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Abstract
Epibenthic biofilms are important in regulating nitrogen (N) fluxes in stream ecosystems. The efficiency of

the regulation is controlled by hydraulic and biological processes and their interactions. However, knowledge
on the underlying physical and biological processes, their controlling parameters, and interactions in stream
ecosystems is still limited. To analyze the relative importance of hydraulic and biological controls on biofilm N
uptake, we measured turbulence, biofilm N uptake using a stable isotope tracer, and biofilm biomass in two
gravel-bed streams with contrasting nutrient concentrations for two seasons. We found high within-stream vari-
ability in biofilm areal N uptake and uptake velocity, which exceeded variability between streams and seasons
by 60% and 30%, respectively. Sixty-four percent of the within-stream variability in uptake velocity was
explained by hydraulic mass transfer and biofilm characteristics, which were described in terms of the turbulent
dissipation rate and the biofilm biomass, respectively. We show that surface renewal theory based on scales of
the smallest turbulent eddies can be used to estimate transfer velocities at the sediment–water interface and can
be extrapolated to larger scales by spatial averaging. Our results improved the mechanistic understanding of the
processes regulating biofilm N uptake at small scale which contributes to the understanding of ecosystem func-
tioning in low-order streams and supports upscaling to larger spatiotemporal scales along stream networks.

Input of dissolved inorganic nitrogen (N) to aquatic ecosys-
tems has been increasing globally as a result of human activities,
particularly agricultural land use and discharge from wastewater
treatment plants (Galloway et al. 2008; Seitzinger et al. 2010).
Streams constitute biogeochemical reactors that can take up,
store, and transform N during downstream transport. Low-order
streams have an important role in N cycling, in particular during
seasons of high biological activity (Alexander et al. 2007; Marcé
et al. 2018). The large ratio of solid substrate area to water volume
promotes the dominance of biofilm-dwelling microbes over
planktonic microbes and most N cycling is driven by epibenthic
biofilms (Newbold et al. 1982; Sabater et al. 2002; Tank
et al. 2018). The functional significance of biofilms depends on

their attributes (e.g., biofilm composition and morphology),
as well as nutrient supply from the water column (Battin
et al. 2007).

Besides a number of chemical and biological processes, stream
flow can be a key controlling factor of biofilm N uptake by medi-
ating mass transfer across the concentration boundary layer at the
streambed (Kim et al. 1992; Larned et al. 2004; Tomasek
et al. 2018). Mass transfer can be a limiting step in nutrient
uptake, particularly at low flow velocity, while at higher velocity
uptake often becomes biologically limited (Nepf 2011). Moreover,
hydraulics may indirectly affect N uptake and storage by altering
biofilm architecture (Stoodley et al. 1998; Risse-Buhl et al. 2017)
and biomass (Biggs and Thomsen 1995; Stevenson 1996) and
probably also N transfer within the microbial biofilm food web
(Weitere et al. 2018; Risse-Buhl et al. 2020a). Biofilms growing on
surfaces exposed to high bottom shear stress, caused by high flow
velocity and strong turbulence, have lower biomass than biofilms
growing under low shear stress (Biggs and Thomsen 1995). How-
ever, a mechanistic understanding of the processes that regulate
the relative importance of physical and biological processes that
control N uptake and its spatial variability is limited.
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Epibenthic biofilms develop to a great extent in the protec-
tive cover of the viscous sublayer (Vogel 1994), that is, the
near-bed layer at which the flow becomes laminar and fric-
tional force is governed by the viscosity of water rather than
turbulent eddies. Biofilms also interact with near-bed flow by
increasing bed roughness (Nikora et al. 2002). In order to sus-
tain increased drag forces, biofilm organisms with specific
morphologies that promote attachment and association to
solid surfaces are favored (Biggs and Thomsen 1995; Battin
et al. 2003a). Within the viscous sublayer, a concentration gra-
dient may develop creating a diffusive boundary layer, where
mass transport is controlled by molecular diffusion
(i.e., diffusive boundary layer). The vertical extent of the vis-
cous and diffusive boundary layers scales with the size of the
smallest turbulent eddies (i.e., Kolmogorov microscale) and
depends on the dissipation rate of the turbulent kinetic energy
(ε; Lorke and Peeters 2006). Mass transfer across the boundary
layer is commonly described in terms of a mass transfer veloc-
ity. The uptake rate at the streambed is commonly expressed
as an uptake velocity, which is the areal uptake rate divided
by in-stream concentration. The overall uptake velocity can be
decomposed into a hydraulically controlled mass transfer
velocity toward the streambed and a biologically mediated
uptake velocity at the bed, with the mass transfer velocity
imposing an upper limit for the overall uptake velocity (Grant
and Marusic 2011). Grant et al. (2018b) defined uptake effi-
ciency as the ratio of the overall uptake velocity and the mass
transfer velocity. The mass transfer velocity depends on the
near-bed turbulence and is related to the turbulent dissipation
rate by the surface renewal model (Lorke and Peeters 2006;
O’Connor and Hondzo 2008). Grant et al. (2018a) applied the
surface renewal model for analyzing a large data set on reach-
scale N uptake using ε estimated from bulk stream characteris-
tics (bed slope and mean flow depth). The bulk approach is
based on the assumption of a homogenous distribution of tur-
bulence within stream reaches. In gravel-bed streams, near-
bed flows are complex, three-dimensional, and heterogeneous,
resulting from broad size distributions of roughness elements
(Lamarre and Roy 2005; Noss and Lorke 2016). Therefore, ε
near the streambed vary over several orders of magnitude and
result in high variability of mass transfer at small spatial
scales.

