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A B S T R A C T   

Rivers provide dynamic habitats with ecological niches, particularly in their mobile sand, gravel, and cobble 
riverbed patches that create an active hyporheic zone. Natural or artificial deposition of fine sediment may clog 
the porous matrix of the hyporheic zone, impairing exchange processes between the subsurface and surface 
water. Clogging reduces the permeability of the sediment matrix, thus degrading the ecological functionality of 
the hyporheic zone. Once clogged, the ecological functions may be recovered through active stream restoration, 
which requires considerate site assessment. To this end, clogging is typically assessed by expert opinion of 
substrate characteristics including grain size characteristics, porosity, hydraulic conductivity, and interstitial 
oxygen content. To overcome limitations of expert assessment, such as subjectivity expressed in noisy decision- 
making, this study introduces a novel fuzzy-logic method based on physically sound rules. The method provides 
quantitative indicators for clogging and declogging to evaluate the effectiveness of stream restoration. We 
applied the fuzzy-logic method to test whether the placement of large wood, a common restoration practice, can 
locally prevent or reduce clogging. Two measurement series from before and after a morphologically effective 
flood suggested that large wood placements perpendicular to the flow generate elevated amounts of declogging. 
The tested logs caused a greater amount of declogging within their region of influence than observed at a 
reference point. The effect was stronger for a log emergent at baseflow. The declogging assessment showed that 
the novel fuzzy-logic indicators can reasonably overcome subjective judgment by accounting for multi-variate 
quantitative changes rather than individual parameter trends.   

1. Introduction 

Many restoration techniques exist for improving the ecological status 
of river environments, but the scientific basis of river restoration still 
requires substantial enrichment (Pasternack, 2020). Specifically, the 
implementation of restoration actions is a major challenge because of 
high system complexity and uncertain definitions of success (Allan and 
Castillo, 2007). Even in near-natural rivers, restoration efforts are per-
formed to address functional shortcomings, such as missing vertical 
connectivity between surface and subsurface flows in the hyporheic 
zone (the region where surface water and groundwater mix) (Boulton, 
2007). For instance, bedload transport discontinuity may cause a surplus 

of fine sediment, which infiltrates into the grain matrix of cobble-gravel- 
bed rivers (Cunningham et al., 1987; Einstein, 1968). This process, 
called riverbed clogging, siltation, colmation, or colmatation (Blaschke 
et al., 2003; Dubuis and De Cesare, 2023; Schälchli, 1992), occurs when 
fine sediment or organic matter congests the porous space of the sedi-
ment matrix of a primarily coarse riverbed (Battin and Sengschmitt, 
1999; Brunke and Gonser, 1997; Einstein, 1970; Wood and Armitage, 
1997). The resulting reduction in available pore space also involves 
reduced hydraulic conductivity of the riverbed (Blaschke et al., 2003; 
Lisle, 1989; Schaelchli, 1992). Although clogging may occur naturally in 
response to hydrological conditions, anthropogenic impacts have 
considerably intensified clogging (Wharton et al., 2017). The disruption 
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of vertical linkages caused by clogging also affects the chemo-physical 
habitat quality of river ecosystems. For example, the substrate consoli-
dation caused by clogging makes it difficult or impossible for gravel- 
spawning fish to dig redds for their eggs (Chapman, 1988; Moring, 
1982). In addition, clogging hinders the flow of oxygen-rich surface 
water into the riverbed, thus reducing the available amount of oxygen in 
the interstitial, which lowers both survival rates in the redds and species 
abundance of macroinvertebrates (Eriksen, 1968; Grygoruk et al., 2021; 
Harrod and Theurer, 2002; Jones et al., 2012; Wood and Armitage, 
1997). 

The first step in addressing clogging is its quantification. Approaches 
to assessing clogging in-situ involve, for instance, monitoring fine sedi-
ment infiltration with sediment traps or catch trays (Fletcher et al., 
1995; Franssen et al., 2014; Harper et al., 2017), grain size analysis 
(Gibson et al., 2009; Nagel et al., 2020; Petts et al., 1989), expert-based 
visual mapping of clogged surfaces (Schaelchli, 2002), oxygenation 
levels of the riverbed (Marmonier et al., 2004), or electrical resistivity 
tomography (Ulrich et al., 2015). In addition, tools like the Kolmameter 
(Zumbroich and Hahn, 2018) or Penetrometer (Mohammadi et al., 
2008) provide indirect measures of flow resistance and compactness of 
the riverbed. Also, quantitative, single-parameter methods have been 
proposed to estimate a degree of clogging (Datry et al., 2015). Beyond 
grain characteristics and oxygen saturation, the hydraulic conductivity 
of soils also is a crucial parameter for characterizing clogging (Descloux 
et al., 2010). The hydraulic conductivity can be approximated by means 
of tracer tests (Packman et al., 2004) or back-calculated from so-called 
slurp test (Seitz, 2020). While clogging is a function of physical, bio-
logical, and chemical factors (Sennatt et al., 2006), there is no stan-
dardized quantitative approach to assess clogging based on multiple 
parameters in spatial and temporal scales (Dubuis and De Cesare, 2023). 
Thus, a holistic quantification of clogging embraces multiple parame-
ters, which can be measured with the so-called Multi-Parameter 
Approach to assess Clogging (MultiPAC) (Negreiros et al., 2023a; Seitz, 
2020). This study builds on MultiPAC and explains the involved devices 
in detail to measure a set of five individual parameters, notably the fine 
sediment fraction, a ratio characterizing the width of the grain size 
distribution, porosity, hydraulic conductivity, and interstitial oxygen 
content. Each of the parameters provides information on clogging, but in 
some cases, individual parameters may yield conflicting conclusions 
regarding the state of clogging. For instance, a fine-sediment riverbed 
may still experience high oxygen saturation while the porosity is low. To 
harmonize measured trends in multiple parameters, we asked in this 
study: how can riverbed clogging be holistically and objectively assessed 
based on multiple physio-chemical substrate parameters? To answer this 
question, we developed a novel fuzzy-logic method that we used to test a 
hypothesis for effectively mitigating clogging through local restoration 
efforts. 

Restoration and habitat improvement efforts generally aim at 
counteracting anthropogenic habitat degradation, including clogging. 
However, river section-wide measures with a large spatial footprint, 
such as gravel augmentation (Bunte, 2004) or environmental flow re-
leases (Acreman et al., 2014), require years-long, complex, and multi-
disciplinary planning. In contrast, locally effective restoration actions at 
the scale of morphological units, that is, 1 to 10 times the channel width 
(Pasternack and Wyrick, 2017), can be easier implemented (Albert et al., 
2021). One option for restoration at the morphological-unit scale is the 
placement of locally sourced, large wood (LW), defined as logs with a 
diameter ≥ 0.10 m and a length ≥ 1 m (Keller and Swanson, 1979). LW 
placement or engineered logjams correspond to a nature-based solution 
(NBS) aiming to create heterogeneous flow conditions and local 
morphological structures (Grabowski et al., 2019; Wohl et al., 2015). At 
the tips of an LW placement, the flow velocity and bed shear stress are 
elevated. Similar to a bluff body, a wake region with reduced flow ve-
locity and elevated turbulence is created downstream of a LW placement 
(Schalko et al. 2021). This wake region can provide valuable habitat for 
fish species (Fausch, 1993; Roni et al., 2015; Schalko et al., 2021; Smith 

et al., 2014). For instance, LW was found to aid Pacific salmon in 
spawning their eggs (Senter and Pasternack, 2011) and provide habitat 
for juvenile coho salmon (Tullos and Walter, 2015). We hypothesized 
that LW placements can promote declogging, particularly at flood 
stages, due to an increase in hyporheic exchange (Doughty et al., 2020; 
Sawyer et al., 2011), governed by the elevated upstream water depth, 
and increased turbulence at the tips and in the wake. Therefore, we 
installed two logs with similar diameters at different riverbed depths in a 
near-natural fish pass, such that one was submerged and one emergent 
at baseflow depth. After the installation, we triggered an artificial, 
morphologically effective flood (Leopold and Wolman, 1957; Wolman 
and Leopold, 1957; Wolman and Miller, 1960). To test the hypothesis 
with the new fuzzy-logic method, parameters characterizing clogging 
were measured with MultiPAC before and after the artificial flood in the 
vicinity of the LW placements to calculate a newly developed indicator 
of a normalized degree of clogging and to test the relevance of LW 
placement as a tool for targeted river restoration to reduce clogging. 

