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Introduction: Woodchips as a source of particulate organic carbon (POC) are
proposed as a nature-based solution to enhance nutrient uptake and retention in
agricultural streams. However, the effective implementation of woodchips for
nutrient removal in streams requires an advanced understanding of their potential
and limits, considering their performance under various environmental
conditions. This study tested the efficiency of woodchips on the uptake of
soluble reactive phosphorus (SRP) and ammonium (N-NH4) across different
experimental scales and complexity. We investigated whether the presence of
woodchips can increase SRP and N-NH4 uptake in laboratory flumes under
controlled conditions, outdoor flumes under semi-controlled conditions, and
agricultural streams. Additionally, we examined how the effects of woodchips will
change over time via a 6-week incubation in the outdoor flumes.

Methods: The woodchips were pre-colonized for four weeks to allow the growth
of biofilms. We performed short-term nutrient additions without (control) and
with (treatment) woodchips in all three experimental setups. Uptake parameters
were determined via concentration changes over time in the laboratory flumes
and concentration changes over travel distance in the outdoor flumes and the
stream channels. The effects of woodchips on SRP and N-NH4 uptake rates were
analyzed using an effect size model.

Results: We found positive effects of woodchips on nutrient uptake only in the
laboratory flumes but no or even negative effects in the outdoor flumes and the
agricultural streams. Over the 6-week incubation in the outdoor flumes, we did
not observe significant changes in the effects of woodchips on nutrient uptake.

Discussion: These findings highlight that considering experimental scales and
influencing environmental conditions is crucial when testing the application of
woodchips as nature-based solutions to mitigate nutrient loads in agricultural
streams.
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GRAPHICAL ABSTRACT

1 Introduction

While agricultural streams receive large inputs of reactive
phosphorus (P) and nitrogen (N) from fertilizers and runoff,
they are often limited in organic carbon (OC), especially when
they have been deprived of riparian forests (Akbari et al., 2023;
Ezzati et al., 2020). This results in OC:N:P ratios below microbial
demand, leading to stoichiometrically constrained heterotrophic
nutrient uptake (Stutter et al., 2018; O’Brien et al., 2017). The in-
stream addition of natural refractory particulate organic carbon
could serve as a nature-based solution to improve OC:N:P ratios
until riparian forests have been restored or when replantation is
impossible (Burbery and Abraham, 2022). Increasing the supply of
particulate OC via, e.g., the addition of woodchips in stream
channels can stimulate microbially mediated processes, such as
denitrification, thereby reducing nitrate transport downstream
(McGuire et al., 2023; Goeller et al., 2019; Christianson and
Schipper, 2016). Woodchips also provide surfaces for microbial
colonization and adsorption, thus potentially stimulating abiotic
and biotic P uptake (Duggan DiDominic et al., 2024; McGuire
et al., 2023).

Denitrifying woodchip-bioreactors have long been known as a
nature-based solution to mitigate nitrate pollution in subsurface
waters, with rising interest in their implementation during the last
decades (Duggan DiDominic et al., 2024; Fan et al., 2023; Sanchez
Bustamante-Bailon et al., 2022; Christianson et al., 2021; Goeller

et al., 2019; Husk et al., 2018). Originally designed to enhance
denitrification under anoxic conditions (McGuire et al., 2023; Fan
et al., 2023; Mardani et al., 2020), woodchip bioreactors can also
stimulate heterotrophic nutrient assimilation in the presence of
oxygen by improving the OC:N:P ratios (Christianson et al.,
2021). Furthermore, woodchips can be a nutrient adsorbent,
especially for soluble reactive phosphorus (SRP) (Husk et al.,
2018; Bock et al., 2018). However, only a few comprehensive
studies have dealt with the potential stimulation of phosphorus
(P) uptake by woodchips so far, with the main focus on subsurface
waters (Perera et al., 2024; Sanchez Bustamante-Bailon et al., 2022;
Povilaitis et al., 2020). There, the average effective SRP removal by
woodchip bioreactors in both lab and field experiments has been
reported to range between 10% (Fan et al., 2022; Von et al., 2018;
Goodwin et al., 2015; Warneke et al., 2011; Zoski et al., 2013) and
90% (Sanchez Bustamante-Bailon et al., 2022; Rivas et al., 2019;
Dougherty, 2018; Husk et al., 2018), highlighting the high variability
across different experimental conditions.

In contrast to subsurface systems, streams are exposed to various
environmental conditions, which are highly dynamic. The effective
implementation of woodchips-based solutions for nutrient removal
in surface waters requires a comprehensive understanding of the
interactions with various environmental factors, showing the
potential but also the limitations of this nature-based solution
(Fan et al., 2022; McGuire et al., 2023; Schaefer et al., 2022;
Sanchez Bustamante-Bailon et al., 2022; Soupir et al., 2018; Bock
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et al., 2018; Pluer et al., 2016). Performing experiments in a
controlled laboratory setting facilitates the investigation of the
removal efficiency of the measure and the underlying
biogeochemical processes in a specific environment, focusing on
only a few factors at a time. It is equally crucial to understand the
performance, potential, and constraints of woodchip-based
solutions under varying environmental conditions with multiple
interacting factors. Field experiments are essential for this
understanding and ensure that the application of this measure is
aligned with the complexities of stream ecosystems (McGuire et al.,
2023; Schaefer et al., 2022; Sanchez Bustamante-Bailon et al., 2022;
Soupir et al., 2018; Bock et al., 2018; Pluer et al., 2016). However,
some studies have reported discrepancies in results between
laboratory experiments and field studies, indicating that nutrient
removal rates can be 2.5 times higher on a laboratory scale than at
the field scale (Fan et al., 2022; Ferreira et al., 2015). Fan et al. (2023)
conducted a meta-analysis on woodchip bioreactors and highlighted
that field-scale bioreactor design should not depend only on data
from short-term laboratory studies. The interaction of
environmental factors can add a level of complexity that is
challenging to replicate in the lab (Fan et al., 2022; Ferreira et al.,
2015). Additionally, uncontrollable factors may arise in the field that
were not accounted for in laboratory experiments, potentially
resulting in unexpected outcomes (Fan et al., 2023). It is vital to
bridge the gap between laboratory studies and real-world conditions
to ensure that findings from the lab are reliably applicable in an
implementation context.

