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ABSTRACT: The (re)introduction of wood into rivers is
becoming increasingly popular, but its impact on streambed
biogeochemical cycling is still poorly understood. It could affect
fundamental ecosystem processes through multiple, potentially
interacting mechanisms and lead to cascading effects for ecosystem
function and the delivery of associated (dis)services. Here, a
microcosm study explored the impacts of instream wood on key
biogeochemical functions for different streambed sediment types
throughout a typical temperate climate temperature range. The
effects on a suite of physiochemical characteristics and microbial
metabolic activity (MMA) were measured, as well as on associated
ecosystem services (nitrate removal rate) and dis-services (green-
house gas [GHG] emissions). Streambed wood significantly
increased MMA, a key ecosystem process that underpins stream biogeochemical cycling. This likely explained an associated
increase in the removal rate of nitrate and the emission of some GHGs. This study demonstrates that instream wood is a
fundamental driver of stream biogeochemical activity. Omitting streambed wood from mechanistic studies of streambed
biogeochemical activity could reduce the representativeness of results to real systems, with consequences, for instance, for global
GHG emission estimates. If such ulterior impacts of (re)introducing instream wood are not considered, decision-makers may fail to
identify risks and opportunities of restoration programs.
KEYWORDS: streambed biogeochemical cycling, instream wood, large woody debris, greenhouse gas emissions, nutrient removal,
wood restoration, ecosystem (dis)services, microbial metabolic activity

1. INTRODUCTION
1.1. Switching the Paradigm�from Removal to

Reintroduction. Streams and rivers can deliver societally
important ecosystem services, but their capacity to do so has
been reduced by centuries of mismanagement, like channeliza-
tion and simplification, e.g., the removal of instream wood.1

The realization of the potential of the river corridor to provide
nature-based solutions to some of society’s most wicked
challenges, and the amenability of these systems to restoration,
has contributed to the rapid increase in the number and scale
of river restoration projects globally.2,3 One of the most widely
encouraged means in which to achieve restoration is the
(re)introduction of instream wood,3−5 which for centuries had
been removed for navigation and to reduce localized flooding.6

This technique is now recommended in policy in the European
Union Water Framework Directive7 and in national guidelines
in the United States.8 Furthermore, the rate of indirect
introduction of wood to river corridors (e.g., from falling trees
and branches) is likely to increase as riparian zones are
rewooded,9 as landscapes are rewilded,10 and, in the U.K., as
beavers (Castor fiber) are reintroduced.11

1.2. Neglected Ulterior Impacts. Instream wood
restoration has been adopted to deliver a range of objectives,
such as habitat improvement,12 natural flood management,13,14

increased hydrological connectivity,15−18 and water quality
objectives.19,20 However, notwithstanding management objec-
tives, changes to the abundance and distribution of instream
wood are likely to also result in ulterior impacts that are not yet
fully understood and the consequences of which cannot yet be
reliably predicted.5,21,22 For example, instream wood is
probably an important driver and control of biogeochemical
activity, such as cycles of carbon (C) and nitrogen (N). It
affects the production, transport, and bioavailability of
dissolved organic carbon (DOC),23,24 which is a key control
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of biogeochemical reactions, for example, it can limit nitrate
(NO3−) turnover.

25 Similarly, its decomposition can introduce
nutrients and modify stoichiometric ratios of C/N/
Phosphorus(P), which control respiration rates.26,27 It could
also increase streambed hydraulic conductivity, create
preferential flow paths, and encourage bioturbating aquatic
invertebrates, all of which could modify surface water−
groundwater interactions, which control reaction rates and
fluxes.28−30 Other potential mechanisms include providing a
surface for microbes and biofilms and creating heterogeneity in
the structure of the streambed, which can drive hyporheic
exchange and facilitate a matrix of redox conditions that are
necessary for many step-wise biogeochemical reactions.19,31,32

These impacts on biogeochemical activity could lead to
changes to the delivery of some of the important ecosystem
(dis)services that rivers and streams provide, such as
controlling the flux of C and N from freshwater and terrestrial
environments to marine environments and the atmos-
phere.24,33 Streams and rivers provide an ecosystem service
by retaining and removing 27 Tg N yr−1, >40% of the inputs
they receive, although they still contribute 37 Tg N yr−1 to
coastal waters.34 Some of this removal is attributable to
transformations along the river corridor, which can transform
polluting aqueous species, such as NO3−, to environmentally
benign dinitrogen (N2) gas or the harmful greenhouse gas
(GHG) nitrous oxide (N2O).

35,36 Furthermore, the mineral-
ization of DOC in aerobic respiration and anaerobic
respiration leads to the production of carbon dioxide (CO2)
and methane (CH4), respectively, also harmful GHGs.

37

Streams and rivers provide an ecosystem dis-service, emitting
an estimated 1.8 Pg CO2−C yr−1,38 26.8 Tg CH4−C yr−1,39
and 0.68 Tg N2O−N yr−1,40 and these emissions are likely to
increase as the temperature of surface waters increase as a
result of climate change.41,42 Despite the potential con-

sequences, the effects of instream wood restoration on these
ecosystem (dis)services are yet to be demonstrated by a
controlled and systematic investigation.

1.3. Study Motivations and Aims. The aim of this work
is to determine the importance of instream wood for
biogeochemical activity in streams and rivers, which contribute
disproportionately to global biogeochemical cycles for their
relatively small surface area.19,24,42,43 We aim to evaluate the
consequences of excluding instream wood in mechanistic
studies which explore streambed biogeochemistry, in which it
is usually ignored or explicitly omitted despite often composing
a significant proportion area of streambed sediments (e.g., refs
37 and 42). In addition, we aim to frame the results of this
study saliently to a management context, highlighting the
ulterior impacts of instream wood restoration, which are often
neglected, and encouraging decision-makers to consider the
opportunities, risks, and conflicts that arise from the co-
delivery of ecosystem (dis)services.44

These aims have been pursued using a microcosm
experiment, in which NO3− removal rate and total GHG flux
are used as examples of potentially associated ecosystem
services and dis-services, respectively. The microbial metabolic
activity (MMA) of the heterotrophic bacteria that facilitate
these reactions is used as an indicator of system metabolism, a
fundamental control of biogeochemical activity more
widely.45,46 Well-documented key controls on streambed
biogeochemical activity are considered by using treatments
of different river sediments�which differ in geology, (C)
content, and grain size distribution�and by conducting the
experiments throughout a range of temperatures representing a
temperate climate.37,42 The comparison of incubation experi-
ments with in situ measurements remains a challenge and
therefore these experiments do not provide absolute and
scalable estimates to allow extrapolation to in situ conditions.42

Figure 1. (a) River sediment sampling locations with underlying bedrock geology. (b) Schematic microcosm design with wood buried by sediment
at the bottom and water column and headspace above, with sampling tube and stopcock for gas sampling. (c) Microcosm treatments where pink =
limestone sediment, yellow = sandstone sediment, purple = chalk sediment, and gray = no sediment; wood was added to half the treatments, and
each treatment was replicated 5 times. The location of treatments was randomized. (d) Water temperature (°C) before and during the
experimental period, where the black line represents temperature at 12 noon, the blue line represents the LOESS (locally weighted smoothing), and
the vertical red lines indicate measurement dates.
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They do, however, allow for the systematic analysis of the
effect of streambed wood on MMA, NO3− removal rate, and
GHG fluxes.

2. METHODS
2.1. Microcosm Setup. Microcosm chambers were

constructed from 1750 mL buckets with gas-tight lids made
of polypropylene, which blocked out most of the ultraviolet
light, and fitted with sampling ports with a three-way stopcock
(Figure 1b). Each of the 8 treatments was replicated 5 times,
resulting in 40 microcosms in total (Figure 1c). Microcosms
were stored outside at EcoLaboratory (University of
Birmingham, U.K.), allowing the temperature to fluctuate
with environmental conditions (Figure 1d). Locations were
randomized, and no significant difference was observed in
temperature between treatments (Supporting Information
(SI), Figure S1). From assembly in May 2019 until December
2020, microcosms were undisturbed to allow for microbial
communities to stabilize and wood to begin to decompose.42

Lids remained closed, but sampling ports remained open to
allow gas exchange.

