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Fine particulate organicmatter (FPOM) accumulated in streambeds is amajor component

of organic matter budgets in headwater streams and greatly affects productivity and

metabolism of stream communities. The spatiotemporal distribution of benthic FPOM in

the stream, as well as its quantity and quality, depend on inputs from different source

types. These can be natural such as soils, streambanks and riparian vegetation, or

anthropogenic such as effluents from wastewater treatment plants (WWTP). In addition,

stream flow is a key driver of FPOM dynamics, which influences the balance between

its transport and accumulation in the streambed. Yet, the link between FPOM dynamics

and its effects on stream metabolism is still largely unknown. The aim of this study was

to investigate the influence of stream channel hydromorphology on water transport and

streambed accumulation of fine particulate matter (FPM) (mineral and organic fractions),

FPOM (organic fraction) and its quality (characterized by %OM, %C, %N and the C:N

molar ratio). In addition, we quantified the metabolic activity associated with FPM at

the habitat scale, and its potential contribution to whole-reach ecosystem respiration

using the resazurin-resorufin bioreactive tracer as a proxy for aerobic respiration. We

also characterized water transport and metabolic activity with combined additions of

hydrological and bioreactive tracers at the reach scale. The study was conducted

in the Cànoves stream (Catalonia, NE Spain) downstream of a WWTP that contains

three reaches that were hydromorphologically modified using bioengineering techniques.

Slower local velocities at the habitat scale increased accumulation of FPM, but did

not influence the spatial variability of its quality. Instead, FPM quality declined further

downstream from the WWTP. Accumulation of FPM did not increase metabolic activity,

but higher %OM of FPM and lower C:N ratios favored the microbial metabolic activity

efficiency (normalized by the gram of FPM). Reach-scale metabolic activity was higher

in reaches with higher water exchange rate and longer relative travel times, highlighting
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hydromorphology as an important driver of microbial metabolic activity at the reach-scale.

This demonstrates that the interplay of hydrologic exchange and residence time in

streambed sediments associated with the microbial metabolic activity of FPOM can

ultimately influence reach-scale metabolic activity.

Keywords: fine particle standing stocks, aerobic respiration, streambed, hydromorphology, stream metabolism,

organic matter, hydrologic exchange, catchment

INTRODUCTION

The hyporheic zone (HZ) is a region of the streambed sediments
that exchanges water, solutes and fine particles with the overlying
water column in streams (Boano et al., 2014). In headwater
streams, these vertical hydrologic interactions promote the
biogeochemical processing of organic matter and nutrients in
the HZ, which can substantially contribute to overall surface
water quality and whole-reach ecosystem metabolism (Grimm
and Fisher, 1984; Brunke and Gonser, 1997; Boulton et al., 2010;
Tank et al., 2010; Boano et al., 2014). However, the specific
mechanisms and controlling factors underlying these findings are
still poorly understood. Most of the microbial metabolic activity
in the HZ occurs within the top few centimeters of the streambed
sediments where fine particulate matter (FPM; particles from 1
to 1,000µm) accumulates (Drummond et al., 2014a,b; Knapp
et al., 2017). FPM refers to the total composition of material that
deposits on the streambed surface, and thus, it includes both
inorganic and organic matter fractions. The organic fraction of
the FPM (i.e., fine particulate organic matter, FPOM) can consist
of fecal particles from shredder invertebrates as well as fragments
of organic particles generated both in streams and adjacent soils
(Bundschuh and McKie, 2015). Stream FPOM can also derive
from anthrogenic point sources such as wastewater treatment
plant (WWTP) effluents which usually act as important sources
of particles, dissolved organic carbon and nutrients (Marti et al.,
2004; Merbt et al., 2014; Bernal et al., 2020; Kelso and Baker,
2020). Although FPOM can be highly processed organic matter;
and therefore, expected to be a more recalcitrant OM source
than the dissolved organic fraction, FPOM can act both as a
colonizing surface for microorganisms and as a carbon source
for microbial activity within streams (Hope et al., 1994; Brugger
et al., 2001; Gottselig et al., 2014) and eventually can be more

labile than dissolved organic matter (Stutter et al., 2007). The
quality of FPOM has also been shown to influence microbial

processes in aquatic systems (Stelzer et al., 2003), and the

enrichment of FPOM with nutrients can increase respiration
rates of bacterial colonization (Tant et al., 2013). Therefore, FPM
in the streambed, especially the OM fraction, has a high potential
to contribute to in-stream heterotrophic activity (i.e., ecosystem
respiration), ultimately influencing the balance between gross
primary production and respiration at the whole-reach scale.

The spatiotemporal distribution of benthic FPOM in the
stream, as well as its quantity and quality, depend on the
characteristics of inputs from different contributing sources,
whether natural or anthropogenic, and the quantity and quality
of FPOM can vary widely - especially from natural sources. In