2. Methods 

2.1. In-situ assessment of riverbed clogging with MultiPAC 

2.1.1. MultiPAC instrumentation 
MultiPAC embraces measurements of hydraulic conductivity, dis-

solved oxygen, and freeze core samples taken within a maximum dis-
tance of 0.5 m between two different types of standpipes (Fig. 1). Since a 
freeze core destroys the substrate, vertical profiles of hydraulic con-
ductivity and dissolved oxygen (VertiCO) are typically first sampled and 
then the freeze core is extracted (Negreiros et al., 2023a; Seitz, 2020). 

For a VertiCO measurement, at first, a hollow standpipe is pounded 
approx. 0.5 m into the ground (right standpipe in Fig. 1). The standpipe 
has 15 vertically aligned, point-like perforations (∅ of 10.5 mm) at 
vertical equidistances of 30 mm, which are each covered with a fine 
metal mesh. A so-called double packer is introduced into the standpipe 
to create a vertically movable chamber that serves to suck up soil water 
at the 15 perforations without creating underpressure. Thus, the dis-
solved oxygen (in mg/L) and suction rates (in mL/s) can be measured at 
15 points along the vertical riverbed axis. Thus, VertiCO measures the 
depth-explicit suction volume flow rate of a water–air mixture in the 

Fig. 1. The MultiPAC setup consisting of a freeze core standpipe (left) filled 
with liquid nitrogen, and the VertiCO standpipe (right) for suction rate and 
interstitial dissolved oxygen measurements (qualitative representation). 
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interstitial. Every measurement is repeated three times to increase the 
reliability of measurements. 

Freeze coring is currently the only available technique for taking 
near-lossless mixed fine and coarse sediment samples in flowing water. 
To extract a freeze core, another, closed (i.e., perforation-free) standpipe 
with a diameter of approx. 0.05 m is driven 0.3 m to 0.4 m into the 
ground (left standpipe in Fig. 1) and then filled with liquid nitrogen. 
After 10 to 15 min, the liquid nitrogen has frozen the substrate in a 
radius of 0.15 m to 0.2 m and the standpipe can be pulled out of the soil, 
including the frozen substrate. Once melted, the extracted substrate 
provides an almost lossless sample serving for a precise determination of 
the riverbed grain size composition (Carling and Reader, 1981; 
Negreiros et al., 2023a; Petts et al., 1989). 

2.1.2. Sediment characteristics 
Sieving of a melted and dried freeze core provides grain size char-

acteristics with importance to describe the state of clogging of a 
riverbed, notably, the D84 and D16, and the fine sediment fraction FSF, 
defined as the fraction smaller than 1 mm. For characterizing the shape 
of the grain size distribution, the sorting coefficient s0 was defined as 
(Bunte and Abt, 2001): 

s0 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
D84/D16

√
(1)  

In addition, the geometric standard deviation σss of the grain size dis-
tribution serves to calculate the porosity η with the following empirical 
equation (Frings et al., 2011; Wooster et al., 2008): 

η = 0.621 • exp( − 0.457 • σss) (2)  

σss also factors into the adjusted bed-to-grain ratio φ, which is another 
parameter to characterize clogging (Huston and Fox, 2015): 

φ =
Dss

Dfsσss
(3)  

Dfs is here adapted as the geometric mean grain size of very fine sedi-
ment < 0.25 mm only, and Dss is the geometric mean grain diameter of 
the entire sediment sample. A φ smaller than 27 indicates bridging (i.e., 
clogging), while φ > 27 indicates unimpeded static percolation (USP), 
which corresponds to no clogging. 

2.1.3. Interstitial dissolved oxygen concentration (IDOC) and hydraulic 
conductivity 

Both interstitial dissolved oxygen concentration (IDOC) and, indi-
rectly, hydraulic conductivity kf are measured depth-explicitly with the 
VertiCO technique (Fig. 1). The IDOC has been previously used to 
indicate the intensity of riverbed clogging (Seitz, 2020), in particular, 
because an IDOC of less than 5 mg/L is lethal for many aquatic species 
(Gibson, 1993; Heywood and Walling, 2007). In the VertiCO setup 
(Fig. 1), IDOC can be determined by optode recordings of soil water 
samples extracted at multiple riverbed depths. While constant or falling 
head infiltrometers (Bouwer, 1966; Latorre et al., 2013) could directly 
measure kf , the VertiCO technique requires an additional step for cal-
culating kf . The reasons for not using infiltrometers are to keep the 
impact of driving sample-destructing devices into the ground as small as 
possible and to derive depth-explicit kf with VertiCO. To this end, 
VertiCO-based kf requires substrate matrix information from a freeze 
core for a simplified, local box-like numerical model of the hyporheic 
zone at a measurement point. For instance, the MODFLOW software 
(Harbaugh, 2005) can use the measured volumetric suction rates (mL/s) 
as boundary conditions, it accounts for turbulent flow in the hyporheic 
zone to evaluate the Forchheimer equation (Ward, 1964), and it outputs 
depth-explicit kf . 

2.2. Novel fuzzy-logic method to quantify clogging 

2.2.1. Fuzzy logic for clogging parameters 
The MultiPAC parameters IDOC, kf , η, and FSF are typically used for 

interpreting a degree of clogging based on expert opinion (Haun et al., 
2022; Negreiros et al., 2023a) in addition to the adjusted bed-to-grain 
ratio φ (Huston and Fox, 2015). Currently, classification of a clogging 
state in terms of words (e.g., low to strong clogging) or numbers (e.g., 
degrees 1 to 3) requires subjective expert assessment of multiple 
measured parameters or subjective mapping (Schälchli, 1992). To 
reduce subjectivity and agglomerate information of multiple measured 
parameters, this study provides a novel assessment scheme based on 
fuzzy logic. In contrast to Boolean logic, fuzzy logic assumes imprecise 
transitions between states of a natural system (Zadeh, 1965). In the 
framework of fuzzy logic, every observation can belong to more than 
one category and thus, be expressed in the form of a fuzzy vector. The 
fuzzy vector is a stacked representation of degrees of belongingness to 
classes for every observation. The degree of belongingness to classes is 
determined by membership functions, which are defined for every class. 
Such fuzzy classification enabled us to aggregate information from 
various sources (i.e., the literature and field data) through memberships 
and fuzzy rules for translating measured parameter values into degrees 
of clogging. Individually measured parameters can be assigned to cat-
egories, such as low or high, through membership functions. A combi-
nation of individual membership-based categories was achieved with 
fuzzy rules to classify multi-parametric measurements resulting from 
MultiPAC as no, moderate, or strong clogging. The following paragraphs 
provide details on the derivation of normative, intuitively interpretable 
indicators of a degree of clogging, and an amount of declogging ranging 
from 0 to 1. 

2.2.2. Fuzzy membership functions 
An extensive literature review determined values for five parameters 

(FSF, kf , η, IDOC, and φ) to inform fuzzy membership functions. Table 1 
lists the parameter ranges resulting from literature review, and the 
detailed rationales are provided with the supplementary material. We 
fitted membership functions μ (Equation (4)) of fuzzy clogging classes 
using the literature-based reference values (i.e., crisp thresholds) in 
Table 1. The membership functions fuzzify, that is, assign a member-
ship μ between 0 and 1, to each parameter for their categorization into 
low (μ = 0) and high (μ = 1) value ranges. For instance, an FSF of 1% 
corresponds to a primary low FSF membership. In addition, φ (Equation 
(3)) requires categories of bridging (surface clogging) and USP (no 
clogging). 

