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Abstract: The two-stage ditch is a river restoration technique that aims at improving the sediment
regime and lateral channel connectivity by recreating a small floodplain alongside a stream reach.
This study aimed to analyze the efficiency of a two-stage ditch in improving the stream sediment
structure and functions under different hydrological conditions (baseflow, post-bankfull, post-flood).
Stream sediments were collected in channel sections adjacent to the two-stage ditch, adjacent to a
natural floodplain along channelized reaches without inundation areas. Grain sizes, organic matter
content and phosphorous (P) fractions were analyzed along with functional parameters (benthic
respiration rate and P adsorption capacity, EPC0). The reach at the two-stage ditch showed no
changes in sediment texture and stocks, while the floodplain reach showed higher fines and organic
matter content under all hydrological conditions. The sediments in degraded reaches were more
likely to be P sources, while they were more in equilibrium with the water column next to the natural
floodplains and the two-stage ditch. Only functional parameters allowed for assessing the restoration
effects on improving the sediment stability and functionality. Due to its sensitivity, the use of P
adsorption capacity is recommended in future studies aiming at evaluating the response of river
sediments to restoration measures under different hydrological conditions.

Keywords: monitoring river restoration; benthic processes; ecosystem functional parameters; benthic
respiration rate; fine bed material deposits

1. Introduction

River restoration is a widespread strategy to mitigate the negative impacts of human
alterations on freshwater ecosystems [1,2] by improving disrupted hydrologic, geomorphic,
and ecological processes in degraded reaches [3–5]. The monitoring of river restoration
supports the evaluation of restoration effectiveness and allows for more efficient planning
in the future [3]. A common approach to assess restoration effectiveness is to measure the
spatiotemporal variation of physico-chemical, hydromorphological, and biological param-
eters [6,7]. Such structural parameters provide insights into the structure of the studied
ecosystem [8] but do not inform on the recovery of ecosystem functions and processes [9],
showing a poor alignment with the overall aims of river restorations. Parameters measur-
ing ecosystem functions (i.e., functional parameters) can inform on the integrity and health
of the ecosystem, complementing structural parameters [8], and providing additional
information on the trajectory of the recovery. For instance, primary production, ecosystem
respiration, and phosphorous adsorption are recognized as sensitive indicators to multiple
pressures, including land use, water quality, and local hydrodynamics [10–12]. Functional
indicators facilitate better insight into aquatic ecosystems’ viability and functionality than
structural indicators [13], thus being good candidates for informing on post-restoration
ecosystem changes [5].
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Excessive sediment input from the catchment and a disrupted sediment cycle are
two major pressures river systems face worldwide [14]. Land use and climate change
can trigger excessive soil erosion [15], cascading into accumulations of fine bed material
deposits (FBMDs), i.e., sediments that are transported and deposited selectively [16].
Excessive FBMDs can drastically alter the river morphology by reducing the heterogeneity
of mesohabitat structures (pool-riffle, plain bed [17]). The fine particles can clog the
hyporheic zone matrix composed of coarser substrates, lead to accumulations of toxic
substances [18–20], and impair fish spawning [21]. When FBMDs are mobilized, the
collisions among the grains lead to reduced macroinvertebrate abundances [22–25] and
impaired biofilm functionalities [11]. Minimizing FBMDs is challenging, as they are
controlled by multiple catchment-scale factors (e.g., soil erosion) and reach scale factors
(e.g., reach transport capacity [26]).

Diffuse pressures such as soil erosion and the resulting FBMDs are difficult to control
with high-maintenance technical solutions [14]. During the past years, small-scale nature-
based solutions have thus moved increasingly into the focus of river managers as tools to
restore stream functions in anthropic landscapes [14]. Two-stage ditches are examples of
small-scale nature-based solutions recreating narrow floodplains alongside straightened
stream channels in spatially restricted areas [27]. These ditches are created by lowering the
terrain immediately adjacent to the channel to facilitate flooding of parts of former riparian
areas. The overall aim is to restore the connectivity of the stream with the surrounding land,
mimicking processes occurring at larger scales in river-wetland corridors [28–32]. However,
while river-wetland corridors can have a width of several kilometers and occupy lengths
of up to hundreds of kilometers [28], the two-stage ditch is generally employed in already
modified reaches, with lengths limited to a few hundreds or thousands of meters [33,34]
and a small upstream catchment. The constructed floodplain improves the bank stability
by increasing the wetted channel width, slowing water velocity, and decreasing shear stress
during floodplain inundation [35]. Two-stage ditches may enhance sedimentation and
nutrients retention [27,34,36], and increase substrate stability [34]. Thus, two-stage ditches
are increasingly considered viable options to restore mountainous streams suffering from
altered sediment cycles and river bed aggradation due to FBMDs [17,37,38]. However,
the local effects of two-stage ditches on sediment structure and related functions are not
always clear. For instance, the effects of different hydrological conditions (i.e., baseflow,
bankfull, flood) on streambed structures and functions may obscure both positive and
negative restoration effects [34,36].