addition, stream flow influences the rate of vertical hydrologic
exchange between the surface water, the streambed interface,
and the HZ (Boano et al., 2014). The dynamics of FPOM are
also influenced by this hydrological exchange, as FPOM will
transport with water in and out of the streambed. Therefore,
streambed accumulation of FPOM is subjected to an alternance
of immobilization and remobilization events that include a wide
range of characteristic retention times from surface to subsurface
storage areas (Boano et al., 2014; Drummond et al., 2014b).
Furthermore, accumulation of FPOM in the streambed can be
increased as a result of changes in the hydromorphological
configuration of the stream reach, such as the development of
pools along the stream reaches (Drummond et al., 2017). This
change can increase the hydrologic retention of stream water
along a given reach, known as water transient storage, which
can increase the interaction time between main stream flow
and biogeochemically reactive sediments (Ensign and Doyle,
2005). Therefore, water transient storage not only favors the
water residence time and the interaction between solutes and
biologically active FPOM in the streambed (Harvey and Fuller,
1998; Lautz and Fanelli, 2008), but can also influence the
dynamics between the transport and accumulation of FPOM.
In this sense, the hydromorphology of stream reaches can
have an effect of boosting stream ecosystem functioning and
metabolism (Bencala and Walters, 1983; Fellows et al., 2006),
though how the hydromorphological configuration along the
stream controls the transport and accumulation of FPOM, and
the consequences of these FPOM dynamics on stream metabolic
activity at the habitat and whole-reach scales are still largely
unknown. Meyer et al. (2005) showed that urban stream standing
stocks of FPOM were relatively low due to high and frequent
flushing events associated with urban imperviousness and road
density. Multidisciplinary studies combining stream hydrology
and biogeochemical processes at the surface water-sediment
interface, are thus, essential for improving our mechanistic
understanding of the connection between FPOM dynamics and
stream metabolism (González-Pinzón et al., 2012).

The aim of this study was to investigate the influence
of stream channel hydromorphology on water transport and
the accumulation of FPM in the streambed and its quality
(i.e., organic matter, carbon (C) and nitrogen (N) content).
Moreover, we combined local measurements at the habitat
scale and slug injections at the reach scale of a widely used
hydrometabolic tracer (resazurin) to quantify the metabolic
activity associated with FPM, and its potential contribution to
whole-reach ecosystem respiration. The study was conducted
in three stream reaches that were experimentally manipulated
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to change their hydromorphological characteristics and produce
three reach-scale scenarios with contrasting water residence
times and degrees of hydrologic interaction between the water
column and the bioactive streambed surface. Based on the
differences in hydromorphological characteristics among the 3
experimental reaches, we predicted that (i) quantity of FPM
accumulated in streambed sediments would increase with higher
water residence time within the reach, (ii) microbial metabolic
activity associated with FPM would be influenced by the quantity
and quality of FPM, and (iii) the influence of FPM microbial
activity on reach-scale ecosystem respiration would vary among
the 3 experimental reaches due to differences in water transport
and the interaction between surface stream water and streambed
sediments, and the influence of FPMwould be higher in the reach
with higher water residence time.

MATERIALS AND METHODS

Study Site Description
The study was conducted in Cànoves stream, near the village
of Cànoves i Samalús (41◦40′50.86′′ N, 2◦21′23.81′′ E, at 300m
above sea level), which is located NE of Barcelona, Spain
(Figure 1A). This 3rd order stream is located in a region with
a sub humid Mediterranean climate. Annual average rainfall
ranges between 700 and 1,000mm and mainly occurs in spring
and autumn, with low precipitation in the summer months. The
field sampling and tracer injections were done in a 450m stream
section located 70m downstream from the effluent input of the
WWTP of Cànoves i Samalús municipality (Figure 1B). This
WWTP is the first facility within the catchment to deliver effluent
water into the stream. Upstream from the WWTP effluent input,
the stream has intermittent flow during the summer months, but
it has permanent flow year-round downstream of theWWTP due
to constant water inputs from the effluent. Therefore, the effluent
acts as a source of solutes and particles to the stream.

In order to investigate the influence of hydromorphological
characteristics of the stream channel on whole-reach FPM
dynamics and metabolic activity, the 450m section downstream
of the WWTP input was divided into six ca. 75m reaches
(Figure 1B). Three of those reaches were left without
interventions, while the other three reaches were modified
using bioengineering techniques. Basically, the technical
interventions aimed at modifying water residence time within
the reach and the interaction between water column and
streambed sediments through changes in stream channel
hydromorphological configuration. In the first experimental
reach (hereafter, the slow reach), logs were placed transversely in
the channel to increase the water residence time while increasing
the water column depth relative to the streambed surface area
(Figure 1C). In the second experimental reach (hereafter, the
fast reach), logs were placed parallel to the riverbanks to act as
deflectors, thus increasing the water velocity and turbulence
while decreasing the water column depth (Figure 1D). In the
third experimental reach (hereafter, the naturalized reach),
bioengineering techniques were used to widen the channel,
increase the sinuosity, and promote the diversity of streambed
habitats. This resulted in a wide range of water residence times

within the reach and areas with both increases and decreases in
the ratio between the water column depth and the streambed
surface area (Figure 1E). The three interspersed reaches without
interventions served as buffers and allowed an appropriate
assessment of the inputs and outputs from each modified reach.

The bioengineering interventions were done in November
2015. We left the bioengineering structures to settle down and
naturalize for about a year. The present study was conducted
in May 2017 within a 1-week period. During this period, the
mean air temperature showed a steady increase from 15.5
to 20◦C. The weather conditions were sunny and the stream
baseflow downstream of the WWTP was steady at 13 Ls−1.
During the study, the WWTP input contributed to half of the
stream flow and the riparian forest along the study section
was well-developed, and thus; provided a canopy cover of
>75% to the stream channel. The slope of each reach was
calculated using the ArcMap 10.2.2 Geographic Information
Systems (ArcGIS) program. The Geographic Information System
data were obtained online through the Institut Cartogràfic i
Geològic de Catalunya.