The mathematical shape of the membership functions μ was defined 
using sigmoid (i.e., S-shaped) curves, which are commonly used in 
fuzzy-logic applications (Rezaee et al., 2008). The Gaussian-like sigmoid 
curves are most suitable to emulate stochastic uncertainty in the 
parameter categorization (Duch, 2005). In addition, sigmoid functions 
feature little function derivatives at extremes along the value (val) axis 
(i.e., at 0 and 1), which means that memberships change very little in 
small or high-value ranges. Equation (4) shows the generic definition of 
a sigmoid function to describe the membership functions μcat,PAR(val): 

μcat,PAR(val) =
1

1 + e[c(val− b)] (4)  

in which b and c are shape parameters controlling the shift and stretch of 
the sigmoid function along the val-axis, respectively. The subscript cat 
refers to the categories of low, high, and USP and bridging (Table 1). The 
subscript PAR refers to the five parameters listed in Table 1. The shape 
parameters b and c are listed in Table 2 for the ten membership functions 
(two per parameter) required for the fuzzification. The two boundary 
values (Table 1) for each category of every parameter served to obtain b 
and c. The sigmoid membership functions for every parameter and 
category according to the parameters b and c are plotted in Fig. 2. 
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2.2.3. Aggregation of memberships 
To aggregate (i.e., combine) the parameter-specific membership 

values into fuzzy classes of strong clogging (SC), moderate clogging (MC), 
and no clogging (NC), we defined fuzzy rules (cf. Table 3 below). Thus, 
every MultiPAC location is assigned a membership μSC, μMC, and μNC as a 
function of the logical operations μSC,i, μMC,i, and μNC,i in the last column 
of Table 3. The logical rules with subscripts i apply a fuzzy AND oper-
ator, which logically represents a minimum to derive μSC,i, μMC,i, and 
μNC,i as a function of min(μcategory,PAR, μcategory,PAR). Next, fuzzy OR oper-
ators logically choose the maximum of μSC,i, μMC,i, and μNC,i to derive the 
final class memberships to μNC (no clogging), μMC (moderate clogging), 

and μSC (strong clogging). Note that the rules listed in Table 3 are based 
on literature-available data (Table 1) to inform fuzzy sets. Based on the 
literature and to the author’s best knowledge, there were no rules 
available for some combinations, such as IDOC is low and kf is low (in-
verse of rule NC,1). 

2.2.4. Defuzzification: Depth-explicit degree of clogging 
Defuzzification is the translation of a fuzzy membership back into a 

numeric value of a (normalized) degree of clogging based on the 
defuzzification membership functions plotted in Fig. 3. The defuzzifi-
cation (denoted by subscript dfz) curves μNC,dfz (no clogging) and μSC,dfz 
(strong clogging) are also sigmoid functions according to Equation (4) 
with the shape parameters in Table 4. Note that the moderate-clogging 
defuzzification function for μMC,dfz (moderate clogging) corresponds to a 
(Gaussian) bell curve with a mean at ζ = 0.5 and a standard deviation of 
0.083. 

The defuzzification starts with calculating the areas below the 
calculated class memberships μSC, μMC, and μNC. For every defuzzifica-
tion curve μNC,dfz, μMC,dfz, and μSC,dfz horizontal lines (constant values) 
can be plotted on the y-axis (μ) values of calculated μNC, μMC, and μSC. 
The intersection of these horizontal lines with the corresponding 
defuzzification curves (μNC,dfz, μMC,dfz, and μSC,dfz, respectively) and the 
x-axis (μ = 0) delineate three areas that are unified into one area. Next, 
we computed the centroid of the union of all areas (i.e., the coordinates 
of the centroid-of-area). The x-coordinate of the unified area represents 
a degree of clogging that requires scaling for interpretability (de Oli-
veira, 1995; Patro and Sahu, 2015). Only with scaling, a measurement 
data set with 100-percent membership in μNC (no clogging) and 0-percent 
membership in μMC, and μSC has the intuitively expected degree of 
clogging of zero. Without scaling, the centroid-of-area of the no-clogging 
defuzzification curve μNC,dfz is approx. at x = 0.2, which means that the 
minimum possible degree of clogging was 0.2. Vice versa, at the upper 
end of the clogging spectrum, fully clogged should correspond to a degree 
of clogging of 1.0. To enable such an intuitive interpretation of the de-
gree of clogging, we scaled the calculated x-coordinate of the centroids- 
of-area. That is, we scaled the x-coordinate of the unified area-of- 
centroid by the x-distance between the centroids-of-area of the defuz-
zification curves μNC,dfz and μSC,dfz, which represent the minimum and 
maximum x-values in this system of coordinates, respectively. Thus, we 
yielded a normalized degree of clogging ζ ranging from 0 (no clogging) to 
1 (fully clogged). Calculous implementations in Python code are provided 
with the code documentation prepared along with this study (Negreiros 
et al., 2023b; Schwindt et al., 2023). The sensitivity of ζ regarding the 
literature-based values for deriving the membership curves (Table 1) 
was additionally examined and is provided with the results. 

Fig. 3 exemplifies the defuzzification to yield the normalized degree 
of clogging at a fictive measurement point, where FSF = 13.65%, kf =

2.4E-03 m/s, η = 0.2, IDOC = 12.2 mg/L, and φ = 30.6. The measured 
values lead to fuzzy memberships of μNC = 0.97, μMC = 0.85, and μSC =

0.47. The calculation of areas between the horizontal lines of the fuzzy 
memberships and the defuzzification curves (μNC,dfz, μMC,dfz and μSC,dfz) 
define a unified area with a centroid x-coordinate of 0.47. Scaling by the 
x-distance between the centroids-of-area of μNC,dfz (x = 0.2) and μSC,dfz (x 
= 0.85) curves results in a normalized degree of clogging ζ =

(0.47 – 0.2)/(0.85 – 0.2) = 0.42. 

2.2.5. Depth-integrated amount of declogging 
In a morphodynamically active river, the riverbed level can be ex-

pected to change over time. Therefore, when comparing depth-explicit 
profiles of IDOC and kf from different measurement times using fuzzy 
rules, it is necessary to install MultiPAC at different bed levels at 
different observation times and combine them with bulk freeze core 
parameters. To address both bed level change and bulkiness of freeze 
core parameters, this study introduces a new metric, the normalized 
Area Between Profiles (nABP). For each parameter (here, IDOC or kf ), 

Table 1 
Literature-based values used for the categories to fit the membership functions μ 
(Equation (4)).  

Parameter Category Value µ (-) (Sources) 

Fine sediment 
fraction FSF (%) 

high 20  0.90 (Reiser and White, 
1988) 

8  0.10 (Heywood and 
Walling, 2007) 

low 1  0.99 New definition 
11  0.10 (Negreiros et al., 

2023a) 
Bed-to-grain ratio φ 

(-) 
Unimpeded 
static perco- 
lation (USP) 

44.8  0.90 (Huston and Fox, 
2015) 

27  0.10 (Mayar et al., 2022) 
bridging 10  0.99 (Huston and Fox, 

2015) 
27  0.10 (Huston and Fox, 

2015) 
Porosity η (%) low 6  0.90 (Maridet and 

Philippe, 1995) 
15  0.10 (Descloux et al., 

2010) 
high 26.2  0.90 (Negreiros et al., 

2023a) 
15  0.10 (Descloux et al., 

2010) 
Hydraulic 

conductivity kf (m/ 
s) 

low 2.00E- 
5  

0.90 (Datry et al., 2015) 

5.56E- 
3  

0.10 (Gibson, 1993; 
Rubin, 1998; 
Wickett, 1954) 

high 2.78E- 
2  

0.99 (Chapman, 1988) 

1.00E- 
4  

0.10 (Blaschke et al., 
2003) 

Interstitial dissolved 
oxygen 
concentration 
IDOC (mg/L) 

low 1  0.90 New definition 
6  0.10 (Gibson, 1993; 

Heywood and 
Walling, 2007; 
Sowden and Power, 
1985) 

high 10  0.90 (Lindroth, 1942) 
3  0.10 (Rubin and 

Glimsäter, 1996)  

Table 2 
Shape parameters b and c of the sigmoid membership functions (Equation (4)) 
for the fuzzification of the input parameters.  