In this study, we aimed to analyze the efficiency of woodchips as
OC source on nutrient uptake across different spatial and
experimental scales and complexity. The experimental scales
included fully controlled laboratory experiments, semi-controlled
experiments in outdoor flumes, and experiments under field
conditions. Specifically, we investigated whether the presence of
woodchips can increase the SRP and N-NH4 uptake in laboratory
flumes under controlled conditions, outdoor flumes under semi-
controlled conditions, and agricultural streams. We expected that
woodchips will enhance nutrient uptake in all settings, with the
effects being strongest in the laboratory flumes and weakest in
the streams.

Woodchip bioreactors have shown a gradual decline in
performance during the initial years of implementation in
subsurface waters (Fan et al., 2022). In an early stage, large
amounts of bioavailable dissolved organic carbon (DOC) may be
released, which has a high potential to stimulate the microbial
uptake of nutrients in streams (McGuire et al., 2021; Aalto et al.,
2020). However, the positive effects may be outbalanced by a
concurrent initial release of reactive nutrients in the form of SRP,
N-NO3, and N-NH4 from the woodchips (Ryu et al., 2023). With
aging, the OC will undergo microbial mineralization, resulting in the
accumulation of more refractory OC with potentially lower effects
on nutrient uptake (Fork et al., 2020). As aging may be more crucial
for the performance of woodchips in surface waters due to the faster
microbial degradation, we decided to additionally investigate the
effects of woodchips aging on their nutrient removal efficiency. We
chose the outdoor flumes as the best setting for the aging experiment
as they provided both a safe environment and semi-natural
conditions for the long-term exposure of the woodchips. We
expected that nutrient uptake will follow a hump shaped curve

with an initial increase during early colonization (due to the release
of bioavailable DOC) followed by a continuous decrease with
ongoing aging due to the increased accumulation of refractory OC.

2 Materials and methods

2.1 Preparation of woodchip bags

We performed short-term nutrient additions with and without
woodchips in small-scale laboratory flumes, medium-scale outdoor
flumes, and agricultural headwater streams in Austria (Figure 1). We
enclosed the woodchips in mesh bags designed to prevent feeding by
macroinvertebrates but allow water to pass through. The bags
consisted of commercially available woodchips with a grain size
ranging from 5 to 10mm. The woodchips were an untreated mixture
of spruce (Picea sp) and fir (Abies sp), with a maximum water
content of 11%. In the laboratory flumes, 10 g of pre-colonized
woodchips were filled into flat plastic mesh bags measuring 8 × 9 cm
and with a mesh size of 5 × 5 mm. For the outdoor flumes and the
agricultural streams, larger mesh bags sized 15 × 25 cm were used
and each contained 70 g of woodchips. The laboratory flumes were
used to assess the potential leaching effect of fresh woodchips prior
to their usage for the different experimental scales. The aging
experiments in the outdoor flumes started with fresh,
i.e., uncolonized, woodchip bags, with analyses of their
performance conducted at the start and after 2, 4, and 6 weeks of
colonization. For the experiments in the laboratory flumes and in the
streams, colonized woodchip bags were used, which had been
incubated for 4 weeks in “Oberer Seebach”, an almost pristine
headwater stream directly adjacent to the outdoor flumes. In this
environment, biofilms typically attain a stable growth stage within
3–4 weeks (Singer et al., 2010). We refer to them as “fully colonized
woodchip bags” throughout the manuscript.

2.2 Experimental set-up

2.2.1 Laboratory flumes
The laboratory flumes were made of acrylic glass with 55 cm

length, 9 cm width, and 10.5 cm depth. For the experiments, a total
of 12 flumes were operated in circulation flow mode with a flow
velocity of approximately 6 cm s−1 using aquarium pumps (EDEN,
126, 800 Lh−1; for details, see Akbari et al., 2023). The nutrient
uptake experiments were performed at 20°C in a climate chamber in
summer 2021.Four flumes were run without woodchip bags as
controls and six other flumes were run with four fully colonized
woodchip bags each, which were placed in 0.14 m intervals within
the flumes (Figure 1). In the laboratory flumes, a solution of SRP and
N-NH4 was added at the start of the experiments and nutrient
uptake was calculated via the decrease of nutrient concentrations
over time. The nutrient solution consisted of 5 L of filtered well-
water (Acrodisc Syringe Filters, 0.22 μm), resembling the ionic
composition of streams in this area (Table 1), with additions of
SRP (as NaH2PO4) and N-NH4 (as NH4Cl) to achieve end
concentrations of 200 μg L−1 each, typical for agriculturally
influenced streams in Lower Austria. Water samples were
collected in triplicates starting from 10 min after the addition
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(start point t0), and then every 30 min over 4 h, resulting in nine
samplings in total. Water samples were filtered immediately on-site
with pre-combusted GF/F Filters (Whatman, 0.75 µm) and stored in
pre-combusted glass vials at 4°C in the dark over 24 h. Nutrient
concentrations (SRP, N-NO3, N-NH4, and N-NO2) were
determined with a continuous flow analyser (CFA, Systema
Analytical Technology) and DOC concentrations were analysed
with a Shimadzu TOC-Analyser (Shimadzu TOC-LCSH FA;
Japan). Water samples from the outdoor flumes and the streams
were treated in the same way. Additionally, approximately 3 g of
woodchips were randomly removed from woodchip bags after the

nutrient additions and analyzed for chlorophyll-a (Chl-a)
concentrations, bacterial abundances, and total phosphorus (TP).
The same analyses were performed on woodchip bags from both the
outdoor flumes and the streams.