Field Methods
Habitat-Scale Methods
Samples of FPM accumulated in the streambed sediments (top
∼3 cm) were taken from the stream thalweg every 15m along
each study reach (n = 5 samples per reach; Figure 1), following
a modified method by Petticrew et al. (2007). Briefly, we placed a
35 cm diameter open-bottom bucket on the streambed to isolate
a known area (0.096 m2) and the water column volume above
this area. The top 3 cm of sediments were then agitated by hand
to resuspend the interstitial FPM into the water volume enclosed
in the bucket. We then let the resuspended material settle for
10 s and collected a 2 L sample with a jar. These samples were
poured into 250mL bottles that were taken to the laboratory for
further processing (section Characterization of Fine Particulate
Matter Accumulated in Streambed Sediments). All samples were
immediately placed on ice and covered from sunlight in the field
and then kept in the fridge at 4◦C until processed. For each
FPM sample, the total volume of water isolated within the bucket
was calculated using the surface area of the bucket bottom and
measuring the water column depth (d) in the bucket. We also
measured surface water velocity (v) at each sample location with
a handheld current meter and water temperature (T) with a YSI
ProODO device.

Reach-Scale Methods
At each of the three bioengineered experimental reaches, a tracer
slug injection was conducted using a 2 L solution containing
1 kg of bromide (NaBr) as a conservative tracer and 10 g of
resazurin (Raz) as a reactive, metabolic tracer. At each reach,
the tracer injection was conducted on the same day prior to the
FPM sampling (section Habitat-Scale Methods). Raz is a redox-
sensitive phenoxazine dye that loses an oxygen ion irreversibly
under reduced conditions to become resorufin (Rru) (Haggerty
et al., 2008). The reduction of Raz to Rru, with a color change
from purple to pink, is a well-known indicator of the presence
of living bacteria, especially aerobic bacteria (Karakashev et al.,
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FIGURE 1 | (A) Geographic location of the study site in the NE of Spain. (B) Map of the Cànoves stream 450-m section downstream of the wastewater treatment

plant (WWTP) effluent input and the spatial arrangement of the three 75-m reaches, which were experimentally modified to change their hydromorphological

characteristics. Different symbols indicate the 5 sampling locations along each reach. (C–E) Pictures of the study reaches showing the bioengineering interventions

that resulted in long water residence time and a deep water column (i.e., slow reach; C), short water residence time and a shallow water column (i.e., fast reach; D),

and a wide range in water residence times with both deep and shallow water column areas (i.e., naturalized reach; E).

2003). Here, we used the Raz-to-Rru transformation along the
reach, following Haggerty et al. (2009), as a proxy of the aerobic
respiration at the whole reach scale. The tracer solution was
injected instantaneously at the head of the reach. At the end of
the reach, Br- concentration was measured continuously every
30 s with an ion specific probe (WTW Tetracon 325, model
3310) for 150min after the injection of the solution to record
the breakthrough curve (BTC) passage of the added conservative
solute. The BTCwas used to estimate the hydraulic characteristics
of solute transport, in particular water residence time and
hydrologic exchange between surface water and streambed
sediment (section Stream Reach Hydraulic Characterization).
Moreover, water samples were collected at the end of the reach
during the BTC at different time intervals to characterize the Raz
slug passage.Water samples were immediately filtered and placed
on ice in a dark storage container in the field and transported
to the lab to be analyzed for Raz and Rru concentrations within
24 h. The Raz-to-Rru transformation rate was used as a proxy

of aerobic respiration (see Characterization of Fine Particulate
Matter Accumulated in Streambed Sediments and Whole-Reach
Metabolic Activity).

At each experimental reach, we also estimated discharge (Q, in
Ls−1) using the velocity-area method (Gordon et al., 2004). For
this, we conducted cross-section measurements at each sampling
location to measure water depth (d) and water velocity (v)
at every 20 cm across the stream wetted width (w). We then
averaged the data from the 5 sampling locations along the reach
to estimate average d, v, and w. At each reach, Q was the average
of the estimations at each sampling location based on transect
values of d, v, and w.

Characterization of Fine Particulate Matter
Accumulated in Streambed Sediments
Standing Stock and Organic Matter Content
For each habitat-scale sample, the FPM standing stock was
estimated by filtering a known volume (∼100–200mL) of the
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collected samples through a pre-weighed 0.7µm glass fiber filter
(GF/F, supplied by Whatman, UK). Filters were then dried at
50◦C for at least 24 h to reach a constant weight and then
weighed to measure the dry mass. The FPM standing stock
per unit of streambed area (in gm−2) was estimated as the dry
mass in the filter scaled from the volume filtered to the total
volume of suspended material in the bucket, and divided by the
surface area of the streambed sampled. Filters were then placed
in the muffle furnace at 500◦C for 5 h and then at 50◦C for
24 h before reweighing. The organic matter content of the FPM
(%OM) was estimated as the difference in weight between the
pre- and post- muffled sample. For each habitat-scale sample,
we estimated the standing stock of FPOM per unit of streambed
area (in gm−2) based on the FPM standing stock and its %OM.
The content of C and N of FPM at each sampling location was
estimated as a percentage of dry mass (%C and %N) using a
CN analyzer (Thermo Finnigan Flash EA 1112, Waltham, MA,
U.S.A.). Content of C and N was also expressed as the molar ratio
between the two elements (C:N). Data from the 5 habitat-scale
sampling locations within the reach were averaged to provide a
representative value for each experimental reach. The %OM, %C
and %N, as well as the C:N molar ratio, were used to characterize
the quality of FPM. Although higher %OM may not be directly
indicative of high quality OM (since it can be recalcitrant), we
assume that FPM with a higher fraction of OM can be a better
resource for microbial activity.

