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Abstract. Both ecosystem structure and functioning deter-
mine ecosystem status and are important for the provision of
goods and services to society. However, there is a paucity
of research that couples functional measures with assess-
ments of ecosystem structure. In mid-sized and large rivers,
effects of restoration on key ecosystem processes, such as
ecosystem metabolism, have rarely been addressed and re-
main poorly understood. We compared three reaches of the
third-order, gravel-bed river Ruhr in Germany: two reaches
restored with moderate (R1) and substantial effort (R2) and
one upstream degraded reach (D). Hydromorphology, habi-
tat composition, and hydrodynamics were assessed. We esti-
mated gross primary production (GPP) and ecosystem respi-
ration (ER) using the one-station open-channel diel dissolved
oxygen change method over a 50-day period at the end of
each reach. Moreover, we estimated metabolic rates of the
combined restored reaches (R1 + R2) using the two-station
open-channel method. Values for hydromorphological vari-
ables increased with restoration intensity (D < R1 < R2). Re-
stored reaches had lower current velocity, higher longitudi-
nal dispersion and larger transient storage zones. However,
fractions of median travel time due to transient storage were
highest in R1 and lowest in R2, with intermediate values in
D. The share of macrophyte cover of total wetted area was
highest in R2 and lowest in R1, with intermediate values
in D. Station R2 had higher average GPP and ER than R1
and D. The combined restored reaches R1 + R2 also exhib-
ited higher GPP and ER than the degraded upstream river
(station D). Restoration increased river autotrophy, as indi-
cated by elevated GPP: ER, and net ecosystem production

(NEP) of restored reaches. Temporal patterns of ER closely
mirrored those of GPP, pointing to the importance of au-
tochthonous production for ecosystem functioning. In con-
clusion, high reach-scale restoration effort had considerable
effects on river hydrodynamics and ecosystem functioning,
which were mainly related to massive stands of macrophytes.
High rates of metabolism and the occurrence of dense macro-
phyte stands may increase the assimilation of dissolved nu-
trients and the sedimentation of particulate nutrients, thereby
positively affecting water quality.

1 Introduction

River restoration is a pivotal element of catchment manage-
ment to counteract anthropogenic degradation and depletion
of river health and water resources, and to increase overall
biodiversity and ecosystem services provisioning (Bernhardt
et al., 2005; Strayer and Dudgeon, 2010). Based on legisla-
tive frameworks such as the EU Water Framework Direc-
tive (WFD) and the Clean Water Act in the United States,
large investments have been made to restore rivers. In Eu-
rope, degraded river hydromorphology is considered one of
the central impacts to the ecological status of rivers (EEA,
2012; Hering et al., 2015). For example, the German national
river habitat survey, which evaluates 31 hydromorphologi-
cal parameters for 100 m river sections, concluded that the
majority of German rivers are severely degraded (Gellert et
al., 2014; UBA, 2013). As the river biota depend on suit-
able habitats (Beisel et al., 2000; Schroder et al., 2013), about
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85 % of German rivers failed to reach the “good ecological
status” demanded by the WFD (EEA, 2012). Accordingly,
most restoration projects target the hydromorphological im-
provement of rivers. The majority of restoration measures is
implemented at the reach scale, covering short river stretches
typically of 1 km or less (Bernhardt et al., 2005; Palmer et al.,
2014). A variety of reach-scale measures have been imple-
mented (Lorenz et al., 2012): for instance, restoration activ-
ities along mountainous rivers in central Europe mainly tar-
geted re-braiding and widening of streams, leading to greater
habitat and hydrodynamic heterogeneity (Jahnig et al., 2009;
Poppe et al., 2016). In combination with other characteristics
of the river ecosystem — e.g., light, organic matter, nutrient
availability, temperature, hydrologic and disturbance regimes
— such hydromorphological changes likely affect biological
community composition and ecosystem functioning, includ-
ing ecosystem metabolism (Bernot et al., 2010; Tank et al.,
2010).

The assessment of restoration effects has mainly focused
on responses of aquatic organisms, such as fish (e.g., Roni et
al., 2008; Haase et al., 2013; Schmutz et al., 2016), benthic
invertebrates (e.g., Jahnig et al., 2010; Friberg et al., 2014;
Verdonschot et al., 2016), and macrophytes (e.g., Lorenz
et al., 2012; Ecke et al., 2016). Recently, increasing atten-
tion has also been given to the response of floodplain organ-
isms (e.g., Hering et al., 2015; Gothe et al., 2016; Januschke
and Verdonschot, 2016), while functional characteristics, i.e.,
the rates and patterns of ecosystem processes, have rarely
been addressed. Ecosystem functions are life-supporting pro-
cesses that are directly linked to ecosystem services, i.e.,
the benefits people obtain from the environment (Palmer and
Filoso, 2009). Thus, an emerging interest in river restoration
research is to incorporate the recovery of ecological function-
ing (Palmer et al., 2014). However, few studies have consid-
ered the response of river ecosystem functioning and func-
tional metrics to restoration (e.g., Lepori et al., 2005; Bunn
et al., 2010; Kupilas et al., 2016). Consequently, the effects
of restoration on key ecosystem processes remain poorly un-
derstood.