Our study aimed to analyze the efficiency of a two-stage ditch in improving the sedi-
ment structure and functions at the local scale and under different hydrological conditions.
We investigated a channelized reach of an agricultural/forested river, heavily impacted
by FBMDs and featuring a one-kilometer-long two-stage ditch. A meandering stream
section approximately 1 km downstream of the two-stage ditch featuring remnants of a
small floodplain enabled us to compare the effects of the constructed ditch with those of a
small semi-natural floodplain. We conducted field monitoring under different hydrological
conditions to investigate the changes of both structural and functional parameters, aiming
to identify the parameters that can show these changes best. We used sediment texture,
organic matter, and phosphorus (P) content of the sediments as structural parameters
indicating changes in sediment conditions. As functional parameters, we selected the P
adsorption capacity and benthic respiration as they are both closely linked to sediment
structure and stability. The P adsorption capacity, expressed as zero equilibrium P con-
centration (EPC0), informs about the potential of sediments being a P source or sink for
the stream ecosystem [37–39]. The benthic respiration rate measures the net sediment
metabolism due to oxygen consumption by biofilms, thus partly reflecting, among others,
sediment mechanical stability [40,41]. Both parameters are sensitive to multiple local,
reach, and catchment factors [11,42] and flow conditions [37,43] and may also provide
information on past environmental conditions [44].
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For the study, we defined an improvement of stream conditions as a lower fraction of
fine sediments, lower P contents, and a higher sediment P adsorption capacity (i.e., a lower
likelihood for sediments to act as a P source or a sink) in the channel beside or immediately
downstream of the ditch/floodplain than in the stream sections above. We also considered
higher benthic respiration rates as an improvement given the linkage with sediment
mechanical stability. Based on the existing knowledge on the functioning of the two-stage
ditch, we hypothesized the studied system to behave as follows:

• Channel sections adjacent to the two-stage ditch and the natural floodplains will show
improved sediment conditions compared to channelized sections by having larger
grain sizes and lower P contents;

• Benthic respiration rates will be higher in the channel sections adjacent to the two-stage
ditch and the natural floodplains than in the channels without riparian zones;

• EPC0 will be lower in the channel adjacent to the two-stage ditch and the natural
floodplain than in the channelized sections.

• Functional parameters will respond stronger to flow conditions in sites located in
channelized sections than structural parameters.

2. Materials and Methods
2.1. The Maltsch River

The Maltsch river is located on the southern edge of the Elbe catchment and consti-
tutes the border between Austria and the Czech Republic (Figure 1). The river originates
in the Bohemian Massif, with granite and gneiss bedrock [45]. The catchment land use is
mixed, with pastures and forestry as dominating land uses [46]. Rivers in the Bohemian
Massif have a mainly “plane bed” morphology with cobbles and sands as dominating
substrates [23], while steep sections are classified as “cascade type” with a boulder sub-
strate [17]. Many sections of the Maltsch river were modified and channelized in the past,
but some semi-natural meandering sections still exist. Due to soil erosion, increased FBMDs
(modal diameter: 1–10 mm) are transported in the stream and therein accumulate [17,47].
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FL Flood 10.07.2018 4.2 

* calculated as the mean of the discharge occurring between 4 July 2018 and 4 September 2018 ** 
calculated as the mean of the discharge occurring between 16 July 2019 and 16 September 2019. 

  

Figure 1. Study site overview (left), including the drawing of three representative cross sections (right). The blue arrow
shows the direction of the flow; the numbers indicate the sampling sites. The channelized cross section is representative of
the pre-restoration status.

To protect the settlement of Leopoldschlag from floods, a two-stage ditch was built
between January and June 2014 by lowering the right banks of the Maltsch river. The
constructed two-stage ditch has a length of 1000 m and a width of approximately 35 m
(Figure 1). The Maltsch river has an artificially straightened stream course at this stretch.
Eight hundred meters downstream of the two-stage ditch, a short meandering stream
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section exists with a small natural floodplain (approx. length 1 km, width 20 m). While
regularly cut grasses and herbs vegetate the ditch′s homogeneous terrain, the semi-natural
floodplain features a heterogeneous terrain vegetated with shrubs and trees. The Maltsch
river at Leopoldschlag has an upstream area of 95 km2 and a mean elevation of 620 m
a.m.s.l. [48]. The modal discharge is 0.74 m3/s, the low flow discharge (10th percentile) is
0.38 m3/s, and the high flow discharge (90th percentile) is 2 m3/s (hourly data from the
Leopoldschlag gauging station 1991–2016 [48]).