Microbial Metabolic Activity
Rates ofmicrobial metabolic activity (MMA, h−1) associated with
FPM samples were estimated using incubations with the Raz-
Rru tracer. We poured a well-mixed 40mL sub-sample of each
collected FPM sample into a 50mL vial. Vials were kept in a
cool, dark place until the start of the incubation. In each vial, we
added 400 µL of a Raz solution (0.022 g Raz/L), mixed well, and
collected 4mL aliquots of the mixed solutions at 4 time intervals
during a 3 h incubation period (t0 = 15min, t1 = 60min, t2
= 105min, and t3 = 165min). During the incubation, the vials
were shaken every 5min to ensure homogenous conditions in the
mixed solution. The 4mL aliquots were filtered through a 0.7µm
pore-size glass fiber filter (GF/F, supplied byWhatman, UK). The
first 1mL was discarded, while the remaining 3mL were placed
in a vial and left under dark conditions to avoid light effects on
Raz decay (Haggerty et al., 2008).

Immediately prior to Raz and Rru analyses, 0.3 µL of pH
8 buffer solution, generated by mixing 1 molar NaH2PO4·H2O
with equal parts of 1 molar NaOH, was added to each
sample vial. Raz and Rru concentrations were measured on
a spectrofluorometer (Shimadzu/RF-5000) with wavelengths of
602 and 616 nm of excitation and emission for Raz and 571 and
585 nm of excitation and emission for Rru (Haggerty et al., 2008).
Fluorescence readings were converted to molar concentrations
from a calibration curve (r2 = 0.99) using the same lot of Raz
for all experiments. This method was also followed to analyze the
Raz and Rru concentrations of the in-stream samples from tracer
additions (section Reach-Scale Methods).

The normalized turnover of Raz into Rru [i.e., ln(Rru/Raz
+ P)] over incubation time was used to estimate the rates of

MMA. Values of P indicate the production-decay ratio of Rru,
which includes effects of irreversible sorption, photo decay, and
any other mass losses of Raz and Rru (Haggerty et al., 2014,
Baranov et al., 2016). For the timescale of these incubations,
we assumed that Raz decays only to Rru, that Rru is stable,
and there are no other mass losses. Therefore, we assumed P
= 1 (Haggerty et al., 2014; Baranov et al., 2016; Kurz et al.,
2017). Under this assumption, the slope of the linear relationship
between ln(Rru/Raz + 1) and incubation time since the spike
addition of Raz provides a proxy for aerobic MMA. Rates of
MMA were converted to be expressed per gram of FPM (h−1

gFPM−1, hereafter referred to as MMA efficiency) to improve
the comparison of values among the collected samples, which
varied in FPM content due to differences in streambed standing
stocks and water column depth, which influenced the dilution of
the resuspended streambed sediments in the overlying surface
water. Thus, normalizing the rates of MMA by gram of FPM
essentially indicates the MMA efficiency associated with the FPM
of each sample.

Calculation of Hydraulic Characteristics
and Metabolic Activity at Reach Scale
Stream Reach Hydraulic Characterization
The BTC of Br− recorded at the end of each experimental
reach was used to calculate the water transport and transient
storage parameters within each reach by using a mobile-
immobile model (Drummond et al., 2014a). These methods
are briefly described below, and further details are provided in
the Supplementary Material. Following the fitting procedure
outlined in Drummond et al. (2019), we performed several
computational experiments with simulations and parameter sets
constrained to match the solute BTCs to assess parameter
uncertainty associated with the use of the model. We sampled the
parameter space using a Latin Hypercube approach (N = 27,000;
e.g., Kelleher et al., 2019). Best fit parameters and associated
confidence intervals were calculated as ± the standard deviation
of the best 0.05% fits.

The model was used to calculate the mean arrival time (τ ,
min), and the relative travel time, which equals τ/tpeak, with tpeak
the time the conservative tracer BTC reached peak concentration.
The greater τ/tpeak , the greater the retention of water within
transient storage zones (e.g., streambed sediment or surface
pools) relative to the preferential flow path (e.g., surface water).
Moreover, the mobile-immobile model also provided four key
hydraulic parameters for each reach: (1) reach averaged water
velocity (vreach, m s−1), (2) solute dispersion (D, m2 s−1), (3) the
rate of solute exchange from the water column to the transient
storage (TS) zones, or TS exchange rate (3, s−1), and (4) the
slope of the power-law residence-time distribution of a solute
within the water TS zone, an indication of water/solutes retention
time in TS (β , unitless), where values closer to 0 relate to longer
residence times of solutes within the water TS zone.

Whole-Reach Metabolic Activity
Fluorescence of Raz and Rru in water grab samples collected
during the slug additions was measured following the same
method as indicated inMicrobial Metabolic Activity. Reach-scale
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metabolic activity was assessed by the Raz-Rru transformation
rate ( λraz−→rru, h

−1), which is a proxy of aerobic respiration
(González-Pinzón et al., 2012). In each reach, the Raz–Rru
transformation rate was calculated as:

λraz−→rru =
1

τ
ln

(

Minj, raz

Minj, raz −M0,rru

)

(1)

where Minj, raz is the total mass of the Raz injected (g), M0,rru is
the zeroth moment for Rru at the downstream end of the reach
(g), and τ (s) is the mean arrival time (González-Pinzón and
Haggerty, 2013).

Statistical Analysis
Differences in the average standing stock of FPM and FPOM, the
%OM and the C:N molar ratio as well as the MMA associated
with the FPM between the 3 experimental reaches were tested
using habitat-scale values (n = 5) with a Kruskal-Wallis rank
sum test. This test was followed with pairwise comparisons, using
Dunn’s-test for multiple comparisons of independent samples. A
p-adjustment with Bonferroni was used to reduce a Type I error
inflation that leads to a false positive discovery rate.We used non-
parametric tests because the data set was relatively small and data
were not normally distributed.