Parameter (PAR) Category (CAT) b c 

FSF(clogging) high 14.00 0.37 
FSF(no clogging) low 7.97 − 0.66 
φ (no clogging) USP 35.90 0.25 
φ (clogging) bridging 21.50 − 0.40 
η (clogging) low 10.50 − 0.49 
η (no clogging) high 20.60 0.39 
kf (clogging) low 0.0038 − 1226.1 
kf (no clogging) high 0.0010 2534.5 
IDOC (clogging) low 3.50 − 0.88 
IDOC (no clogging) high 6.50 0.63  
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the nABP is calculated as the difference between the area under earlier 
(t0) and later (t1) recorded profiles of the parameter (i.e., comparison of 
curves PARt0 (z) and PARt1 (z)), normalized by the difference in vertical 
position relative to the riverbed depth axis (z). This normalization factor 
is determined by the difference in depth between the deepest measuring 
level (z2) and the level closest to the surface at each MultiPAC point (z1), 
and is given by (z2 − z1)

− 1. Thus, the depth normalization accounts for 
the varying depths of the VertiCO standpipes relative to the surface 
elevation of the riverbed. The nABP for a parameter PAR integrates the 
area starting from z1 down to z2 at the same MultiPAC measurement 
point from two observation times (t0 and t1) with respect to z: 

nABP(PAR) =
∫ z2

z1

(
PARt1 (z) − PARt0 (z)

)
dz • (z2 − z1)

− 1 (5)  

As a result, positive nABP indicates an increase and negative nABP in-
dicates a decrease in IDOC or kf because of any event between t0 and t1. 
The MultiPAC points from observation times t0 and t1 should spatially be 
at the same point (e.g., measured with a differential global positioning 
system, DGPS) within a 0.5-m radius, but not at exactly the same posi-
tions because the freeze core from t0 could affect the sample at t1. 

Finally, to test whether clogging has been reduced by a restoration 
action between t0 and t1, we introduce the normative, intuitively 
interpretable amount of declogging Δζ: 

Δζ = − nABP(ζ) = −

∫ z2

z1

(ζt1 (z) − ζt0 (z))dz • (z2 − z1)
− 1 (6)  

where ζo and ζt1 result from the fuzzy inference system applied to 
MultiPAC measurements from the two observation times t0 and t1. Thus, 
Δζ is defined as the difference in ζ from t0 minus t1. That is, a positive Δζ 
indicates declogging. 

2.3. Declogging experiment with large wood 

2.3.1. Experimental design 
To test the efficacy of the new fuzzy-logic method for identifying 

potential declogging effects of large wood (LW) placements, we con-
ducted a hands-on morphologically effective flushing experiment at an 
artificial, morphodynamically active gravel-bed fish pass. The fish pass 
was installed between 2018 and 2020 to bypass a hydropower plant on 
the Inn River (Germany, lat. 48.29160, long. 13.15852, map in the 
supplementary material) and features forced meanders, pool-riffle se-
quences, gravel bars, and swales, creating valuable habitats for indige-
nous gravel-spawning fish like the Danubian gudgeon (Romanogobio 
uranoscopus) or Danube salmon (Hucho hucho) (Zauner et al., 2020). The 
inlet and outlet of the 2.6-km-long fish pass had an elevation difference 
of 10 m, and the local bottom slope at the LW placements was 4.7‰. The 
channel width varied between approximately 5 m (pools) and 10 m 
(riffles) at baseflow (2 m3/s). Coarse sediment deposits, sourced by a 
downstream sediment trap, were installed in the fish pass before the 
flushing event. These deposits were designed to be mobilized by the 
artificial flushing event to promote self-maintenance of the morpho-
logical units (Sawyer et al., 2010; Woodworth and Pasternack, 2022), 
renewing the valuable habitats for gravel-spawning fish (Harrison et al., 
2011, 2019). 

The artificial flood to trigger morphological self-maintenance cor-
responded to bankfull discharge, with peak discharge sufficient for 
mobilizing surface grain sizes up to 0.3 m in the fish pass (according to 
information from the operators). Thus, the flushing event was designed 
to break up potentially armored and clogged riverbed patches, and 
initiate fine sediment removal. Since the construction of the fish pass, 
such flushing had already been conducted once with a duration of 7 h. 
This study adapted the design of the previous flushing event in which the 
discharge was increased at the fish pass inlet from the baseflow of 2 m3/s 
to a peak flow of 9.7 m3/s over approx. 45 min and similarly reversed at 
the end of the flushing event (hydrograph included in the supplementary 

Fig. 2. Membership functions µ for the fuzzification of each parameter into fuzzy sets.  
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material). The peak discharge was constant for 8 h and verified with an 
acoustic Doppler current profiler (Sontek M9) that also provided ve-
locity measurements, which were used to estimate the maximum Froude 
number being in the subcritical range (maximum of approx. 0.6). The 
flushing event in this study was run after LW installation, and we made 
pre- (t0) and post- (t1) flushing event MultiPAC measurements. On 
January 25, 2022, LW was placed in the fish pass and a pre-flushing 
measurement campaign was conducted between January 31 and 
February 2, 2022. The flushing event occurred on February 3, 2022. A 
post-flushing measurement campaign was performed between February 

7 and 11, 2022. 

2.3.2. Placement and design of wood logs 
The LW logs had a length of 4.8 m and an average diameter of 0.7 m 

(see supplementary material). Each log was fixed with four vertical 
chocks and steel cables, making this technically an engineering logjam 
(ELJ). The upstream log was referred to as log A and the downstream as 
log B. Log A was emergent and log B was submerged at a baseflow of 2 
m3/s. However, both logs were emergent at the minimum flow of 0.5 
m3/s for the installation (Fig. 2) and MultiPAC measurements, but 
submerged during the flushing event. 

2.3.3. Measurement devices 
MultiPAC measurements were taken upstream and downstream of 

both logs (positions in Fig. 4) before (t0) and after (t1) the flushing event. 
In addition, t0 and t1 MultiPAC measurements were made at a reference 
point located about 140 m upstream of log A, with comparable flow 
characteristics but without the influence of LW. The position of the 
reference MultiPAC point is mapped in the supplementary material. The 
IDOC was recorded using a HACH HQ30d optode. All measurement lo-
cations were recorded using a Leica DGPS (type RX1250TC). The mea-
surement parameters resulting from MultiPAC are summarized in 
Table 5, including measurement precisions. Additionally, aerial imagery 
was captured using a dji Phantom 4RTK drone. 

To provide evidence for the accuracy of the hypothesis that LW 
locally relieves clogging, the amount of declogging Δζ (Equation (6)) 
should be greater at the four MultiPAC measurements in the vicinity of 
the logs than at a reference point. Before using the new fuzzy-logic 
method to calculate Δζ, the results show the evolution of the five 
measured quantities FSF, η, φ, IDOC, and kf in the context of clogging 
characteristics. Δζ was also considered in light of changes in the grain 
size distributions and topographic change Δz, which was measured with 
the Leica DGPS at the centers of the MultiPAC points (Fig. 4). 

Table 3 
Fuzzy inference system including its fuzzy aggregation rules for determining the 
membership of the clogging classes.  