In addition to the heterogeneity at the microscale, near-bed
flow and turbulence vary among larger hydromorphologic hab-
itats. Gravel-bed streams are composed of alternating riffle and
pool sections, which differ in water depth, flow velocity, water
surface, and bed slope (Montgomery and Buffington 1997).
Mean flow velocity and turbulence are higher in riffles, which
promote higher areal N uptake by stream biofilms (Peipoch
et al. 2016; Risse-Buhl et al. 2020b). In view of the small-scale
mechanistic basis of the surface renewal model, it remains
questionable to what extent and at which spatial scales it can
be applied to quantify the mass transfer velocity in heteroge-
neous streams. It is thus vital to understand the mechanisms at

smaller scales and if these processes can be scaled up to larger
scales by applying bulk metrics. Moreover, a mechanistic
understanding and quantification of mass transfer limitation
allows disentangling physical and biological controls on nutri-
ent uptake in epibenthic biofilms.

Based on measurements of near-bed turbulence and biofilm
N uptake in two rivers, we analyzed how locally variable flow
conditions affect biofilm N uptake in gravel-bed streams. To
cover the broad range of different hydraulic conditions within
the streams, we deployed a nested sampling approach starting
with high-resolution near-bed velocity measurements at the
microscale and expanding to the mesoscale with distinct
hydromorphological habitats. The hydraulic measurements
were aligned with microscale measurements of biofilm N
uptake rates using stable isotope (15N) tracer additions and
biofilm sampling. We used the surface renewal model to esti-
mate mass transfer velocities and to test the hypothesis that
locally variable transfer velocities can be averaged to larger
scales and estimated from bulk stream metrics. We further
evaluated the relative importance of mass transfer and biologi-
cal uptake and hypothesized that the biological component of
the uptake velocity is related to biofilm biomass. Conse-
quently, we expected that the relative importance of biologi-
cal controls on N uptake depends on environmental
conditions that affect biofilm biomass. Therefore, all measure-
ments were conducted in two streams with contrasting
nutrient concentrations and at two seasons. With this multi-
disciplinary approach, we ultimately aim at improving our
mechanistic understanding of environmental controls on N
uptake at the microscale and their superposition to the scale
of hydromorphological habitats.

Methods
Study sites and sampling approach

Measurements were conducted in two streams, Kalte Bode
and Selke streams, which are located in the Bode catchment
in the Harz Mountains in Central Germany (Fig. 1; Table 1).
The catchments are part of the Terrestrial Environmental
Observatories, a long-term monitoring program (Wollschläger
et al. 2017). Both streams are coarse-grained mountainous
streams exhibiting a natural flow regime with almost no
anthropogenic influences except of some modifications for
bank stabilization. The Kalte Bode comprises sediments rang-
ing from fine gravel to boulders (2–630 mm) and the Selke
additionally comprises sand (0.063–2 mm). At the mesoscale
with spatial scales of � 100 m (Frissell et al. 1986), we divided
the study reaches into distinct hydromorphological habitats
(i.e., riffle and pool; Montgomery and Buffington 1997). Gaug-
ing stations close to the study sites provided daily discharge
data for the periods 1921–2015 (Selke) and 1951–2014 (Kalte
Bode; Table 1). Bank vegetation of the Kalte Bode consists of a
coniferous forest at the right bank and pasture with sparsely
distributed bushes and deciduous trees on the left bank,
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whereas the stream banks of the Selke are lined with a sparse
row of deciduous trees. The selected stream reaches had simi-
lar length and width, but differed in the mean water level
slope and the mean discharge (Table 1).

In total, we conducted four measurement campaigns: one
in summer 2014 and one in spring 2015 in each stream,
respectively. We aimed at performing measurements and
experiments during similar hydrological conditions (i.e., close
to baseflow). During each campaign, measurements of near-
bed hydraulics at the spot-scale (approximately 7 � 3 cm2,
which corresponds to the mean and standard deviation of the
biofilm sampling area) were followed by a stable isotope (15N)
tracer addition experiment and subsequent sampling of bio-
films for stable isotope analyses. During the tracer addition,
15N-NH4

+ was added to increase the 15N : 14N ratio of avail-
able N in stream water (see also Risse-Buhl et al. 2020b).
Assimilatory NH4

+ uptake was quantified by the flux of 15N
tracer into the biofilms, which was calculated as 15N enrich-
ment over time after subtracting natural isotope abundance.

Riffles and pools were visually distinguished by undulations of
the water surface. The measurement spots were randomly dis-
tributed within riffles and pools (with 2 ≤ n ≤ 12 and mean
n = 8.1) in each habitat. Variations in the amount of sampling
spots resulted from a smaller number of measurements and
samples during the first campaign (Selke summer) and from
individual variations in the number of hydraulic measure-
ments and biofilm samples which restricted our paired sam-
pling approach. Some habitats along the experimental reach
could not be sampled because of inaccessibility. In total, three
riffles and up to five pools were sampled in Kalte Bode and
four riffles and three pools were sampled in Selke.

For both seasons, Kalte Bode had lower soluble reactive
phosphorus (SRP) concentrations than Selke (Table 2). Consid-
ering the ratio of total dissolved nitrogen (DIN; sum of nitrate
[NO3

�] and ammonium [NH4
+]) and SRP concentrations,

Kalte Bode can be referred to as nutrient poorer and Selke as
nutrient richer 2. Spring was the season with the highest pho-
tosynthetic active radiation in the stream channel, in

Fig. 1. Location (a) and pictures of the study sites at the Kalte Bode (b) and Selke (c) streams situated in the Bode catchment in the Harz Mountains
(Germany).

Table 1. Location and hydraulic characteristics of the study reaches at the Kalte Bode and Selke streams.

Stream Coordinates
Catchment
area (km2)

Mean discharge
(m3 s�1)

Baseflow
(m3 s�1)

Study reach

Length (m)
Mean

width (m)
Mean water

level slope (%)

Kalte Bode N 51�4403300, E 10�4200900 26 0.72 0.18 580 7.2 0.82

Selke N 51�41011.500, E 10�1503400 184 1.52 0.24 490 7.3 0.39
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particular at Selke. Water temperature was around 10�C during
all field campaigns, except for Selke in summer, when it
reached 17�C (Table 2).