Spearman rank correlations were used to examine the
influence of habitat-scale hydromorphological characteristics
(i.e., water velocity and water column depth) on the standing
stock of FPM and its quality (i.e., %OM, %C, %N, and
C:N molar ratios). This test was also used to examine
whether the variability in MMA efficiency associated with
FPM was related to the standing stocks of FPM and the
FPM quality. We used MMA efficiency rather than rates of
MMA since the former is normalized by the amount of
FPM, which facilitates the comparison among samples collected
from different locations and reaches. Statistical analyses were
done with R software (version 3.3.1; R Project for Statistical
Computing, Vienna, Austria).

RESULTS

Habitat and Reach-Scale Physical and
Hydraulic Characteristics
The three experimental reaches had similar stream water
temperature, while they showed marked differences in their
physical and hydraulic characteristics (Table 1). For instance, the
slow reach had the shallowest slope, and the presence of small
water dams within this reach lowered the average water velocity
at the habitat scale, which was 30 and 65% lower than in the
naturalized and fast reaches, respectively. In the slow reach, water
column depth was increased by 60–65% and wetted width by
12–18% in comparison to the other two reaches. In contrast,
the fast and naturalized reaches showed similar slope, water
column depth, and wetted width. Stream discharge increased
downstream from the slow to the naturalized reach.

The mobile-immobile model parameters showed differences
in solute transport along the three reaches (Table 1). Reach
averaged water velocity was lowest in the slow reach and highest

in the fast reach, matching the habitat-scale water velocity
measurements. Solute dispersion in the reach followed the same
pattern among the reaches as water velocity. Solute transport in
the water column was similar in the fast and naturalized reaches,
as shown by an almost equivalent tpeak, while it was 3 to 4-fold
slower in the slow reach (Table 1). The mean arrival time (τ ) was
between 2 and 3-fold higher in the slow reach compared to the
other two reaches, indicating overall slower transport in the slow
reach (Table 1). The TS exchange rate (3) was ∼3 and 7-fold
higher in the fast reach than in the slow and naturalized reaches,
respectively. The residence time of solutes within the TS zone was
longer in the naturalized reach than in the slow and fast reaches as
shown by both the highest τ /tpeak and lowest β in the naturalized
reach (Table 1).

Characterization of Streambed Fine
Particulate Matter Standing Stocks
There were no statistically significant differences in FPM and
FPOM standing stocks among the three experimental reaches
(KruskalWallis comparison test p= 0.2 and p= 0.4, respectively;
Figures 2A,B). However, the %OM was 19 and 29% lower in the
naturalized reach than in the fast and slow reaches, respectively
(Figure 2C). There were no statistically significant differences
in the C:N molar ratio among the three reaches (Figure 2D).
Yet, the higher median value in the naturalized reach suggests
that organic matter was less N enriched compared to the other
two reaches.

Water velocity measured at the habitat-scale locations where
FPM samples were taken within the reach was not homogenous,
with the fast reach showing a wider range in values (Figure 3).
Standing stocks of both FPM or FPOM were larger at stream
locations with slower velocity and deeper stream depth, and this
pattern was consistent regardless of the reach (Figures 3A,B and
Supplementary Table 1). There were no statistically significant
correlations between %OM and C:N molar ratios of FPM and
neither water velocity nor stream depth (Figures 3C,D and
Supplementary Table 1).

Raz-to-Rru Transformation at the Habitat
and Reach Scales
The MMA efficiency associated with streambed FPM differed
among the three experimental reaches, being 2-fold lower in
the naturalized reach compared with the fast and slow reaches
(Kruskal-Wallis rank sum test, p= 0.018, Table 2). Overall, there
was no relationship between MMA efficiency and the standing
stocks of either FPM or FPOM (Figures 4A,B). The MMA
rates associated with streambed FPM were similar among the
three experimental reaches (Table 2) and showed no significant
correlations with %OM content nor with elemental content and
C:N molar ratios (Supplementary Table 1). In contrast, MMA
efficiency was positively correlated to %OM (Spearman rank,
p = 0.0001, ρ = 0.89) and negatively correlated to C:N molar
ratios (Spearman rank, p= 0.02, ρ =−0.61) (Figure 4). Rates of
Raz-to-Rru transformation, as a proxy of the metabolic activity,
measured at reach scale were highest in the fast reach and lowest
in the slow reach (Table 2). For the three reaches, the magnitude
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TABLE 1 | Summary of habitat-scale measurements (n = 5, average ± SD and mobile-immobile model reach-averaged parameters (n = 1) that describe the physical and

hydraulic characteristics of the three study reaches.

Slow reach Fast reach Naturalized reach

Habitat-scale measurements (n = 5)

T (◦C) 15.8 ± 0.3 15.2 ± 0.4 15.8 ± 0.1

m (m m−1) 0.036 0.065 0.066

v (m s−1) 0.07± 0.07 0.2 ± 0.12 0.1 ± 0.03

d (m) 0.2 ± 0.1 0.07 ± 0.08 0.08 ± 0.06

w (m) 3.3 ± 1.33 2.9 ± 0.50 2.7 ± 0.70

Q (Ls−1) 0.2 ± 0.002 0.02 ± 0.002 0.03 ± 0.010

Mobile-immobile model reach-averaged parameters

vreach (m s−1) 0.046 ± 0.004 0.178 ± 0.019 0.160 ± 0.009

D (m2 s−1) 0.09 ± 0.01 0.24 ± 0.05 0.13 ± 0.02

tpeak (min) 29 8.8 8.5

τ (min) 41.1 12.8 20.4

(τ /tpeak ) 1.4 1.5 2.4

3 (s−1) 0.04 ± 0.02 0.1 ± 0.06 0.02 ± 0.01

β (unitless) 0.68 ± 0.09 0.75 ± 0.07 0.40 ± 0.08

Best fit parameters and associated confidence intervals were calculated as ± the standard deviation of the best 0.05% fits for the mobile-immobile reach-averaged parameters.