2.2. Sediment Treatments. In order to capture variability
in streambed sediment characteristics, which are a key control
of streambed biogeochemistry,37 4 sediment treatments were
investigated, including no sediment, and sediments extracted
from streams overlying sandstone, limestone, or chalk
geologies (Figure 1c). Sandstone sediment was collected
from Wood Brook in Staffordshire, U.K. (lat 52.80, long
−2.30), from under total tree cover (Figure 1a). Chalk
sediment was collected from the river Lambourn in Berkshire,
U.K. (lat 51.44, long −1.38), from under partial tree cover.
Limestone sediment was collected from the river Bradford in
Derbyshire, U.K. (lat 53.17, long −1.68), from under no tree
cover. Sediments were collected from the top 10 cm and in the
thalweg in February 2019 and stored in a cold room (at
approx. 4 °C) until microcosm assembly in May 2019, at which
point 600 mL (510 mL in cases where wood was also added)
of wet sediment was added to relevant microcosms. Large
stones and wood (>2 cm) were removed before assembly,
which would have occupied a disproportionately large volume
of the total sediment.37 After the decommissioning of the
microcosms, grain size analysis and loss on ignition (LOI) (for
organic matter and carbonate) were conducted, Figure S2a,b,
respectively.47

2.3. Microcosm Composition and Construction.
Common hazel (Corylus avellana) typically surrounds water
courses in Northern Europe, and its wood is often used in river
restoration, for example, in fascines.48 It was introduced to half
of the microcosms (those of with wood treatment), which
received 5 mm × 50 mm long sections of large (20 mm),
medium (10 mm), and small (5 mm) diameter wood pieces.
Wood was added before sediment and so remained buried for
the extent of the experiment to simulate buried streambed
wood, except in the treatments without sediment. Each
microcosm received 500 mL of artificial stream water�a
nutrient mixture of 10 mg/L NO3−, 0.1 mg/L NH4+, and 0.1
mg/L PO43− prepared in ultrapure water (18.2 MΩ·cm)�
which probably resulted in slightly varying nutrient concen-
trations when mixed with porewater. Minor differences in
starting nutrient concentrations are likely to have a limited
impact on experimental results following the period of
stabilization, after which equilibration of concentrations is

likely. The total wet volume of each microcosm was 1100 mL,
leaving 650 mL headspace.

2.4. Spiking Procedure. Five spiking events were
conducted throughout the experimental period (December
2020 to October 2021), scheduled to capture annual
temperature variability (Figure 1d). Microcosms were spiked
with NaNO3 and resazurin (raz) (Apollo Scientific Ltd., lot:
AS456027) prepared in 12 mL volume of ultrapure water 12 h
previously. Raz is a smart tracer, which is transformed to its
daughter compound, resorufin (rru), in mildly reducing
conditions, thus providing a proxy for MMA.46,49 Concen-
trations of NO3− and raz were measured 2 days prior to the
preparation of spikes to enable target concentrations to be
more accurately achieved. Concentrations of NO3− in the
water column were elevated to 50 mg/l, the maximum
concentration in safe drinking water.50 Concentrations of raz
were elevated to 0.15 mg/L, a typical target concentration that
allows high detection but would decay sufficiently between
spiking events.46

2.5. Water Sampling and Analysis. 12 mL of water was
sampled at 0 and 26 h (after 15 s of mixing the column water),
after pH (Figure S3) and temperature (Figure S1) were
measured with a Hanna probe (HI-98129), and the
concentration of dissolved oxygen (DO) was measured with
a FireSting Fibreoptic DO probe. The water was replaced with
ultrapure water after each measurement period, not after
sampling at hour 0 in order to maintain a consistent water
volume. Water samples were immediately filtered with 0.45 μm
glass fiber syringe filters (Cole-Parmer) and stored for no more
than 48 h before analysis.46,51 Concentrations of NO3− were
analyzed on a continuous flow analyzer (San++, Skalar, Breda,
The Netherlands), with a limit of detection and precision of
0.001 ± 1% mg/L NO3−N, respectively. Concentrations of
nonpurgeable organic carbon (NPOC) were analyzed on a
Shimadzu TOC-L analyzer (Shimadzu Corporation, Japan)
with a limit of detection of 4 μg C/l. NPOC refers to the (C)
remaining after the sample has been purged of inorganic (C);
because these samples were filtered to remove materials larger
than 0.45 μm (e.g., particulate organic matter), NPOC here
can be considered DOC. Specific ultraviolet absorbance
(SUVA) was measured at wavelengths of 254 and 280 nm
on a ultraviolet visible light spectrophotometer (Jenway 6850)
and normalized for concentrations of DOC.52 Concentrations
of raz and rru were measured on a Varian Cary Eclipse
benchtop fluorescence spectrophotometer (Agilent Technolo-
gies, Inc.). Emission/excitation wavelength pairs of 600/617.97
nm for raz and 570/586 nm for rru were used, which are
within the ranges suggested by Haggerty, Argerich, and
Marti.́49 Signal overlap was corrected using the MATLAB
code provided by Knapp et al.46

2.6. Gas Sampling and Analysis. 15 mL of gas was
sampled at 2, 6, and 24 h using a gas-tight syringe (SGE
Analytical Science). Gas was sampled at 0 h for every fifth
microcosm (i.e., 8 times). The gas samples were immediately
transferred to pre-evacuated 12 mL gas vials (Exetainer vial,
Labco Ltd.) for storage under positive pressure and at room
temperature for no more than 3 months.53,54 Gas samples were
analyzed on an Agilent 7890A Gas Chromatograph using a 1
mL sample loop and an oven temperature of 60 °C. A flame
ionization detector measured CH4 and CO2 (which is
methanized with a catalyst before analysis), and an electron
capture detector measured N2O. The instrument operated with
a hydrogen flow of 48 mL min−1, air flow of 500 mL min−1,
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and a makeup pure nitrogen flow of 2 mL min−1. Final gas
fluxes are presented rather than production because, in some
cases, microcosms represented a sink of GHGs. Fluxes were
calculated using the methodology by Pitombo et al.,55 with
adjustments to account for the changing volume and pressure
due to the sampling regime (i.e., gas was not replaced after
sampling, reducing volume and leading to negative pressure).
Fluxes were calculated between 2 and 24 h, discounting 0−2 h
because samples at hour 0 were not extracted from individual
microcosms. Linearity was not always observed throughout
this period for every treatment, but treating flux rates as linear
represented the most appropriate method to apply to all
treatments and, thus, allowed a comparison, which was a
primary aim of this study (see Figure S4). Fluxes are reported
as per 24 h and normalized for sediment (and wood) mass.55

Gas flux values of microcosms not containing sediments (i.e.,
controls) are only reported in the text (i.e., not used in
statistical tests or figures) and are reported as flux per
microcosm per day.

2.7. Statistical Analysis. Some gas samples were missing
due to challenges with sampling or analysis, resulting in n =
141. Q−Q plots and histograms were used to confirm the

normality of the response variable and/or residuals (within
treatment groups), as per the assumptions of the statistical test
performed. Linear mixed-effects models (LMEM) were applied
with a restricted maximum likelihood estimation using the
lme4 package56 in RStudio.57 These tests were first performed
on amalgamated data (i.e., every sediment treatment and
temperature period together), excluding the no sediment
treatment (i.e., sandstone, limestone, and chalk only). This
isolated the effect of the inclusion of streambed wood from the
confounding effects of sediment and temperature. In these
models, wood treatment (wood or no wood), sediment type
(sandstone, limestone, and chalk), and temperature (0.8, 2.6,
9.6, 15.1, 20.7 °C) were all included as fixed effects. The
microcosm number (representing subsamples within one
sediment treatment and repeated measures at different
temperatures) was included as a random effect to avoid
pseudoreplication in treating subsampled observations and
repeated measures as independent.58 Following the execution
of two LMEMs�one including the fixed term, wood
treatment, and one “null model” not including this term�
the model outputs were compared using a likelihood ratio
test.56 The respective P values are reported in text, and model

Figure 2. Measures of carbon quality and quantity in microcosms containing different treatments of sediment (none = gray, sandstone = yellow,
limestone = pink, chalk = purple) and wood (no wood = white infill, wood = gray infill). Panels (a, b) represent the concentration of nonpurgeable
organic carbon (NPOC) separately at five measurement periods (represented by mean water temperatures) and amalgamated, respectively. Panel
(c) represents the concentration of DOC at the end of the study, where triplicates of sampling and analysis were conducted to ensure the accuracy
of results. Panels (d, e) represent the specific ultraviolet absorbance at 254 and 280 nm, respectively, both at decommission.
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outputs of the likelihood ratio test are reported in Tables S1−
S7. The same series of models and tests were performed on
subsets of data, which included only one sediment type (no
sediment, sandstone, limestone, and chalk) per model set,
where wood treatment and temperature are included as fixed
effects and microcosm number is included as a random effect.