Measurements and data analysis
Physical stream characteristics at the mesoscale

The lengths (m) and mean widths (W, m) of the hydro-
morphological habitats were determined with a tape measure.
The vertical water level difference between habitats was used
to estimate the mean water level slope (S, %). For Selke, mean
water depth (H, m) of each habitat and the reach were esti-
mated from topographical data provided by the local water
authority for a daily mean discharge of 0.26 � 0.08 m3 s�1

(mean � standard deviation). In Kalte Bode, we conducted a
topographical survey using an electronic tachymeter with dif-
ferential global positioning system and global navigation sat-
ellite system rover (Trimble S8 total station and Trimble R8
GNSS System, Trimble) during a mean daily discharge of
0.57 � 0.07 m3 s�1 and thus, also in the range between base-
flow and mean discharge. Reach-scale mean values of the tur-
bulent dissipation rate (εbulk, W kg�1) were estimated for each
habitat from bulk parameters as:

εbulk ¼ gRSð Þ2=3H�1, ð1Þ

where R is the hydraulic radius (R¼HW 2HþWð Þ�1, m) and

g (m s�2) is the gravitational acceleration (Moog and Jirka 1999).

Hydraulic measurements and analyses
Time series of the three-dimensional flow velocities were

measured at approximately 60 spots per campaign, using a
multistatic acoustic Doppler velocity profiler (Vectrino II,
Nortek AS) at a sampling frequency of 64 Hz. We chose the
maximum vertical profiling range of the instrument (35 mm)
with a resolution of 1 mm and set the profiling range such
that the lowermost velocity measurement coincided with
the sediment–water interface. However, reliable turbulence
measurements of the Vectrino II can be expected only around
a so-called sweet spot (Brand et al. 2016; Koca et al. 2017),

which in our measurements was located 2.3 cm above the sed-
iment. Therefore, we restricted our analysis to that single mea-
surement height. A sampling duration of 20 min was chosen,
which is sufficiently long for providing accurate characteristics
of turbulence and facilitates spectral analysis of turbulent
velocity fluctuations (Buffin-Bélanger and Roy 2005). Raw data
were filtered with a threshold of 15 dB for the signal-to-noise
ratio and of 70% for signal correlation. The filtered velocities
were despiked using the method described by Goring and
Nikora (2002), modified by Wahl (2003). Outliers were rep-
laced by the nearest valid data points, and the resulting veloc-
ity vectors were rotated such that u, v, and w (m s�1) denote
the longitudinal, transversal, and vertical component of the
mean flow velocity vector, respectively.

Measurement noise was removed from the final velocities by
low-pass filtering, while the cutoff frequency of the filter was esti-
mated from power spectra of each velocity time series and each
velocity component. Noise was identified in the spectra as the
breakpoint in spectral slope, where the spectra flattened at high
frequencies. The Reynolds averaged longitudinal flow velocity
(u, m s�1) was estimated as the arithmetic mean of all velocity
measurements (ui, m s�1). The turbulent kinetic energy
(E, m2s�2) was estimated from turbulent velocity fluctuations
(u0, v0, w0; m s�1), which were obtained by subtracting the mean
values from measured (instantaneous) velocity components:

E¼0:5 u02þv02þw02
� �

, ð2Þ

where the overbar denotes temporal averaging. The mass
transfer velocity (k, m s�1) was estimated according to Katul and

Liu (2017):

k¼ α1 ενð Þ0:25Sc�0:5, ð3Þ

where Sc is the Schmidt number, which is the ratio of the kine-

matic viscosity (v, m2 s�1) depending on water temperature and the

molecular diffusion coefficient of ammonium in water

(1.86 � 10�9 m2 s�1). α1 is a dimensionless scaling factor, which

Table 2. Nutrient concentrations, including nitrate (NO3
�), ammonium (NH4

+), soluble reactive phosphorus (SRP), photosynthetic
active radiation (PAR), temperature (T), dissolved oxygen concentration (DO), pH and, specific electrical conductivity (C) for both
streams and seasons. DIN : SRP denotes the molar ratio of dissolved inorganic nitrogen (DIN, sum of NO3

� and NH4
+) and SRP. All data

are presented as mean with standard deviation in brackets during the tracer addition experiment. n is the number of observations. PAR,
T, DO, pH, and C were measured at a 15 min interval.

Stream Season

NO3
� NH4

+ SRP DIN : SRP PAR T DO pH C
μg N L�1 μg L�1 mol m�2 d�1 �C mg L�1 μS cm�1

n = 24 n = 21 n = 21

Kalte Bode Summer 490 (31) 10 (1) 3 (0) 75 10.4 (1.3) 10.2 (0.7) 10.6 (0.2) 7.4 (0.1) 89 (2)

Spring 661 (27) 68 (14) 3 (0) 110 13.2 (1.4) 10.2 (1.4) 10.7 (0.4) 7.5 (0.1) 92 (2)

Selke Summer 559 (20) 45 (5) 47 (1) 6 4.3 (2.5) 17.2 (0.8) 8.7 (0.3) 8.0 (0.1) 496 (11)

Spring 1170 (32) 57 (4) 11 (1) 50 12.9 (2.9) 11.3 (1.9) 10.5 (0.8) 8.1 (0.3) 365 (15)
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depends on the distance to the interface at which ε has been esti-

mated (Lorke and Peeters 2006) and was chosen to be 0.4 (Lorke

et al. 2019). Details on the choice of α1 are highlighted in the dis-

cussion. The turbulent dissipation rate (ε, Wkg�1) was estimated

from fitting power spectra of vertical velocity fluctuations to theo-

retical spectra within the inertial subrange (inertial dissipation

technique; Bluteau et al. 2011). Furthermore, ε at the meso and

reach-scale (εS, W kg�1) was calculated for each habitat and reach

in both streams and for both seasons:

εS ¼10
1
n

P
log εið Þ, ð4Þ

with n being the number of hydraulic measurements conducted in a

habitat or reach and εi denoting dissipation estimates obtained at

different spots i within the respective habitat or reach. εbulk (Eq. 1)

and εS (Eq. 4) were used to calculate k for the mesoscale according

to Eq. 3 resulting in kbulk (m s�1) and kε (m s�1) for each habitat,

respectively.