2.2. Field Sampling

Samples were collected in spring/summer 2018 and 2019 after the stream experi-
enced different hydrological conditions (Table 1, Figure 2). Samples were collected after
two bankfull events (i.e., discharge comparable with the 90th percentile of the annual
discharge [49]), two baseflow events (i.e., average discharge in a two month time window
before the sampling occurred resembled the 10th percentile of the annual discharge), and a
small flood (1.2 years return period calculated with a generalized exponential probability
density function based on 1980–2015 yearly extremes data [48]). Annual flow percentiles to
characterize high and low flows were obtained from the 1980–2015 daily discharge time
series [48].

Table 1. Description of the hydrological events. BK = bankfull, BF = baseflow, FL = flood. Refer to
table 3 for the full description of the sampling events.

Event Type Sampling Date Discharge (m3 s−1)

BF1 Baseflow 04.09.2018 0.38 *
BF2 Baseflow 16.09.2019 0.45 **
BK1 Bankfull 06.06.2018 2.50
BK2 Bankfull 12.06.2019 3.30
FL Flood 10.07.2018 4.2

* calculated as the mean of the discharge occurring between 4 July 2018 and 4 September 2018 ** calculated as the
mean of the discharge occurring between 16 July 2019 and 16 September 2019.
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5 4 713 n Straight, fixed banks 
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ured in-situ with an HQ40d portable meter (Hach Lange, Düsseldorf, Germany). Water 
samples were collected for each sampling site. Sediments and water samples were stored 
in the fridge at 4 °C. All the chemical analyses were performed within the next 48 hours. 

  

Figure 2. Discharge recorded by the gauging station in Leopoldschlag for the period the sampling was conducted. The
dotted vertical lines indicate the day samples were collected. BK = bankfull, BF = baseflow, FL = flood. The horizontal
bands indicate the interquartile range of the yearly flow percentiles for low (10th), medium (50th), and high (90th) flow,
calculated for the years 1991–2016.
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Sediment samples were collected at seven sites (Table 2) following an approach similar
to Mahl et al. [33]. The sites were distributed along a 5 km long section and represent all the
different stream morphologies observed in the Maltsch river in the proximity of the village
Leopoldschlag (Figure S1). Sites 1 and 2 were located upstream of the two-stage ditch in
the channelized sections without riparian areas (Table 2, Figure 1). Sites 3 and 4 were at
the upstream and middle part of the channelized section with the two-stage ditch. Site 5
was located at the channelized reach between the two-stage ditch and the semi-natural
floodplain section. Between sites 4 and 5, a small tributary joined the river. Site 6 was
upstream of the naturally meandering section surrounded by a semi-natural floodplain,
and site 7 was downstream of the floodplain. There, the channel was still meandering but
incised, without riparian areas. For each site, five samples were collected by shoveling the
upper sediment layer (2 cm).

Table 2. Description of the sampling sites. Refer to Figure 1 for the geographic position of the
sampling sites.

Site Width (m)
Distance from the
Closest Upstream

Point (m)

Riparian
Vegetation (y/n) Channel Type

1 5 - y Straight, fixed banks
2 5 312 y Straight, fixed banks
3 5 148 y Straight, fixed banks
4 5 226 y Straight, fixed banks
5 4 713 n Straight, fixed banks

6 8 849 y Meandering,
floodplain

7 4 1173 n Meandering, incised

For each site, dissolved oxygen, water temperature, pH, and conductivity were mea-
sured in-situ with an HQ40d portable meter (Hach Lange, Düsseldorf, Germany). Water
samples were collected for each sampling site. Sediments and water samples were stored
in the fridge at 4 ◦C. All the chemical analyses were performed within the next 48 hours.

2.3. Lab Analyses

Sediment samples were dried at 75 ◦C for dry weight (DW) determination. All
results are reported as normalized per gram sediment DW. Grain size distributions were
determined according to the standard ÖNORM B 4412. Dry sediments were sieved with
mesh sizes of 20, 6.3, 2, 1, 0.5, and 0.125 mm. The 14th, 50th, and 84th quantile of the
empirical grain size distribution were extrapolated as representative grain size (respectively:
d14, d50, and d84). Additionally, the specific surface of a unit mass of sediments (namely Ss;
units: cm2 gDW

−1) was calculated as:

Ss = 6000 ∑f rf df
−1 ρs

−1 (1)

where rf is the ratio of the weight retained by the sieve with mesh size f to the total sample
weight, df is the mesh size (mm), and ρs is the density of the grains, assumed equal to
2.75 g cm−3. The organic matter (OM) content was estimated via the ash-free dry weight of
the sediments after combustion at 450 ◦C for 4 h on the fractions coarser than 1 mm (coarse
organic matter, OMc) and smaller than 1 mm (fine organic matter, OMf).

Soluble reactive P (SRP) and inorganic P (Pinorg) were extracted from the sediments
via ultra pure water and 1 M HCl, respectively [50]. Total phosphorus (Ptot) in sediments
was determined via combustion at 450 ◦C in a muffle furnace and digestion with H2SO4 in
the microwave (CEM MarsXpress; [51] ).