Habitat-scale variables include T, water temperature; m, slope; v, water velocity; d, depth; w, stream wetted width; Q, discharge. Reach-scale parameters include vreach, averaged water

velocity; D, in-stream water dispersion; tpeak , time for slug passage to peak; τ , mean arrival time; τ /tpeak , relative travel time; 3, water transient storage exchange rate; β, power-law

slope related to solute retention time in transient storage.

FIGURE 2 | Boxplots showing streambed measurements of (A) fine particulate matter (FPM), (B) fine particulate organic matter (FPOM), (C) percentage organic

matter in FPM (%OM), and (D) C:N molar ratio of FPM for each experimental reach. Data come from habitat-scale samples (n = 5) collected at each reach. Results

from Kruskal Wallis comparison test among reaches are shown only for statistically significant differences. Same letters indicate no statistical difference among

reaches using the Dunn’s-test for multiple comparisons.

of the overall MMA measurements were between 3 and 9-fold
lower at the reach scale than at the habitat scale. Yet, the highest

rates occurred in the fast reach and the lowest rates in the slow
reach, regardless of whether measurements were done at the
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FIGURE 3 | Relationship between habitat-scale measurements of water velocity and streambed standing stocks of (A) fine particulate matter (FPM), (B) fine

particulate organic matter (FPOM), (C) percentage organic matter in FPM (% OM), and (D) C:N molar ratios of FPM. Data are from habitat-scale FPM samples (n = 5)

collected at the three experimental reaches (crosses, circles, and squares for slow, fast, and naturalized reaches, respectively). Statistical results from Spearman rank

correlations (rho, ρ) and the p-value are shown only for statistically significant correlations of the 3 reaches together.

TABLE 2 | Microbial metabolic activity (MMA) efficiency associated with fine particulate matter measured at habitat scale in each experimental reach (n = 5, average ±

SD), MMA at habitat scale (n = 5, average ± SD) and measurement of resazurin-to-resorrufin transformation rate as a proxy of metabolic activity (i.e., aerobic respiration)

at reach scale (n = 1).

Parameter Slow reach Fast reach Naturalized reach

Habitat-scale MMA efficiency (h−1gFPM−1) 0.819 ± 0.35A 0.723 ± 0.19A 0.368 ± 0.14B

MMA associated with streambed FPM (h−1) 0.022 ± 0.01 0.036 ± 0.02 0.024 ± 0.01

Reach-scale MA, Raz–Rru transformation rate λraz−→rru (h−1) 0.088 0.185 0.102

For the habitat-scale measurements, different letters indicate statistically significant differences among reaches (Kruskal-Wallis rank sum test, p < 0.05).

Significant difference among the reaches indicated by different letter (p = 0.018), according to Kruskal-Wallis rank sum test.

habitat scale or at the reach scale. In contrast, theMMA efficiency
associated with FPM measured at habitat scale showed higher
rates at the slow reach.

DISCUSSION

This study aimed to investigate the influence of stream
hydromorphological characteristics on water transport and
the accumulation of FPM in the streambed. In addition,
the study examined the variability in quantity, quality, and
microbial metabolic activity associated with FPM among three
hydromorphological contrasting reaches; and ultimately, what
effect these differences had on reach-scale metabolic activity.
Our study is one of the few studies to date coupling reach-scale
bioreactive transport simultaneously with localized reactivity

of the FPM associated with streambed sediments (also see,
Knapp et al., 2017). While combining different methodologies at
different spatial scales to approach this objective is a challenge
in itself, the multidisciplinary character of this study is essential
if we are to improve our mechanistic understanding of the
connections among stream FPM transport and accumulation,
and how it is associated with reach-scalemetabolism and nutrient
dynamics (González-Pinzón et al., 2012; Ward, 2016). An
additional added value of this study is the use of experimentally
manipulated reaches to address the objective. The bioengineering
interventions were largely successful to produce contrasting
hydromorphological characteristics among the three reaches.
The three experimental reaches showed differences in many of
their hydraulic characteristics measured both at the reach and
habitat scales. As a result, the study reaches provided a unique
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FIGURE 4 | Relationships between microbial metabolic activity (MMA) efficiency associated with (A) fine particulate matter (FPM) accumulated in the streambed and

the standing stocks of FPM and (B) fine particulate organic matter (FPOM), as well as (C) the %OM and (D) the C:N ratio of the FPM. Data are from habitat-scale FPM

samples (n = 5) collected at the three experimental reaches (crosses, circles, and squares for slow, fast, and naturalized reaches, respectively). Statistical results from

Spearman rank correlations (rho, ρ) and the p-value are shown only for statistically significant correlations of the 3 reaches together.

opportunity to not only test the effect of hydromorphological
differences on FPM accumulation and distribution at the habitat
and reach scales (section Hydromorpohlgoy at the Habitat Scale
Control the Accumulation but Not the Quality of Fine Particulate
Matter Standing Stocks), but also on the microbial metabolic
activity associated with the accumulated FPM. Moreover, we
related this activity to reach-scale ecosystem respiration (section
Quality and Not Quantity of Streambed FPM Influences
Metabolic Activity) to shed light on the role of the activity of
benthic FPOM on reach-scale metabolism (section Interaction
of In-stream Hydraulics and Streambed Accumulation of FPM
Determine Reach-scale Metabolic Activity).