After measuring flow velocity, the sampling location was
marked with a label positioned on the streambed. A macro-
photograph was taken from each position, where a laser
pointer highlighted the precise location of the flow measure-
ment on the bed. The photograph was used to identify the
sampling location for later biofilm sampling.

Tracer addition, sampling, and analyses
At each stream and season, we conducted a 24-h addition

of 15N-labeled ammonium chloride (15NH4Cl, 99% 15N
enriched, reactive tracer) and sodium bromide (NaBr, conser-
vative tracer, see also Risse-Buhl et al. 2020b). The tracer addi-
tion followed an adaptation of the protocol established for the
Lotic Intersite Nitrogen eXperiment project (Mulholland
et al. 2000). Stable isotope values of N are reported as δ15N
(‰) according to Rsample=Rstandard

� ��1
� ��1000 where Rsample

is the 15N : 14N ratio in the sample and Rstandard is the interna-
tional standard of 15N : 14N in air. The tracer solution was
added with a peristaltic pump (Watson-Marlow) located 250m
(Kalte Bode summer and spring), 136m (Selke summer), and
166m (Selke spring) upstream of the study reaches to ensure com-
plete lateral and vertical mixing (Day 1977). The amount of 15N
tracer and the pump flow rate were set to achieve a target 15N
enrichment of 1000‰ in the water column at the addition site.
Although some amount of the tracer was taken up along the
mixing section, isotopic ratio was still traceable in the experimen-
tal reach. To verify plateau conditions during each addition, an
autosampler (AWS 2002, Endress+Hauser AG Reinach) collected
water samples for Br� analysis every 2h supplemented by manual
water collection at shorter time intervals (i.e., minimum 2 min)
after start and stop of each addition at the upstream and down-
stream end of the study reaches. Plateau enrichment was achieved
after 2h maximum, and after 19h we started the sampling of bio-
films and stream water, which was completed within 4–5h. For
the calculation of fluxes, water was sampled at each habitat and

analyzed for concentrations of NH4
+-N, NO3

�-N, SRP, 15NH4
+,

and Br� 1d prior to tracer addition for background characteriza-
tion and during the plateau. Background 15N was determined in
duplicated epilithic biofilm samples collected at three habitats
located within the study reaches 1d prior to the tracer addition.
Biofilms were sampled by removing the stone from the stream-
bed. The biofilms were removed by brushing the stone’s surface
twice with a sterile toothbrush and rinsing with 30mL of sterile
filtered stream water (prefiltered through GF/F and sterile filtered
through Cellulose-Acetate membrane, pore size 0.2μm, Sartorius).
Finally, the area covered by the removed biofilm was projected to
a tinfoil. The area of each tinfoil piece was quantified with the
software Fiji (Schindelin et al. 2012).

Stream water NH4
+-N, NO3

�-N, and SRP concentrations
were analyzed by standard procedures as described in Risse-
Buhl et al. (2017). Concentrations of Br� were measured in
untreated samples by inductively coupled plasma mass spec-
trometry (ICP-MS Triple Quadrupole, Agilent Technologies).

Samples for 15N analysis in water were acidified to a pH of
2 and shipped to the Boston University Stable Isotope Labora-
tory, where δ15N in NH4

+ was determined using a Finnigan
Delta S mass spectrometer (Thermo Fisher Scientific), following
NH4

+ diffusion under alkaline conditions (Holmes et al. 1998).
For the analysis of 15N in biofilms, samples were dried at 60�C
for 48 h, weighed for drymass, grounded, and packed in tin cap-
sules before analyzing δ15N and N content using a Flash 2000
HT elemental analyzer coupled via a ConFlo IV interface to a
Delta V Advantage isotope ratio mass spectrometer (all Thermo
Fisher Scientific).

Water temperature, dissolved oxygen concentration, pH,
and specific electrical conductivity were measured during each
field campaign at the upstream station of the study reaches
using a multiparameter probe (EXO2, YSI Incorporated). Four
to five light loggers (HOBO, Pendant Temperature/Light Data
Logger UA-002-64, Onset Computer Corporation) were
deployed near each stream in 1.0–2.5 m height to measure
light intensity, which was further converted to daily photo-
synthetic active radiation (see also Risse-Buhl et al. 2017).

Calculation of biofilm N uptake metrics
The sampling described above provided all parameters neces-

sary to estimate the uptake of NH4
+ by biofilms (Mulholland

et al. 2000; von Schiller et al. 2007; Ribot et al. 2013). First, the
amount of tracer in the biofilm (15NBiof, mg 15N m�2) was calcu-
lated as:

15NBiof ¼NBiof MFplateau�MFbackground
� �

, ð5Þ

where NBiof (mg N m�2) is the biofilm N content and MFplateau
and MFbackground are the molar fractions of 15N in biofilm at
plateau and background conditions, respectively. Molar frac-
tions were calculated as
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MF¼
15N

15Nþ 14N
¼

δ15N
1000þ1

� �
�0:0036765

1þ δ15N
1000þ1

� �
�0:0036765

h i : ð6Þ

We further quantified biofilm areal N uptake rate in form
of NH4

+ (UBiof, mg N m�2 d�1) according to:

UBiof ¼
15NBiof
15N
Nflux

� �
δt

ð7Þ

where 15Nflux (mg 15N s�1) is the background corrected
15NH4

+
flux in water at plateau conditions, Nflux (mg N s�1) is

the total NH4
+
flux in water, and δt (s) is the time from start and

stop of the tracer addition (i.e., 1 d). Discharge for flux calculations

was determined based on the dilution data from the Br� tracer col-

lected in each habitat in close proximity to the biofilm samples.