Phosphorus adsorption characteristics were studied via five-point batch equilibrium
experiments [39]. Ten grams of fresh sediments were incubated in 50 mL nutrient-poor
untreated well water enriched with KH2PO4 (4, 10, 40, 150, 300 µg P L−1). The well water
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was chosen as it presents the ionic composition of surface waters in the study region but
shows a much more stable chemical composition over time than stream water [52,53]. The
sediment samples were gently shaken at 20 ◦C in the dark for 24 h. After the incubation,
the extract was centrifuged for 15 min at 3000 rpm, and the supernatant was analyzed for
SRP concentrations with a continuous flow analyzer (CFA, Systema Analytical Technology).
The amounts of adsorbed or desorbed SRP per gram of sediment was calculated via a
mass balance:

Psorb = (SRPi - SRPf) V/w (2)

where SRPi and SRPf are the initial and final concentrations of SRP in the water, V is the
volume of the solution (50 ml), and w is the dry weight of the sediment (gDW). Psorb was
plotted against SRPf and fitted with a linear isotherm because of the small initial SRP range.
The equilibrium phosphorous concentration (EPC0), i.e., the SRP concentration in the water
column for which no net adsorption or desorption occurs, was calculated as the intersect at
zero SRP concentration change of the adsorption curve [39,54].

The respiration rates of the sediments were determined optically via the oxygen
consumption in the water above sediments [55]. First, oxygen-sensitive optical sensor spots
were attached to the inner wall of 200 mL air-tight beakers with silicone glue. The beakers
were filled with 10–20 g of fresh sediments and successively filled with in-situ collected
water. Reference beakers filled only with water were prepared as well. The beakers were
gently shaken and incubated in the dark at 20 ◦C. The variation of dissolved oxygen
concentration in the water was measured with a Fibox 3 optode system (PreSens GmbH,
Regensburg, Germany), calibrated with a two-point calibration before the experiment. The
temporal development of dissolved oxygen concentration was monitored by repeating
the measurements at defined time intervals (1, 2, 3, 4, 5, 6, 12, 18, and 24 hours after the
beginning of the incubation). Since the system is closed, the respiration rate of sediment
was determined for each beaker with a mass balance approach:

RRsed = (RRbeaker - RRw mw)/ms (3)

where RRsed is the respiration rate of the sediment (µg O2 gDW
−1 h−1), RRbeaker is the

respiration rate measured in the beaker (µg O2 h−1), RRw is the respiration rate of the
water alone (µg O2 gwater

−1 h−1), mw is the mass of water contained in the beaker (g), and
ms is the mass of sediment contained in the beaker (gDW). Negative sediment respiration
rates were set to zero. To compare the respiration rate with literature values, units were
converted to g O2 m2 d−1 assuming a sediment density of 1.3 g cm3, and an active sediment
depth of 5 cm.

2.4. Data Analysis

A principal component analysis (PCA) was used to inspect the clustering of physical
and chemical parameters visually. The data were log-transformed before the PCA to limit
the leverage of excessive skewness.

The sensitivity of the measured parameters to the hydrological conditions was as-
sessed by testing the effect of the hydrological conditions on the response variable for each
sampling site with multiple analysis of variance (ANOVA) tests, after checking that the
assumptions of normal distribution (Shapiro–Wilk test), equal sample size, and homogene-
ity of variance (Bartlett test) were met. Tukey′s HSD post-hoc test was used to identify
the significantly different groups. For the response variables that are not affected by the
hydrological event, data were pooled by sampling site, and the difference in the means
across sampling sites was assessed with ANOVAs on the pooled data. All the statistical
analyses were carried out with the statistical software R v4.0.2 [56].
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3. Results
3.1. Background Water Quality

The water quality showed slight variation across sites during each sampling event
(Table 3). Overall, the stream was characterized by average dissolved oxygen concen-
trations of about 9 mg O2 L−1, relatively low water temperature (range: 13.3–17.9 ◦C),
and low electrical conductivity values (90–130 µS cm−1). The SRP concentrations were
lowest in the post-flood sampling (22–26 µg P L−1) and highest in the baseflow sam-
pling (33–86 µg P L−1). Ptot ranged between 34 and 82 µg P L−1, independent of the
hydrological event.

Table 3. Water quality values at the sampling dates. Numbers represent the variation range (min/max, n = 4). Refer to
Table 1 for the description of the events.