3. RESULTS
3.1. Carbon Quantity and Quality. Over the entire

temperature regime, DOC was not significantly different in
microcosms containing wood compared to those without
(Figure 2b,c). However, the concentration of DOC was
significantly higher in microcosms containing wood for
sediment treatments of no sediment (P < 0.05) and chalk (P
< 0.05). This difference was most profound for microcosms
containing no sediment, where an average difference of 475%
was observed over the entire temperature regime. For those
microcosms containing sediment and no wood, the concen-
tration of DOC was very similar in sandstone (15.69 mg/L ±
21.97) and limestone (15.65 mg/L ± 18.43) and lower in
chalk (7.41 mg/L ± 8.23). Higher concentrations of DOC
than expected were observed in the microcosms containing no
wood or sediment (6.23 mg/L ± 8.65), though still less than
half those observed in sandstone and limestone treatments,

suggesting contamination (e.g., by insects) or autochthonous
production (e.g., primary production).
At the final (15.1 °C) measurement period (October 2021)

(Figure 2a), the average concentration of DOC in treatments
containing wood was notably higher than at other periods and
highly variable within sediment treatment groups (no sediment
= 62.79 mg/L ± 71.29; sandstone = 49.97 mg/L ± 28.19;
limestone = 42.17 mg/L ± 50.14; chalk = 48.24 mg/L ±
57.96). These spikes in DOC concentration were not observed
in microcosms not containing wood, leading to large
percentage differences between microcosms containing wood
and those not, of 1460% in no sediment treatments, 129% in
sandstone, 4587% in limestone, and 4839% in chalk. Patterns
of similar magnitude were not observed when DOC was
rigorously measured with repeated sampling and analysis at
decommission (Figure 2c).
There was little apparent difference in the SUVA254 between

microcosms containing wood and those not, except for the
microcosms containing no sediment, where those containing
wood exhibited higher absorbances, indicating a higher
aromaticity and, therefore, a lower bioavailability (Figure
2d).52 Similar patterns were observed for SUVA280 in the no
sediment, sandstone, and limestone, but in the chalk
treatments, microcosms containing wood had a higher (by
45%) absorbance than those without, indicating a higher

Figure 3. Percentage change in dissolved oxygen percent saturation over a 26 h measurement period in microcosms containing different treatments
of sediment (none = gray, sandstone = yellow, limestone = pink, chalk = purple) and wood (no wood = white infill, wood = gray infill), presented
separately at five measurement periods (represented by mean water temperatures) (a) and amalgamated (b).
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molecular weight of DOC, which is associated with lower
volatility and bioavailability (Figure 2e).59 Both SUVA254 and
SUVA280 indicate that sandstone sediments provided the
lowest quality (i.e., the least bioavailable) DOC, while
limestone and chalk provided DOC of similar quality.

3.2. Dissolved Oxygen. DO data is presented as the
percentage change in the DO percent saturation (DO%) over
the 26 h measurement period to account for differences in
starting concentrations. Over the entire temperature regime,
the percentage change in the DO% was not significantly
different in microcosms containing wood compared to those
without (Figure 3b). Only in microcosms of no sediment was a
significant difference observed (P < 0.05), with an average
−1.7% change in microcosms containing wood and an average
4.33% change in those not (Figure 3b). Patterns were
somewhat temperature-related, especially for microcosms of
chalk sediment, but the relationships are seemingly complex,
probably related to other temporally dependent factors (Figure
3a). Microcosms containing wood exhibited a higher variability
within sediment treatments compared to those not, as well as
in microcosms of sandstone and chalk sediments compared to
limestone or no sediment (Figure 3a).

3.3. Microbial Metabolic Activity. MMA results are
presented as hourly production of rru (μg) normalized for the
starting concentration of raz (μg) at hour 0 (as in ref 42).

Similar MMA was observed in other studies of similar design
(e.g.,37). Over the entire temperature regime, MMA was
significantly higher in microcosms containing wood compared
to those without (P < 0.05) (Figure 4b). Within sediment
treatments too, MMA was significantly higher in microcosms
containing wood for no sediment (209.18% higher, P < 0.05),
sandstone (188.16% higher, P < 0.05), limestone (103.37%
higher, P < 0.05), and chalk (129.86% higher, P < 0.05)
(Figure 4b). MMA in the microcosms of no sediment and no
wood was lower than in other sediment treatments containing
no wood but still substantial (0.0023 μg μg−1 raz h−1 ±
0.0047). The variability in MMA was higher within groups
containing wood compared to those without, and the patterns
in MMA were positively associated with temperature, though
other factors are influential, for example, at the 0.8 °C
measurement period (December 2020), where a higher than
expected MMA was observed (Figure 4a).

3.4. Nitrate Removal Rate. The rate of NO3− removal is
presented as the percentage reduction in the concentration of
NO3− per hour during the measurement period, to account for
the small differences in starting concentration at hour 0 (i.e., a
positive value indicates removal). Over the entire temperature
regime, the NO3− removal rate was significantly higher in
microcosms containing wood compared to those without (P <
0.05) (Figure 5b). However, within sediment treatments,

Figure 4. Production rate of rru per hour normalized for the starting concentration of raz in microcosms containing different treatments of
sediment (none = gray, sandstone = yellow, limestone = pink, chalk = purple) and wood (no wood = white infill, wood = gray infill), presented
separately at five measurement periods (represented by mean water temperatures) (a) and amalgamated (b).
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NO3− removal rate was only significantly higher in microcosms
containing wood compared to those not for microcosms of no
sediment (P < 0.05) or chalk sediment (P < 0.05) (Figure 5b).
The NO3− removal rate was consistently lower in microcosms
of no sediment compared to those containing sediment, and
only small rates were observed in microcosms of no sediment
and not containing wood (−0.024% ± 0.28). Strong
temperature-related trends were observed for all treatments,
though as with MMA, other factors (as discussed in Section
4.2) are evident, again at the 0.8 °C measurement period
(December 2020).

3.5. Greenhouse Gas Fluxes. Over the entire temperature
regime, in microcosms containing wood, the CO2 flux and the
CH4 flux were significantly higher (P < 0.05) (Figure 6a,c), but
the N2O flux was not (P > 0.05) (Figure 5e). Within sediment
treatments, the CO2 flux was only significantly higher in
microcosms containing wood for limestone (P < 0.05) (Figure
6b). While the CH4 and N2O fluxes appeared to be higher in
microcosms containing wood, the difference was not significant
for any sediment treatments (P > 0.05) (Figure 6c,f). The total
flux of all GHG was negligible for microcosms containing no
sediment and not containing wood (mean CO2 = 91.4 27.69
μg−1 day−1 ± 57.58; mean CH4 = −0.88 μg−1 day−1 ± 3.49;
N2O = −7.33 μg−1 day−1 ± 23.22) and of microcosms
containing no sediment and wood, only CO2 was produced at

notable rates. Temperature trends were evident for CO2 fluxes
only (Figure 6b,d,f).

4. DISCUSSION
4.1. Wood in Streambeds�A Fundamental Compo-

nent of Whole Stream Metabolism and Biogeochemical
Cycling. Streambed sediments containing wood generally
exhibited higher biogeochemical activity (as indicated by
elevated MMA in Figure 4) in a range of sediment types and
throughout temperatures typical of a temperate climate. This
demonstrates the importance of wood as a driver of
fundamental ecosystem processes. Changes to the abundance
and distribution of streambed wood, for example, by its
(re)introduction in river restoration, are therefore likely to lead
to changes in biogeochemical activity, with associated and
potentially cascading effects for ecological and biogeochemical
cycles, well beyond those measured here.45,60 This contributes
to the growing body of evidence that suggests wood is a
fundamental component of river ecosystems, which is vital for
their proper function and health.3,5

4.2. Effects on Turnover Mechanisms. Several mecha-
nisms by which instream wood could accelerate biogeochem-
ical activity have been identified, for example, by increasing
surface water−groundwater interactions and providing a
surface for microbes and biofilms.28,32 In this study, only the

Figure 5. Rate of nitrate removal per hour in microcosms containing different treatments of sediment (none = gray, sandstone = yellow, limestone
= pink, chalk = purple) and wood (no wood = white infill, wood = gray infill), presented separately at five measurement periods (represented by
mean water temperatures) (a) and amalgamated (b).
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effect of streambed wood on DOC was explicitly measured,
which was overall found to be insignificant for both quantity
(i.e., concentration) and quality (i.e., bioavailability). Differ-
ences were observed in the no sediment and chalk treatments,
however, which in the absence of wood provided the lowest
concentrations of DOC to the water column. This suggests
that where sediments contribute little DOC to the water
column, the introduction of wood could significantly increase
the concentration of DOC, although the quality of this DOC
may be initially lower than that which is aquatically derived (as
indicated by the elevated SUVA in Figure 2). This increase in
DOC could have a particularly substantial effect on
biogeochemical reaction rates in already DOC-limited environ-
ments, despite the lower quality.25 Consequently, instream
wood restoration may be especially impactful in systems where
the availability of DOC limits reaction rates (i.e., rather than
transport alone), such as where stoichiometric ratios of C to
oxidizing agents (e.g., NO3−) are especially low.

