leveled off more significantly above
average ratios of approximately -0.4 m/m (Figure 5B, C). The levelling off in both curves could
indicate growth being limited by adjacent dunes. For example, even if hyporheic cell width and
depth are both linearly correlated to average head ratio, as width or depth are in turn limited by
other factors such as the existence of adjacent dunes, hyporheic cell growth becomes non-linear.
In Figure 6A, for instance, the hyporheic flow cell is limited by the bottom boundary of the
domain and the flow paths from adjacent dunes due to the high SW/GW head ratio (3.28 m/m),
which is not observed in the base case (Figure 6B, SW/GW head = 1.96 m/m) or the low
SW/GW head ratio (Figure 6C, SW/GW head = 1.16 m/m).
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A High 5W head/GW head o

Figure 6. Head distributions and flow paths for example hydraulic conditions, including A)
surface water head/groundwater head ratio (SW/GW) higher than base case (SW/GW = 3.28
m/m; d = 1m; u=0.75m/s, GW inflow = 259 m%/d), Base case (SW/GW = 1.96 m/m; d =1 m;
u=0.75 m/s, GW inflow = 760 m%/d), and C) SW/GW lower than base case (SW/GW = 1.16
m/m; d =1 m; u=0.75m/s, GW inflow = 1560 m*/d). Results presented are steady state for
central dune from the three-dune model domain (Figure 1).

SEAMS3D results overall indicate that aerobic microbial biomass increased with maximum SW
head/GW head ratio (Figure 5D) and hyporheic flow cell area (Figure 5E). This makes sense
because the area of suitable habitat simultaneously increased. However, there is some scatter,
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particularly at larger flow cell areas, because head ratio does not account for effect of residence
time. In other words, even if two different hydraulic conditions happened to have the same
maximum SW head/GW head ratio (no two model scenarios we ran represent exactly this
situation), their residence time distributions may differ and thus, the availability of DO and DOC

in the dune due to upstream reactions.

The results showed a decrease in biomass with increasing GW residence time within the dune
(Figure 7). This makes sense as both DO and DOC have more opportunity to have been
consumed, and lowered DO/DOC concentrations would lead to decreased aerobic microbial
biomass, as time spent in the subsurface increased. Biomass and DO/DOC concentrations always
decreased nonlinearly with residence time, with lower slopes at higher residence times. For
residence times greater than 1 day, biomass plummeted to a concentration of almost 0 mg/L
(Figure 7A).
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Figure 6. Aerobic microbial biomass concentration, dissoleved oxygen (DO) concentration, and
dissolved organic carbon (DOC) concenration vs. residence time for every cell in the model
domain for selected hydraulic sensitivity analysis model runs, including base case (surface water
groundwater head ratio (SW/GW) = 1.96 m/m; Figure 6b), high SW/GW (= 3.28 m/m; Figure
6a), and low SW/GW (= 1.16 m/m, Figure 6¢). Residence times calculated using MODPATH.

Results presented are for central dune from the three-dune model domain (Figure 1).
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3.3 Oxygen and Organic Carbon Sensitivity Analysis

3.3.1 Steady State Results

In our sensitivity analysis of DO and DOC in SEAM3D, we varied top (SW) boundary
concentrations (Table 1) to see their effect on aerobic microbial biomass, GW DO, and GW
DOC. All simulations reached steady state for DO, DOC, and microbial biomass within about 2
days model time. As expected, total DO and DOC mass within the central dune increased almost
linearly with top boundary DO and DOC, respectively (Figure 8A, D) and did not increase
otherwise (Figure 8B, C). Additionally, trends in DO and DOC concentrations within the
hyporheic zone were roughly the same for the growth/death and no growth/no death models. In
general, total DO and DOC masses in the dune were lower for the growth/death model than the
no growth/no death model, and the absolute difference (units of mass) between the growth/death
and no growth/no death models became larger with increasing top boundary concentrations of
DO and DOC (Figure 8, left y-axes). Absolute (mass) differences were also greater for boundary
DOC (Figure 8C, D) than boundary DO (Figure 8A, B). On the other hand, percent differences
(Figure 8, right axes) generally did not show monotonic patterns (with the exception of panel C)

and were mostly below 25%.
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Figure 8. Total chemical mass for base case hydraulic conditions as a function of top (surface
water, SW) boundary conditions, including A) dissolved oxygen (DO) in dune vs boundary DO
concentration, B) DO in dune vs boundary dissolved organic carbon (DOC) concentration, C)
DOC in dune vs boundary DO concentration, D) DOC in dune vs boundary DOC concentration.
Right y-axes shows percent difference between the growth/death results and the no growth/no
death results. Results presented are steady state at t = 10 days for central dune from the three-

dune model domain (Figure 1).

