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H I G H L I G H T S

• Hyporheic exchange and oxygen are crucial for survival in redd and highly variable.
• Oxygen and water exchange are affected by fine sediment, Corg and redd morphology.
• Artificial steps in canalized river are positive in high flow section, and negative in low flow section.
• Measurement of crucial parameters in artificial redd was successful.
• Considerable work investment is needed for these measurements.
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Fine sediment decreasing gravel permeability and oxygen supply to incubating salmonid embryos, is often con-
sidered the main contributing factor for the observed decline of salmonid populations. However, oxygen supply
to salmonid embryos also depends on hydraulic conditions driving water flow through the redd. A more gener-
alized perspective is needed to better understand the constraints on successful salmonid incubation in themany
heavily modified fluvial ecosystems of the Northern Hemisphere. The effects of hydraulic gradients, riverbed and
reddmorphology aswell asfine sediment deposition on dissolved oxygen (DO) andwater exchangewas studied
in 18 artificial redds at three sites along a modified river. Fifty percent of the redds in the two downstream sites
were lost during high flow events, while redd loss at the upstream sitewas substantially lower (8%). This pattern
was likely related to increasingflood heights fromup- to downstream. Specificwater infiltration rates (q) andDO
were highly dynamic anddriven onmultiple temporal and spatial scales. Temporally, thehighpermeability of the
redd gravel and the typical pit–tail structure of the new built redds, leading to high DO, disappeared within a
month, when fine sediment had infiltrated and the redd structure was leveled. On the scale of hours to
days, DO concentrations and q increased during high flows, but decreased during the falling limb of the
water level, most likely related to exfiltration of oxygen depleted groundwater or hyporheic water. DO
concentrations also decreased under prolonged base flow conditions, when increased infiltration of silt
and clay particles clogged the riverbed and reduced q. Spatially, artificial log steps affected fine sediment
infiltration, q and interstitial DO in the redds. The results demonstrate that multiple factors have to be
considered for successful river management in salmonid streams, including riverbed structure and local
and regional hydrogeological conditions.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Native salmonid populations are declining in numerous countries
around the world, including populations of brown trout Salmo trutta

in Switzerland (Burkhardt-Holm and Scheurer, 2007), Atlantic salmon
Salmo salar in the United Kingdom (Youngson et al., 2002) and coho
salmon Oncorhynchus kisutch in North America (Brown et al., 1994).
Habitat degradation is considered a major threat for native salmonids
(e.g., Brown et al., 1994; Burkhardt-Holm and Scheurer, 2007; Gilvear
et al., 2002; Hicks et al., 1991). In this regard, fine sediment (b2mm)
deposition has been argued as the single contributing factor (e.g.,
Jensen et al., 2009 and studies cited therein). Deposited fine sediment
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can decrease redd gravel permeability and interstitialflow (e.g., Brunke,
1999; Schälchli, 1995), which, in turn, hinders oxygen supply to incu-
bating salmonid embryos, thereby affecting their survival (S. Greig
et al., 2007; Greig et al., 2005; Heywood and Walling, 2007). However,
the oxygen supply to incubating salmonids embryos depends on several
further factors such as the relative contribution of oxygenated river
water infiltration and exfiltration of oxygen depleted groundwater or
interstitial water in the redd (Malcolm et al., 2006, 2009) or the oxygen
demand of organic material (S.M. Greig et al., 2007). Although these
factors vary extensively both temporally and spatially (Brunke and
Gonser, 1997; S.M. Greig et al., 2007; Malcolm et al., 2006), only a few
studies have resolved these processes on appropriate temporal and
spatial scales.

Modeling approaches on the redd scale indicate that hyporheic
velocities and dissolved oxygen (DO) concentrations within the egg
pocket are enhanced due to the spawning activity, leading to reduced
fine sediment and thus higher hydraulic conductivity (Tonina and
Buffington, 2009; Zimmermann and Lapointe, 2005). Redd scale
hyporheic exchange, measured on a centimeter to meter scale, can
also be induced by the pit–tail structure of salmonid redds (Fig. 1A,
Tonina and Buffington, 2009). This initial structure cannot, however,
be expected to remain intact during high flow events (Ottaway et al.,
1981). Hence hydraulic conditions on the redd scale likely change
during the incubation season. Moreover, recent research clearly indi-
cates the need for a multi-scale approach when investigating the
dynamics of abiotic conditions in salmonid redds (Baxter and Hauer,
2000; Zimmermann and Lapointe, 2005): the local scale covers a single
redd with an applied data grid resolution down to single centimeters
(Fig. 1A). The intermediate scale covers the wider redd surrounding
area of the riverbed including the relevant neighboring riverbed steps
(Fig. 1B). The chosen data grid for this intermediate scale is in the
range of meters. The regional scale considers a larger section of the
river with a length and width of tenths of meters up to several kilo-
meters (Fig. 1C). Hydraulic processes driven at all these scales can be
expected to affect water exchange in a particular redd, and hence
oxygen supply to the incubating embryos (Baxter and Hauer, 2000;
Malcolm et al., 2008).