Ecosystem metabolism, i.e., the combination of gross pri-
mary production (GPP) and ecosystem respiration (ER),
is a fundamental ecosystem process in rivers. Ecosystem
metabolism is a measure of the production and use of organic
matter within a river reach by all biota. Therefore, it provides
key information about a river’s trophic and energetic base
(relative contribution of allochthonous and autochthonous
carbon) (Young et al., 2008; Tank et al., 2010; Beaulieu et al.,
2013). The majority of stream ecosystem metabolism work
has investigated natural changes, such as effects of floods
and droughts (e.g., Uehlinger, 2000), seasonal or interannual
changes (e.g., Uehlinger, 2006; Beaulieu et al., 2013), inter-
biome differences (e.g., Mulholland et al., 2001), or land-
use change (e.g., Giicker et al., 2009; Silva-Junior et al.,
2014). The majority of these studies have focused on smaller
streams, while only few studies have measured metabolism
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of larger streams and rivers (e.g., Uehlinger, 2006; Dodds et
al., 2013; Hall et al., 2015, 2016). The response of stream
metabolism to hydromorphological changes, e.g., through
river widening, is almost unknown, especially for larger
rivers (but see Colangelo, 2007).

The widening of the riverbed enhances habitat complex-
ity and diversity of the river channel and the riparian zone
(Jahnig et al., 2010; Januschke et al., 2014; Poppe et al.,
2016). Moreover, channel widening also favors macrophytes
and other autotrophs through the creation of shallow, slow-
flowing areas and backwaters (Lorenz et al., 2012). Fur-
ther, it increases light availability and water temperature,
which have been identified as major factors controlling river
metabolism, especially primary production (Uehlinger, 2006;
Bernot et al., 2010; Tank et al., 2010). Accordingly, these
changes potentially lead to enhanced in-stream autotrophic
processes.

Restoration also increases the retention of allochthonous
organic matter (Lepori et al., 2005, 2006; Flores et al., 2011).
Moreover, the reconnection of rivers with their floodplains
by creating shallower river profiles and removing bank fixa-
tions may enhance inundation frequency, and hence resource
transfers from land to water. In combination, these changes
can favor heterotrophic activity in the river. Restoration also
affects hydrodynamics and surface water—ground water inter-
actions of streams (Becker et al., 2013): for instance, widen-
ing of the stream channel reduces flow velocity and the cre-
ation of backwaters and pools possibly leads to changes in
the size and location of transient storage zones (Becker et
al., 2013). Increases in transient storage zones potentially
enhance ER (Fellows et al., 2001) and nutrient processing
(Valett et al., 1996; Giicker and Boéchat, 2004).

The objective of this study was to quantify reach-scale
restoration effects on hydromorphology, habitat composi-
tion, and hydrodynamics, as factors potentially affecting
river ecosystem function, by comparing three contiguous
stream reaches (two restored and one upstream non-restored
reach) of a mid-sized mountain river in Germany and to de-
termine the corresponding responses of river metabolism. We
expected (i) hydromorphological river characteristics, i.e.,
habitat composition and hydrodynamics, to change follow-
ing restoration, with the magnitude of change depending on
restoration effort (e.g., width and diversity of the river chan-
nel, and abundance of primary producers, as well as sizes and
locations of transient storage zones in the two restored river
reaches compared to the degraded reach), and (ii) ecosystem
metabolism to respond with increased metabolic rates, i.e.,
enhanced GPP and ER, mainly as a result of increased abun-
dances of primary producers.
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Figure 1. Location of the study site in the upper catchment of the
river Ruhr in Germany. Stations represent start and end of the inves-
tigated river reaches (degraded, first restored and second restored
reach).

2 Methods
2.1 Study site

This study was conducted in the upper river Ruhr (Federal
State of North Rhine-Westphalia, Germany, Fig. 1, Table 1)
a tributary to the Rhine. The third-order Ruhr is a mid-sized
mountain river with gravel and cobbles as bed sediments. The
catchment area upstream of the study site is 1060 km?, about
64 % of which is forested, 28 % is arable land and pasture,
and 8 % is urban area (located mainly in the floodplains).
The study site is at an altitude of 153 ma.s.l. and the mean
annual discharge was 21.3m3 s~! between 2004 and 2009.
The Ruhr is draining one of the most densely populated ar-
eas of Europe; however, population density of the upstream
catchment area is low (135.3 inhabitants km~2 upstream of
the study site). Due to manifold uses, the river’s hydromor-
phology has been largely modified by impoundments, resid-
ual flow sections, bank fixation, and industrial and residential
areas in the floodplain. More recently, the hydromorphology
of several river sections has been restored.

Restoration aimed to establish near-natural hydromorphol-
ogy and biota. Restoration measures were implemented be-
tween 2007 and 2009 and included the widening of the
riverbed and the reconnection of the river with its flood-
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Table 1. River and study site characteristics.