2.2.2 Outdoor flumes
The outdoor flumes consisted of six artificial channels (40 m

length, 0.4 m width and height; Figure 1). Five flumes were used for
the nutrient addition treatments, while the sixth flume was used for
the colonization and aging of the woodchip bags. All flumes were
filled with a layer of gravel on the bottom as a substrate for

FIGURE 1
Experimental setups in the laboratory flumes (A) running in circulation flow mode using aquarium pumps, outdoor flumes (B) and agricultural
streams (C)with sketches of woodchip bags, sampling points, Hach Lange HQ conductivity meter and the peristaltic pump (at the top of the flume and a
selected stream reach) releasing the nutrient solution at a constant rate. The figures are not drawn to scale.
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colonization by benthic microbial biofilms. Pre-combusted ceramic
tiles (5 × 5 cm; 4 h at 450°C) were additionally placed on the gravel
sediments of each flume to facilitate standardized sampling of the
biofilms. The flumes were continuously fed in a flow-through mode
by stream water from “Oberer Seebach” with 0.62 L s−1 mean
discharge. At the start of the experiment, the average background
concentrations were 0.2 μg L−1 for SRP, 0.6 μg L−1 for N-NH4,
0.7 mg L−1 for N-NO3 and 1.7 mg L−1 for DOC (Table 1). During the
experiments, light intensity, temperature and dissolved oxygen
concentrations were measured continuously with HOBO Pendant
Temperature/Light 64K Data loggers and HOBO Dissolved Oxygen
Data loggers (Onset Computer Corporation) near the inlet and the
outlet of each flume, respectively. The water temperature in the
outdoor flumes ranged from 9.5°C to 11.8°C. Dissolved oxygen
concentrations ranged from 10.9 to 12.1 mg L−1 in the
outdoor flumes.

The colonization phase for the biofilms on the sediments and
tiles lasted over 5 weeks from May to June 2022. For the uptake
experiments, we conducted short-term nutrient plateau additions to
calculate nutrient uptake via the decrease in concentrations along
the flumes (Stream Solute Workshop, 1990; Weigelhofer et al.,
2018). In total, we conducted four series of two consecutive
short-term nutrient additions every second week over an entire
period of 6 weeks. We considered the age of the woodchip bags as
“Fresh” for week 0 (start), “Early colonized” after 2 weeks, “Fully
colonized” after 4 weeks (Singer et al., 2010) and “Old age” after
6 weeks, respectively. Each series consisted of one nutrient addition
experiment without woodchip bags (control) in each of the five
treatment flumes (5 replicates), followed by an addition experiment
with woodchip bags (treatment) on the next day. For the treatment
on the second day, a total of 12 woodchip bags were placed 2.5 m
apart within each flume (Figure 1). During each addition (control
without woodchip bags and treatment with woodchip bags), a
nutrient solution containing SRP (as NaH2PO4) and N-NH4 (as
NH4Cl) with a final concentration of 200 μg L−1 each was injected at
a constant rate via a peristaltic pump at the head of each flume for
approximately 1 h. Sodium chloride (NaCl) was used as conservative
tracer to determine plateau conditions. Electrical conductivity was
recorded at the end of each flume at 10 s intervals using a Hach
Lange HQ40d conductivity meter. About 10 min after reaching
plateau conditions, water was sampled every 6 m between 5 and
30m downstream of the injection point. Prior to the additions, water
samples were collected at the inflow and outflow of each flume to
determine nutrient and DOC background concentrations. After
each addition series, five tiles were randomly selected from the
upper and the lower end of each flume, respectively, to determine
Chl-a concentrations, bacterial abundances, and TP (Section 2.3).
Additionally, approximately 3 g of woodchips were removed
randomly from five woodchip bags and analyzed for Chl-a
concentrations, bacterial abundances, TP, respiration rates and
alkaline phosphatase activity (Section 2.3). Finally, the woodchip
bags were returned to the 6th flume to continue colonization.

2.2.3 Agricultural streams
The studied headwater streams Schildbach (Si), Linsberggraben

(Li), and Schlattenbach (SI) are situated in an area of Lower Austria
which is dominated by agriculture, approximately 30 km north of
the location of the outdoor flumes. All streams showed a straight andT
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homogenous stream course with 20–30 cm water depth, 70–130 cm
stream width, and 7–60 L s−1 discharge during the experimental
period. The average background concentrations were 34 μg L−1 for
SRP, 76 μg L−1 for N-NH4, 6 mg L−1 for N-NO3 and 5 mg L−1 for
DOC (Table 1). The water temperatures in the agricultural streams
showed a broader range, amounting from 15.6°C to 18.5°C.
Dissolved oxygen concentrations ranged from 7.4 to 9.3 mg L−1

in the agricultural streams. All streams showed straightened
homogeneous channels without riparian forests and silty to sandy
sediments. Two 100 m homogenous reaches were selected in each
stream for the experiments, of which one was used for the WBR
treatment and the other as control without woodchip bags. The
sequence of control and treatment reach was chosen randomly for
each experiment to avoid a spatial bias (Figure 1).