61

The absence of an increase in DOC concentration in
microcosms containing wood is likely explained by the prompt

consumption of DOC by microbes. It may also be explained by
the slow rate of wood decomposition in the microcosm
environment, in which decomposition was effectively limited
to chemical and biological processes (e.g., enzymatic
decomposition), excluding the physical processes that are the
primary drivers of decomposition in in situ conditions (e.g., by
causing physical fragmentation).62 Furthermore, smaller pieces
of wood decompose more quickly,62 and wood can be
immobilized in the streambed, where it can decompose over
long durations (i.e., longer than investigated here), especially
in lowland environmental settings.19 Therefore, the rate of
wood decomposition may be expected to be higher in in situ
conditions compared to in the microcosm environment, which
could result in a higher contribution of wood to DOC
concentrations. On the contrary, DOC could be quickly
transported out of sediments in river environments.19

Freshwater carbon dynamics are complex, controlled by a
series of biotic and abiotic processes like decomposition,
production, mineralization, and transport.24,62 The relative
prevalence of the processes active in the microcosm environ-

Figure 6. Flux of CO2 (a, b), CH4 (c, d), and N2O (e, f) per day in microcosms containing different treatments of sediment (sandstone = yellow,
limestone = pink, chalk = purple) and wood (no wood = white infill, wood = gray infill), presented separately at five measurement periods
(represented by mean water temperatures) (b, d, f) and together (a−c). Kg−1 refers to per kg of sediment. Graphs of CH4 (c) and N2O (e) are
zoomed in to focus on the interquartile range of the boxplots, excluding some outliers; graphs including all data are presented in Figure S5.
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ment is largely controlled by physiochemical conditions, like
temperature and the availability of oxidizing agents (e.g.,
oxygen and NO3−).

63 Therefore, the measured concentration
and bioavailability of DOC in microcosms at each measure-
ment period were determined by recent (hours to days in these
systems) reaction histories (i.e., production and consumption)
and antecedent environmental conditions.63 The snapshot of
the carbon dynamics afforded by the infrequent sampling limits
inference but still allows us to formulate hypotheses. High
DOC concentrations were observed in all treatments at the
first measurement period (0.8 °C), conducted in December
2020, where microcosms had been left to stabilize for
approximately 1 year. Similarly, high DOC concentrations
were observed at the 15.1 °C measurement period (September
2021), where a longer time had elapsed since the previous
spiking (∼3 months) than for other measurement periods (∼1
month). These longer periods without the introduction of
NO3− could have allowed a large DOC stock to accumulate
while DOC consumption (e.g., by aerobic respiration) was
limited by nutrient availability.64 Subsequently, this could have
resulted in a faster consumption of carbon and transformation
of NO3− immediately following spiking, which has been
termed “luxury uptake” by other authors.65,66 This hypothesis
could also explain the higher than expected NO3− removal
rates and CO2 fluxes, which were observed at the 0.8 and 15.1
°C periods.67
MMA and the change in the concentration of DO were

expected to exhibit similar patterns because they are both
measures of aerobic respiration. Such a response was not
evident, however, and instead, the depletion in DO during
measurement periods was not significantly increased in
microcosms containing wood while MMA was. This may be
explained by oxygen production as a product of photosynthesis
as well as by an artifact of the experimental procedure, where
the DO concentration was measured at hour 0 before mixing
(the last disturbance of the water having been ∼1 week
previous), whereas measurement at hour 26 was after more
recent mixing (at hour 0), which could introduce oxygen to the
water column. High MMA in microcosms containing neither
wood nor sediment may be explained by respiration of
autochthonous carbon, which can be extremely bioavailable.23

An increase in the concentration and bioavailability of DOC
probably explained some of the increases in MMA, the rate of
NO3− removal, and the production of GHGs. However, it did
not explain these responses entirely, and it is evident that other
mechanisms are also responsible, such as those outlined in the
introduction. Further research is necessary to identify and
quantify the mechanisms by which streambed wood leads to a
response in biogeochemical activities (as outlined in Section
1.2), for example, its capacity to host microbial communities
and biofilms and its effect on the structural properties of
sediments (e.g., hydraulic conductivity and preferential flow
paths).

4.3. River Restoration Using Instream Wood�Effects
on Ecosystem (Dis)services. Managing elevated concen-
trations of N in freshwaters is one of the biggest challenges
facing environmental engineers in the 21st century.70 Here, we
demonstrate that the (re)introduction of instream wood may
be a viable technique by which to accelerate the removal of N
in the river corridor, offering a nature-based solution to this
persistent challenge. It could be especially effective in streams
where the availability of C limits reaction rates and where

wood and DOC are not quickly transported downstream, for
example, some lowland environmental settings.19,25

While the observed reduction in NO3− concentrations could
represent an ecosystem service, it could also be explained by a
number of N transformation pathways that lead to both
temporary removal, such as dissimilatory nitrate reduction to
ammonia (DNRA), and permanent removal from water, such
as complete denitrification.36,68 It was outside the scope of this
study to quantify the relative removal pathway prevalence, but
it is likely that denitrification was responsible for at least some
removal (leading to permanent removal), as evidenced by the
accompanied (visual) increase in N2O emissions in micro-
cosms containing wood.36 The transformation of NO3− in
denitrification is positive if complete transformation occurs
(i.e., to N2), but incomplete transformation (i.e., to N2O) may
merely represent pollution swapping, which is not overall a
suitable mitigation solution.69 A strong relationship between
NO3− removal rate and temperature was evident, as has been
reported by other authors.70 This suggests that NO3− removal
rate in rivers and streams could increase as river water
temperature increases.41

The contribution of streams and rivers to global GHG
emissions is of global significance.38−40 Some of the key
controls of GHG production in riverbeds are well understood,
for example, organic matter content and sediment grain size
distribution.36,37,41 These controls were evident here, where
sandstone sediments were the finest (smallest grain size
distribution) (Figure S6) and had the highest (C) content
(Figure S2a), resulting in the highest CO2 emission. This
response is also evident in the measured oxidative redox
potential, which was lower in microcosms containing sand-
stone sediments compared to other sediment types, suggesting
reducing conditions (Figure S7). However, this work
demonstrates that previously well-documented controls do
not represent all of the processes that determine GHG flux
from riverbeds. For example, the presence of wood in the
streambed is also an important driver of GHG production.
Notably, the presence of wood resulted in larger differences in
GHG emissions than differences between the different
sediment types themselves.
The increase in GHG emissions should be expected as a

result of the (re)introduction of wood in river restoration,
which may offset the benefits of NO3− removal, essentially
representing a movement of pollutants from one system to
another. However, the N2O production is not directly
attributable to the wood additions, instead being a
consequence of the initial introduction of reactive N (e.g., by
fertilizer addition), as described by the nitrogen cascade
concept.71 Similarly, GHG emissions from wood decom-
position may occur whether the wood decomposes in the
stream environment or terrestrially. Despite these mitigations,
we posit that instream wood (re)introduction may still
represent a risk because it can serve to accelerate the rate of
GHG emission, which could contribute to climate change. On
the contrary, ecosystem restoration should seek to reduce and
delay the emissions of GHG to mitigate climate change. It
remains unclear how different the volumes and species of
GHGs emitted from wood decomposition are in different
environments, and at what rates they are emitted; further
research is required to provide insight into these important
dynamics. The many benefits of wood-based restoration are
likely to outweigh the risks, and therefore river managers
should not forgo wood-based restoration due to concerns of
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increased GHG production alone. However, it is important
that information on risks and benefits is made available to
allow careful analysis and consideration by researchers,
policymakers, and practitioners.

4.4. Consequences for Estimates of Global Carbon
and Nitrogen Cycles. Wood can constitute a substantial
portion of the total streambed volume, but it has typically been
ignored or explicitly omitted from studies exploring streambed
function, and especially biogeochemical function, to more
easily achieve homogeneity or to focus on geological origin
(e.g.,37). In this study, we demonstrate that excluding wood
from mechanistic experiments may reduce the representation
of microcosm results to real systems and lead to
misestimations of fundamental ecosystem processes (e.g.,
MMA) and associated (dis)services (e.g., NO3− removal rate
and GHG emissions). Results from these studies (e.g.,36,39,40)
have directly informed global models and estimates of the flux
of elements between streams and rivers and other systems, for
example, GHG emissions to the atmosphere and the flux of N
compounds to marine environments. The accuracy of
mechanistic studies and, as such, of global models and flux
estimates, may be improved by considering streambed wood in
future studies, for example, as an independent or confounding
variable.