Event SRP (µg P L−1) TP (µg P L−1) DO (mg O2 L−1) T (◦C) Cond (µS cm−1) pH

BF1 33/51 47/67 8.81/9.38 14.5/15.2 89.6/109.9 6.2/7.3
BF2 34/86 n.a. 9.33/9.85 13.3/14.2 104.7/129.4 6.5/6.9
BK1 27/38 61/82 n.a. n.a. n.a. n.a.
BK2 26/32 n.a. 8.7/9.11 16.5/17.9 104.7/129.4 7.0/7.5
FL 22/26 33/75 8.72/9.78 15.2/16.4 102.9/124.6 6.6/7.3

3.2. Effect of the Site on the Structural Parameters

The first two PCA axes (PC1 and PC2) explained 66.8% of the multivariate variance
(Figure 3a). The specific surface and the organic matter had the highest loadings on PC1
(49.9% of the multivariate variance), while the SRP and the d50 had the highest loadings on
PC2 (17.0%). A general pattern towards clustering of sites could be detected (Figure 3b),
with sites in the channelized upstream section (sites 1 and 2) and sites in the two-stage
ditch channel (sites 3 and 4) having close centroids. The centroids of sites 6 and 7 within
and downstream of the natural floodplain are separated due to the higher fraction of
organic matter and higher specific sediment surfaces (i.e., higher share of fine fractions).
No distinctions of the centroids were observed when the data were grouped according to
the hydrological event (Figure 3c).

The univariate analysis of the structural parameters confirmed the pattern detected
by the PCA (Table 4). As most of the stocks were not affected by hydrology (Section 3.5),
the quantities were pooled by the sampling site. The fines fraction (d14) was significantly
lower for the channel adjacent to the natural floodplain (0.30 ± 0.17 mm; mean ± standard
deviation), and did not show significant differences between the two-stage ditch and the
channel (e.g., 0.52 ± 0.20 mm for point 1). A lack of pattern was detected for both d50 and
d84, Pinorg and Ptot. The highest d50 was measured in sampling site 5 (2.60 ± 0.99 mm). Al-
though affected by hydrology (Figure S1), SRP in the sediments showed consistently higher
values for sampling sites 6 and 7 (1.26 ± 0.55 µg P gDW

−1 for site 6) than for the other sites
(0.56 ± 0.18 µg P gDW

−1 for site 1). The organic matter content was constant for sites 1 –5
(0.74± 0.48 mg gDW

−1 for site 1) and significantly higher for site 6 (2.52 ± 2.01 mg gDW
−1),

and with intermediate values for site 7. The fine organic matter content followed the
same pattern.
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Table 4. Characteristics of the sampling sites. Means (standard deviation) of the quantities that are not affected by hydrology
are reported (n = 25). Letters in the superscript represent the result of the Tukey′s post-hoc test. Refer to table S1 for the
full ANOVA results. Note: SRP does not show the post-hoc test results because it was not aggregated per sampling site
for further analyses. Note: d14, d50, d84 = representative grain sizes, OMf = fine organic matter, OM = organic matter,
SRP = Soluble Reactive Phosphorous, Pinorg = inorganic phosphorous, Ptot = Total Phosphorous. Refer to Section 2.3 for the
explanation of the superscripts.

Site ID d14 (mm) d50 (mm) d84 (mm) OMf (mg
gDW−1) OM (mg gDW−1) SRP (µg P

gDW−1)
Pinorg (µg P

gDW−1)
Ptot (µg P

gDW−1)

1 0.52 (0.20) a 1.31 (0.68) a 3.68 (2.03) b 0.90 (0.50) a 0.74 (0.48) ab 0.56 (0.18) 227 (67) a 401 (145) a

2 0.55 (0.19) a 1.27 (0.52) a 4.45 (2.49) ab 0.91 (0.42) a 0.94 (1.0) ab 0.57 (0.27) 244 (73) abc 411 (152) ab

3 0.62 (0.26) ab 2.10 (1.16) bc 7.26 (4.15) a 1.80 (1.00) bc 0.92 (0.42) ab 0.60 (0.22) 230 (60) a 398 (161) a

4 0.60 (0.20) ab 1.67 (0.89) ab 7.51 (5.86) a 0.90 (0.34) a 0.81 (0.46) ab 0.70 (0.71) 263 (91) abc 466 (170) ab

5 0.78 (0.21) b 2.60 (0.99) c 7.20 (2.86) a 1.04 (0.54) ab 0.68 (0.31) a 0.88 (044) 241 (69) ab 436 (226) ab

6 0.30 (0.17) c 1.09 (0.70) a 3.34 (2.81) b 4.02 (2.00) d 2.52 (2.01) c 1.26 (0.55) 314 (90) c 570 (242) b

7 0.50 (0.29) a 2.16 (1.19) bc 5.59 (2.67) ab 2.34 (1.29) c 1.63 (1.60) b 1.28 (0.44) 302 (122) bc 544 (215) ab
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3.3. Effect of the Site on Respiration Rate

Respiration rate showed little variability (IQR = 0.64–1.68 µg O2 gDW
−1 h−1, cor-

responding to 1.00–2.62 g O2 m2 d−1). Also, the respiration rate was not affected by
hydrology (Section 3.5). Thus data were pooled by site. The Tukey′s HSD test showed
no significant differences in respiration rates between points 1–5 within the straightened
channel course (1.05 ± 0.69 µg O2 gDW