Similar to the outdoor flumes, we performed short-term nutrient
plateau additions in the streams in July 2021 over a period of 6 days
under stable, sunny weather conditions. The experiments were
carried out twice within two non-consecutive days in each of the
three streams, resulting in six replicates (one stream per day in the
sequence Si, Li, Sl, Si, Li, Sl). On the day before the nutrient
additions, we installed ten fully colonized woodchip bags every
10 m apart in the treatment reach. Additionally, we placed a metal
grid 20 m before the first sampling point to ensure mixing. The
addition experiments followed the same procedure as for the
outdoor flumes. The injection point was located 30 m upstream
of the first sampling point, and a nutrient solution containing SRP
(as NaH2PO4) and N-NH4 (as NH4Cl) with final concentrations of
200 μg L−1 and 25 mg L−1,respectively, was injected at a constant rate
via a peristaltic pump. We used higher N-NH4 concentrations
because we expected higher background concentrations in the
streams. Water samples were taken every 20 m in both the
control and the treatment reach directly before the addition and
during plateau conditions (3 replicates). The water samples were
processed in the same way as in all other experiments.

2.3 Biofilm analyses

Biofilm samples from woodchips from all experiments were
processed as follows. Chl-a contents in woodchips were determined
after extraction in 90% cold acetone via high-pressure liquid
chromatography (HPLC; Hitachi Elite LaChrom, Hitachi High
Technologies America, San Jose, CA, United States). For bacterial
abundances, 1.3 g of woodchips were suspended in 3 mL GF/F
filtered and autoclaved stream water (30 min at 121°C and Hirayama
HG-50, California, USA) from the respective experiments and fixed
with 37% formaldehyde at a final concentration of 2.5%. Bacterial
abundances were determined after extraction with Tween 80 (10%)
and staining with Sybr Green II on a flow cytometer (CytoFLEX,
Beckman Coulter GmbH, Krefeld, Germany; Weigelhofer et al.,
2020). The TP concentrations in woodchips samples was
determined after digestion with 1 M sulfuric acid in the CEM-
microwave (CEMMarsXpress; Malá and Lagová, 2014) and then
measured using a continuous flow analyser (CFA, Alliance
Instruments GmbH, Salzburg, Austria). Woodchips samples were
dried at 75°C overnight to determine the dry mass (DW).

To get information about changing biofilm activities on
the woodchips during aging, we additionally analysed biofilm

respiration and alkaline phosphatase activity in the woodchip
bags from the outdoor flumes. For microbial respiration, 1 g of
woodchips were placed in 18 mL air-tight glass vials equipped
with oxygen-sensitive optical sensor spots (Fibox 3 optode
system, PreSens GmbH, Regensburg, Germany). Each vial was
filled carefully with respective stream water, closed without air-
bubbles, and incubated in the dark. The decrease in dissolved
oxygen concentrations was measured at the beginning and after
4, 8, 12, 24, and 30 h. The respiration rates were calculated
from the decrease in oxygen over time, corrected for the water
volume and woodchips dry weight. The alkaline phosphatase
activity was measured as enzymatic activity by adding
substrate proxies and incubating the woodchips samples for
1 h in the dark before a buffer was inserted to stop the
reaction. Then, fluorescence was determined at 365 nm
excitation and 450 nm emission using a 96-well plate reader
(VARIOSCAN FLASH, Thermo Fisher Scientific; Marx et al.,
2001; Bell et al., 2013).

2.4 Calculation of uptake parameters

For the laboratory flumes, SRP and N-NH4 concentrations
remaining in solution were plotted against time and a linear
regression line was fitted using the lm function in R. Nutrient
uptake rates (µg L−1 h −1) were determined by calculating the
slope of the regression line. Positive numbers indicate an uptake
and negative numbers a release of the respective nutrients. For the
plateau additions, nutrient uptake lengths (m) were calculated via
the longitudinal decline of the added nutrients in the outdoor flumes
and the agricultural streams (Stream Solute Workshop, 1990;
Weigelhofer et al., 2018). For this purpose, nutrient
concentrations during plateau conditions were corrected for
ambient concentrations. We calculated uptake rates (U) from the
uptake lengths (Sw), water velocity, water depth, and nutrient
concentrations as described in the Stream solute Workshop (1990).

2.5 Data analysis

We calculated the effect sizes to compare the effects of the
woodchip bags on the nutrient uptake rates to a control without
woodchip bags among all three experiments (Supplementary Table
S1). For this purpose, we compared the experiments in the
laboratory flumes and in the streams with the 4-weeks sampling
of the outdoor flumes. Responses of SRP and N-NH4 uptake rates to
the presence of woodchip bags were calculated for all three
experiments as the log transformed response ratio (logR), given
by the logarithm of the ratio of the mean of uptake/release rates after
nutrient addition with woodchip bags to controls without woodchip
bags. For handling the negative values (release rates), we added a
constant value to the data prior to applying the log transform. A
logR = 0 indicates no response. A logR <0 and logR >0 indicate
decreased and increased uptake rates with woodchip bags versus
controls, respectively (Hedges et al., 1999). The variance associated
with logR was calculated using standard deviation and sample size.
Effect sizes and variances were calculated using the “escal” function
of the “metafor” package (Viechtbauer, 2010) in R (R Core Team,
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2020). We quantified the effects of woodchip bags on nutrient
uptake by fitting random-effects models using the “rma.uni”
function of the “metafor” package for experimental scale
(Viechtbauer, 2010). For the plateau additions, the average and
minimum velocity were calculated from reach length divided by the
time at which half of the maximum conductivity and the plateau
were reached, respectively (Gordon et al., 2008).