Hydromorphology at the Habitat Scale
Control the Accumulation but Not the
Quality of Fine Particulate Matter Standing
Stocks
On average, accumulation of fine particles (i.e., FPM and its
organic matter fraction) in streambed sediments did not vary
among the study reaches (Figure 2). However, the wide range of
velocities within and across reaches (which was exacerbated by
the experimental hydromorphological manipulations) revealed
the physical effects of local water velocity on streambed FPM
standing stocks. In particular, we found that the spatial variation

in accumulation of FPM in the streambed within a reach was
negatively related to habitat-scale water velocity. There were
also substantial differences in the exchange rate between the
surface water and TS zone among study reaches with the
highest exchange occurring in the fast reach. In contrast to our
expectations, this finding suggests more fine particulate matter
transported in and out the streambed in this reach compared to
the slow and naturalized reaches. However, this higher exchange
in the fast reach was accompanied by lower retention times
in the TS zone (lower τ /tpeak and higher β), which likely
had an offsetting effect in FPM accumulation in this reach.
Overall, our results suggest that not all hydraulic variables equally
influenced the accumulation of FPM in the streambed, and that
these different effects on FPM accumulation can counterbalance
each other. Reach-averaged water velocity, and in particular,
the spatial heterogeneity of water velocities within stream
reaches was the variable more clearly determining the spatial
distribution of FPM. This result is concordant with previous
studies showing increased net deposition and accumulation of
sediments, detritus, and fine particles in lower velocity zones such
as pools and connected lateral cavities (Lemly and Hilderbrand,
2000; Drummond et al., 2017).

While low water velocity favored the accumulation of FPM on
the streambed, it did not influence the spatial variability of the
quality of FPM within each reach (i.e., %OM and C:N). Instead,
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we found a decline in %OM of FPM along the study section
(including the three study reaches), which was accompanied by
an increase in the molar C:N ratio, suggesting a decrease in
the quality of FPM (i.e., lower N content relative to C content)
from the slow reach to the naturalized reach. This declining
pattern in the downstream direction from the WWTP effluent
input, together with the similar FPM standing stocks measured
at the three reaches, imply two main findings. First, that FPM
either supplied by or produced downstream of the WWTP
point source was biogeochemically processed along the stream;
and second, that FPM was transported and redistributed along
each stream reach; otherwise, FPM standing stocks would have
also shown a longitudinal decline. Our results are concordant
with the idea that FPM accumulation in the streambed is
subjected to an alternance of immobilization and remobilization
events, which ultimately determines their residence times within
streams (Boano et al., 2014; Drummond et al., 2014b). Moreover,
our results support that streambed sediments are hot spots of
biogeochemical reactions (Jones and Holmes, 1996, Lautz and
Fanelli, 2008), and that microbes developed on FPM from either
allochthonous or autochthonous sources use this substrate as a
carbon source, therefore contributing to a decline in its relative
N content (Webster et al., 2009). These results show that while
physical controls (such as velocity) influence FPM accumulation,
in-stream biogeochemical processing can control the quality of
FPM standing stocks.

Quality and Not Quantity of Streambed
FPM Influences Metabolic Activity
The FPM standing stocks alone poorly explained the observed
variability of the MMA associated with FPM at the habitat scale.
In fact, we found no correlation between MMA, as both rates
and efficiency, and the amount of FPM or FPOM (Figure 4B and
Supplementary Table 2). Our results do not support previous
findings relating FPOM quantity to increased respiration, which
is usually attributed to FPOM acting as a nutrient-rich substrate
for bacterial colonization (Grossart and Ploug, 2001; Mendoza-
Lera and Datry, 2017; Mendoza-Lera et al., 2017). In contrast, our
results showed that MMA efficiency increased as the quality of
FPM increased (i.e. higher %OM and lower C:N ratio) (Figure 4).
While the specific sources, composition, and portion of dead vs.
alive organic matter in FPOMwere unknown in our case, the fact
thatMMA efficiency increased with decreasing C:N ratio suggests
that the FPOM in the Cànoves stream was of relatively high
quality. This idea is supported by the low C:N ratios measured at
the Cànoves stream (from 12:1 to 15:1), which are substantially
lower than those reported for total organic matter in rivers
worldwide (from 30:1 to 60:1) (Bauer et al., 2013). In urban
streams, FPOM is usually a mixture of terrestrial, autochthonous
and wastewater effluent sources, the latter source contributing
>50% when hydrological dilution is low (Kelso and Baker, 2020).
Therefore, and given that the study reaches were downstream
of a WWTP effluent, we propose that this was an important
source of FPOM in the Cànoves stream. However, FPOM sourced
by WWTP effluents does not necessarily need to be of high

quality. For instance, Wang et al. (2018) showed that FPM inputs
from a WWTP effluent had a high proportion of humic-like
compounds compared to the receiving stream, and that the
bioavailability of this material was relatively low. There is also
the possibility that high nutrient inputs from theWWTP effluent
lead to increased biomass and the production of N-enriched and
highly bioavailable FPOM in the Cànoves stream. The increased
N content, together with the high %OM (from 15 to 30% of the
FPOM), likely contributed to sustained high respiration rates by
heterotrophs associated with FPM in streambed sediments, as
indicated by the high Raz-to-Rru transformation measured at the
habitat scale. This finding supports previous studies showing that
streambed FPM availability, in this case FPM quality, can greatly
influence the productivity and metabolic activity of stream
communities (Webster and Meyer, 1997; Crenshaw et al., 2002;
Allan and Castillo, 2007; Nogaro et al., 2007).