Overall N uptake velocity (vf, m s�1) was estimated as UBiof

normalized by the local, ambient NH4
+-N concentration in

water collected together with Br� samples. vf can be
decomposed in two parameters: the mass transfer velocity
through the concentration boundary layer k, which is medi-
ated by local hydraulic conditions, and the uptake velocity of
the streambed vbed, which is mediated by assimilation and
denitrification processes of biofilms. Following Grant
et al. (2018a), vbed (m s�1) was calculated as:

vbed ¼ 1
vf
�1
k

� 	�1

, ð8Þ

and is further referred to biofilm uptake velocity. For details of
the underlying model we refer to Grant et al. (2018a,b). The
model assumes that the mass transfer k poses an upper limit to

vf and thus k >– vf. Negative values of vbed resulting from Eq. 8

were excluded from subsequent statistical analysis. Negative values

arise from measurement errors, and are most pronounced when

variations of vf are large (see also Fig. 1 in Grant et al. 2018a).

Statistical analyses
The relationships between (1) bulk hydraulic parameters

(i.e., u, E) and ε, k, biofilm dry mass, and UBiof, (2) kbulk and kε,
(3) k and vf, (4) biofilm dry mass and vbed, and (5) measured vf
and vf estimated from k and biofilm dry mass, were tested by
linear regression analyses. Data used for regression analyses in
(1), (4), and (5) were ln-transformed because residuals were
not normally distributed (Shapiro–Wilk Test, Sigmaplot
13, Systat Software GmbH). In order to get the true factor dis-
tinguishing the parameters k and vf (3; Fig. 4), we refrained
from a ln-transformation despite residuals were not normally
distributed. The regression equations of (4) were used to pre-
dict vbed from dry mass for the spot-scale for each stream and
season. We are aware of possible collinearity between vbed and
dry mass; however, the form and strength of this relationship
may provide relevant information on the relative importanceT
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of biological N uptake in front of hydraulic factors. Subse-
quently, vf was calculated according to Eq. 8 from both, dry
mass via the relationship to vbed and k for each stream and
season. Effects of the category “measurement campaign” on
kbulk and kε and statistical differences between riffles and pools
for the spatial average within each habitat of hydraulic charac-
teristics (i.e., uh i, Eh i, εh i, kh i, angle brackets denote spatial
averaging), uptake metrics (i.e., UBiofh i, vbedh i, vfh i), biofilm dry
mass ( DMh i) and the mean ratio of vf and k which can be
referred to as uptake efficiency sensu Grant et al. (2018a)
( vf=kh i) for each experiment were tested with an ANOVA on
ranks, Dunn’s method (Sigmaplot 13, Systat Software GmBH).
All test results were regarded as statistically significant
if p<0.05.

Results
Stream characteristics
Hydraulics

Discharge was slightly higher during the spring campaign
at the Selke and also varied between the period of hydraulic
measurements and subsequent tracer experiment in the
Selke in summer and spring (Table 1). However, discharge
during all measurements and experiments was within

baseflow and mean discharge, therefore reflecting the pre-
dominant hydrological regime of both streams. uh i, Eh i, and
εh i were generally lower in Kalte Bode than in Selke. In both
streams, these hydraulic parameters were approximately 50%
lower in summer compared to spring. In contrast, kh i varied
only slightly between streams and seasons and ranged
from 0.92�10�4m s�1 in Kalte Bode in summer to
1.52�10�4m s�1 in Selke in spring (Table 3).

Hydraulic parameters were significantly higher in riffles than
in pools for each stream and for both seasons (Table S1 in
Supporting Information). In both streams, uh i was approxi-
mately two times higher in riffles than in pools and Eh i was
up to five times higher in riffles than in pools. The difference in
εh i between riffles and pools was even larger: in Selke, εh i was
approximately 8 times higher in riffles than in pools, whereas
in Kalte Bode it was 18 times higher. hki was twice as high in
riffles as in pools (Table S1 in Supporting Information).

All hydraulic spot-scale parameters were correlated across
streams and seasons. E significantly explained the variance of ε and
k by 86%, whereas u explained 44% and 45% of the variability
of ε and k, respectively (Fig. S1 in Supporting Information).

The two different estimates of the turbulent dissipation
rates obtained from spatial averaging of spot-scale measure-
ments (εS, Eq. 4) and from bulk hydraulics (εD, Eq. 1) agreed
well, and the corresponding mass transfer velocities k show a
significant positive linear relationship (R2 = 0.90, p < 0.001)
with a slope of 0.97 (Fig. 2). As there was no statistically signif-
icant effect of measurement campaign on both, kε and kbulk
we did not differentiate between campaigns.

Biofilm biomass and N uptake
Spatially averaged biofilm dry mass (hDMi, angle brackets

denote the spatial average) was similar between both streams,
with higher values in spring than in summer (Table 1). All bio-
film parameters showed high within-stream variability, with
standard deviations of one to two times their mean values.
hDMi tended to be lower in riffles than in pools for all streams
and seasons, although the difference was only significant for
Kalte Bode in spring and for Selke in summer (Table S2 in
Supporting Information).

The spatially averaged biofilm areal N uptake rate ( UBiofh i)
was more than threefold (Kalte Bode) and sixfold (Selke)
higher in spring than in summer. Spatially averaged, overall N
uptake velocity ( vfh i) in Kalte Bode was approximately four
times higher in summer than in spring. For both seasons, vfh i
was lower in Selke than in Kalte Bode (Table 1). At Kalte Bode
in spring, reach-scale N uptake velocity calculated from the
decline of the isotope tracer in surface water (vf_water) was
within the range of vfh i but vf_water in summer was lower than
vfh i. At Selke, the upper range of vf_water, defined by the 95%
confidence interval, exceeded vfh i by roughly an order of mag-
nitude in both seasons (Table 3; vf_water published in Risse-
Buhl et al. 2020b).