The effects of aging of woodchips (fresh, early-, fully-colonized,
old age) on the nutrient uptake (controls and addition) were
analysed by two-way ANOVA followed by Tukey’s Honestly
Significant Difference (HSD) post hoc tests after checking that
equal sample size, the assumptions of normal distribution
(Shapiro–Wilk test) and/or homogeneity of variance (Bartlett’s
test) were met. Results at p < 0.05 were considered significant.

All statistical analyses were performed using statistical
software R v4.0.3.

3 Results

3.1 Effects of woodchips on nutrient uptake
at different experimental scales

We found positive effects of fully colonized woodchips on SRP
and N-NH4 uptake only in the laboratory flumes but no or even
negative effects in the outdoor flumes and the agricultural streams
(Figure 2; Supplementary Table S1). The global model across all
experiments was non-significant (p > 0.05).

FIGURE 2
Responses of soluble reactive phosphorus (SRP) (A) and ammonium (N-NH4) (B) uptake rates to the presence of fully colonized (4weeks) woodchips
at different experimental scales. Responses were calculated as the log transformed response ratio (logR), given by the logarithm of the ratio of mean
uptake rates in the presence of woodchips (treatment) to uptake rates in controls without woodchips. A logR = 0 indicates no response. A logR <0 and
logR >0 indicate decreased and increased uptake rates with woodchips versus controls, respectively (Hedges et al., 1999).
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In the laboratory flumes, controls showed net average SRP and
N-NH4 uptake rates of 2.6 ± 1.7 and 1.4 ± 6.3 μg L−1 h−1. In the
presence of woodchips, we measured mean net SRP and N-NH4

uptake rates of 24 ± 4.6 and 28.5 ± 6.8 μg L−1 h−1 in the laboratory
flumes. In the outdoor flumes, controls showed net average SRP and
N-NH4 uptake rates of 1.72 ± 2.12 and 1.80 ± 1.83 mg m−2 s−1,
respectively. Interestingly, the addition of fully colonized woodchips
resulted in slightly, albeit not significantly lower mean SRP and
N-NH4 uptake rates of about 0.73 ± 1.40 and 1.33 ± 0.44 mg m−2

s−1. In the agricultural headwater streams, controls showed slight net
SRP uptake of 1.16 ± 1.47 mg m−2 s−1 on average, while net N-NH4

uptake rates amounted to 6.10 ± 6.84 mg m−2 s−1. The addition of fully
colonized woodchips had no effect on SRP uptake (mean 1.27 ±
1.23 mg m−2 s−1). Interestingly, net N-NH4 uptake rates decreased to
3.36 ± 4.36 mg m−2 s−1 after the addition of woodchips (p > 0.05). In
general, we observed a high variability among the replicates of both the
controls and treatments across all three different experimental scales.

The water chemistry data showed average background
concentrations of SRP and N-NH4 in the laboratory flumes of
1.1 and <0.2 μg L−1, respectively (Table 1). Under plateau
condition, these concentrations increased to 185 and 116 μg L−1,
respectively. In the outdoor flumes, the average background
concentrations of SRP and N-NH4 increased from 0.2 to
0.6 μg L−1 to 2.3 and 8.2 μg L−1, respectively, over the 6 weeks of
the experiment. Plateau concentrations of SRP and N-NH4 ranged
between 199 and 116 μg L−1 in week 0 and 222 and 206 μg L−1 in
week 6. Thus, background and plateau conditions were comparable
between lab flumes and outdoor flumes, with an average increase of
approximately 1:100. However, the agricultural streams showed
much higher average nutrient background concentrations of
about 33.8 μg L−1 for SRP and 75.9 μg L−1 for N-NH4 than the
flumes. Plateau concentrations were 141 and 24,098 μg L−1 for SRP
and N-NH4, respectively (average increase 1:4 and 1:300).

In the laboratory flumes, the average background N-NO3 and
DOC concentrations were 1.6 and 1 mg L−1, respectively. Following
nutrient additions, the N-NO3 concentrations decreased to
0.7 mg L−1. In the outdoor flumes, the initial concentrations for
N-NO3 and DOC were 0.7 and 1.7 mg L−1, respectively, and they
decreased to 0.66 and 1.4 mg L−1 for N-NO3 and DOC, respectively,
during plateau conditions. In the agricultural streams, the N-NO3

and DOC concentrations were 6 mg L−1 and 5 mg L−1, respectively,
and the concentration of N-NO3 and DOC remained at the same
level during plateau conditions (Table 1).

Fully-colonized (4-weeks) biofilms on the woodchips for the
laboratory flumes and the agricultural streams showed 10 times
higher Chl-a concentrations (12 ± 6 µg gDW−1) than those for the
outdoor flumes (1.27 ± 2.7 µg gDW−1; p < 0.05, n = 25; Figure 3). In
contrast, woodchips biofilms in the outdoor flumes showed
approximately 20 times higher bacterial abundances (215 ±
93 cells 106 g DW−1 than those in the laboratory flumes and the
agricultural streams (12.5 ± 6 cells 106 g DW−1; p < 0.05, n = 25). The
TP concentrations of the fully colonized woodchips did not differ
between experiments.

3.2 Effects of aging ofwoodchips on nutrient
uptake rates

In general, nutrient uptake rather than release was observed in
both treatment and control outdoor flumes during the addition
experiments. The aging of the woodchips over 6 weeks did not
significantly change this nutrient uptake (p > 0.05; Figure 4),
although we observed a small increase in SRP uptake rates in the
presence of woodchips over time from week 2 (1.2 times) to week 6
(2 times). For N-NH4, woodchips increased uptake rates only in
week 2 (2 times) and a reduction in uptake was observed thereafter.