1991

River characteristics

Catchment size (kmz) 4485
Stream length (km) 219

River type Gravel bed
Stream order 3
Ecoregion Central Highlands
Study site characteristics

Latitude (N)? 51.44093
Longitude (E)? 7.96223
Catchment size (kmz) 1060
Altitude (ma.s.l.) 153

Mean annual discharge (m3 s_l) 21.3
Catchment geology siliceous
Restoration length (km) 2.3
Restoration date 2007-2009

Main restoration action
pHP

riverbed widening
8.3

Electric conductance? (" cm_l) 340
Total nitrogenb (mg L~ h 2.7
NO3-NP (mgL—1) 2.53
NH4-NP (mgL—1) <0.1
Total phosphorusb (mg L 0.07
Total organic carbon® (mg L~ 23

a Center of reach. ® Data from ELWAS-WEB (online information system
maintained by the Ministry for Climate Protection, Environment,
Agriculture, Conservation and Consumer Protection of the State of North
Rhine-Westphalia; sampling date: 26 June 2012).

plain by creating a shallower river profile and by remov-
ing bank fixations. Moreover, the physical stream quality
was enhanced by generating secondary channels and islands,
adding instream structures, such as woody debris, and cre-
ating shallow habitats providing more space for autotrophs
(see Sect. S1 in the Supplement).

We separated the restored reach into two reaches of ap-
proximately similar lengths (1210 and 1120 m) with obvious
differences in morphological stream characteristics due to
differing restoration effort (R1: moderate restoration effort;
R2: high restoration effort). Briefly, in R2 a larger amount
of soil was removed and the costs for the implementation of
measures were higher than in R1 (see Sect. S1). In R2 the
bank fixation was removed at both shorelines and the river
was substantially widened and secondary channels and is-
lands were created, while the removal of bank fixation and
widening in R1 mainly focused on one side due to con-
strains posed by a nearby railroad (see Sect. S1). The restored
reaches were compared to a degraded “control section” of
850 m length located upstream of the restored reaches (D).
The degraded reach was characteristic for the channelized
state of the river Ruhr upstream of the restoration site, and re-
flected the conditions of the restored sections prior to restora-
tion: the reach was a monotonous, channelized and narrowed
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river section with fixed banks and no instream structures. A
650 m long river section separating the degraded from the re-
stored river reach was excluded from the investigations, as
its hydromorphology was deviating due to constructions for
canoeing and a bridge. As the three sections were neighbor-
ing each other, differences in altitude, slope, discharge, and
catchment land cover between reaches were negligible.

2.2 Hydromorphology and habitat composition

Physical stream quality was quantified from aerial photos.
High-resolution photos of the restored reaches were taken in
summer 2013 using a Falcon 8 drone (AscTec, Germany).
Aerial photos of the degraded reach from the same year at
similar discharge conditions were provided by the Ministry
for Climate Protection, Environment, Agriculture, Conserva-
tion and Consumer Protection of the State of North Rhine-
Westphalia. Photos were analyzed in a geographical infor-
mation system (ArcGIS 10.2, ESRI). For each reach, we
measured the width of the wetted channel every 20 m along
cross-sectional transects at low flow conditions and calcu-
lated mean width and its variation (reach D: n =42; R1:
n =159; R2: n = 54). For each reach, we recorded thalweg
lengths, the area of the wetted stream channel, the flood-
plain area (defined as bank-full cross-sectional area), and the
area covered by islands, woody debris, and aquatic macro-
phyte stands (Fig. 2). Subsequently, the share of macrophyte
stands of the total wetted area was calculated for each reach.
Additionally, macrophytes were surveyed according to the
German standard method (Schaumburg et al., 2005a, b) in
summer 2013. A 100m reach was investigated by wading
through the river in transects every 10 m, and walking along
the riverbank (Lorenz et al., 2012). All macrophyte species
were recorded and species abundance was estimated follow-
ing a five-point scale developed by Kohler (1978), ranging
from 1 (“very rare”) to 5 (“abundant, predominant”). The
empirical relationship between the values of the five-point
Kohler scale (x) and the actual surface cover of macrophytes
(y) is given by the function y = x3 (Kohler and Janauer,
1997; Schaumburg et al., 2004). Using this relationship, we
x3-transformed the values of the Kohler scale into quanti-
tative estimates of macrophyte cover for the studied 100 m
reaches.

2.3 Hydrodynamics

Stream hydrodynamics were estimated using a conserva-
tive tracer addition experiment with the fluorescent dye ami-
dorhodamine G. Across the river width, we injected the dis-
solved dye in a distance sufficiently upstream to the first
study reach to guarantee complete lateral mixing at the first
sampling station. Breakthrough curves of the tracer were
continuously measured in the main current at the upstream
and downstream ends of all three reaches (Fig. 1). Concen-
tration of dye was recorded at a resolution of 10 s at the most
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upstream and downstream sampling stations using field fluo-
rometers (GGUN-FL24 and GGUN-FL30, Albillia, Switzer-
land). At the other sampling stations (start and end of each
investigated river reach) water samples were taken manually
at 2 min intervals. The samples were stored dark and cold in
the field and subsequently transported to the hydrogeochem-
ical laboratory of the Ruhr University Bochum. Amidorho-
damine G concentrations of water samples were measured
with a fluorescence spectrometer (Perkin Elmer LS 45; de-
tection limit of 0.1 ppb) and standard calibration curves pre-
pared from the tracer and river water. Field fluorometers were
calibrated prior to experiments with the same standard cali-
bration procedure.