Class Rule 
number 

Fuzzy rule Rationale Logical 
operation 

Strong 
Clogging 
(SC) 

SC,1 If kf is low 
AND FSF is 
high 

kf decreases rapidly 
when FSF increases 
and drops to 0 when 
FSF exceeds 20% ( 
Descloux et al., 
2010). 

μSC,1 =

min(μlow,kf ,

μhigh,FSF)

SC,2 If FSF is high 
AND 
porosity is 
low 

High FSF means that 
η is low; vice versa η 
may be high or low 
when FSF is low ( 
Maridet et al., 
1992). 

μSC,2 =

min(μhigh,FSF ,

μlow,n)

SC,3 If φ 
indicates 
bridging 
AND kf is 
low 

Clogging is likely if φ 
indicates bridging ( 
Huston and Fox, 
2015) regardless of 
other parameters. 

μSC,3 =

min(μbridging ,

μlow,kf )

SC If SC-1 OR SC-2 OR SC-3 is TRUE μSC =

max(μSC,1 ,μSC,2 ,

μSC,3)

Moderate 
Clogging 
(MC) 

MC,1 If kf is low 
AND IDOC 
is high 

When IDOC is high 
and kf is low, the 
riverbed is not 
considered to be 
strongly clogged, 
otherwise oxygen- 
rich surface water 
could not infiltrate 
into the hyporheic 
zone. 

μMC,1 =

min(μlow,kf ,

μhigh,FSF)

MC,2 If FSF is high 
AND kf is 
NOT low 

Hyporheic pores can 
be clogged by sand 
with high η and kf . 

μMC,2 =

min(μhigh,FSF ,

1 − μlow,kf )

MC If MC-1 OR MC-2 is TRUE μMC =

max(μMC,1 ,

μMC,2)

No 
Clogging 
(NC) 

NC,1 If IDOC is 
high AND kf 

is high 

High IDOC is 
unlikely to occur in 
clogged riverbeds. 
Thus, if kf is also 
high, good exchange 
conditions are 
assumed (i.e., no 
clogging). 

μNC,1 =

min(μhigh,IDOC ,

μhigh,kf )

NC,2 If kf is high 
AND FSF is 
low 

If both kf and FSF 
indicate clogging, 
but IDOC (or other 
parameters) is low, 
downwelling is 
likely to occur in the 
hyporheic zone. 

μNC,2 =

min(μhigh,kf ,

μlow,FSF)

NC,3 If φ 
indicates 
USP AND kf 

is high 

Opposite of SC,3. μNC,3 =

min(μUSP,

μhigh,kf )

NC If NC-1 OR NC-2 OR NC-3 is TRUE μNC =

max(μNC,1 ,

μNC,2,μNC,3)

Fig. 3. The three defuzzification membership functions with an exemplary 
defuzzification of class memberships through the centroid-of-area with fictional 
values of μNC− dfz = 0.97 (blue), μMC− dfz = 0.85 (red) and μSC− dfz = 0.47 
(yellow) yielding a unified centroid-of-area at an x-coordinate of 0.47 (purple). 
Scaling by the centroid-of-area coordinates of the blue, red, and yellow areas 
leads to a normalized degree of clogging of ζ = 0.42. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Table 4 
Shape parameters b and c in for the sigmoid defuzzification functions (Equation 
(4)).  

Class (Parameter PAR) b c 

No clogging (μNC,df z)  0.34  − 13.58 
Strong clogging (μSC,dfz)  0.66  13.58  
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3. Results 

3.1. MultiPAC measurements 

3.1.1. Grain size characteristics 
The grain size characteristics D10 (representative for fine sediment), 

D50 (representative for bulk substrate), and sorting coefficient s0 

(incorporating D16 and D84) measured before and after the flushing 
event are listed in Table 6. At log A, D10 and D50 increased with the 
flushing event, while s0 decreased. Thus, the grain size distribution at 
log A became coarser and narrower with the flushing. At log B, D10 
experienced a little decrease downstream, and no detectable change 
upstream. D50 slightly decreased upstream of log B with little to no 
change downstream. Upstream of log B, s0 decreased a little, but 
downstream, s0 increased. At the reference point, D10 did not change 
while D50 and particularly s0 increased, which corresponds to a little 
coarser and wider grain size distribution after the flushing. 

3.1.2. Fine sediment fraction (FSF) and porosity 
The freeze core samples at log A had higher FSF (22.0% to 34.5%) 

and lower η (0.14 to 0.16) compared with log B, where the FSF was 
between 18.1% and 13.7%, and η between 0.19 and 0.21 (Fig. 5). The 
observations at log A are related to the deposition of coarse sediment 
during the flushing event (Table 6). The arrows indicating changes 
during the flushing event in Fig. 5 suggest a decrease in the FSF and an 
increase in η at log A, which corresponds to declogging in line with the 
coarsening of grain sizes. The inverse relationship evolution between the 
FSF and η as observed at log A was expected, but not evident at log B, 
where an increase in η with little change in the FSF was related to the 
accumulation of sand fractions (D10 in Table 6). The small changes in the 

Fig. 4. Top view of the field site with background drone imagery taken after the flushing event, showing the position of the two logs and MultiPAC points (i.e., freeze 
cores and VertiCO), which are labeled according to the closest log (A and B) and relative position upstream (us) and downstream (ds) to the log. 

Table 5 
Measurement quantities, target parameters, precision, and devices/techniques 
used in this study (Fig. 4).  

Measurement Quantity Target 
Parameters 

Precision Device/ 
Technique 

Interstitial dissolved oxygen 
concentration 

IDOC ±0.15 mg/ 
L 

VertiCO 
(MultiPAC) 

Hydraulic conductivity kf 
±5.5E-04 
m/s 

VertiCO 
(MultiPAC) 

Substrate sediment grain 
sizes 

φ, η, FSF, s0 < 1%‡ Freeze core 
(MultiPAC) 

Topographic change Δz 
±0.02 m 

DGPS  

‡ based on (Seitz, 2020). 

Table 6 
Measured grain size characteristics D10(in mm), D50(in mm), sorting coefficient s0 (-), FSF (%), and η (-) based on freeze cores at LW placements (Fig. 4) and the 
reference point.     

Before (t0)   After (t1) 
Location D10 D50 s0 FSF η D10 D50 s0 FSF η 

A(us)  0.1 10.4 13.2  29.8  0.14  0.2 13.3 11.0  22.0  0.16 
A(ds)  0.1 8.0 12.4  34.5  0.14  0.1 9.3 11.5  30.2  0.15 
B(us)  0.4 16.9 4.8  13.7  0.21  0.4 14.3 4.5  13.8  0.21 
B(ds)  0.4 14.9 6.4  16.6  0.20  0.3 15.2 9.2  18.1  0.19 
Reference  0.4 9.7 6.2  17.7  0.21  0.4 10.3 8.1  19.5  0.20  
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FSF and η were close to the device precision (Table 5) upstream of log B. 
Downstream of log B, the increase in the FSF was high, but the decrease 
in η was below the level of precision. At the reference point, the porosity 
decreased a little from 0.21 to 0.20, and the FSF increased from 17.7% to 
19.5%. 

3.1.3. Bed-to-grain ratio 
The bed-to-grain ratio φ, calculated from freeze core measurements 

using Equation (3), mostly fell into the bridging range (Fig. 6). The only 
exception was upstream of log B, where φ was considerably larger than 
at other points, with values around 30, primarily attributable to the USP 
range. The slight improvements in φ at log A, before and after the 
flushing event, still fell into the bridging region indicating more clog-
ging. At the reference point, the already low φ decreased sharply during 
the flushing event, moving toward the bridging region (i.e., more 
clogging). 