At the start of the experiment (week 0), we observed relatively
high SRP and N-NH4 uptake in the controls (i.e., without woodchip
bags), averaging 1.4 ± 0.5 and 2.7 ± 0.4 mg m−2 s−1, respectively.
When fresh woodchips were added, mean nutrient uptake was
reduced to 0.04 ± 2.1 mg m−2 s−1 for SRP and 1.8 ± 0.8 mg m−2

s−1 for N-NH4. One flume even showed net SRP release
of −3.65 mg m−2 s−1. After 2 weeks, the controls still showed an
average SRP uptake of 1.18 ± 0.3 mg m−2 s−1, while N-NH4 varied
between uptake and release among the individual flumes, with an
average release rate of −0.5 ± 1.7 mg m−2 s-1. The addition of early
colonized woodchips did not affect the SRP uptake (mean rates
1.24 ± 0.5 mg m−2 s−1), while N-NH4 switched to an average uptake
of 1.6 ± 2.9 mg m−2 s−1. In week 4, we observed considerable
variability in SRP uptake/release patterns among replicates in
both the controls and the woodchips treatments. On average,
SRP uptake dominated, showing rates of 1.7 ± 2.1 mg m−2 s−1 for
the controls and 0.7 ± 1.4 mg m−2 s−1 for the treatments. We
observed uptake of N-NH4 in all controls except one (mean
1.8 ± 1.8 mg m−2 s−1) as well as in all WBR treatments (mean
1.3 ± 0.4 mg m−2 s−1). In week 6, mean SRP uptake rates were 1.6 ±
2.6 mg m−2 s−1 and 1.5 ± 0.6 mg m−2 s−1 in the controls and the
woodchips treatments, respectively. The WBR treatments showed
lower uptake of N-NH4, amounting to 1.2 ± 1 mg m−2 s−1, than the
controls with an average of 2.24 ± 1.4 mg m−2 s−1.

The largest differences were observed between fresh woodchips
(week 0) and colonized ones (week 2–6; Figure 5). On average, fresh
woodchips showed ~5 times lower respiration rates (4.4 ± 1.6 µg O2

g DW−1 h−1), ~ 6–40 times lower phosphatase activities (10.3 ±
1 μmol g−1 h−1), ~3 times lower bacterial abundances (82.2 ± 5.2 cells
106 g DW−1), and ~100–190 times lower TP levels (0.01 ± 0 mg g
DW-1) than colonized woodchips that are older than 2 weeks (p <
0.001, n = 40). The mean Chl-a concentrations increased from below
detection limit in fresh woodchips to 0.9–1.3 μg g DW−1 in colonized
woodchips that are older than 2 weeks.

4 Discussion

Our study investigated the potential of woodchips in stimulating
nutrient uptake in nutrient loaded surface waters by comparing
uptake experiments at three different experimental scales: in
laboratory flumes, outdoor flumes, and agricultural streams. As
expected, we found strong stimulation of nutrient uptake in the
presence of woodchips in our laboratory flumes experiments. We
observed a notable 90% removal of SRP and 77% removal of N-NH4,
indicating the efficacy of woodchips on nutrient retention at the
laboratory scale. Over the past 2 decades, numerous laboratory and
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field studies investigated the nutrient mitigation potential of
woodchips under mainly anoxic conditions, focusing primarily
on nitrate removal via denitrification but also including effects

on other N species and SRP (Christianson et al., 2021; Kouanda
and Hua, 2021; Povilaitis et al., 2020; Li et al., 2018; Hua et al., 2016).
While laboratory-scale studies with woodchips-only bioreactor

FIGURE 3
Chlorophyll-a (Chl-a) contents (A), bacterial abundances (B) and total phosphorus (TP) concentrations (C) in 4 weeks colonized woodchips at
different experimental scales.

FIGURE 4
Aging effects of woodchips on soluble reactive phosphorus (SRP) (A) and ammonium (N-NH4) (B) rates in the outdoor flumes (ANOVA, p > 0.05, n =
40). Positive and negative values show uptake and release rates, respectively. The age of woodchips varied from 0 (fresh), 2 (early colonized), 4 (fully
colonized), to 6 (Old age) week(s).
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columns reported low average SRP removal rates of <10% (Goodwin
et al., 2015; Zoski et al., 2013), field studies on subsurface woodchip
bioreactors observed high rates, ranging from 60% to 100% (Perera
et al., 2024; Husk et al., 2018; Dougherty, 2018; Rivas et al., 2019),
depending on various environmental conditions such as hydrology.
Perera et al. (2024) and Husk et al. (2018), for example, observed
75%–100% and 60% SRP removal in their woodchips-only
treatment during the first study year, respectively, which
decreased to 3%–67% and 10%–20% during the next 2 years. In
contrast, SRP release during the first year turned into an 89% SRP
removal during the second year in a study by Rivas et al. (2019) when
hydraulic retention times were significantly reduced. However, most
of these studies focused on denitrification under anoxic conditions,
with P removal as potential positive side-effect. Reported P removal
rates of 75% to >99% in such studies refer mostly to P adsorption or
Ca/Mg-associated precipitation (Sanchez Bustamante-Bailon et al.,
2022; Povilaitis et al., 2020; Husk et al., 2018) and are thus not

comparable to our study. To date, only a limited number of studies
have investigated oxic nutrient uptake in woodchips, with the
majority focusing on the coupling of bioavailable C and N rather
than P (McGuire et al., 2023; 2021; Hartfiel et al., 2022; Maxwell
et al., 2019; Aalto et al., 2020).