Subsequently, we used the one-dimensional solute trans-
port model OTIS-P (Runkel, 1998) to estimate parameters of
river hydrodynamics for each reach from the breakthrough
curves: advective velocity, longitudinal dispersion, stream
channel and storage zone cross-sectional areas, and storage
rate. We further calculated fractions of median travel time
due to transient storage (Fmedzoo) based on the hydrody-
namic variables obtained from transport modeling (Runkel,
2002). Additionally, Damkohler numbers were estimated for
each reach (Harvey and Wagner, 2000).

2.4 Discharge

Discharge data were provided by the North Rhine-
Westphalia State Agency for Nature, Environment and Con-
sumer Production, Germany (Landesamt fiir Natur, Umwelt
und Verbraucherschutz Nordrhein-Westfalen) for a gauging
station situated at the downstream end of the study site. At
this station, discharge was constantly recorded at 5 min inter-
vals.

2.5 Ecosystem metabolism

We estimated river dissolved O, (DO) metabolism using the
“open-channel one-station and two-station diel DO change
techniques” (Odum, 1956; Marzolf et al., 1994; Young and
Huryn, 1998; Roberts et al., 2007). We initially chose the
one-station method to estimate metabolic rates at the down-
stream end of each reach (stations D, R1, and R2), as the indi-
vidual studied reaches were too short for a reliable estimation
of ecosystem metabolism with the two-station technique, due
to high current velocities and low reaeration rates. According
to Demars et al. (2015), the two-station method is applicable
to reach lengths 0.4 to 1.0 v/k. For our reaches of the Ruhr,
this range corresponds to 3283-8280 m for reach D, 2765-
6912 m for reach R1, 1624—4061 m for reach R2, and 2199—
5497 m for the combined reach R1 4 R2. Thus, the quantifi-
cation of metabolism using the two-station method was only
possible for the combined reach R1 + R2 with a reach length
of 2330 m.

Reach lengths influencing the one-station diel dissolved
O, change technique in our study were typically much longer

www.biogeosciences.net/14/1989/2017/
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Figure 2. Analysis of aerial photos. A representative river section of the second restored reach is shown.

than the experimental reaches, due to high current veloc-
ities and low reaeration (> 10km; estimated according to
Chapra and Di Toro, 1991). Following methods in Demars
et al. (2015), metabolism estimates at the downstream sam-
pling station R2 were only to 35 % influenced by the re-
stored river sections, but to 65 % by upstream degraded river
sections. Accordingly, differences in metabolic rates among
sampling stations at the end of restored and impacted experi-
mental reaches as estimated in our study should be viewed as
qualitative indicators of restoration effects, rather than mea-
sured metabolic rates of the experimental reaches. To quan-
titatively support our qualitative findings, we additionally
used the two-station method for the combined restored river
reach R1 4 R2, which was long enough for the application
of the two-station open-channel method. The selected meth-
ods are based on the assumption that changes in DO within
a parcel of water traveling downstream can be attributed to
metabolism (photosynthesis and respiration) and to gas ex-
change between water and atmosphere, given that no signif-
icant groundwater dilution of river water occurs along the
studied river:

dDO/dt = GPP — ER — (Koxy D),

where dDO/dt is the change in dissolved oxygen con-
centration (mg O, L™!s™!), GPP is the gross primary pro-
duction (mgO,L~'s™!), ER is the ecosystem respiration
(mg 02 L1 s71), Koyy is the reaeration coefficient (s~!), and
D is the oxygen deficit or surplus in the river (i.e., the dif-
ference between the measured oxygen concentration and the
value at saturation; mg O, L™1). The change in DO was esti-
mated as the difference between consecutive 5 min readings
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of the same probe for the one-station method and as the dif-
ference between upstream (top of reach R1) and downstream
probes (end of reach R2) for the two-station method (Roberts
et al., 2007; Beaulieu et al., 2013).

In two consecutive field campaigns in summer 2014, DO
and water temperature were continuously measured at the
downstream ends of the three reaches and at the top of
reach R1 at 5 min intervals for 50 days. The DO probes with
data loggers (O2-Log3050-Int data logger, Driesen + Kern
GmbH, Germany) were installed in the thalweg of the river
in the middle of the water column. The DO probes were cal-
ibrated in water-saturated air prior to measurements. Addi-
tionally, probes were cross-calibrated for 1 h at a single sam-
pling station in the river before and after the measurements.
We used the data of this comparison to correct for residual
differences among probes (Giicker et al., 2009). This proce-
dure assured that differences between probes were only due
to differences in DO and water temperatures and not to ana-
lytical errors. In previous laboratory tests, the probes showed
no drift and were thus not corrected for drift during the mea-
surement campaigns (Almeida et al., 2014).