3.1.4. Interstitial dissolved oxygen content (IDOC) and hydraulic 
conductivity 

Log A was surrounded by greater heterogeneity in vertical profiles of 
IDOC and kf before and after the flushing event compared to log B 
(Fig. 7, with us and ds locations indicated in Fig. 4). At log B, pre- 
flushing IDOC and kf were generally higher compared to the low 
IDOC (<8 mg/L) and kf (<3E-4 m/s) at log A suggesting stronger sub-
surface clogging at log A. Still, most kf measurements were relevant 
downstream of log A and close to the surface upstream of log A, 

compared with the device precision of 5.5E-5 m/s (cf. Table 5). 
At the reference point, post-flushing kf were in the order of 1.0E-2 at 

a riverbed depth of 0.15 m and dropped to less than 1.0E-3 in deeper 
layers. Pre-flushing kf were not available for the reference point because 
of a device failure. Before the flushing event, the IDOC was 12.1 mg/L 
close to the surface and had a minimum of 11.3 mg/L at the deepest 
measurement of the VertiCO standpipe (0.27 m). After the flushing 
event, the highest IDOC at the bed surface had slightly increased to 12.6 
mg/L but a minimum of 10.6 mg/L was measured at a riverbed depth of 
0.21 m. 

3.2. Fuzzy clogging indicators 

3.2.1. Depth-explicit degree of clogging 
The vertical profiles of the normalized degree of clogging ζ suggest a 

decrease in the degree of clogging upstream of log A (A-us, Fig. 8a), 
which was related to the deposition of coarse sediment described above. 
Downstream of log A (A-ds, Fig. 8a), the degree of clogging experienced 
fewer changes. The ζ values at log A were in the range of 0.6 to 0.96 after 
the flushing event, with the smallest ζ close to the riverbed surface. The ζ 
values in the deeper riverbed upstream of log A fell into the strong 
clogging class (as per the defuzzification function in Fig. 3), where the 
degree of clogging decreased after the flushing event. Additionally, 
downstream of log A, declogging occurred close to the riverbed surface 
(inclination towards ζ = 0.6), which can be related to the log-driven 
morphodynamic change patterns. At log B (Fig. 8b), the degree of 
clogging showed little variation over depth, and it was more pronounced 
downstream of the log. The minimum and maximum of ζ at log B were 
0.4 and 0.65, respectively, indicating moderate clogging according to the 
fuzzy inference system. At the reference point (Fig. 8c), the vertical 
profiles of the degree of clogging suggest slightly more pronounced 
clogging after the flushing event, mainly driven by the IDOC in riverbed 
depths between 0.12 m and 0.27 m. The supplementary material pro-
vides a table containing all input data and the calculated degrees of 
clogging ζ along with fuzzy memberships to the clogging classes of no 
clogging (NC), moderate clogging (MC), and strong clogging (SC). 

Uncertainties in the literature-based input values used for interpo-
lating the membership functions (“value” column in Table 1) propagate 
through the shape parameters of the sigmoid curves (Table 2 and 
Table 4) and thus, the judgement of the fuzzy rule system (Table 3). To 
assess the uncertainty involved in the fuzzy inference system, Fig. 8 
shows the maximum variances in ζ (gray-shaded areas) in response to ±
10% variations in the input values (“value” column in Table 1). The 
detailed ζ variations as a function of individual input value variations 
are provided in comprehensive tables in the supplementary material. 
The maximum absolute ζ deviation of 0.04 (9.8%) occurred at log B 
(upstream, after the flushing), at a riverbed depth of 0.15 m, where the 
absolute ζ value was 0.41. The maximum percentage deviation of ζ was 
10.4% (absolute value 0.40 ± 0.042), also upstream of log B, but before 
the flushing event and at a riverbed depth of 0.12 m. In both cases, the 
uncertainty was driven by the input (μ) values for defining the mem-
bership to “high FSF”. On average, the ζ deviation was 3.4%, which was 
smaller than the considered 10% uncertainty in the input values. 
Therefore, the fuzzy inference system tends to rather dampen potential 
errors in the assumptions for deriving the fuzzy indicators, and reduces 
the vulnerability of ζ regarding uncertainty of the input (μ) values for 
interpolating the membership functions. 

3.2.2. Depth-integrated amount of declogging 
The trends in the amount of declogging Δζ suggest an ecological 

improvement (i.e., less clogging) in the vicinity of the logs and degra-
dation (i.e., more clogging) at the reference point (first column in 
Table 7). Positive Δζ indicates that the flushing event caused declog-
ging, assessed as a function of nABP(IDOC), nABP(kf ), Δη, Δφ, and ΔFSF 
(Equation (6)). In addition to these five parameters, we accounted for 

Fig. 5. Measured fine sediment fractions (FSF) < 1 mm plotted against 
porosity η, based on freeze core samples. The arrows indicate parameter evo-
lution during the flushing event. 

Fig. 6. The bed-to-grain ratio φ (Equation (3)) upstream (us) and downstream 
(ds) of logs A and B, and at the reference point with indication of bridging and 
unimpeded static percolation (USP) ranges. 
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DGPS-measured topographic change Δz, which was found to be 0.2 ±
0.02 m upstream of log A, and 0.1 ± 0.02 m upstream of log B. Down-
stream of logs A and B, Δz was 0.02 ± 0.02 m (i.e., insignificant) and 
0.03 ± 0.02 m, respectively. Also, deep scour pools developed at the tips 
of the logs, which can be seen on a scour pool map provided in the 
supplementary material. At the reference point, Δz was − 0.07 ± 0.02 
m, indicating erosion and the only location where clogging became 
slightly more pronounced (i.e., negative Δζ) after the flushing event. 

The nABP(IDOC) and nABP(kf ) were calculated by comparing the 
IDOC and kf profile evolution caused by the flushing event, as shown in 
Fig. 7. Both nABP(IDOC) and nABP(kf ) were higher upstream of the logs 
and, in particular, after the flushing event. In contrast, the downstream 
measurements at both logs showed little to no change or even a decrease 
in nABP(IDOC) and nABP(kf ). Positive nABP(IDOC) and nABP(kf ) up-
stream of the logs point to declogging. Conversely, negative 
nABP(IDOC) and nABP(kf ) values suggest that the logs caused slight 
clogging in their wake (i.e., downstream). However, the areas between 
pre and post-flushing kf profiles were above the device precision only at 
log B with nABP(kf ) > 5.5E-5 m/s, and could not be evaluated at the 
reference point because of the device failure in the pre-flushing survey. 
The net increase in nABP(IDOC) and nABP(kf ) upstream of the logs 
resulted from the flushing event, which also led to narrower distributed 
grain size distributions, and upstream of log A also to coarse bedload 
deposition (Table 6). In contrast, downstream of the logs, measurements 

showed a net decrease in kf (nABP(kf ) < 0). 
The changes in FSF and η correspond to prominent declogging at 

log A and almost undetectable changes at log B, where most measure-
ments were close to the measurement device precision (Table 5). In 
addition, while most measurements summarized in Table 7 were above 
the precision thresholds, the changes in porosity Δη downstream of both 
logs and at the reference point were not significant. However, the 
changes in the bed-to-grain ratio Δφ were high, except for the mea-
surement point downstream of log A. The bed-to-grain ratio φ pre-
dominantly indicated bridging, which represents clogged conditions, 
particularly downstream of log A, and indicates that fine sediment 
clogged (bridged) the sediment matrix. The only exception was up-
stream of log B, where φ primarily fell into the USP range (Fig. 6). Thus, 
the improvements in φ at log A occurred in a low-φ region, while the 
high-φ region upstream of log B deteriorated slightly after the flushing 
event. The reference point exhibited a negative Δφ, which was decisive 
for that it was the only point classified as more clogged after the flushing 
event (Δζ < 0). 