In Western Europe and North America many rivers with viable
salmonid populations are heavily modified, i.e., channelized and with
lateral stabilizations and artificial steps introduced for slope reduction
(Brookes, 1988; Gilvear et al., 2002; Wohl, 2006). In channelized rivers,
the lack of geomorphic features can substantially reduce hyporheic
exchange (Malcolm et al., 2010), whereas hydraulic gradients related
to artificial steps can markedly increase hyporheic exchange (Endreny
et al., 2011). Artificial steps generate predictable flow-paths, with
increased river water downwelling above steps and upwelling of
hyporheic water below steps (Fig. 1B, e.g., Gooseff et al., 2006; Huber
et al., 2013; Kasahara and Hill, 2006). Accordingly, artificial steps can
increase hyporheic exchange in modified rivers (Kasahara and Hill,
2006; Sawyer et al., 2011) and could thereby also affect water exchange
and oxygen supply in salmonid redds. Despite this, the effects of artifi-
cial steps on abiotic conditions in salmonid redds have, to our knowl-
edge, not been investigated. This knowledge would provide important
input for process-based river management in the many heavily
modified salmonid streams of the Northern Hemisphere (e.g., Gilvear
et al., 2002; Newson et al., 2012).

To this end, the current study evaluates the relative contribution of
fine sediment, hydraulic gradients, river morphology, and regional
geomorphology to specific water infiltration and oxygen dynamics in
artificial brown trout redds in the Enziwigger, a heavily modified
headwater river of the Swiss Plateau in the Canton of Lucerne. The
Enziwigger also maintains a viable brown trout population (Schager
et al., 2007).

The objective of this study was to provide a detailed investigation of
the factors affecting the abiotic redd environment in a heavily modified
river including I) an investigation of fine sediment deposition, hydraulic
conditions (i.e., specific infiltration q, vertical and horizontal hydraulic
gradients, and water level) and their effects on oxygen dynamics in
the redds, II) an assessment of themorphological change of the riverbed
and of the characteristic pit and tail structure of the redds and III) a
comparison of the measured data with the results of a groundwater
flow model, which was set up for one of the three experimental sites
(cf. Huber et al., 2013). This model predicts zones of increased
downwelling river water above steps, of hyporheic water upwelling

Fig. 1. Schematic view of (A) longitudinal section of an artificial redd (modified after Greig et al., 2007b) including the location of themini-piezometers, the egg pockets (square) and tem-
perature probes (bullet points) with the local scale flow pattern, (B) the hyporheic flow on an intermediate scale induced by riverbed steps according to the model calculations of Huber
et al. (2013), and (C) the intermediate and regional scale water exchange processes (top view). Modeled river–groundwater exchange zones from Huber et al. (2013). Black: only
exfiltration, gray: exfiltration and infiltration, light gray: only infiltration. Arrows indicate the main direction of the interstitial and groundwater flow, ovals represent the positions of
the redds (for naming see Fig. 2).
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below steps and zones with altering upwelling, downwelling and
horizontal advection zones between the two steps.

In contrast tomost previously published studies, datawere collected
with high spatial and temporal resolution (i.e., weekly or continuously)
to explicitly characterize the temporal and spatial dynamics of the
measured parameters.Measured parameters affect brown trout embryo
survival in the redds and our results can thus be integrated with studies
monitoring survival success of salmonid embryos (Michel et al., in
revision), providing a more complete perspective on the factors affect-
ing salmonid incubation success in comparable anthropogenically
modified river environments.

2. Materials and methods

2.1. Study site and general setup

The river Enziwigger is a small channelized river located near
Willisau, Canton of Lucerne, Switzerland with a total watershed area
of about 31km2 (Fig. 2). Mean discharge, measured in Willisau (Fig. 2)
by the Cantonal authorities (Nov. 2007–Nov. 2008) was 2.1 m3 s−1,
minimum and maximum discharge were 1.1 m3 s−1 and 10.1 m3 s−1,
respectively. During the 20th century the Enziwigger was straightened
and channelized, and cross-channel log steps were installed as slope
breakers to prevent deep channel erosion and bed-scouring during
flood events (Fig. 2). Thus, like for most rivers in the Swiss Plateau, its
morphology is strongly modified: only 5% is close to natural or natural,
21% is slightly affected and 74% is strongly affected or even artificial
(classified with the Swiss modular stepwise procedure for
ecomorphology after Huette and Niederhauser, 1998; Stucki, 2010).
Despite these extensivemodifications, its biological condition, classified
with the macrozoobenthos module of the Swiss modular stepwise
procedure (Stucki, 2010), is considered good (EBP-WSB-Agrofutura,
2005). The only fish species in the Enziwigger is the brown trout S.
trutta, which maintains a viable population (EBP-WSB-Agrofutura,
2005; Schager et al., 2007). Theflow regimeof the Enziwigger is affected

neither by hydro-power facilities nor by effluents from waste water
treatment plants.