An increase in top boundary DOC concentration above that in the base case led to increased total

microbial biomass within the central dune, while increasing DO caused a small (< 10%) decrease
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in total biomass (Figure 9A). On the other hand, decreasing both DO and DOC below those of
the base case caused microbial mass to decrease, and the effect was more dramatic for DO which
dropped by up to ~100%. This indicates that both DO and DOC limit microbial growth but DO

restricts growth more at lower concentrations.

These biomass trends can be replotted as a function of the SW DO:DOC ratio (Figure 9B). For
all model scenarios where SW DOC was held constant, a high DO:DOC ratio implies that SW
DO was higher than the condition used in the base case; by contrast, for all scenarios where SW
DO was held constant, a high ratio implies that SW DOC was lower than that of the base case.
For example, a ratio of 3 could either represent a DO:DOC ratio of 15:5 (more DO than base
case) or 5:1.67 (less DOC than base case). This ratio is helpful to compare different model runs,
as a ratio of 0.5 for constant SW DO (5:10 — red triangles in Figure 9B) would be comparable to
a ratio of 2 for constant SW DOC (10:5 — blue squares in Figure 9B). When varying SW DO (red
triangles on Figure 9B), biomass maxed out at a ratio of ~1:1, this could be related to the DO use

coefficient y of 1.07.
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Figure 9. A) Percent changes in total aerobic microbial biomass vs change from base case of top
(surface water, SW) boundary concentrations of dissolved oxygen (DO) or dissolved organic
carbon (DOC), B) Total aerobic microbial biomass in central dune vs top boundary DO:DOC
ratio where ratio is changed by varying DO or DOC, respectively. Results presented are steady

state for central dune at t = 10 days from the three-dune model domain (Figure 1).

3.3.2 Spatial and Temporal Variation

We evaluated spatial and temporal trends at two example locations (top of the model domain,

X1, and edge of the hyporheic flow cell, X2) for three different DO/DOC scenarios (base case
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with equal SW DO and SW DOC concentrations, excess SW DO, and excess DOC)(Figure 10A,
B, C). X1 (x =2.65 m, depth = 0.15m) is located in a high DO and DOC concentration zone
close to the SW inflow boundary, while X2 (x = 2.65 m, depth = 0.5 m) is located deeper in the
sediment, closer to the edge of the hyporheic flow cell area where DO and DOC concentrations

were lower.

Under excess SW DO, the spatial distribution of aerobic microbial biomass (Figure 10A) was
overall similar to that of the base case (Figure 10B). No significant differences in biomass were
observed between excess SW DO and the base case at any point in time at the top of the
hyporheic zone (X1), but biomass was slightly lower for excess SW DO at X2 (Figure 10D, E).
By contrast, for excess SW DOC, microbial concentrations in the hyporheic zone were overall
significantly higher than for the base case, although the area in which microbes could subsist
decreased, i.e. microbial concentrations dropped to almost 0 mg/L at X2 (Figure 10B, C).
Changes in both DO and DOC enhanced growth, but to different degrees.

Biomass response over time was different depending on the location within the dune and the top
boundary DO and DOC concentrations. For both excess DO and DOC, biomass increased
rapidly at X1 with time and then suddenly leveled off (Figure 10D, E, F). By contrast, biomass at
X2 showed a rapid initial increase with time and then at least some decrease thereafter (Figure
10D, E, F). This effect was by far the most pronounced with excess DOC, where biomass at X2

increased rapidly and then decreases rapidly again (Figure 10F).

All timeseries of DO and DOC concentrations eventually reached steady state (Figure 10D
through F). However, increasing either SW DO or DOC changed the time it took for DO and
DOC to reach steady state. For example, DO and DOC reached steady state in approximately 1
day for the base case (Figure 10H), and in 1.25 days or more when there was excess DOC
(Figure 101). DO and DOC concentrations reached steady state in less than 2 days for all
modeled conditions, and steady state was reached earlier close to the core of the hyporheic flow
cell than it was at the edge of the cell (Figure 10D, E, F).
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Figure 10. Steady state (t= 10 days) spatial distribution of aerobic biomass concentration (with
growth/death) for A) excess dissolved oxygen (DO) model (more top boundary DO than DOC,
10 mg/L DO, 5 mg/L DOC), B) base Case (equal top boundary DO and DOC, 5 mg/L DO, 5
mg/L DOC), and C) excess DOC model (more top boundary DOC than DO, 5mg/L DO, 10 mg/L
DOC). Biomass time series for D) excess DO, E) base case, F) excess DOC. Concentration time
series of DO and DOC for G) excess DO, H) base case and I) excess DOC. Solid lines represent