4.5. Study Limitations and Uncertainties. Further
limitations of this study are highlighted to prevent improper
inference or application of results. Different sediment types
have been used here to better understand and represent the
range of the potential effects of wood on streambed
biogeochemistry. However, sediment treatment labels (i.e.,
sandstone, limestone, chalk, and no sediment) are not
necessarily representative of those geologies. Furthermore,
several mechanisms that control the effect of wood in rivers are
absent in the microcosm environment, while some mecha-
nisms may be exaggerated. For example, the development of
microbial assemblages could explain some of the variance
observed between microcosms of the same treatment,
especially toward the end of the experimental period. The
transport of solutes and gases in the microcosm environment is
limited to diffusive transport, which could have resulted in the
induction of anaerobic conditions more quickly and at
shallower depths than in in situ conditions, where hyporheic
exchange may accelerate transport and mixing.19 Conse-
quently, the relative production rates of anaerobically
produced GHGs (CH4 and N2O) may be overestimated
relative to aerobically produced CO2. Furthermore, trans-
formation of gases in the water column or headspace of the
microcosm could modify the relative concentrations of GHGs
actually emitted from sediments before sampling, for example,
oxidation of CH4 to CO2.

72 Other potential limitations include
the irregular spiking to high NO3− concentrations (atypical of
most systems in reality), which could also affect microbial
assemblage dynamics, though this could represent storm-
driven high nutrient loading.66 Furthermore, high concen-
trations of DOC and associated metrics in treatments without
sediment are not at all representative of instream wood in the
surface water column of streams because, in these circum-
stances, DOC would be quickly transported.19 While these
artifacts of the experimental design may prevent reliable
inference and scaling of metrics to absolute values, the broad
patterns observed here are likely to be somewhat representa-
tive of in situ observations.

5. CONCLUSIONS
This research contributes to the significant body of evidence
that suggests instream wood is a fundamental driver and
control of key ecosystem processes. Changes to the abundance
and distribution of instream wood should be expected to lead
to significant changes in most facets of ecosystem function, as
well as the delivery of both services and dis-services, which
often occur exclusively simultaneously and are, therefore, in
conflict. Wood-based restoration could offer suitable nature-
based solutions to persistent challenges, like high nutrient
concentrations, which work with natural processes and deliver
multiple co-benefits, as is now widely advocated for in policy.73

Conversely, it could also lead to significant dis-services, such as
increased GHG emissions, which managers and planners have
a serious responsibility to consider and minimize; also soon to
be supported in policy (e.g., in the U.K.73).
There are always trade-offs in environmental management,

which must be carefully considered by decision-makers using
appropriate frameworks and sufficient evidence. This work
demonstrates that while reductionism can be useful in
environmental research, holism is necessary when applying
this research to policy and practice. Considering processes and
objectives in isolation could generate unintended, ulterior, and
cascading consequences. We advocate a more holistic
perspective in environmental research and practice�one
which considers the intrinsic interconnectedness of ecosystem
processes that determine ecosystem function and the delivery
of ecosystem (dis)services.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsestwater.3c00014.

Additional physiochemical parameters of the water
(temperature, pH, oxidative redox potential); physical
properties of sediments (loss on ignition, grain size
distribution); details of greenhouse gas flux calculations;
and details of statistical tests and results (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Ben Christopher Howard − School of Geography, Earth &
Environmental Sciences, University of Birmingham,
Birmingham B15 2TT, U.K.; Birmingham Institute of Forest
Research, University of Birmingham, Birmingham B15 2TT,
U.K.; Present Address: Civil and Environmental
Engineering, Imperial College London, London SW72BX,
U.K; orcid.org/0000-0003-4010-8131;
Email: ben.howard@imperial.ac.uk

Authors
Ian Baker − Small Woods Association, Telford TF8 7DR, U.K.
Nicholas Kettridge − School of Geography, Earth &
Environmental Sciences, University of Birmingham,
Birmingham B15 2TT, U.K.; Birmingham Institute of Forest
Research, University of Birmingham, Birmingham B15 2TT,
U.K.

Sami Ullah − School of Geography, Earth & Environmental
Sciences, University of Birmingham, Birmingham B15 2TT,
U.K.; Birmingham Institute of Forest Research, University of
Birmingham, Birmingham B15 2TT, U.K.; orcid.org/
0000-0002-9153-8847

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.3c00014
ACS EST Water XXXX, XXX, XXX−XXX

J

https://pubs.acs.org/doi/10.1021/acsestwater.3c00014?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.3c00014/suppl_file/ew3c00014_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ben+Christopher+Howard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4010-8131
mailto:ben.howard@imperial.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ian+Baker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+Kettridge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sami+Ullah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9153-8847
https://orcid.org/0000-0002-9153-8847
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Krause"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Stefan Krause − School of Geography, Earth & Environmental
Sciences, University of Birmingham, Birmingham B15 2TT,
U.K.; Birmingham Institute of Forest Research, University of
Birmingham, Birmingham B15 2TT, U.K.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsestwater.3c00014

Author Contributions
B.C.H. is now at Imperial College London, U.K. B.C.H. led all
aspects of the conceptualization, sampling and laboratory
analysis, data analysis, interpretation, and writing. I.B., N.K.,
S.U., and S.K. contributed to the conceptualization of the
research, planning, and organization of laboratory analysis,
interpretation of data, and funding acquisition. All authors read
and provided feedback on the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors are grateful for funding from the Leverhulme
Trust, through the Forest Edge Doctoral Scholarship
programme (DS-2017-057). The EcoLaboratory facility at
the University of Birmingham, U.K., provided outdoor space
for the microcosms. Pavan Bains helped with preliminary
sampling campaigns. The authors are also grateful for rigorous
feedback from 2 anonymous reviewers, which led to significant
improvements to the manuscript.

■ REFERENCES
(1) Beechie, T. J.; Sear, D.; Olden, J.; Pess, G.; Buffington, J.; Moir,
H.; Roni, P.; Pollock, M. Process-based Principles for Restoring River
Ecosystems. BioScience 2010, 60, 209−222.
(2) Bernhardt, E. S.; Sudduth, E.; Palmer, M.; Allan, J.; Meyer, J.;
Alexander, G.; Follastad-Shah, J.; Hassett, B.; Jenkinson, R.; Lave, R.;
Rumps, J.; Pagano, L. Restoring Rivers One Reach at a Time: Results
from a Survey of U.S. River Restoration Practitioners. Restor. Ecol.
2007, 15, 482−493.
(3) Roni, P.; Beechie, T.; Pess, G.; Hanson, K. Wood placement in
river restoration: fact, fiction, and future direction. Can. J. Fish. Aquat.
Sci. 2015, 72, 466−478.
(4) Wohl, E.; Lane, S. N.; Wilcox, A. C. The science and practice of
river restoration. Water Resour. Res. 2015, 51, 5974−5997.
(5) Grabowski, R. C.; Gurnell, A.; Burgess-Gamble, L.; England, J.;
Holland, D.; Klaar, M.; Morrissey, I.; Uttley, C.; Wharton, G. The
current state of the use of large wood in river restoration and
management. Water Environ. J. 2019, 33, 366−377.
(6) Wohl, E. A legacy of absence: wood removal in US rivers. Prog.
Phys. Geography: Earth Environ. 2014, 38, 637−663.
(7) European Commission Directive 2000/60/EC of the European
Parliament and of the Council of 23 October 2000 establishing a
framework for community action in the field of water policy Off. J.
Eur. Communities 2000.
(8) Bureau of Reclamation and U.S. Army Corps of Engineers. Large
Wood National Manual: Assessment, Planning, Design, and
Maintenance of Large Wood in Fluvial Ecosystems: Restoring
Process, Function and Structure, 2023 https://www.engr.colostate.
e d u / ~ p i e r r e / c e _ o l d / c l a s s e s / c e 7 1 7 / M a n u a l s /
Large%20Wood%20National%20Manual/Large_Wood_National_
Manual_final.pdf. (accessed June 26, 2023).
(9) Meleason, M.; Gregory, S.; Bolte, J. Implications of riparian
management strategies on wood in stream of the pacific northwest.
Ecol. Appl. 2003, 13, 1212−1221.
(10) Brown, A. G.; Lespez, L.; Sear, D.; Macaire, J.; Houben, P.;
Klimek, K.; Brazier, R.; Van Oost, K.; Pears, B. Natural vs
anthropogenic streams in Europe: History, ecology and implications