Fig. 2. Comparison of mass transfer velocities at the meso and reach-
scale with kε calculated from εS (turbulent dissipation rates on the spot-
scale and log-averaged for each habitat and reach) and kbulk calculated
from εbulk (turbulent dissipation rate calculated from stream bulk parame-
ters). Black symbols show mass transfer velocities for hydromorphological
habitats of each stream and season with different symbols marking riffles
and pools. Gray symbols show mass transfer velocities measured at indi-
vidual sampling spots within each habitat. The solid line shows the linear
fit through the origin (regression equations including standard error of
the slope and regression statistics are shown in the lower part of the
panel) and the dashed gray line shows a 1 : 1 relationship.
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Calculation of biofilm N uptake velocities (vbed) resulted in a
few negative values, mainly in Kalte Bode in summer with one
third of all vbed values being negative. For Kalte Bode in spring we
calculated five, for Selke in spring one, and for Selke in summer
no negative values were found (Table 1). Compared to k, the spa-
tial average of the biofilm uptake velocity ( vbedh i) was almost
twice as high in Kalte Bode in summer, but much lower for all
other campaigns. In particular, in Selke in summer, vbedh i was
25 times lower than k. Thus, the overall uptake velocity Vh i
was comparable to VBiofh i in Kalte Bode in spring and Selke in
summer, but approximately twice as high in Selke in spring
and 1.5 times higher in Kalte Bode in summer (Table 1).

Similar to hydraulic parameters but contrary to DMh i,
UBiofh i and vfh i tended to be higher in riffles than in pools for
both streams and seasons. However, significant differences
between riffles and pools could only be observed for Selke in
summer (Table S2 in Supporting Information).

Hydraulic and biological controls on biofilm N uptake
The magnitude of near-bed flow had a stimulating effect on

N uptake at the spot-scale in both streams and seasons. For
example, UBiof was positively related to E with an explanatory
power of 32% (p < 0.001) for Kalte Bode in summer and 16%
(p = 0.006) and 13% (p = 0.006) for Selke in summer and
spring, respectively (Fig. 3b). Moreover, flow velocity (u) sig-
nificantly explained variability in biofilm areal N uptake rate
for Kalte Bode in summer (R2 = 0.35, p<0.001) and Selke in
spring (R2 = 0.10, p = 0.012) (Fig. 3a).

The overall N uptake velocity of biofilms was significantly
positively related to k across streams and seasons (Fig. 4). The
mean uptake efficiency vf=kh i sensu Grant et al. (2018a) was
lower at Selke (spring: 4%, R2 = 0.31, p<0.001, summer: 14%,

R2 = 0.60, p<0.001) than at Kalte Bode (spring: 23%,
R2 = 0.24, p<0.001, summer: 140%, R2 = 0.40, p<0.001;
Fig. 4). No differences were found between riffles and pools,
except for Kalte Bode in spring, were pools showed higher N
uptake velocities than riffles (Table S3 in Supporting
Information).

Fig. 3. Biofilm areal N uptake rate (UBiof) as a function of flow velocity (u) (a) and turbulent kinetic energy (b) plotted on log–log scaled axes. Symbols
show results of each measurement campaign with symbol color referring to stream and season and symbol type referring to habitat. Solid lines show lin-
ear regressions for statistically significant relationships (p<0.05). Regression equation including standard errors of the parameters in parenthesis is shown
in the lower part of the panel.

Fig. 4. Overall N uptake velocity (vf) as a function of mass transfer veloc-
ity (k) plotted on log–log scaled axes. Symbols show results from each
measurement campaign with symbol color referring to stream and season
and symbol type referring to habitat. The solid lines show the linear fit
through the origin with regression equations including standard error of
the slope written next to the fitted lines. The dashed green line shows a
1 : 1 relationship. Dashed lines around the shaded areas delineate the
95% confidence interval for each measurement campaign. vf for the
reach-scale for Kalte Bode are taken from a companion study of Risse-Buhl
et al. (2020b).

Anlanger et al. Controls of nitrogen uptake in streams

3894



The biologically mediated biofilm uptake velocity (vbed;
Eq. 8) was significantly positively related to biofilm dry mass for
all streams and seasons (Fig. 5a). The explanatory power of bio-
film dry mass obtained from linear regression ranged between
61% (Selke, vbed = 10�6 DM0.97, p < 0.001) and 38% (Kalte Bode,
vbed= 10�6 DM0.80, p < 0.001) in spring and between 24% (Kalte
Bode, vbed = 10�5 DM0.82, p = 0.001) and 22% (Selke,
vbed = 10�6 DM0.48, p = 0.001) in summer (Fig. 5a). However,
biofilm dry mass did not show a consistent relationship with
flow parameters and was negatively related to E and u in Kalte
Bode in spring, whereas it was related exclusively to u in Selke
in summer (Fig. S2 in Supporting Information).

The estimated overall N uptake velocities were calculated
from Eq. 8 with vbed predicted from DM (Fig. 5a) and k. Results
agreed well with the 15N tracer field results of the overall N
uptake velocities (R2 = 0.64, p < 0.001, SE = 0.745), suggesting
that N uptake processes can be broadly described in terms of
two simple parameters: hydraulic conditions close to the
sediment–water interface and biofilm biomass (Fig. 5b).

Discussion
Hydraulic control on N uptake

Our measurements in two gravel-bed streams with different
nutrient background during two seasons revealed high spatial
heterogeneity of areal N uptake rate of biofilms (UBiof) and

overall N uptake velocity (vf) at the spot-scale. This heteroge-
neity was associated with spatial variability in hydraulic con-
ditions and biofilm biomass. For example, the mean
variability (i.e., standard deviation) of the turbulent dissipa-
tion rate (ε) within the experimental stream reaches exceeded
the variability between the stream reaches by up to three
times. The majority of the biogeochemical and hydraulic
within-stream variability was furthermore related to mesoscale
hydromorphological habitats (i.e., riffles and pools). Riffles
were characterized by higher flow velocity (u) and turbulent
kinetic energy (E) and exceeded biofilm areal N uptake rates in
pools, extending the findings from previous studies (Peipoch
et al. 2016; Risse-Buhl et al. 2020b).