point X1 while dotted and dashed lines represent point X2. Results presented are for central

dune from the three-dune model domain (Figure 1).
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Microbial mass at steady state was nearly depleted in grid cells where DO concentrations were
less than ~ 1 g/m® (Figure 11A). However, even in some cases with DO concentration above this
value, microbial mass was still depleted due to low DOC concentrations (Figure 11B). This
suggests that there are minimum DO and DOC concentrations required for microbial growth, but
they are not a specific absolute concentration or ratio of DO and DOC. These thresholds are
potentially related to the growth rate (G,) which ultimately depends on the availability of EAs
and substrates (Equation 7). At some locations, DOC concentrations of up to 10 g/m?® resulted in
a microbial mass concentration of ~ 0 g/m? due to the low DO concentrations (Figure 11C;
Figure 10C, F, I).
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Figure 11. Steady-state (t=10 days) dissolved oxygen (DO), dissolved organic carbon (DOC),
and biomass concentrations (with growth/death) for all model grid cells in all 12 concentration
sensitivity analysis runs (Table 1). The dataset is presented multiple ways, including A) 3D plot,
B) 2D plot with biomass as color scale, C) 2D plot with DOC as color scale, and D) 2D plot with
DO as color scale. Results presented are for central dune from the three-dune model domain
(Figure 1).
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4. Discussion

Our boundary DOC concentrations (1-15 mg/L, Table 1) were generally in the oligotrophic
range, leading to low simulated biomass concentrations that often did not exceed 0.8 g/m?®
(Figures 3, 4, 7, 10), and never exceeded 1.2 g/m® (Figure 11). This is consistent with other
studies of oligotrophic systems with generally low DOC and biomass and consequently minimal
to no bioclogging (De Falco et al. 2018, Ping et al. 2020, Xian et al. 2023).

4.1 Importance of Simulating Microbial Growth/Death for Model Predictions

Our results showed significant differences in total steady-state biomass (12% for the base case)
and its spatial distribution between the growth/death and no growth/no death scenarios (e.g.,
Figure 4). Similarly, there were noticeable differences in steady-state total DO and DOC mass
(up to 100%, Figure 8), and spatial distribution of DO and DOC concentration in the hyporheic
zone (e.g., Figure 10A, B, C). Furthermore, the fact that decreased microbial biomass in the
growth/death model was associated with decreased DO/DOC mass indicates that lower biomass
in the growth/death case was able to consume more DO/DOC (85% less at steady-state for the
base case), in turn suggesting greater efficiency of metabolism in the growth/death scenario.
This greater efficiency makes sense given biomass spatial distribution in the growth/death case is
allowed to adjust to spatial patterns of DO/DOC supply. Together, these findings emphasize the
importance of simulating microbial growth and death, and therefore the qualitative and
guantitative inaccuracy of ignoring microbial dynamics in models, if the predicted magnitude of
microbial biomass and by extension the predicted magnitudes of microbially-mediated
biogeochemical reactions (e.g., nitrification, denitrification) is important. Our results also
emphasize the importance of simulating microbial growth and death if the spatial distribution of
microbially-mediated reactions within the hyporheic zone (Figure 4) and their control by
hyporheic flowpaths (Figure 10, Section 4.2) are important (Mendoza-Lera et al. 2019). Prior
research has similarly found that simulating microbial growth/death can be important in other
ways such as where and when substrate (e.g., DOC) concentrations are sufficient to induce
bioclogging and associated reductions in sediment flow and reactant transport (Newcomer et al.
2016, Caruso et al. 2017, Xian et al. 2019, Ping et al. 2020).

By contrast, trends of steady state biomass and biomass concentration with hydraulic and
biochemical boundary conditions were similar for growth/death and no growth/no death
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scenarios. For example, hyporheic zone DO and DOC increased with SW DO and SW DOC,
respectively, regardless of whether growth and death were simulated (Figure 5E). This suggests
that certain trends may be captured without modeling growth and death, but more research is

needed to determine how universal this conclusion is.