−1 h−1 for site 1; Figure 4; S2). Site 6 (meandering
section within natural floodplain) showed a respiration rate (2.71 ± 1.90 µg O2 gDW

−1 h−1)
significantly higher than all the upstream points, while the most downstream point had
intermediate rates. A linear regression model showed that the sediment organic matter
content could explain 35.2% of the benthic respiration rate variance (as computed by
R2). Additional terms, including the sampling site and the hydrological event, were not
significant (ANOVA, F(134, 168) = 0.98, p = 0.55).
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3.4. Effect of the Site on EPC0

On the contrary, EPC0 was affected by hydrological conditions at sites 1, 2, 5, and 7
(Figure 5). For the sites located in channelized sections, the highest EPC0 values were mea-
sured in the post-flood sampling, respectively 93 ± 16 µg P L−1 for site 1, 67 ± 5 µg P L−1

for site 2, and 87 ± 27 µg P L−1 for site 5. For sites located in the channel adjacent to the
two-stage ditch, EPC0 was below 50 µg P L−1 for point 3, and 75 µg P L−1 for point 4
and was not significantly influenced by the hydrological event. At site 6, EPC0 ranged
from 13 to 86 µg P L−1, showing no hydrological influence. At site 7, EPC0 showed a
significantly decreasing trend from baseflow to post-bankfull and post-flood samplings.
Overall, sediments were either in equilibrium or acted as an SRP source for the water
column. Sites located in channelized reaches without riparian areas were more likely to be
a source, while sites located next to the floodplain were more likely to be in equilibrium.
Sites adjacent to the two-stage ditch showed both conditions.
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Figure 5. Boxplots represent the variability of EPC0 across sampling sites and hydrological events (n = 5). The seven panels
correspond to the seven sampling sites. The letters above the boxplot represent the clusters identified in the post-hoc test.
Red symbols represent the SRP values measured in the water column during the field sampling. The shape of the symbol
was obtained from a one-way t-test and showed when sediments are acting as a source of SRP (upwards triangle), as a sink
(downwards triangle), or are in equilibrium with the water column (circle). Note: BF = baseflow, BK = bankfull, FL = flood.
Refer to Table 1 and Figure 2 for the description of the events.

3.5. Effect of Hydrology on Stocks and Processes

Analyzed stocks and processes showed different sensitivity to the hydrological condition
(the detailed results of the statistical analyses are reported in Table S1). Among the grain
size parameters, only the coarse fraction (d84, interquartile range IQR = 3.01–6.15 mm) showed
significant hydrological impacts at most sites (for sites 2, 3, 4, 5, and 7; p < 0.05). The median
grain size (d50, IQR = 0.96–2.24 mm) and the specific surface (Ss, IQR = 0.11–0.20 m2 gDW

−1)
were only affected at sites 2 and 5 (p < 0.05), while the fine fraction (d14, interquartile range,
IQR = 0.37–0.70 mm) did not show any significant effects of the hydrological condition (p > 0.05
for all sites). Similarly, neither organic matter content (OM, IQR = 0.58–1.21 mg gDW

−1) and its
fractions (OMf, IQR = 0.76–2.04 mg gDW

−1; OMc, IQR = 0.48–0.73 mg gDW
−1) nor Pinorg

(IQR = 208.9–295.4 µg P gDW
−1) and Ptot (IQR = 311.5–580.8 µg P gDW

−1) were strongly
affected by hydrology (p > 0.05 for most sites; Table S1). SRP concentrations in the sediments
(IQR = 0.51–1.09 µg P gDW

−1) showed hydrological impacts at the sites 1, 2, 3, 5, and
7, whereby the SRP values were significantly lower during BK2 than during the other
sampling dates (p < 0.05; Table S1, Figure S1). Likewise, EPC0 (IQR = 36.4–67.1 µg P L−1)
was affected by hydrology at sites 1, 2, 5, and 7 (p < 0.05; Table S1). While EPC0 was
highest at sites 1, 2, 4, and 5 during the flood, the opposite pattern could be observed at
site 7 (Figure 5). Benthic respiration rates (IQR = 0.64–1.68 mg O2 gDW

−1 h−1) were mostly
not affected by hydrology, with the only exception of site 5 (p < 0.05; Table S1). Overall,
sites 2 (upstream of the ditch), 3 (upper end of ditch), and 5 (channel between ditch and
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floodplain) were mostly affected by hydrology, while sites 6 (within floodplain) and 4
(middle part of ditch) were not or hardly affected.