In parallel to DO and water temperature, atmospheric pres-
sure was recorded (Hobo U20-001-04; Onset Computer Cor-
poration). We used atmospheric pressure and water tempera-
ture data to calculate the oxygen saturation. Reaeration coef-
ficients (Koxyzo; standardized for 20 °C) were estimated us-
ing the nighttime regression approach (Young and Huryn,
1999). For the downstream stations of all three sampling
reaches, we calculated reaeration coefficients (Koxy) as the
slope of regressions between DO change rates (dDO/dt;

Biogeosciences, 14, 1989-2002, 2017
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Figure 3. Tracer breakthrough curves for the conservative tracer addition experiment in the river Ruhr. Upstream boundary condition based
on concentrations at sampling station 1 (start of degraded reach, D, grey solid line), observed concentrations at sampling stations 2 (end of
degraded reach, empty circles), 3 (start of first restored reach, R1, empty squares), 4 (end of first restored reach, start of second restored
reach, R2, empty triangles), 5 (end of second restored reach, crosses), and simulated concentrations based on final parameter estimates with

OTIS-P (solid lines).

mg O, L~!s™1) and DO deficits (D; mgO, L™!) at night
(night hours were defined as the period 1h after sunset to
1 h before sunrise):

dDO/dt = Koxy D +ER.

We only considered significant nighttime regressions (P <
0.05). Reaeration coefficients for days without significant re-
gressions were estimated as the average value of the coef-
ficients of the days before and after, as we did not observe
Koxy20 — discharge relationships in our data (see Sect. S2)
that could have been used to estimate Koxyzo values for days
without reliable estimates. Estimated reaeration coefficients
were low and ranged from 5 to 15day~! in our study (see
Sect. S2). Subsequently, we calculated ER and GPP as de-
scribed in detailed elsewhere (Marzolf et al., 1994; Young
and Huryn, 1998; Roberts et al., 2007) from the recorded
nighttime river water DO deficit and the daytime DO produc-
tion, respectively, corrected for atmospheric reaeration (see
Sect. S3). Metabolic rates obtained by this method closely
matched those obtained with the estimator of Reichert et
al. (2009). Ground water dilution was not detected, i.e.,
discharge differences among the investigated river reaches
were within the ranges of method uncertainty of discharge
measurements, and was thus not considered into our esti-
mates. Metabolism measurements from days at which float-
ing macrophytes accumulated around probes and affected
DO measurements were eliminated from the dataset.

Biogeosciences, 14, 1989-2002, 2017

2.6 Data analysis

We used the ARIMA function in R to identify an ARIMA
model that best represented all time series (metabolic param-
eters at stations D, R1, R2, and reach R1 + R2), estimated
average parameter predictions and 95 % confidence limits for
each time series based on these models, and used F tests to
test the hypothesis of differences among time series (com-
pare Roley et al., 2014). Data recorded at the time of flooding
events were omitted from analyses because GPP was not de-
tectable, and we cannot be sure whether GPP was indeed zero
or very low or whether high flows prevented the detection
of GPP. Overall, data of n = 32 days were used in the anal-
yses. Repeated measures ANOVAs and Tukey’s HSD post
hoc tests were used to test for differences in water temper-
ature among river reaches. Conventional one-way ANOVA
was used to test for differences in river width, comparing the
transect measurements performed in the three river reaches.
All statistical analyses were conducted in R (R Development
Core Team, 2007).

3 Results
3.1 Hydromorphology and habitat composition

Restored river reaches were morphologically more complex
and had significantly wider wetted channels (ANOVA and
Tukey post hoc test, P < 0.05) and more variable channel
width than the degraded reach (Table 2). Furthermore, the
restored reaches had larger wetted channel areas, floodplain
areas, island areas, and patches of woody debris than the de-
graded river reach (Table 2). The intensively restored reach

www.biogeosciences.net/14/1989/2017/



B. Kupilas et al.: Hydromorphological restoration stimulates river ecosystem metabolism

1995

Table 2. Morphological and hydrodynamic characteristics of the investigated river reaches.

Variable Degraded  First restored  Second restored

reach (D) reach (R1) reach (R2)
Thalweg length (m) 850 1210 1120
Width (m) 22.5 28.2 36.6
Width variation? (m) 33 6.3 10.5
Wetted channel area (mz) 19114 34604 41673
Floodplain area (m2) 27363 30630 34218
Island area (mz) 0 2666 12381
Woody debris (m?2) 0 467 691
Macrophyte coverage (%) 4.8 1.7 19.8
Flow velocity (ms™!) 0.95 0.8 0.47
Longitudinal dispersion, D (m2s~ b 0.28 0.59 10.21
Channel cross-sectional area, A (m2)b 12.11 14.96 27.05
Storage zone cross-sectional area, Ag (m2)P 2.38 4.48 3.16
Storage rate, o (s_])b 49 x 1074 7.4 %1074 20x 1074
Transient storage, Fmedzoo (%) 1.6 39 0.8
Damkohler number 2.8 4.8 4.4

2 Width variation calculated as standard deviation; degraded: n = 42; restored 1: n = 59; restored 2: n = 54. b Data on
hydrodynamic characteristics represent the final parameters obtained by one-dimensional transport modeling using OTIS-P.