4. Discussion 

4.1. Relevance of the fuzzy inference system and indicators 

A fuzzy inference method is advantageous for assessing clogging 

Fig. 7. Vertical profiles of interstitial dissolved oxygen concentration, IDOC (a-c), and hydraulic conductivity, kf (d-f), measured in the riverbed, upstream (us), and 
downstream (ds) of the emergent log A (a, d) and submerged log B (b, e), and at the reference point (c, d). The profiles served for calculating nABP(IDOC) and 
nABP(kf ) according to Equation (5). 
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because of its small data requirements, which prohibits the use of data- 
driven models. Therefore, the here introduced fuzzy-logic method rep-
resents a suitable approach to leverage the combination of five clogging 
indicators into one representative indicator. In addition, the new in-

dicators ζ and Δζ not only account for the trends of individual param-
eters that indicate clogging or declogging, but also their quantitative 
value. The membership functions make units that are otherwise non- 
comparable, such as percentages or mg/L, comparable in both their 

Fig. 8. Calculated profiles of the normalized degree of clogging ζ along the riverbed depth using the fuzzy inference system for upstream (us) and downstream (ds) 
locations of the (a) emergent log A, (b) submerged log B, and (c) the reference point. Lower ζ corresponds to less and higher ζ to more pronounced clogging. 

Table 7 
Amount of declogging Δ ζ calculated with Equation (6). Positive Δ ζ indicates a decrease and negative values an increase in clogging.  

Location Δζ(-) Δz(m) nABP(IDOC) (mg/L) nABP(kf ) (m/s) ΔFSF(%) Δη(-) Δφ(-) 

A-us 0.069  0.20  6.3 3.4E-4  − 7.80 0.017  5.29 
A-ds 0.012  0.02  − 0.5 − 1.0E-5  − 4.36 0.008  0.88 
B-us 0.017  0.10  1.3 8.1E-4  0.14 0.012  − 1.20 
B-ds 0.026  0.03  0.2 − 6.8E-4  1.53 − 0.005  − 3.96 
Reference − 0.01  − 0.07  0.1 n.a.  1.79 − 0.01  − 3.86  

Fig. 9. The fuzzy degree of clogging at sites with clearly identifiable clogging state at the Inn River (Germany) with pictures featuring the clearly clogged (© IWS 
2019) and declogged (© IWS 2020) measurement sites. 
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relative and absolute values. As a result, a holistic consideration of 
multiple individual clogging parameters with only a few records be-
comes possible through ζ and Δζ. 

The fuzzy indicators applied to the reference point insinuate that 
only flushing with high discharge and sediment addition is not sufficient 
to relief clogging. To confirm the validity of the indicators, the fuzzy 
inference system was additionally applied to de-facto clogged and 
declogged sites further upstream on the Inn River, where the degree of 
clogging ζ was close to unity and zero, respectively (Fig. 9, detailed 
measurements and ζ values are in the supplementary material). At one 
site, full clogging was concluded based on expert assessment of a gravel 
bar (Negreiros et al., 2023a), where the degree of clogging ζ varied 
between 0.45 close to the surface and increased to 0.90 at a riverbed 
depth of 0.2 m. The lower (0.45) degree of clogging close to the surface 
can be attributed to still elevated yet invisible IDOC, while the riverbed 
was visually strongly clogged (Fig. 9). De-facto declogging was observed 
at a site where mechanical riverbed reshaping was performed with an 
excavator and fine sediment was washed out. Declogging with an 
excavator is only very locally effective, but not sustainable because it is a 
regularly needed intervention with heavy-duty machinery in sensitive 
aquatic ecosystems. The local short-term efficiency of the mechanically 
declogged site was characterized by ζ = 0.05 over the entire sampled 
riverbed depth (Fig. 9). While such clear expert statements regarding 
clogging are mostly not possible, the validity and representativeness of 
the fuzzy ζ indicator could be confirmed at these two sites. 

While fuzzy rules are transparent, replicable, and refer to crisp 
numbers, fuzzification is inherently vague due to intentionally imprecise 
boundaries (Klir and Wierman, 2013). In addition, other curve shapes, 
such as linear and threshold-based lines, are sometimes applied (Noack 
et al., 2013), but sigmoidal and parabolic functions are generally 
preferred for fuzzification because they are more representative (Garg, 
2018; Garg and Ansha, 2018). This inherent vagueness of fuzzification 
means that a quantitative estimate for neither the truth of in-
terpretations nor uncertainty cannot be calculated. Still, applied to a de- 
facto declogged sample and a visually strongly clogged sample (Fig. 9), 
the fuzzy approach proves a high degree of correct interpretation of 
clogging with low ζ (i.e., a “low” degree of clogging) and high ζ (i.e., a 
“high” degree of clogging) of the declogged and clogged samples, 
respectively. Therefore, also the assessment of declogging by Δζ, being 
the direct derivative of ζ, can be considered relevant. 

The fuzzy indicator of the degree of clogging ζ can be considered as a 
robust quantity to express the state of riverbed clogging regarding var-
iations in the input parameter values for fitting the membership func-
tions. In particular, applied to the test case, the fuzzy inference system 
translated a 10% variation into an on-average 3.4% variation in ζ 
(Fig. 8). However, the maximum ζ uncertainty reached 10.4% in the 
vicinity of the steepest slopes of the fuzzy membership functions (Fig. 2), 
that is, the inflection points of the sigmoid functions (Equation (4)), 
determined by where their second derivative is zero (i.e., the b-values in 
Table 2). The MultiPAC points at log B caused the maximum ζ uncer-
tainty with their near-surface (0.12–0.15 m) FSF measurements. In 
general, the ζ uncertainty upstream and downstream of log B was higher 
than at log A and the reference point, with similar uncertainty magni-
tudes before and after the flushing (Fig. 8). The generally higher un-
certainty at log B originated from FSF measurements being close to the 
inflection point of the fuzzy membership functions for high FSF, which 
was at FSF = 14% corresponding to the b-value of μhigh in Table 2. In 
particular, the absolute maximum ζ deviation from after the flushing 
corresponded to a measured FSF of 13.8%, and the percentage maximum 
ζ deviation from before the flushing corresponded to a measured FSF of 
13.7%. Thus, high-uncertainty regions of ζ are where measurements are 
close to the inflection points of the fuzzy membership functions, but 
even then, the ζ uncertainty is barely more than that of the input 
parameter values. The fuzzy indicators are therefore not only transfer-
able to other sites, but also robust to uncertainties in the assumptions of 

the fuzzy inference system. 
Extending the fuzzy rule set to more parameters and parameter 

combinations would require more information to be available. For 
instance, the temperature of interstitial water is a known habitat 
parameter (Reeder et al., 2021; Thayaparan et al., 2019) and its vertical 
profile may provide additional information on vertical exchange pro-
cesses. Also, the membership functions (Table 1) and fuzzy parameter 
combinations (Table 3) build on values reported in the literature or, 
where applicable, logic-based decision-making (see also supplementary 
material). However, not all parameter combinations could be accom-
modated based on available information. For example, Table 3 does not 
provide a rule for moderate clogging when FSF is high and IDOC is not low, 
which would be a refinement for the moderate clogging classification. 
Ideally, more rules would exist for more parameters, but based on the 
comprehensive literature review, the author’s best knowledge is that the 
required information is currently lacking. 