for restoration, river-rewilding and riverine ecosystem services. Earth-
Sci. Rev. 2018, 180, 185−205.
(11) Larsen, A.; Larsen, J.; Lane, S. Dam builders and their works:
Beaver influences on the structure and function of river corridor
hydrology, geomorphology, biogeochemistry and ecosystems. Earth-
Sci. Rev. 2021, 218, No. 103623.
(12) Bernhardt, E. S.; Palmer, M. A.; Allan, J. D.; Alexander, G.;
Barnas, K.; Brooks, S.; Sudduth, E.; et al. Synthesizing U.S. river
restoration efforts. Science 2005, 308, 636−637.
(13) Kaiser, N. N.; Feld, C.; Stoll, S. Does river restoration increase
ecosystem services? Ecosyst. Serv. 2020, 46, No. 101206.
(14) Neuhaus, V.; Mende, M. Engineered Large Wood Structures in
Stream Restoration Projects in Switzerland: Practice-Based Experi-
ences. Water 2021, 13, No. 2520.
(15) Sawyer, A. H.; Cardenas, M. B.; Buttles, J. Hyporheic exchange
due to channel-spanning logs Water Resour. Res. 2011, 478
DOI: 10.1029/2011WR010484.
(16) Sawyer, A. H.; Cardenas, M. Effect of experimental wood
addition on hyporheic exchange and thermal dynamics in a losing
meadow stream Water Resour. Res. 2012, 4810 DOI: 10.1029/
2011WR011776.
(17) Shelley, F.; Klaar, M.; Krause, S.; Trimmer, M. Enhanced
hyporheic exchange flow around woody debris does not increase
nitrate reduction in a sandy streambed. Biogeochemistry 2017, 136,
353−372.
(18) Wilhelmsen, K.; Sawyer, A.; Marshall, A.; McFadden, S.;
Singha, K.; Wohl, E. Laboratory Flume and Numerical Modeling
Experiments Show Log Jams and Branching Channels Increase
Hyporhe ic Exchange . Water Re sour . Re s . 2021 , 57 ,
No. e2021WR030299.
(19) Krause, S.; Klaar, M.; Hannah, D.; Mant, J.; Bridgeman, J.;
Trimmer, M.; Manning-Jones, S. The potential of large woody debris
to alter biogeochemical processes and ecosystem services in lowland
rivers. Wiley Interdiscip. Rev.: Water 2014, 1, 263−275.
(20) Blaen, P.; Kurz, M.; Drummond, J.; Knapp, J.; Mendoza-Lera,
C.; Schmadel, N.; Klaar, M.; Jäger, A.; Folegot, S.; Lee-Cullin, J.;
Ward, A.; Zarnetske, J.; Datry, T.; Milner, A.; Lewandowski, J.;
Hannah, D.; Krause, S. Woody debris is related to reach-scale
hotspots of lowland stream ecosystem respiration under baseflow
conditions. Ecohydrology 2018, 11, No. e1952.
(21) Lo, H. W.; Smith, M.; Klaar, M.; Woulds, C. Potential
secondary effects of in-stream wood structures installed for natural
flood management: A conceptual model. WIREs Water 2021, 8,
No. e1546.
(22) Schalko, I.; Weitbrecht, V. Impact of Large Wood on River
Ecosystems. Water 2022, 14, No. 784.
(23) Berggren, M.; Giorgio, P. Distinct patterns of microbial
metabolism associated to riverine dissolved organic carbon of
different source and quality. J. Geophys. Res.: Biogeosci. 2015, 120,
989−999.
(24) Wohl, E.; Hall, R.; Lininger, K.; Sutfin, N.; Walters, D. Carbon
dynamics of river corridors and the effects of human alterations. Ecol.
Monogr. 2017, 87, 379−409.
(25) Zarnetske, J. P.; Haggerty, R.; Wondzell, S.; Baker, M. Labile
dissolved organic carbon supply limits hyporheic denitrification. J.
Geophys. Res. 2011, 116, No. G04036.
(26) Hou, Z.; Nelson, W.; Stegen, J.; Murray, C.; Arntzen, E.;
Crump, A.; Kennedy, D.; Perkins, M.; Scheibe, T.; Fredrickson, J.;
Zachara, J. Geochemical and Microbial Community Attributes in
Relation to Hyporheic Zone Geological Facies. Sci. Rep. 2017, 7,
No. 12006.
(27) Islam, M. J.; Jang, C.; Eum, J.; Jung, S.; Shin, M.; Lee, Y.; Choi,
Y.; Kim, B. C:N:P stoichiometry of particulate and dissolved organic
matter in river waters and changes during decomposition. J. Ecol.
Environ. 2019, 43, No. 4.
(28) Salehin, M.; Packman, A.; Paradis, M. Hyporheic exchange with
heterogeneous streambeds: Laboratory experiments and modeling
Water Resour. Res. 2004, 4011 DOI: 10.1029/2003WR002567.

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.3c00014
ACS EST Water XXXX, XXX, XXX−XXX