At the spot-scale, areal N uptake rate of biofilms increased
with either u, E, or both, except for Kalte Bode in spring.
These observations imply that biofilm areal N uptake rate
predominantly increased with increasing flow velocity and
turbulence in both streams. Similar positive effects of flow
velocity on benthic nutrient uptake have been observed in
flume experiments (Battin et al. 2003b; Arnon et al. 2013;
Roche et al. 2019) and in natural streams (Peipoch et al. 2016;
Grant et al. 2018a). Natural streams exhibit wide ranges of
streambed roughness, which determine flow and turbulence
and its variability (Noss and Lorke 2016). This variability is
reflected in the high variability of the mean flow velocity and
the turbulent kinetic energy within our study reaches. Based

Fig. 5. (a) Biofilm N uptake velocity (vbed) as a function of biofilm dry mass (DM) and (b) overall N uptake velocity (vf) predicted from both, DM (from
regression equations in (a)) and mass transfer velocity vs. observed overall N uptake velocity in 15N tracer field studies plotted on log–log scaled axes.
Symbols show results from each measurement campaign with symbol color referring to stream and season and symbol type referring to habitat. The solid
lines in (a) show the linear fit with regression equations including standard errors of the parameters in parenthesis written next to the fitted lines. The
dashed green line in (b) shows a 1 : 1 relationship.
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on the simultaneous measurement of hydraulics and N
uptake, we show that hydraulic conditions created a biogeo-
chemical mosaic characterized by hot and cold spots of bio-
film N uptake. However, while u and E integrate hydraulic
conditions, they can only indirectly infer turbulence-mediated
mass transfer processes at the benthic interface.

The mass transfer velocity (k) describes the maximum,
physically driven N uptake of the streambed (Grant
et al. 2018a). At the spot-scale, k depends on ε and the
Schmidt number (Sc) of the transported substance, assuming
that mass transport is governed by boundary-layer turbulence
(Lorke and Peeters 2006). Surface renewal theory in combina-
tion with the small eddy model has so far been applied for
quantifying air–water gas transfer (Katul and Liu 2017; Lorke
et al. 2019) but not to examine transfer processes at the ben-
thic interface. Application of this approach in our study
streams resulted in mass transfer velocities very well within
the range of other studies. For example, k/Sc�0.5 ranged from
10�3 to 10�4 m s�1 in our study, which coincides with values
gathered in Lorke and Peeters (2006) for the sediment–water
and water–air interface calculated from bed shear stress.
Moreover, the meanmass transfer velocity in this study calcu-
lated from 230 flow measurements in both streams and sea-
sons was precisely in the range of a study by Lorke
et al. (2019), who presented mass transfer velocities across the
air–water interface in streams for a similar range of Schmidt
numbers (570 < Sc > 660 in our study). Similar to u and E, the
mass transfer velocity among spots was highly variable, espe-
cially in Kalte Bode in spring, where it ranged over almost one
order of magnitude. For comparison, in Grant et al. (2018a),
the k calculated for 72 stream reaches across several biomes
ranged over 1.5 orders of magnitude. On the mesoscale, we
observed significantly higher k in riffles of both streams and
seasons underlining the importance of direct hydraulic effects
via mass transfer.

By deploying the surface renewal theory, we showed that
hydraulic conditions directly translated into hydraulic mass
transfer at the spot-scale at the benthic interface via ε. Surface
renewal theory is applicable to the spatial scale of turbulent
eddies. Grant et al. (2018a) estimated k from reach-scale dissipa-
tion rates (i.e., channel geometry, bed slope, and discharge).
This approach assumes uniform flow conditions along the reach
and does not resolve the high variability at the spot-scale, which
can only be analyzed via local turbulence measurements. We
show that surface renewal theory based on scales of the smallest
turbulent eddies can be applied at the benthic interface and can
be extrapolated to larger scales by spatial averaging.

The scaling factor α1 (Eq. 3) depends on the distance of
the flow measurement to the streambed because ε decreases
reciprocally with distance from the streambed and relatively
large variability is possible (Lorke and Peeters 2006; Esters
et al. 2017). In marine environments, for example, uncer-
tainties of α1 can reach a factor of two (Tokoro et al. 2008). In
this study, it is likely that most of the hydraulic measurements

were conducted in the roughness sublayer, which is character-
ized by local form-induced flow and dispersion processes
(Nikora 2010). Under these conditions, the assumptions
underlying the calculation of transfer velocities from ε (Eq. 3)
may not be directly applicable. Instead, sweep-ejection
motions, which were also considered in Grant’s expression of
k, dominate transfer processes (O’Connor and Hondzo 2008).
Comparison to this approach at the mesoscale would result in
α1 of 1.4 (Fig. S3 in Supporting Information). However, due to
multiple measurements at similar heights above the bed, Eq. 3
was applied in analogy to the double-averaging procedure of
the Navier–Stokes equation for the transfer of momentum in
the roughness sublayer (Nikora et al. 2007). All measurements
and samplings were conducted at discharges between baseflow
and mean discharge. However, during the campaigns, we
could not prevent changes in discharge, which decreased after
the hydraulic measurements and was almost half of the dis-
charge during the tracer experiment for Selke in summer and
spring. Assuming a linear relation to bottom shear velocity
(Lorke and Peeters 2006) and deductively from discharge, it
can be estimated that mass transfer velocities varied by a fac-
tor of 2, which is comparable to the difference between riffles
and pools. In summary, our study approach showed two limi-
tations, both affecting the mass transfer velocity: the effects of
varying discharge and the choice of α1 are of importance
when discussing uptake efficiencies. However, results from
deploying the model in Eq. 8 and subsequent correlation with
dry mass (Fig. 5b) are not affected because relating factors
(i.e., slopes) would not change. Nevertheless, we suggest
future studies should focus on measuring closer to the stream-
bed using advanced techniques such as field-deployable parti-
cle image velocimetry (Lorke et al. 2019).