R2 showed the highest values for hydromorphological vari-
ables (Table 2). The share of macrophyte cover of total wet-
ted area was also highest in R2.

3.2 Hydrodynamics

The reaches differed in hydrodynamic parameters: the re-
stored reaches had lower flow velocity and higher longitu-
dinal dispersion, cross-sectional areas of the advective chan-
nel, and storage zone cross-sectional areas than the degraded
reach (Table 2). Storage rate and fractions of median travel
time due to transient storage (Fmed200) was highest in R1
and lowest in R2, with intermediate values for D (Table 2).
Damkdhler numbers between 0.5 and 5.0 indicated reliable
transient storage parameter estimates for the reaches (Harvey
and Wagner, 2000; Table 2). Tracer breakthrough curves es-
timated by transport modeling closely corresponded to mea-
sured tracer concentrations (Fig. 3).

3.3 Discharge and water temperature

Mean discharge during the first weeks of measurement was
8.4m3s~!. The hydrograph was characterized by a large
summer flow peak and two minor peaks during the study pe-
riod (Fig. 4a). During the flow peaks discharge rapidly in-
creased 3.5- to 7-fold relative to the mean flow. Trends in
water temperature over time were very similar for the three
river reaches and are exemplarily shown for R2 (Fig. 4b).
Overall, restored reaches had higher mean daily water tem-
peratures than the degraded reach, with R2 having higher
mean daily water temperatures compared to R1 (repeated
measures ANOVA, P < 0.0001; Tukey’s HSD post hoc tests,
P < 0.0005).
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Figure 4. (a) Discharge and (b) water temperature in the river Ruhr
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3.4 Ecosystem metabolism

We observed significant effects of reach-scale restoration on
metabolic rates estimated at the end of the restored river sec-
tions (R1 and R2 compared to D; estimated by the one-station
method) and between the upstream degraded river (station D)
and the combined restored reaches R1 + R2 (estimated with
the two-station method). According to the ARIMA function
estimates, we found higher river GPP, net ecosystem pro-
duction (NEP), and GPP:ER at the restored river sections
(R1 and R2 versus station D; estimated with the one-station
method; Fig. 5). Moreover, GPP, ER, NEP, and GPP:ER
were also higher (Fig. 5) in the total restored river reach
(R1 + R2; estimated with the two-station method) than in the
upstream degraded river (measured at section D with the one-
station method). These findings indicate an increase in the
river’s metabolism following restoration.

The three sampling stations at the downstream ends of
the reaches generally exhibited similar metabolism patterns
(Fig. 6). Rates of GPP and ER ranged from 2.59 to 13.06
and —4.96 to —17.52 g0y m~2 day~! at sampling station D,
from 2.33 to 12.36 and —4.04 to —14.02g 0, m2day~!
at station R1, and from 3.61 to 17.64 and —5.91 to
—24.71g0, m™%day~! at station R2. Daily rates of GPP
were highest shortly before the main summer flow peak at
all sampling stations (Fig. 6a). GPP was not detectable dur-
ing the summer flow peaks. ER generally mirrored the GPP
patterns, but showed distinct peaks at the beginning of the
summer flow peak. ER exceeded GPP during all but one
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day at R1 and two days at R2. Consequently, NEP (net
ecosystem production) was negative during most of the mea-
sured period, i.e., reaches were heterotrophic (Fig. 6b). NEP
ranged from —4.61 to —0.47 g0, m~%day~! at station D,
from —4.29 to 0.22 g0, m~2day~! at station R1, and from
—8.24 to 0.14g0, m~2day~! at station R2. The average
GPP : ER ratio ranged from 0.66 to 0.97 across all sampling
stations, also indicating that the Ruhr was moderately het-
erotrophic. General patterns in daily rates of both GPP and
ER also seemed to be influenced by flow peaks. GPP and
ER were both suppressed immediately following the flood-
ing events. The ensuing recovery patterns for GPP and ER
were similar for all investigated sampling stations: depending
on magnitude of flow, GPP and ER were suppressed for sev-
eral days, but steadily returned to pre-disturbance conditions.
The total restored river reach (R1 + R2, two-station method)
showed temporal metabolism patterns comparable to those
estimated at the three sampling stations with the one-station
method (Fig. 6). However, NEP of the total restored river
reach (R1 + R2) was positive and the average GPP: ER ra-
tio was higher than 1 during most of the sampling period,
indicating a slight change in the river’s metabolic balance
following restoration.

4 Discussion

Restoration of river hydromorphology usually covers short
river stretches of less than 1 km and is expected to increase
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the river’s habitat and hydrodynamic heterogeneity. Together,
these changes may stimulate ecosystem metabolism, i.e.,
whole-stream rates of GPP and ER, as well as affect the
river’s metabolic balance. Increases in river metabolism, in
turn, may result in increased rates of other ecosystem pro-
cesses, such as secondary productivity and whole-stream nu-
trient processing (Fellows et al., 2006; Giicker and Pusch,
2006).