Explicitly simulating microbial growth and death also allows exploring and quantifying
biological response times to perturbations. Even with constant hydraulic and DO/DOC boundary
conditions, initial dynamic periods of microbial adjustment to current conditions and hence
adjustment of DO and DOC concentrations occurred (Figures 4, 10). These response times
varied widely from roughly 1-1.5 days for the base case (Figures 4GH, 10EH) to more than a
week for the excess DOC case (Figure 10F). Higher response times seem to be associated with
deeper locations (i.e. higher residence times, Section 4.2 below), but also more complex response
sequences when biological communities first grow and then die out (Figure 10F, location X2).
Such response times are likely playing out continually in the field, where hydrologic and

biogeochemical conditions are highly dynamic (see Section 4.3, below).

4.2 Effect of DO/DOC Availability and Residence Times on Growth/Death

Our results suggest that there are specific lower DO and DOC concentration thresholds required
for aerobic microbial growth and these concentrations are neither absolute minimums nor
specific DO:DOC ratios (e.g., Figure 11). This makes sense because the population growth rate
(Gp) increases with both the yield coefficient (Y)) and the max specific rate of substrate utilization
(v™4X) (Equation 5). Given that the half saturation concentration for DOC is greater than that for
DO, Rpoc increases more with DOC concentration than it does with DO. For example, a
DO:DOC ratio of 0.5 could be caused by a DOC concentration of 10 g/m?® and a DO
concentration of 5 g/m?3, resulting in a specific substrate utilization rate of ~6.09 g/g/d. For a ratio
of 2.0, the values would be inverted (10 g/m®of DO and 5 g/m® of DOC) and the specific
substrate utilization rate would be 5.59 g/g/d. Even though these utilization rates are
approximately 10% different, this difference is still enough to compound over time to create the
differences observed in the sensitivity analysis.

Locations within the model domain with longer residence times (i.e. longer flow times from the

top boundary) had lower, or in some cases, mostly depleted aerobic microbial biomass (Figure
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12B, D; Figure 7). This makes sense because biomass depends on the availability of DO and
DOC and locations with higher residence times mean longer travel times for DO and DOC from
the top boundary, and therefore greater depletion of these resources before arriving at that
particular location (Figure 4). For our scenarios, these locations with greater residence times are

generally deeper in the sediment, close to the edge of the hyporheic flow cell (Figure 10C, F).

Variation in residence times also explains the scatter in total aerobic microbial biomass as a
function of hyporheic flow cell area (Figure 5E). Different hydraulic conditions cause different
residence times and high residence times cause reduced DO and DOC which mostly depletes the
biomass (Figure 11C, 7A). Therefore, different dunes with the same hyporheic flow cell area
could result in different steady state total aerobe biomass if the hydraulic conditions and thus
porewater velocities, differ. However, minimum and maximum possible steady state biomasses

may exist for a given flow cell area, and these limits may increase with flow cell area.

The spatial pattern of deviations in aerobic microbial biomass concentration from the base case
differed between conditions of excess SW DO and those of excess SW DOC (Figure 12A, B).
The overall differences were less for excess SW DO than excess SW DOC, consistent with
Figure 10. The base case exceeded excess DOC only at the fringes of the hyporheic flow cell
whereas the base case exceeded excess DO throughout the core of the flow cell. Increasing SW
DO or SW DOC relative to the base case resulted in increased total biomass (Figure 12C, D, E,
F). Closer to the edge of the hyporheic flow cell (location X2), biomass reached its peak (~ 2
days) after DO and DOC (~ 1.5 days) and then started to decrease below the biomass
concentration of the base case (Figure 12D, E, F).
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Figure 12. Differences between excess dissolved oxygen (DO) and excess dissolved organic
carbon (DOC) in top boundary surface water compared to base case for growth/death
conditions (Left column corresponds to excess DO — base case and right column, excess DOC -
base case). Spatial distribution of biomass difference for A) excess DO B) excess DOC att = 10
days. Biomass timeseries for C) excess DO and D) excess DOC. DO and DOC concentrations
for E) excess DO and F) excess DOC. Solid lines represent point X1 while dotted and dashed

lines represent point X2. Results presented are for central dune from the three-dune model
domain (Figure 1).
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Ultimately, understanding biomass patterns over time and space requires understanding how DO
and DOC are transported to each grid cell by the GW flow paths through the hyporheic zone.
Each grid cell stores DO and DOC, which changes according to the mass balance of inflow,
outflow, and consumption by biomass. Att = 0 d (to), the microbial population starts consuming
whatever DO and DOC is initially stored (initial concentrations), and DO and DOC is
continually transported to the cell along hyporheic flow paths. As long as DO and DOC are
available, the aerobes reproduce, and the microbial population keeps growing. In some cases the
microbial population eventually starts consuming more DO and DOC than the flow paths can
transport to their location and the storage at that grid cell starts depleting (Figure 10 D through ).
In most cases, inflow, outflow and consumption eventually balance out and steady state is
reached for biomass, DO, and DOC. However, in some cases, the storage drops to a point where
the minimum concentrations required for growth are not met (Figure 11), and biomass drops to
almost 0 g/m? (Figure 10I). Thus, distance along a flow path (residence time) and DO and DOC

availability play key roles in microbial growth and death dynamics in the hyporheic zone.