Biological control of N uptake
Despite high within-stream variability of biofilm dry mass,

we demonstrated that the biologically mediated component
of the overall N uptake velocity (i.e., biofilm uptake velocity
vbed) was positively correlated to biofilm dry mass for all
streams and seasons. This positive relation between biofilm N
uptake velocity and biomass might reach an equilibrium in
eutrophic streams because extensive biofilm biomass can be a
limiting factor for mass transfer within the biofilm matrix
where nutrient availability decreases toward the biofilm base
(De Beer et al. 1996). However, inactive biofilm biomass accu-
mulating at the biofilm base as consequence of nutrient limi-
tation is prone to detachment (Larned 2010; Machineni
et al. 2017). An indirect effect of hydraulics on N uptake via
biofilm biomass was evident at one out of four campaigns
(Kalte Bode in spring), where higher u and E were associated
with lower biofilm biomass. In a companion study in the same
streams and seasons, we showed that biofilms became more
compact with increasing turbulent kinetic energy by
maintaining a comparable biofilm biomass per area (Risse-
Buhl et al. 2017). This compact biofilm growth seemed to be
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advantageous for resisting hydrodynamic shear forces in order
to avoid displacement and for maintaining high N uptake.
Besides biofilm biomass, hydrodynamic shear forces modulate
biofilm community structure (Besemer et al. 2009; Singer
et al. 2010; Risse-Buhl et al. 2020a), which indirectly can con-
trol biofilm N uptake (Cardinale 2011).

Stream biofilms are subjected to various kinds of disturbances
(e.g., grazing, mechanical disturbance; Graba et al. 2014; Marcus
et al. 2014). Disturbances can result in coexistence of biofilms of
different successional stages and might explain the inconsistent
effects of flow on biofilm biomass. Biomass additionally depends
on the successional stage of biofilms with strongest effects of
near-bed flow at intermediate successional stages (Besemer
et al. 2007). The regulation of biofilm biomass at the spot-scale,
however, is still difficult to predict and needs further experimen-
tal investigations, ideally coupled with dynamic biofilm commu-
nity modeling.

Effects of environmental conditions and variability on
biofilm N uptake

The ratio between overall N uptake velocity and mass transfer
velocity (uptake efficiency sensu Grant et al. 2018a) is a measure
of the relative importance of hydraulic and biological controls. A
ratio near unity indicates that nutrient uptake is solely limited by
mass transfer in the turbulent boundary layer, while a smaller
ratio suggests increasing limitation by the uptake capacity of the
biofilms. In our study, the uptake efficiency was mostly smaller
than unity, indicating that both mass transfer and biological
activity contributed to the spatial variability of areal N uptake
rates. In general, uptake efficiencieswere higher in the Kalte Bode
as compared to the Selke with lowest values for the Selke in sum-
mer. The differences in uptake efficiencies between both streams
coincided with different nutrient concentrations, which were
lower in Kalte Bode. Higher uptake efficiencies in streams with
lower nutrient background were also reported in Grant
et al. 2018a. Furthermore, Grant et al. (2018a) reported a thresh-
old of nitrate concentrations (10�3 mol m�3) below which
uptake is controlled by processes at or within the streambed
rather than bymass transfer to the streambed. Nitrate concentra-
tions in our two study streamswere one order ofmagnitude larger
(10�2 mol m�3) than this threshold. This supports our result that
mass transfer strongly affected biofilm areal N uptake rates. We
are aware that ammonia uptake as investigated in this study is
generally higher as compared to nitrate (Ribot et al. 2013), this
may, in part, affect the comparison toGrant et al. (2018a).

Furthermore, biofilm biomass was subjected to seasonal
changes of environmental conditions. For example, biofilm bio-
mass was lower in summer most likely due to riparian shading
and could have affected areal N uptake rates. Interestingly, in
Kalte Bode in summer, uptake efficiencies were higher and varied
around units, indicating that hydraulic control was more impor-
tant (i.e., limiting) than biofilm dry mass. On the contrary to the
presumptive positive effect of light on biofilm biomass and ulti-
mately on areal N uptake rates, we could not find any effect of

streamwater temperature.Water temperature in Selke in summer
was 6–7�C higher than in the other experiments but did not
result in an increase of biofilm N uptake velocities. In summary,
our results indicate that seasonally and hydrologically changing
environmental conditions modulate the relevance of hydraulic
and biological controls onNuptake.

Conclusions
Combined measurements of biofilm N uptake and hydraulic

conditions in two gravel-bed streams of contrasting nutrient
background revealed uptake rates were controlled by both,
hydraulic (i.e., via mass transfer) and biological (i.e., via biofilm
characteristics) mechanisms. Spatial variability of the turbulent
dissipation rates and biofilm biomass explained the high
within-streamheterogeneity of biofilmN assimilation. High flow
heterogeneity can additionally foster other biological patterns
not considered in this study but relevant for nutrient cycling. For
example, local flow conditions have a substantial effect on bio-
film diversity, architecture, and trophic interactions (Risse-Buhl
et al. 2017, 2020a). It remains unclear as to whether these param-
eters explain unaccounted variance of our measured N uptake
rates and needs to be elaborated in future studies.

We found that spatially averaged turbulent dissipation rates
and resulting mass transfer velocities measured at the spot-
scale agreed well with values predicted from hydro-
morphological bulk properties. Beyond the reach-scale, it can
be expected that the calculation of the mass transfer velocity
by averaging bulk parameters can be extended to scales of
many kilometers and up to the river network scale; however,
this requires confirmation by future studies. We suggest that
prospective research should additionally include the effects of
permeable sediments and hyporheic exchange (see also Grant
et al. 2018b). In conclusion, the knowledge of processes at
small spatial scales will prompt our understanding of the func-
tioning of stream ecosystems at larger spatial scales and sup-
ports upscaling to larger spatiotemporal scales along stream
networks.
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