4.2. Parameter influence on the amount of declogging 

Conflicting individual parameter indications may represent a prob-
lem for assessing the clogging status of a riverbed (Seitz, 2020). Typi-
cally, if three parameters indicate an increase in clogging and only one 
parameter indicates a decrease in clogging, the overall ecological con-
dition regarding clogging would be subjectively considered to have 
worsened. While expert opinion might individually change, the amount 
of declogging Δζ does not, and it allows for the additional consideration 
of quantitative changes. For instance, downstream of the logs and at the 
reference point, the individual parameter changes were partially con-
tradictory regarding clogging. In the wake of log A, nABP(IDOC) and 
nABP(kf ) indicated a slight increase in clogging, but the FSF decreased, 
and the porosity η and φ increased, suggesting declogging. However, 
neither Δη, nABP(kf ), nor Δφ was above the device precision down-
stream of log A, making their (de-)clogging trends irrelevant. Down-
stream of log B, the IDOC increased prominently (nABP(IDOC) of 0.2), 
indicating declogging, but the FSF increased, the kf decreased (nABP(kf ) 
< 0), and φ decreased, also at magnitudes above device precision, sug-
gesting clogging. According to the fuzzy-based amount of declogging Δζ, 
the increase in nABP(IDOC) outweighed the ecologically disadvanta-
geous evolution of the sum of the other parameters. Even though the 
sediment matrix was parametrically clogged, the hyporheic exchange 
downstream of log B was sufficient to cause little ecological concern, 
since oxygen levels are of primary importance for gravel-spawning fish 
(Ingendahl, 2001), and are related to permeable, declogged substrates. 
The reference point experienced slight coarsening, and a little increase 
in IDOC (Fig. 7c) suggested declogging, but the declogging trends were 
outweighed by a prominent increase in the FSF and a decrease in φ 
(Table 7). 

The definition of the fuzzy inference system used to calculate the 
degree of clogging ζ (Fig. 8) involves depth variability exclusively as a 
function of IDOC and kf . While the kf measurements were partially 
below the measurement precision level and could not be evaluated at the 
reference point after the flushing event, IDOC could always be measured 
with sufficient accuracy. Both IDOC and kf profiles exhibited similar 
shapes, and their pronounced right shift after the flushing event was 
critical for the maximum amount of declogging Δζ to be located up-
stream of log A. This right shift can be attributed to fresh sediment de-
posits upstream of the logs, where declogging was clearly indicated by 
all parameters except for the bed-to-grain ratio φ at log B. Specifically, at 
log A, the decrease in ζ can be related to a narrowly distributed, coarse, 
and 0.2 m thick sediment deposit that formed during the flushing event. 
The 0.1 m thick sediment deposit upstream of log B was also associated 
with a general, but weaker, declogging trend due to finer grain size 
compositions (D10 and FSF). 

Additionally, parameter weights can be introduced to give more 
importance to a specific clogging factor. For instance, if IDOC is of 
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primary interest to assess the effect of clogging on the oxygen avail-
ability for spawning redds of fish, steeper membership functions can be 
defined (i.e., values from Table 1 applied to Equation (4)). 

While Δζ concluded a considerable ecological improvement up-
stream of log A, the improvements downstream of log A and in the 
surroundings of log B were only slightly apparent. These observations 
are consistent with the expectation that LW placement leads to locally 
increased bed disturbances and augmented hyporheic exchange 
(Doughty et al., 2020; Sawyer et al., 2012, 2011; Tonina and Buffington, 
2007), but further research will be needed to optimize its declogging 
effects. 

4.3. Declogging potential of log placements 

To avoid the regular need for mechanical interventions such as 
riverbed reshaping, this study tested LW placements in addition to a 
flushing event with the goal to yield sustainable declogging, which was 
partially efficient. In particular, declogging was prominent upstream of 
the baseflow-emergent log A, and the amount of declogging Δζ was 
generally higher in the vicinity of the LW placements (Table 7) than at 
the reference point. The negative Δζ at the reference point indicated that 
more clogging was present after the flushing event than before, which is 
the opposite of the declogging intended by the flushing event, and may 
be caused by fine sediment deposition during the falling limb of the 
flood. The positive topographic changes (i.e., deposition, cf. Table 7) 
upstream and downstream of the logs correspond to typical sediment 
trapping generated by LW (Poelman et al., 2019). Scour pools (see 
supplementary material) developed at the tips of the logs and were part 
of topographic patterns typical for large roughness elements at river 
banks, such as short, deflecting groins (Ishigaki and Baba, 2004). The 
deposition and scour patterns generated by LW turbulences can be ex-
pected to dynamically sustain in the future, that is, to self-renew because 
of the active sediment management of the fish pass (see experimental 
design). The deep scour pools and sediment deposits in the LW-typical 
local backwater of the logs (Follett et al., 2020) made these natural 
construction elements have similar effects on flushing hydrodynamics as 
technically engineered structures. In addition, the scouring at the log 
tips likely coarsened the sediment matrix by removing the fine sediment 
fraction (Bunte and Abt, 2001). However, we could not calculate the 
degree of declogging in the scour pools with MultiPAC measurements 
due to MultiPAC’s application limits to wadeable water depths only. 
Nonetheless, scour pools in the vicinity of LW and their self-maintenance 
reportedly increase the abundance of fish and improve physical habitat 
quality for gravel-spawning fish (Brooks et al., 2004; Cederholm et al., 
1997). In particular, the logs caused more bed disturbance than 
observed at the reference point, consistently with the intended, typical 
LW-induced increase in hydrodynamic variation (Follett et al., 2020; 
Schalko et al., 2021). 

The emergent log A was associated with deposits of larger grain 
sizes, a considerable reduction in FSF s, and an increase in porosity η 
after the flushing event. Even though log A was also submerged during 
the flushing event, its smaller submergence supposedly led to a decrease 
in parameters describing riverbed clogging. These changes could not be 
confirmed at the submerged log B. This observation is consistent with 
flume experiments showing that an emergent log has a more pronounced 
local hydro-geomorphic footprint than a submerged log with a less 
intense but larger footprint (Schalko et al., 2021). 

The above discussion highlighted that the new fuzzy logic indicators 
ζ and Δζ are robust and align with the parametric observations, indi-
cating clogging improvement especially upstream of the baseflow- 
emergent log A. The Δζ values near the LW placements suggest an 
improvement in clogging that was not observed at the reference point. 
Therefore, the crisp parameter observations and fuzzy logic indicators 
provide evidence for not rejecting the hypothesis that an LW placement 
promotes declogging. Driven by large improvements in nABP(IDOC) and 
ΔFSF (Table 5 and Table 7), the fuzzy-logic indicators point to 

declogging downstream of log B, despite other MultiPAC parameters 
and subjective assessments potentially suggesting an increase in clog-
ging. This contradiction illustrates the potential for the fuzzy-logic 
method to provide an objectively weighted and mathematically trans-
parent assessment of riverbed clogging. In addition, the fuzzy inference 
system applied to all measurement points equally without the risk of 
statistical noise that could be caused when different experts judge the 
same sample (Kahneman et al., 2021). Thus, the novel fuzzy-logic 
method is a promising step toward a robust, objective assessment sys-
tem, and LW placement showed encouraging effects to alleviate riverbed 
clogging. 

5. Conclusions 

A novel fuzzy-logic method has been developed to objectively and 
holistically measure the degree of riverbed clogging, taking into account 
five individual, physical substrate parameters. This method introduces 
new fuzzy-logic indicators to evaluate the effectiveness of declogging 
actions, allowing for an intuitive and objective assessment of stream 
restoration. It reduces subjectivity by excluding the statistical noise of 
expert assessment. The fuzzy-logic indicators contradicted subjective 
perceptions at one measurement point, as the novel fuzzy-logic method 
considers the resulting magnitude of measured parameters to describe 
declogging instead of relying on an expert comparison. Specifically, the 
fuzzy-logic method allows for quantitative scaling and thus objective 
comparison of the magnitude of measured parameters with different 
units. Thus, the new fuzzy-logic method represents a fundamental step 
toward objectifying the assessment of clogging. 

To investigate the effect of large wood (LW) placements on riverbed 
clogging, the fuzzy-logic method was applied before and after a 
morphologically effective discharge. The fuzzy-logic indicators and in-
dividual parameter assessments showed that declogging occurred in the 
vicinity of LW placements while clogging occurred at a reference point 
far upstream without LW influence. This finding suggests that the hydro- 
morphological patterns generated by LW contribute to declogging, 
making LW placement a potentially effective tool for river restoration 
aimed at sustainable local declogging. 
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