The release of labile OC from woodchips under oxic conditions
may boost heterotrophic activity and facilitate in-stream nutrient
uptake as demonstrated by McGuire et al. (2021) in a laboratory
woodchip bioreactors study. Consistent with our laboratory results,
other laboratory studies also show positive effects of bioavailable OC
from different sources on microbial nutrient uptake (Akbari et al.,
2023; Graeber et al., 2021; Stutter et al., 2020a). Akbari et al. (2023)
observed enhanced phosphate uptake by heterotrophic biofilms with
increased OC supply in a laboratory experiment using fresh and
leached leaves. In another laboratory study using leaf leachate as
carbon source, Graeber et al. (2021) found a strong correlation
between heterotrophic P uptake and molar DOC:P ratios between

FIGURE 5
Respiration rates (A), phosphatase activity (B), chlorophyll-a (Chl-a) contents (C), bacterial abundances (D) and total phosphorus (TP) concentrations
(E) in woodchips at different temporal scales. The age of woodchips ranged from 0, 2, 4, to 6 weeks(s) for Fresh, Early colonized, Fully colonized and Old
age, respectively.
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100 and 400. These findings suggest that an active stoichiometric
shift in streams can result in coupled cycling of P and OC and
enhancing heterotrophic microbial nutrient uptake, thus improving
nutrient retention and ecosystem health. However, the complexity of
coupling between autotrophs and heterotrophs, as well as their
reliance on either the use of externally supplied or internally
recycled nutrients, can significantly influence microbial nutrient
uptake depending on their dominance within stream biofilms
(Akbari et al., 2023; Stutter et al., 2020b; Wagner et al., 2017).

In the agricultural streams, our study found no significant and
consistent positive effect of woodchips on nutrient uptake. Although
we expected to find lower effects in the field, we did not expect to
find none, and this is also contrary to other field studies. For
example, O’Brien et al. (2017) observed increased microbial
activity and enhanced in-stream nutrient uptake following a 6-
week addition of OC via leaf packs in agricultural headwater
streams. We assume that the extremely high nutrient background
concentrations in the water column of our streams may have
saturated the systems (Sunjidmaa et al., 2022; Tank et al., 2017;
O’Brien et al., 2007) and that the amount of added woodchips were
thus too low to achieve anymeasurable effects. The chronic exposure
to increased nutrient loads can lead to saturation of the microbial
community, resulting in decreased uptake efficiency and eventually
even high nutrient release from streambed sediments (Sunjidmaa
et al., 2022; Bechtold et al., 2003). In our agricultural streams, the
woodchip biofilms were dominated by autotrophs, similar to the lab
experiment. Thus, one would assume increased SRP uptake, albeit
not necessarily stimulated by the increased OC availability (Akbari
et al., 2023). However, several experimental studies have shown that
especially thick and autotrophs-dominated biofilms may rely more
on internal nutrient cycling rather than external nutrient supply
(Kamjunke et al., 2015; Brailsford et al., 2019; Graeber et al., 2018;
Wagner et al., 2017; Akbari et al., 2023). Consequently, their
nutrient uptake is primarily controlled by the availability of
dissolved inorganic N and/or P (Jarvie et al., 2018), which may
be directly delivered by the woodchips. Another plausible
explanation for the lack of consistent responses to nutrient
additions in the agricultural streams could be the relatively short
duration of the addition experiments (i.e., approximately less than
1 hour), whichmay not have been long enough to trigger an ecosystem
response to the increased OC availability (Griffiths and Johnson, 2018;
Rier et al., 2016). As a result, biofilm communities in the systems had
insufficient time to adapt to both the increased OC availability and the
enhanced nutrient supply. The short-term response of P uptake
depends on the uptake kinetics of the existing microbial
community and this may temporarily saturate at SRP
concentrations above 5 μg L−1 (Mulholland et al., 1990).
Conversely, long-term nutrient additions (over days to weeks) have
the potential to increase the nutrient uptake by stream biofilms as
biomass grows and nutrient demand increases over time (Griffiths and
Johnson, 2018; Tank et al., 2017; Mulholland et al., 1990). Prolonged
nutrient plateau conditions in the streams may have yielded different
results but were not possible due to environmental issues. Future
studies should consider the duration of nutrient additions as an
important factor in laboratory and field experiments. Finally, the
water flowing through the woodchip bags strongly affects their
efficiency in adsorbing nutrients (Husk et al., 2018; Soupir et al.,
2018) and microbial nutrient uptake. Soupir et al. (2018) observed a

significant increase of approximately 36% in SRP removal by
woodchips when the hydraulic retention time was 24 h compared
to 12 h. Due to the larger dimensions of the streams compared to the
laboratory flumes, there was less possibility to force the water flow
through the woodchip bags in the first ones. Consequently, this may
have led to nutrients increasingly bypassing the woodchip bags.

Contrary to our hypothesis, we observed no significant and
consistent positive effect of woodchips on nutrient uptake in the
outdoor flumes despite the better control on environmental
conditions such as lower background nutrient concentrations and
replicability (Menczelesz et al., 2019) than in the streams. This is
contrary to other mesocosm studies, where Allen et al. (2019), for
example, reported a significant decrease in SRP concentrations in
outdoor mesocosms containing leaf bags compared to the controls.
One possible explanation for our results could be the comparatively
high bacterial abundances on the woodchips, suggesting that P may
have been primarily taken up from the organic substrate instead of the
water column. Furthermore, it is plausible that the short duration of
nutrient addition did not allow enough time for the microbial
community to respond adequately to the increased nutrients
supply, similar to what was observed in the agricultural streams
(Griffiths and Johnson, 2018; Tank et al., 2017; Mulholland et al.,
1990). However, net uptake was generally low in the outdoor flumes in
both controls and treatments. A meta-analysis by Addy et al. (2016)
found that N removal rates were higher with increasing temperatures
ranging from 6 to >16.9°C. Low water temperatures of 9.5°C–11.8°C
may have reduced microbial nutrient uptake in our outdoor flumes in
contrast to the laboratory flumes, where room temperatures of 20°C
likely contributed to higher nutrient removal rates due to stimulation
of microbial metabolism (Grießmeier et al., 2021; Kouanda and Hua,
2021). However, this explanation is not full in line with what wewould
have expected as the bacterial colonization phase of the woodchip bags
took place until a day before the experiment in the “Oberer Seebach,”
which has similarly low water temperatures.