Interaction of In-stream Hydraulics and
Streambed Accumulation of FPM
Determine Reach-Scale Metabolic Activity
Our results indicate mismatches in Raz-to-Rru transformation
rates between the habitat and reach scales. First, aerobic
metabolic rates associated with FPM accumulated in streambed
(MMA) were several fold higher than those measured at the
reach scale. Second, patterns of Raz-to-Rru transformation across
the three stream reaches did not hold between the two spatial
scales. For instance, streambed sediments from the slow reach
showed the highest MMA efficiency rates (0.82 h−1gFPM−1)
but the lowest reach-scale Raz-to-Rru transformation rates
(0.09 h−1). These differences can be at least partially explained
by the different approaches used. Metabolic activity from
localized sampling of the top few centimeters of the HZ
accounts for aerobic respiration at the surface water-sediment
interface, while whole-reach injections of hydrometabolic tracers
represents overall metabolic activity by stream heterotrophs
including not only bacteria in sediment FPM, but also in
other streambed substrate and also secondary producers (Harvey
et al., 2013; Peipoch et al., 2016). Moreover, while the former
approach informs about the potential microbial metabolic
activity associated with hot spots of biogeochemical reactivity
in the streambed (i.e., FPM accumulation), the latter approach
is related to actual aerobic respiration rates at reach scale,
which were far below MMA efficiency rates at habitat scale.
These results suggest streambed sediments can act as hot spots
of microbial metabolic activity within the stream, and yet,
can have a relatively small influence on whole-reach aerobic
respiration. This disconnection between observational scales can
be explained by the different degree in connectivity between the
water column and the streambed sediments among the different
hydromorphologically modified reaches, or in other words, by
a different relationship between hydrological and functional
connectivity at the habitat and reach scales in the different
study reaches.

The slow reach was the one showing the highest rates of
microbial metabolic activity associated with FPM in streambed
sediments. With slow water column velocities behind the
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placement of the transversal logs, fine particle standing stocks
accumulate in greater quantity, as more of the fine particles come
out of suspension from gravitational settling and accumulate on
the streambed. The smaller particle size increases surface area for
attachment of microbes and subsequent development of biofilms
(Bott and Kaplan, 1985; Kondratieff and Simons, 1985). This
fact, combined with the nutrient rich fine particles sourced from
the WWTP, can explain the higher microbial activity per gram
of FPM within the slow reach. However, this reach showed the
slowest water transport (i.e., short hydrologic retention times)
and a moderate water exchange rate with the transient storage
areas, compared to the other reaches. Moreover, the slow reach
showed the shallowest slope, low water velocities and deep
average depth, which resulted in an increased accumulation of
sediments but also in a lower stream turbulence, and more
homogenous streambed topography. Therefore, despite the high
potential for microbial respiration exhibited by FPM streambed
sediments from this reach, we concluded that the laminar flow
and limited hydrologic exchange between the water column
and the hyporheic zone offset the influence of streambed FPM
metabolic activity on aerobic heterotrophic respiration at the
whole-reach scale.

In contrast to the slow reach, the fast reach showed higher
velocity and steeper slope. In line with previous studies, our
results indicate that these physical features contributed to
increase the water exchange rate between the water column
and transient storage areas (Boano et al., 2014). Higher water
exchange rates likely foster the transfer of nutrients from the
water column to metabolically active zones, thereby increasing
respiration rates, and ultimately aerobic metabolic rates at the
whole-reach scale. The same pattern was exhibited by the
naturalized reach, for which FPM streambed sediments showed
the lowest potential for microbial activity, but whole-reach
metabolic rates were still higher than those for the slow reach.
With higher heterogeneity of flow paths and more transient
storage areas, the naturalized reach had the greatest retention
time within transient storage and the greatest relative travel time.
These hydrological features suggest more interaction between
water column solutes and streambed FPM with biologically
active areas than in the slow reach, which is supported by the
higher whole-reach metabolic activity rates measured in the
naturalized reach.

Our results highlight that stream hydromorphology can
strongly control hydrological connectivity between free flowing
water and transient storage zones, which influences the dynamics
of accumulation and resuspension of streambed FPM and with
that, can have a large impact on microbial activity at the
habitat and reach scales. Previous studies have shown that
the amount of streambed organic matter (such as FPOM)
influences nutrient uptake in streams (Mulholland et al., 1985;
Webster et al., 2000). In addition, Meyer et al. (2005) suggested

that increasing the supply and retention of particulate organic
matter in the stream should enhance nutrient uptake capacity
and metabolic activity. With this in mind, the bioengineering
experimental designs aimed to modify water residence times
and hydrologic exchange between water column and streambed
to better understand the influence of hydromorphology on
overall stream functioning. The results of this study provides
insights on how transient storage zones do not equally contribute
in terms of metabolic activity at reach scale. Instead, the
contribution of metabolic activity associated to FPM to reach-
scale metabolism depends on the combined influence of
hydraulic properties and quality of the FPM standing stocks.
These results can have important implications within the
context of stream restoration since induced hydromorphological
changes can modify the stream’s metabolic activity; and
ultimately the in-stream capacity to attenuate organic matter and
nutrient loads.
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