K

https://pubs.acs.org/doi/10.1021/acsestwater.3c00014?ref=pdf
https://doi.org/10.1525/bio.2010.60.3.7
https://doi.org/10.1525/bio.2010.60.3.7
https://doi.org/10.1111/j.1526-100X.2007.00244.x
https://doi.org/10.1111/j.1526-100X.2007.00244.x
https://doi.org/10.1139/cjfas-2014-0344
https://doi.org/10.1139/cjfas-2014-0344
https://doi.org/10.1002/2014WR016874
https://doi.org/10.1002/2014WR016874
https://doi.org/10.1111/wej.12465
https://doi.org/10.1111/wej.12465
https://doi.org/10.1111/wej.12465
https://doi.org/10.1177/0309133314548091
https://www.engr.colostate.edu/%7Epierre/ce_old/classes/ce717/Manuals/Large%20Wood%20National%20Manual/Large_Wood_National_Manual_final.pdf
https://www.engr.colostate.edu/%7Epierre/ce_old/classes/ce717/Manuals/Large%20Wood%20National%20Manual/Large_Wood_National_Manual_final.pdf
https://www.engr.colostate.edu/%7Epierre/ce_old/classes/ce717/Manuals/Large%20Wood%20National%20Manual/Large_Wood_National_Manual_final.pdf
https://www.engr.colostate.edu/%7Epierre/ce_old/classes/ce717/Manuals/Large%20Wood%20National%20Manual/Large_Wood_National_Manual_final.pdf
https://doi.org/10.1890/02-5004
https://doi.org/10.1890/02-5004
https://doi.org/10.1016/j.earscirev.2018.02.001
https://doi.org/10.1016/j.earscirev.2018.02.001
https://doi.org/10.1016/j.earscirev.2018.02.001
https://doi.org/10.1016/j.earscirev.2021.103623
https://doi.org/10.1016/j.earscirev.2021.103623
https://doi.org/10.1016/j.earscirev.2021.103623
https://doi.org/10.1126/science.1109769
https://doi.org/10.1126/science.1109769
https://doi.org/10.1016/j.ecoser.2020.101206
https://doi.org/10.1016/j.ecoser.2020.101206
https://doi.org/10.3390/w13182520
https://doi.org/10.3390/w13182520
https://doi.org/10.3390/w13182520
https://doi.org/10.1029/2011WR010484
https://doi.org/10.1029/2011WR010484
https://doi.org/10.1029/2011WR010484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2011WR011776
https://doi.org/10.1029/2011WR011776
https://doi.org/10.1029/2011WR011776
https://doi.org/10.1029/2011WR011776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2011WR011776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10533-017-0401-2
https://doi.org/10.1007/s10533-017-0401-2
https://doi.org/10.1007/s10533-017-0401-2
https://doi.org/10.1029/2021WR030299
https://doi.org/10.1029/2021WR030299
https://doi.org/10.1029/2021WR030299
https://doi.org/10.1002/wat2.1019
https://doi.org/10.1002/wat2.1019
https://doi.org/10.1002/wat2.1019
https://doi.org/10.1002/eco.1952
https://doi.org/10.1002/eco.1952
https://doi.org/10.1002/eco.1952
https://doi.org/10.1002/wat2.1546
https://doi.org/10.1002/wat2.1546
https://doi.org/10.1002/wat2.1546
https://doi.org/10.3390/w14050784
https://doi.org/10.3390/w14050784
https://doi.org/10.1002/2015JG002963
https://doi.org/10.1002/2015JG002963
https://doi.org/10.1002/2015JG002963
https://doi.org/10.1002/ecm.1261
https://doi.org/10.1002/ecm.1261
https://doi.org/10.1029/2011JG001730
https://doi.org/10.1029/2011JG001730
https://doi.org/10.1038/s41598-017-12275-w
https://doi.org/10.1038/s41598-017-12275-w
https://doi.org/10.1186/s41610-018-0101-4
https://doi.org/10.1186/s41610-018-0101-4
https://doi.org/10.1029/2003WR002567
https://doi.org/10.1029/2003WR002567
https://doi.org/10.1029/2003WR002567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(29) Naganna, S.; Deka, P.; Ch, S.; Hansen, W. Factors influencing
streambed hydraulic conductivity and their implications on stream−
aquifer interaction: a conceptual review. Environ. Sci. Pollut. Res. 2017,
24, 24765−24789.
(30) Shrivastava, S.; Stewardson, M.; Arora, M. Influence of
Bioturbation on Hyporheic Exchange in Streams: Conceptual
Model and Insights From Laboratory Experiments. Water Resour.
Res. 2021, 57, No. e2020WR028468.
(31) Boano, F.; Harvey, J.; Marion, A.; Packman, A.; Revelli, R.;
Ridolfi, L.; Wörman, A. Hyporheic flow and transport processes:
Mechanisms, models, and biogeochemical implications. Rev. Geophys.
2014, 52, 603−679.
(32) Briggs, M. A.; Day-Lewis, F.; Zarnetske, J.; Harvey, J. A physical
explanation for the development of redox microzones in hyporheic
flow. Geophys. Res. Lett. 2015, 42, 4402−4410.
(33) Hope, D.; Billett, M.; Cresser, M. A review of the export of
carbon in river water: Fluxes and processes. Environ. Pollut. 1994, 84,
301−324.
(34) Beusen, A. H. W.; Bouwman, A. F.; Van Beek, L. P.; Mogollón,
J. M.; Middelburg, J. J. Global Riverine N and P transport to ocean
increased during the 20th century despite increased retention along
the aquatic continuum. Biogeosciences 2016, 13, 2441−2451.
(35) Seitzinger, S.; Sanders, R. Contribution of dissolved organic
nitrogen from rivers to estuarine eutrophication. Mar. Ecol.: Prog. Ser.
1997, 159, 1−12.
(36) Quick, A. M.; Reeder, W.; Farrell, T.; Tonina, D.; Feris, K.;
Benner, S. Nitrous oxide from streams and rivers: A review of primary
biogeochemical pathways and environmental variables. Earth-Sci. Rev.
2019, 191, 224−262.
(37) Romeijn, P.; Comer-Warner, S.; Ullah, S.; Hannah, D.; Krause,
S. Streambed Organic Matter Controls on Carbon Dioxide and
Methane Emissions from Streams. Environ. Sci. Technol. 2019, 53,
2364−2374.
(38) Raymond, P. A.; Hartmann, J.; Lauerwald, R.; Sobek, S.;
McDonald, C.; Hoover, M.; Butman, D.; Striegl, R.; Mayorga, E.;
Humborg, C.; Kortelainen, P.; Dürr, H.; Meybeck, M.; Ciais, P.;
Guth, P. Global carbon dioxide emissions from inland waters. Nature
2013, 503, 355−359.
(39) Stanley, E. H.; Casson, N.; Christel, S.; Crawford, J.; Loken, L.;
Oliver, S. The ecology of methane in streams and rivers: patterns,
controls, and global significance. Ecol. Monogr. 2015, 86, 146−171.
(40) Beaulieu, J. J.; Tank, J. L.; Hamilton, S. K.; Wollheim, W. M.;
Hall, R. O.; Mulholland, P. J.; Peterson, B. J.; Ashkenas, L. R.; Cooper,
L. W.; Dahm, C. N.; Dodds, W. K.; Grimm, N. B.; Johnson, S. L.;
McDowell, W. H.; Poole, G. C.; Valett, H. M.; Arango, C. P.; Bernot,
M. J.; Burgin, A. J.; Crenshaw, C. L.; Helton, A. M.; Johnson, L. T.;
O’Brien, J. M.; Potter, J. D.; Sheibley, R. W.; Sobota, D. J.; Thomas, S.
M. Nitrous oxide emission from denitrification in stream and River
Networks. Proc. Natl. Acad. Sci. U.S.A. 2011, 108, 214−219.
(41) Hannah, D.; Garner, G. River water temperature in the United
Kingdom: Changes over the 20th century and possible changes over
the 21st century. Prog. Phys. Geogr.: Earth Environ. 2015, 39, 68−92.
(42) Comer-Warner, S. A.; Romeijn, P.; Gooddy, D.; Ullah, S.;
Kettridge, N.; Marchant, B.; Hannah, D.; Krause, S. Addendum:
Thermal sensitivity of CO2 and CH4 emissions varies with streambed
sediment properties. Nat. Commun. 2019, 10, No. 3093.
(43) Downing, J.; Cole, J.; Duarte, C.; Middelburg, J.; Melack, J.;
Prairie, Y.; Kortelainen, P.; Striegl, R.; McDowell, W.; Tranvik, L.
Global abundance and size distribution of streams and rivers. Inland
Waters 2012, 2, 229−236.
(44) Alves, A.; Gersonius, B.; Kapelan, Z.; Vojinovic, Z.; Sanchez, A.
Assessing the Co-Benefits of green-blue-grey infrastructure for
sustainable urban flood risk management. J. Environ. Manage. 2019,
239, 244−254.
(45) Findlay, S. Stream microbial ecology. J. North Am. Benthol. Soc.
2010, 29, 170−181.
(46) Knapp, J.; González-Pinzón, R.; Haggerty, R. The Resazurin-
Resorufin System: Insights From a Decade of “Smart” Tracer

Development for Hydrologic Applications. Water Resour. Res. 2018,
54, 6877−6889.
(47) Hoogsteen, M. J. J.; Lantinga, E.; Bakker, E.; Groot, J.;
Tittonell, P. Estimating soil organic carbon through loss on ignition:
effects of ignition conditions and structural water loss. Eur. J. Soil Sci.
2015, 66, 320−328.
(48) The River Restoration Centre (RRC) Manual of River
Restoration Techniques 2020.
(49) Haggerty, R.; Argerich, A.; Martí, E. Development of a “smart”
tracer for the assessment of microbiological activity and sediment-
water interaction in natural waters: The resazurin-resorufin system
Water Resour. Res. 2008, 444 DOI: 10.1029/2007WR006670.
(50) World Health Organization. Nitrate and nitrite in Drinking-
water: Background document for development of WHO Guidelines
for Drinking-water Quality. 2003.
(51) Howard, B.; Baker, I.; Kettridge, N.; Ullah, S.; Krause, S.
Increasing the scope of the resazurin-resorufin smart tracer system in
hydrologic and biogeochemical sciences: The effects of storage
duration and temperature on preservation. Limnol. Oceanogr.: Methods
2022, 20, 701−709.
(52) Weishaar, J. L.; Aiken, G.; Bergamaschi, B.; Fram, M.; Fujii, R.;
Mopper, K. Evaluation of Specific Ultraviolet Absorbance as an
Indicator of the Chemical Composition and Reactivity of Dissolved
Organic Carbon. Environ. Sci. Technol. 2003, 37, 4702−4708.
(53) Sgouridis, F.; Ullah, S. Soil Greenhouse Gas Fluxes,
Environmental Controls, and the Partitioning of N2O Sources in
UK Natural and Seminatural Land Use Types. J. Geophys. Res.:
Biogeosci. 2017, 122, 2617−2633.
(54) Faust, D. R.; Liebig, M. Effects of storage time and temperature
on greenhouse gas samples in Exetainer vials with chlorobutyl septa
caps. MethodsX 2018, 5, 857−864.
(55) Pitombo, L. M.; Ramos, J. C.; Quevedo, H. D.; do Carmo, K.
P.; Paiva, J. M. F.; Pereira, E. A.; do Carmo, J. B. Methodology for soil
respirometric assays: Step by step and guidelines to measure fluxes of
trace gases using microcosms. MethodsX 2018, 5, 656−668.
(56) Bates, D.; Mächler, M.; Bolker, B.; Walker, S. Fitting Linear
Mixed-Effects Models Using lme4. J. Stat. Software 2015, 67, 1−48.
(57) R Core Team. A Language and Environment for Statistical
Computing, R version 4.1.0; R Foundation for Statistical Computing:
Vienna, Austria, 2021. https://www.R-project.org/.
(58) Hurlbert, S. H. Pseudoreplication and the Design of Ecological
Field Experiments. Ecol. Monogr. 1984, 54, 187−211.
(59) Navalon, S.; Alvaro, M.; Garcia, H. Analysis of organic
compounds in an urban wastewater treatment plant effluent. Environ.
Technol. 2011, 32, 295−306.
(60) Burcher, C. L.; Valett, H.; Benfield, E. The land-cover cascade:
relationships coupling land and water. Ecology 2007, 88, 228−242.
(61) Findlay, S. Importance of surface-subsurface exchange in stream
ecosystems: The Hyporheic Zone. Limnol. Oceanogr. 1995, 40, 159−
164.
(62) Jones, J.; Heath, K.; Ferrer, A.; Brown, S.; Canam, T.; Dalling, J.
Wood decomposition in aquatic and terrestrial ecosystems in the
tropics: contrasting biotic and abiotic processes. FEMS Microbiol. Ecol
2018, 95, No. fiy223.
(63) Berggren, M.; Laudon, H.; Jansson, M. Aging of allochthonous
organic carbon regulates bacterial production in unproductive boreal
lakes. Limnol. Oceanogr. 2009, 54, 1333−1342.
(64) Riedel, T. E.; Berelson, W. M.; Nealson, K. H.; Finkel, S. E.
Oxygen consumption rates of bacteria under nutrient-limited
conditions. Appl. Environ. Microbiol. 2013, 79, 4921−4931.
(65) Fog, K. The effect of added nitrogen on the rate of
decomposition of organic matter. Biol. Rev. 1988, 63, 433−462.
(66) Pearce, N. J. T.; Larson, J.; Evans, M.; Frost, P.; Xenopoulos,
M. Episodic Nutrient Addition Affects Water Column Nutrient
Processing Rates in River-to-Lake Transitional Zones. J. Geophys. Res.:
Biogeosci. 2021, 126, No. e2021JG006374.
(67) National Academies of Sciences, Engineering, and Medicine.
Environmental Engineering for the 21st Century: Addressing Grand
Challenges; The National Academies Press: Washington, DC, 2019.