4. Discussion
4.1. Effects of the Two-Stage Ditch and the Floodplain on Structural Parameters

Contrary to our assumptions, neither sediment texture nor the sediments’ OM or
P stocks differed significantly between the channel within the two-stage ditch and the
sampling sites up- and downstream of the ditch. Only the meandering reach at the
natural floodplain showed significant differences to the other sampling sites by featuring
smaller grain sizes and higher OM and SRP concentrations in the sediments, contrary to
our expectation of improved sediment conditions. Thus, we assume the local channel
morphology to be more important than the riparian areas’ morphology and vegetation.
Meandering sections are characterized by reduced stream power and thus accumulations
of fine sediments and OM. On the contrary, fines and OM are mainly washed out in
channelized sections. In this regard, the two-stage ditch keeps the flow constrained in the
channel with a low wetted perimeter until bankfull discharge is reached, thus resembling
more a channelized section [57]. Here, high-energy instream hydraulic conditions may
mask the effects of reduced lateral inputs and increased sedimentation on floodplains.

The limited effects of both the sampling sites and hydrological events on sediment
characteristics can also be explained by coarse sand being the dominant substrate type of
the Maltsch river. This grain size class has the lowest critical velocity for incipient motion
compared to coarser and finer materials [58], and substrate instability can also occur during
low flows [17,47]. However, mobilized sediments are locally replaced by either freshly
eroded sediment or sediment located in the upstream channel [47]. Thus, the FBMDs show
both high stability and high sediment turnover. Their occurrence is determined by local
hydrodynamic equilibrium conditions. To effectively halt FBMDs, actions in the catchments
can be more effective than the two-stage ditch. For instance, sediment retention ponds
can be located strategically in areas subjected to high soil erosion to trap sediments [59].
Alternatively, vegetated filter strips can be located on the river banks to prevent sediments
carried by overland flows from being transported in the stream [60].

Consistent with sediment texture, inorganic P and total P did not differ significantly
among sites and events, indicating high sediment turnover in the study area coupled with
a relatively homogeneous sediment source [47]. On the contrary, SRP concentrations in
the sediments were affected by hydrology. SRP represents the most labile P fraction in the
sediments contained in the pore water or loosely attached to particles. Sedimentary SRP
tends to equilibrate with stream water SRP during periods of low biological activity and is
an important P source for sediment biofilms during high biological activity [44,61]. Thus,
SRP concentrations in the sediments may change independently of sediment turnover and
dependently on hydrology [62], making it a non-ideal parameter for monitoring restoration
effects on sediment texture.

The limited effects of hydrology and site on the structural parameters can also be
explained with the limited spatial extent covered by the two-stage ditch. Implementing this
restoration technique over longer channel reaches can result in higher sediment trapping
during high flows [34], and improved channel transport capacity over low flows [57].
Hydrological models can significantly support the planning process at the catchment
scale, especially when the information gained in the field monitoring is used to inform the
models [60,63].

4.2. Effects of the Two-Stage Ditch and the Floodplain on Sediment Processes

Benthic respiration has been used in stream health monitoring because of its sensitivity
to catchment disturbances (such as nutrient and organic matter loads) and site-specific
parameters such as sediment texture and organic matter content [11,64,65]. At the reach
scale, the sediment stability affects the respiration rate by disrupting the biofilms [41]. The
measured values were in line with reported literature values of 1–5 g O2 m2 d−1 typical of



Water 2021, 13, 2046 12 of 16

first- to third-order streams [64]. However, similar to the sediment characteristics, only the
meandering channel within the natural floodplain differed significantly from the other sites
due to higher benthic respiration rates, corresponding to our expectations. The increased
benthic respiration could be explained by the smaller grain sizes and the higher organic
matter content at this site, offering aquatic microbes a larger area for colonization and more
carbon resources [65,66]. The lack of response to either the two-stage ditch restoration
or the hydrological event is probably due to the same two stream-specific factors as for
the sediment texture, i.e., sediment type and its mobility. Increased instream habitat
heterogeneity and increased lateral connectivity with floodplains are recognized to be
key drivers for an increased benthic respiration rate [67,68]. Restoration actions aiming at
mimicking the lateral connectivity and the habitat heterogeneity of the natural floodplains
could be helpful to this end.