4.1 Hydromorphological characteristics

Recent monitoring and evaluation of restoration projects re-
port positive effects on hydromorphology and habitat com-
position (Jahnig et al., 2009, 2010; Poppe et al., 2016).
Similarly, we found greater habitat complexity of restored
reaches, as indicated by wider and more diverse river chan-
nels. The reach with the highest restoration effort (R2) was
characterized by the highest values and heterogeneity of hy-
dromorphological variables; this suggests that restoration ef-
fort is indeed crucial for restoration success. According to
Lorenz et al. (2012), the success of restoration in mid-sized
to larger rivers can also be indicated by increased cover,
abundance and diversity of macrophytes as they benefit from
more natural and diverse substrate, and the variability in flow.
Consequently, the higher share of macrophyte cover of total
wetted area in R2 also highlighted the higher morphological
quality of this reach.

Moreover, there were no point sources or changes in land
use along the studied river section, and therefore increases in
P and N concentrations and associated eutrophication effects
in the studied river section seem unlikely (compare Table 1).
Thus, higher macrophyte biomass and metabolic responses
are likely to be a result of river restoration, i.e., wider chan-
nels increasing light availability, shallower channels provid-
ing better habitats for macrophytes, and lower current veloc-
ities decreasing hydraulic stress.

Changes in hydromorphology and habitat composition in-
fluenced hydrodynamics: we observed lower current veloc-
ity, higher longitudinal dispersion and larger transient stor-
age zones in the restored reaches. This corresponds with the
larger river width and wetted channel area, and the increased
abundance of morphological features such as woody debris,
islands and macrophyte patches. However, Fmedzoo, i.e., the
relative importance of transient storage for whole-stream hy-
drodynamics, was highest in R1 and lowest in R2, with in-
termediate values for D. Accordingly, there appeared to be
an inverse relationship between Fmed200 and the share of
macrophyte cover of total wetted area, which was highest in
R2 and lowest in R1, with intermediate values in D. These
findings suggest that the dense stands of macrophytes in
R2 particularly altered stream hydrodynamics: macrophyte
patches built large surface transient storage areas and poten-
tially changed the locations of transient storage zones from
the hyporheic zone to the surface water column. Macro-
phyte fields in R2 may have even been so dense that large
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parts of them were representing hydrodynamic dead zones.
A similar effect was found in streams restored by imple-
menting steering structures to enhance stream quality: the
restored reaches were dominated by surface transient storage
exchange (Becker et al., 2013). Furthermore, the sedimenta-
tion of fine sediment within dense macrophyte stands may
further decrease exchange with the hyporheic zone.

4.2 Functional characteristics

Metabolism was measured over a 50-day period to obtain
representative data, allowing for comparisons among sam-
pling stations. Furthermore, this time series allowed for the
analysis of environmental variability, such as flow peaks. The
results were obtained for the summer period, i.e., the time of
maximum biomass, which is also relevant for the WFD com-
pliant sampling period (e.g., Haase et al., 2004; Schaumburg
et al., 2004; EFI+ CONSORTIUM, 2009). Therefore, results
obtained in this study are directly comparable to the river sta-
tus derived from biological assessment.

In general, the three sampling stations showed similar pat-
terns in metabolism, as our one-station metabolism approach
measured a long upstream river section in addition to the
experimental reaches. Rates of ER mirrored those of GPP,
suggesting that autotrophic respiration largely drove tempo-
ral patterns in ER, despite an overall ratio of GPP:ER <1
and a slightly negative NEP during most of the measure-
ment period. Similar patterns were found in streams in the
US (Beaulieu et al., 2013; Hall et al., 2016). The average
GPP: ER ratio was significantly higher downstream of the
restored reaches in our study (0.86 and 0.97, respectively)
and in the combined restored reach (1.16) than in the up-
stream degraded river (0.66), indicating an increase in au-
totrophic processes following restoration. The only moder-
ate heterotrophic state of the river together with ER closely
tracking GPP indicated the importance of autochthonous pro-
duction for the metabolism. This is further supported by the
comparison of pre- and post-peak flow ER (Fig. 6). Mc-
Tammany et al. (2003) suggested that higher inputs of al-
lochthonous material may occur after flooding events, sub-
sequently supporting high rates of ER. In line with this, we
expected high rates of ER during the last third of the sam-
pling period, especially in restored reaches with a potentially
high particulate organic matter trapping efficiency. However,
ER was lower compared to pre-flow peak conditions, with
ER still mirroring GPP, thus indicating the coupling of au-
tochthonous production with ER even after floods. This im-
plies that restoration (reconnection of river and floodplain)
did not increase resource transfer into the channel to such an
extent that it influenced river metabolism.