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.3c00014
ACS EST Water XXXX, XXX, XXX−XXX

L

https://doi.org/10.1007/s11356-017-0393-4
https://doi.org/10.1007/s11356-017-0393-4
https://doi.org/10.1007/s11356-017-0393-4
https://doi.org/10.1029/2020WR028468
https://doi.org/10.1029/2020WR028468
https://doi.org/10.1029/2020WR028468
https://doi.org/10.1002/2012RG000417
https://doi.org/10.1002/2012RG000417
https://doi.org/10.1002/2015GL064200
https://doi.org/10.1002/2015GL064200
https://doi.org/10.1002/2015GL064200
https://doi.org/10.1016/0269-7491(94)90142-2
https://doi.org/10.1016/0269-7491(94)90142-2
https://doi.org/10.5194/bg-13-2441-2016
https://doi.org/10.5194/bg-13-2441-2016
https://doi.org/10.5194/bg-13-2441-2016
https://doi.org/10.3354/meps159001
https://doi.org/10.3354/meps159001
https://doi.org/10.1016/j.earscirev.2019.02.021
https://doi.org/10.1016/j.earscirev.2019.02.021
https://doi.org/10.1021/acs.est.8b04243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b04243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature12760
https://doi.org/10.1890/15-1027.1
https://doi.org/10.1890/15-1027.1
https://doi.org/10.1073/pnas.1011464108
https://doi.org/10.1073/pnas.1011464108
https://doi.org/10.1177/0309133314550669
https://doi.org/10.1177/0309133314550669
https://doi.org/10.1177/0309133314550669
https://doi.org/10.1038/s41467-019-11185-x
https://doi.org/10.1038/s41467-019-11185-x
https://doi.org/10.1038/s41467-019-11185-x
https://doi.org/10.5268/IW-2.4.502
https://doi.org/10.1016/j.jenvman.2019.03.036
https://doi.org/10.1016/j.jenvman.2019.03.036
https://doi.org/10.1899/09-023.1
https://doi.org/10.1029/2018WR023103
https://doi.org/10.1029/2018WR023103
https://doi.org/10.1029/2018WR023103
https://doi.org/10.1111/ejss.12224
https://doi.org/10.1111/ejss.12224
https://doi.org/10.1029/2007WR006670
https://doi.org/10.1029/2007WR006670
https://doi.org/10.1029/2007WR006670
https://doi.org/10.1029/2007WR006670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/lom3.10514c
https://doi.org/10.1002/lom3.10514c
https://doi.org/10.1002/lom3.10514c
https://doi.org/10.1021/es030360x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es030360x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es030360x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/2017JG003783
https://doi.org/10.1002/2017JG003783
https://doi.org/10.1002/2017JG003783
https://doi.org/10.1016/j.mex.2018.06.016
https://doi.org/10.1016/j.mex.2018.06.016
https://doi.org/10.1016/j.mex.2018.06.016
https://doi.org/10.1016/j.mex.2018.06.008
https://doi.org/10.1016/j.mex.2018.06.008
https://doi.org/10.1016/j.mex.2018.06.008
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://www.R-project.org/
https://doi.org/10.2307/1942661
https://doi.org/10.2307/1942661
https://doi.org/10.1080/09593330.2010.497501
https://doi.org/10.1080/09593330.2010.497501
https://doi.org/10.1890/0012-9658(2007)88[228:TLCRCL]2.0.CO;2
https://doi.org/10.1890/0012-9658(2007)88[228:TLCRCL]2.0.CO;2
https://doi.org/10.4319/lo.1995.40.1.0159
https://doi.org/10.4319/lo.1995.40.1.0159
https://doi.org/10.1093/femsec/fiy223
https://doi.org/10.1093/femsec/fiy223
https://doi.org/10.4319/lo.2009.54.4.1333
https://doi.org/10.4319/lo.2009.54.4.1333
https://doi.org/10.4319/lo.2009.54.4.1333
https://doi.org/10.1128/AEM.00756-13
https://doi.org/10.1128/AEM.00756-13
https://doi.org/10.1111/j.1469-185X.1988.tb00725.x
https://doi.org/10.1111/j.1469-185X.1988.tb00725.x
https://doi.org/10.1029/2021JG006374
https://doi.org/10.1029/2021JG006374
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(68) Burgin, A.; Hamilton, S. NO3 −-Driven SO4 2− Production in
Freshwater Ecosystems: Implications for N and S Cycling. Ecosystems
2008, 11, 908−922.
(69) Stevens, C. J.; Quinton, J. N. Diffuse pollution swapping in
arable agricultural systems. Crit. Rev. Environ. Sci. Technol. 2009, 39,
478−520.
(70) Pfenning, K.; McMahon, P. Effect of nitrate, organic carbon,
and temperature on potential denitrification rates in nitrate-rich
riverbed sediments. J. Hydrol. 1997, 187, 283−295.
(71) Galloway, J. N.; Aber, J. D.; Erisman, J. W.; Seitzinger, S. P.;
Howarth, R. W.; Cowling, E. B.; Cosby, B. J. The nitrogen cascade.
BioScience 2003, 53, No. 341.
(72) Miller, B. L.; Holtgrieve, G.; Arias, M.; Uy, S.; Chheng, P.
Coupled CH 4 production and oxidation support CO 2 super-
saturation in a tropical flood pulse lake (Tonle Sap Lake, Cambodia).
Proc. Natl. Acad. Sci. U.S.A. 2022, 119, No. e2107667119.
(73) Environment Agency. Summary of the draft river basin
management plans, 2021. https://www.gov.uk/government/
publications/summary-of-the-draft-river-basin-management-plans/
summary-of-the-draft-river-basin-management-plans.

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.3c00014
ACS EST Water XXXX, XXX, XXX−XXX

M

https://doi.org/10.1007/s10021-008-9169-5
https://doi.org/10.1007/s10021-008-9169-5
https://doi.org/10.1080/10643380801910017
https://doi.org/10.1080/10643380801910017
https://doi.org/10.1016/S0022-1694(96)03052-1
https://doi.org/10.1016/S0022-1694(96)03052-1
https://doi.org/10.1016/S0022-1694(96)03052-1
https://doi.org/10.1641/0006-3568(2003)053[0341:TNC]2.0.CO;2
https://doi.org/10.1073/pnas.2107667119
https://doi.org/10.1073/pnas.2107667119
https://www.gov.uk/government/publications/summary-of-the-draft-river-basin-management-plans/summary-of-the-draft-river-basin-management-plans
https://www.gov.uk/government/publications/summary-of-the-draft-river-basin-management-plans/summary-of-the-draft-river-basin-management-plans
https://www.gov.uk/government/publications/summary-of-the-draft-river-basin-management-plans/summary-of-the-draft-river-basin-management-plans
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