The EPC0 is a common tool to assess P sorption interactions between sediments
and the water column in streams, as it estimates the phosphorus buffering capacity of
benthic sediments [44,69]. EPC0 is sensitive to hydrological events [37,44], fresh sediment
inputs [70,71], and excessive SRP loads due to point source and diffuse pollution [70].
Furthermore, EPC0 can incorporate information on past biogeochemical changes in the
stream network, affecting in-stream P cycling [44]. In our study, EPC0 showed clear site-
specific differences depending on the hydrological event. According to our expectations,
EPC0 showed a tendency to be lower at the sites within the two-stage ditch and the
natural floodplain than at the other sites in the post-flood period and (partly) during
baseflow. Furthermore, the sites within the two-stage ditch and the natural floodplain were
characterized by generally low EPC0 values independent of the hydrological events and
sediment texture, indicating that the sediments had a generally higher adsorption potential
at the other sites. The low EPC0 at these sites can be explained by protection from lateral
terrestrial inputs (for the two-stage ditch) and increased deposition of P-loaded sediments
from upstream reaches on the floodplain areas (for both the two-stage ditch and the natural
floodplain) during flooding [72,73]. In the post flood-sampling, EPC0 showed the highest
differences to water column SRP concentrations in the channelized sections, suggesting that
eroded soil from the catchment presents the main P source for the Maltsch river. Increased
EPC0 after rain events has also been observed in other studies [37,74]. Flood dynamics
can be related to heavy precipitation and the introduction of freshly eroded sediments
from P-rich sources or remobilization of formerly deposited P-rich sediments from the
stream bed [38]. The pre-event history can explain the variation in EPC0 among supposedly
similar hydrological events in our study. For instance, the baseflow and bankfull events
sampled in 2018 (BF1 and BK1) occurred after an extended period of low discharge. On the
contrary, the periods before the baseflow and bankfull events sampled in 2019 (BF2 and
BK2) were interrupted by several small to medium discharge peaks. Overall, EPC0 showed
to be sensitive to site-specific behavior to current and past hydrological conditions.

4.3. Responses of Structural and Functional Parameters to Restoration Measures

Contrary to our expectations, we did not observe that functional parameters re-
sponded stronger to the restoration measures than the structural parameter. Only EPC0
showed an improvement of sediment conditions in the sections adjacent to the two-stage
ditch and the floodplain. However, the monitoring of sediment structure and stocks was in
line with the observed high sediment mobility and turnover in this and similar surrounding
catchments. The proposed monitoring scheme combines structural and functional parame-
ters to provide complementary information on the system [8,12]. This study also shows that
preliminary information on the system is required to set up an efficient program for moni-
toring restoration measures. In our study area, monitoring sediment textural responses to
different flow conditions would not be an efficient strategy, given the sediments′ mobility.
Monitoring different hydrological conditions allowed for an in-depth understanding of
the functioning of the investigated system. In fact, we show how some of the monitored
processes depend on the recent hydrological history: a monitoring program involving
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occasional sampling regardless of the flow conditions would most likely fail in detecting
the flow-dependent trends in phosphorous adsorption capacity [44]. Our sampling scheme
could however be further improved. For instance, disentangling the longitudinal and
lateral connectivity patterns would allow for precise estimates of the retention potential
of the two-stage ditch and the natural floodplains [29]. Estimating the lateral connectivity
of the two-stage ditch would also allow for optimizing the design, e.g., by identifying the
optimal ditch elevation that maximizes the connectivity with the constrain of maximizing
the stream transport capacity [36].

The effects of the two-stage ditch were limited in space, as the reduced EPC0 dur-
ing flooding was not observed in the channelized reach downstream. On the contrary,
the effects of the natural floodplain were also detected in downstream sites. While river
restoration aims at restoring entire stream systems, measures are generally implemented in
few spatially restricted sections [75]. Land availability and other constraints (e.g., flood
protection) limit the selection of sections where restoration measures are implemented,
yielding sub-optimal spatial configurations [76]. The monitoring of restoration as done in
this study can support the restoration planning by determining the length of the down-
stream reach for which the impacts of restoration are still visible, supporting the definition
of a minimum density of actions that improve the entire river system [60].

5. Conclusions

In this paper, we measured the potential of a two-stage ditch in improving the sed-
iment conditions employing both functional and structural parameters under different
hydrologic conditions. Only the phosphorus adsorption capacity was affected by the
presence of a floodplain, whether artificial (two-stage ditch) or natural. The sediments
in the channelized reaches were more likely to be P sources, while they were more in
equilibrium with the water column next to the natural floodplains and the two-stage ditch.
Structural parameters and respiration only changed due to the diverse channel morphol-
ogy at the natural floodplain site, showing a higher fraction of fines and higher benthic
respiration rates. However, structural parameters helped explain the lack of sediment
improvement by the two-stage ditch. Thus, river restoration monitoring can significantly
benefit from both structural parameters framing the context and functional parameters
providing information about key ecosystem processes and services.

Functional parameters such as the EPC0 may respond fast to even small increases in the
discharge and may need longer to equilibrate than structural parameters. Of the two func-
tional parameters measured, the phosphorous adsorption capacity proved to be the most
sensitive parameter to assess sediment changes due to altered riparian zones and hydrology.
Thus, we recommend this parameter to be selected in future studies aiming to study the
response of river sediments to restoration under different hydrological conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13152046/s1, Figure S1: Photos of the sampling sites, Figure S2: Soluble reactive Phosphorous
grouped by sampling sites and hydrological event, Figure S3: Benthic respiration rate grouped by
sampling sites and hydrological event, Table S1: Full ANOVA table.
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