Note that we only simulated strict aerobes, and thus our results may be different if we had also
simulated other microbial populations, for example facultative microbes. If we added microbial
populations that can utilize other electron acceptors, that would allow utilization of any
remaining DOC in the system and allow DOC concentrations to further deplete in certain
scenarios relative to our results. This would require a significantly more complex model, to
account for differing growth and death responses with additional electron acceptors such as

nitrate. This area is recommended for future research.

4.3 Temporal Variations in Hydraulic and DO/DOC Boundary Conditions
Although each model scenario we ran had steady-state boundary conditions, river flow and depth
are constantly fluctuating due to natural (e.g., storms, tides, variation in snowmelt,
evapotranspiration) and anthropogenic (e.g., dam operation) causes (Lins 1985, Cohn and Lins
2005, Loheide and Lundquist 2009, Gomez-Velez et al. 2015, Malzone et al. 2016, Schmadel et
al. 2016, Knights et al. 2017). Nevertheless, we can gain some insight from our variation of
hydraulic and DO/DOC boundary conditions among model scenarios. For example, during
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hydropower peaking, daily snowmelt, and high tides (Loheide and Lundquist 2009, Sawyer et al.
2009, Bianchin et al. 2011), SW head would increase, leading to larger hyporheic flow cells
(Azinheira et al. 2014) and larger hyporheic biomass (Figure 5). The reverse would then occur
during the other half of the diel cycle, with a lag between SW fluctuations and biological and
chemical response of approximately 1-6 hours. The specific trends discussed here depend on our
specific boundary conditions, i.e. DO and DOC both present in SW and neither present in deeper
GW. However, even with different DO/DOC boundary conditions, the more fundamental
findings such as delayed biomass response in the subsurface should still hold. This is a key
distinction from models that do not include microbial growth and death, where the delays would
only be from transport time along flowpaths, without the additional delay of biological response
times (Hester et al. 2019, Santizo et al. 2020, Hester et al. 2021).

Any fluctuations in biogeochemical boundary conditions would then be superimposed on the
effects of fluctuations in hydraulics. In our case, that would mean increases in boundary DO or
DOC would increase hyporheic biomass. Such variation in biogeochemical boundary conditions
may occur due to passage of storm events and seasons. For example, both DOC loads and
concentrations in stream and river channels can increase during storm events (Hinton et al. 1997,
Inamdar et al. 2004, Lindroth et al. 2009). SW organic carbon levels have also been found to be
higher in wet and/or growing seasons (Lee et al. 2016, Li et al. 2017b), and SW DO levels are
often higher during colder seasons due to higher solubility and less consumption by algae or
bacteria (He et al. 2011, Rajwa-Kuligiewicz et al. 2015).

5. Conclusions

We used MODFLOW and SEAM3D to simulate the effect of microbial growth and death
processes within riverbed dunes on hyporheic zone metabolism of dissolved oxygen (DO) and
dissolved organic carbon (DOC) derived from surface water (SW). Our results show that at
steady state conditions, the efficiency of metabolic processes can increase when microbes,
through growth and death processes, can optimize their spatial distribution to take advantage of
heterogeneous patterns of DO/DOC availability. Thus, modeling growth and death in microbial
populations is necessary for accurate simulation of microbially-mediated reactions in the

hyporheic zone. This would be particularly true where environmental conditions such as
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temperature, reactant concentrations, and hydraulic conductivity vary temporally or spatially.
Because hyporheic reactions can significantly affect water quality of the overlying water column
(Gomez-Velez et al., 2015), this has implications for quantifying beneficial reactions and
therefore watershed water quality management. It is true that some general trends can be
captured without modeling microbial growth and death, particularly those trends driven primarily
by hydraulic or chemical boundary conditions. Yet accuracy of simulated concentration or
reaction magnitudes are improved by explicitly simulating microbial growth and death. This is
particularly true of modeling studies that require accurate predictions of spatial distribution of

electron acceptors and substrates.
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