The lack of effects of woodchips on nutrient uptake also resulted
in no significant effects of woodchips aging in the outdoor flumes. In
the short term (maximum 2 weeks), leaching of nutrients from
woodchips dominated the nutrient exchange rates and this could
possibly diminish the positive effects of OC supply on nutrient uptake
(Akbari et al., 2023). However, the addition of woodchipsto the flumes
resulted in a distinct, albeit non-significant, average increase of SRP
uptake from week two to week six. Ammonium also showed an
average increase in the presence of fully colonized woodchips at week
two. The increasing trend in nutrient uptake suggest that the negative
effect of leaching is compensated after 2 weeks and indicates a
potential positive effect of woodchips on nutrient uptake. This
observation is supported by our data on woodchips biofilm
properties, which indicate that the most significant differences in
biofilm properties were observed between fresh and colonized
woodchips. One possible explanation is that the woodchips biofilm
has reached maturity, i.e., a stable growth, after 2 weeks, leading to an
increase in their nutrient uptake capacity. Previous studies have
shown that woodchip bioreactors may need a relatively long
operating time to fully develop the capability for P removal. For
example, Hua et al. (2016) noted that woodchips bioreactors exhibited
an increasing ability to remove SRP within the first week of operation
and reached a peak removal efficiency of 75% by the end of the 7th
week. This extended time could be attributed to processes such as
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biofilm penetration and microbial degradation (Hua et al., 2016;
Cameron and Schipper, 2010). Aging effects of woodchips on
nutrient uptake could be observed in other laboratory studies that
lasted for months. Kouanda and Hua (2021), for example, measured
higher N removal in up-flow columns filled with fresh woodchips
than in reactors filled with 12months-old woodchips. The stimulation
of SRP and N uptake by fresh woodchips can be due to a greater
amount of labile OC during the initial stages, which increases the
microbial demand for nutrients (Hathaway et al., 2017; Addy et al.,
2016; Cameron and Schipper, 2010). As woodchips are gradually
decomposed during aging, the OC becomes increasingly recalcitrant
and less available over time. This may lead to reductions in the
stimulation of microbial nutrient uptake.We decided to observe aging
effects only over a relatively short time period of 6 weeks as aerobic
decomposition may severely reduce the woodchips biomass, thus
changing the experimental conditions. However, future research
needs to include longer monitoring of the efficiency of woodchip
bags in streams to elucidate the effectiveness of woodchip bags in
stimulating nutrient removal over time.

Laboratory experiments are valuable for testing novel questions
regarding woodchips efficiency and enhancing our understanding of
processes such as microbial dynamics within these nature-based
solutions. However, they often face limitations in scale and
duration (Cameron and Schipper, 2010). The interaction of biotic
and abiotic factors can change with an increase in complexity of the
experimental system (Cooper et al., 1998). Using outdoor flumes or
natural streams adds a level of complexity that is challenging to
replicate in single-factor laboratory experiments (Ferreira et al., 2015).
Results from laboratory experiments under controlled conditionsmay
not be easily transferable to the field due to multiple influencing
factors occurring in real-world environments (Schaefer et al., 2021). In
our study, the variability observed in the field highlights the challenges
of replicating controlled laboratory settings and the importance of
careful interpretation of laboratory results. Additionally, our results
suggest the need for field-scale verification involving multiple
influencing factors. As we transition from lab-scale to field studies,
our control over influencing factors such as water chemistry and
temperature decreases (Schaefer et al., 2021; Addy et al., 2016; Pluer
et al., 2016; Ferreira et al., 2015). Field-scale issues such as longevity
and management may not be addressed through laboratory
experiments alone, thus limiting the applicability of woodchips in
field settings (Christianson and Schipper, 2016; Cameron and
Schipper, 2010). Furthermore, there is a lack of research pairing
laboratory experiments on woodchips with real-world field studies,
limiting direct comparisons of the effectiveness of these nature-based
solutions. Bridging the gap between laboratory studies and real-world
field conditions is essential to ensure the applicability and reliability of
findings in practical contexts, enabling researchers to examine and
understand ecosystem processes and patterns at multiple scales. By
comparing results from multi-scale experiments, researchers can
assess their consistency and identify disparities, gaining insights
into the scaling effects of the process under investigation.

5 Conclusion

In conclusion, our study has demonstrated the effectiveness of
woodchips in the laboratory setting for enhancing nutrient uptake,

particularly P, thereby supporting the general assumptions regarding
the coupling of OC availability and P uptake. However, it also
demonstrated that this coupling maybe covered by other
influencing environmental factors, such as interactions between
heterotrophs and autotrophs. Therefore, to gain insight to
applicability of woodchip bags as a nature-based solution, it is
essential to test their efficiency in both laboratory (potential
efficiency) and field (actual efficiency) settings, with a high number
of replicates. Moving forward, future research should place greater
emphasis on examining the performance of woodchip bags,
particularly regarding P removal, across various experimental
scales in streams. This approach will provide valuable insights
into the effectiveness of woodchips on a larger scale, facilitating
a more comprehensive assessment of their efficacy in real-
world scenarios.
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