We observed significantly higher GPP and ER at station
R2 compared to the other stations. Metabolism of R1 did
not markedly differ from D, corresponding with consistently
higher values of hydromorphological variables in R2 only.
Given the previously discussed importance of autochthonous
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production for the metabolism, habitat enhancement support-
ing the growth of macrophytes is likely the cause for higher
GPP and ER in R2. Consequently, only high restoration effort
bringing a restored reach close to reference conditions led
to pronounced effects on ecosystem metabolism. Restoration
effects were mainly related to the growth of aquatic macro-
phytes, which formed dense stands that augmented ecosys-
tem metabolism. We acknowledge that metabolism was mea-
sured during summer, i.e., the time of maximum biomass of
aquatic macrophytes. Therefore, high GPP and ER measured
in this campaign might be restricted to this season and effects
will be lower during winter times when macrophyte abun-
dance will be low.

Ecosystem metabolism of the sampling stations at the re-
stored reaches and of the combined restored river reaches
was expected to be at similar levels to those of natural rivers
reported in the literature. Therefore, we compared GPP and
ER of our sampling stations to those of rivers comparable in
size (discharge between 5 and 50 m3 s~!; see Sects. S4, S5).
GPP and ER estimated in this study were among the high-
est values reported for similar sized rivers, especially those
of the sampling station R2 and the combined restored reach.
Of all the rivers, for which metabolism has been reported,
the channelized river Thur (Uehlinger, 2006) is closest to the
Ruhr regarding size, sediment, and region. Interestingly, av-
erage GPP and ER reported for the Thur were similar to those
of the channelized sampling station D. Thus, relatively low
GPP and ER in hydromorphologically altered rivers com-
pared to natural ones may be common. However, there is a
tremendous variability in ecosystem metabolism among nat-
ural river reaches in the literature (see Sects. S4, S5). Con-
sidering the limited knowledge about natural geographical
gradients in river metabolism, it was not possible to assess
whether values obtained for restored reaches indicate natural
conditions in a broader geographic context. In future analy-
ses of restoration effects on fluvial metabolism, local refer-
ence conditions should therefore be assessed whenever pos-
sible.

Our experimental reaches reflected typical spatial scales
on which restoration measures are implemented. However,
individually, these reaches were too short to feasibly use
the two-station diel DO change method (see Sect. 2.5). Ac-
cordingly, we used the one-station approach to assess reach-
scale restoration effects on ecosystem metabolism of longer
river sections (> 10km). Following methods in Demars et
al. (2015), we evaluated to what extent these metabolism es-
timates reflected the restored river sections. Measurements
at sampling station R1 and R2 had only 16 and 24 % in-
fluence, respectively, from the restored experimental reaches
directly upstream. However, station R2 had 35 % influence
from the combined reaches R1 4+ R2, and thus 65 % from
upstream degraded river sections. Despite this mismatch be-
tween lengths of river reaches evaluated and reaches exclu-
sively affected by restoration, we found significant effects of
reach-scale restoration on whole-river metabolism. Interest-
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ingly, our study therefore also shows that high restoration ef-
fort in short river reaches (1 to 2 km) had considerable effects
on total whole-river metabolic rates of river stretches exceed-
ing the length of the actually restored reaches (> 10 km), and
that the one-station method may therefore be an interesting
option to qualitatively assess restoration effects in field situ-
ations, in which the two-station method is not feasible.

To quantitatively support these qualitative findings, we
estimated metabolism of the combined restored reaches
R1+R2, which were long enough to permit the applica-
tion of the two-station method. The obtained metabolic rates
should be directly comparable to metabolic rates of the up-
stream, degraded river (measured at station D with the one-
station method) as results obtained with the one-station and
the two-station methods often agree remarkably well (e.g.,
Bernot et al., 2010; Beaulieu et al., 2013). The total restored
reach (R1 4 R2) showed higher GPP, ER, NEP, and GPP : ER
than the upstream degraded river. Thus, these results support
the findings derived from the one-station method, indicating
an increase in the river’s metabolism and metabolic balance
associated with restoration.

Thus, the restoration of short river reaches may have pos-
itive effects on downstream river sections regarding diel DO
variability and carbon spiraling. High rates of metabolism
and the occurrence of dense macrophyte stands in restored
river reaches may also increase the assimilation of dissolved
nutrients (Fellows et al., 2006; Giicker et al., 2006) and the
sedimentation of particulate nutrients (Schulz and Giicker,
2005), thereby positively affecting water quality.

4.3 Recommendations for restoration monitoring

For most regions and river types, data are missing that
could be used to establish limits of good, moderate, or poor
river conditions. However, based on data from mainly small
streams, Young et al. (2008) proposed a useful framework
to assess functional stream health using GPP, ER, NEP,
and GPP:ER. Consequently, metabolic rates for different
river types should be surveyed to allow the incorporation
of ecosystem metabolism of mid-sized and large rivers as a
functional indicator in this framework. Our study stresses the
benefits of metabolism as a functional indicator complement-
ing the monitoring of restoration projects (compare Young
et al., 2008; Bunn et al., 2010): Temporally high-resolution
and automated monitoring that integrates biotic and abiotic
variables over time and across habitats may increase our
understanding of the effects of river restoration and might
help identifying initial changes after restoration. Incorporat-
ing functional indicators into monitoring programs may en-
able a more holistic assessment of river ecosystems and elu-
cidate responses to restoration (and also impairment), which
may be related to ecosystem structure and function.
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