Measurements were conducted at three experimental sites along
the river named A, B and C (from upstream to downstream; Fig. 2) at
altitudes from 757 to 583ma.s.l. The groundwater flow model was set
up for site B (Huber et al., 2013). The riverbed at all sites is stabilized
with artificial log steps, which strongly affect hyporheic exchange on
an intermediate scale with river water infiltration upstream of the
steps and exfiltration of hyporheic water downstream of the steps
(Fig. 1B). At site A, the bedrock beneath the riverbed lies at a depth of
a few decimeters and the hydrogeologic settings are assumed to be
dominated by lateral inflow or the exfiltration of groundwater and/or
hyporheic water. Piezometer measurements at sites B and C and the
groundwater flow modeling at site B indicate on a regional scale a
hydraulic gradient from the river to the main valley aquifer on the left
side of the river and consequently a domination of river water infiltra-
tion (Fig. 1C, Huber et al., 2013). The influence of river flow stage and
transient hillside groundwater flow has a minor impact on these inter-
mediate and regional flow patterns (Huber et al., 2013).

Each site was equipped with six artificial salmonid redds in places
wherein natural brown trout redds had been mapped in November
2008. The artificial redds were built to create a structure that resembles
the structure of natural brown trout redds (Crisp and Carling, 1989). A
detailed description of the redd structure and how it was built is given
inMichel et al. (in revision). In the Enziwigger, these locations aremost-
ly consistent from year to year (P. Amrein, Fish and Wildlife Service,
Canton of Lucerne, pers. comm.). Data were collected during two
spawning seasons (season 1 (S1): November 2009 to end of March
2010; season 2 (S2): November 2010 to end of March 2011) in 18
artificial redds per year (n = 36 redds in total). Redds were built in
the same location each season (Fig. 2) with the exception of redds A31
and A32, which were covered in ice in January and February, making
sampling impossible. Redds are labeled after the site (A, B, C), the
terraces between two steps (1–5), the redd location within a terrace
(1 and 2) and the season (S1 and S2). For example, redd A41_S1
identifies thefirst redd in the fourth investigated terrace at site A during

Fig. 2. Location of the Enziwiggerwatershed in Switzerland. The photograph shows the step and terrace structure at study site B. Thewatershedmap of the river Enziwigger and the towns
Willisau and Hergiswil (Canton of Lucerne, Switzerland) shows the locations of the three field sites A, B and C, while the schematic on the right illustrates the location of the redds within
each field site. Here, superscripts indicate redds with continuous temperature (T) and oxygen (O) measurements.
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thefirst season (Fig. 2). A detailed description of the river characteristics
and field locations is given in Schindler Wildhaber et al. (2012b).

2.2. Sediment collection and analyses

Each reddwas equippedwith two sediment baskets to assess week-
ly fine sediment infiltration and net fine sediment accumulation during
the entire field season (cf. Acornley and Sear, 1999; Greig et al., 2005;
Heywood and Walling, 2007). One of them was emptied at weekly
intervals tomeasure theweekly infiltration rates (=infiltration basket).
The second set of sediment baskets was emptied at the end of the
incubation season tomeasure net accumulation of fine sediment during
the incubation period (=accumulation basket, Sear et al., 2008). At each
site, the sediment basket data were complemented with four to seven
freeze core samples to characterize the sediment stratification of the
undisturbed river gravel. For a detailed description of the used baskets,
the freeze core technique and their handling see Schindler Wildhaber
et al. (2012b).

Grain size distribution was measured in a subsample of the fine
sediment fraction of the freeze cores' layers 0–10 cm, 10–20 cm and
20–30 cm and in two subsamples of the fine sediment collected in
accumulation baskets. Representative subsamples were obtained by a
sample divider (Retsch, Haan, Germany). Additionally, grain size dis-
tributions of weekly infiltrated fine sediment samples (n = 80) were
determined. The rest of the infiltrated fine sediment was pooled for
each redd and a subsample was analyzed to obtain a mean grain size
distribution of the infiltrated fine sediment. Grain size fractions were
named according to the German soil taxonomy standard (DIN EN ISO
14688-1): sand: 0.063–2 mm, silt: 0.002–0.063 mm and clay:
b0.002mm (Sponagel et al., 2005).

Porosity (n) was calculated for each site on the basis of sediment
grain size distributions from freeze core samples by the formula

n ¼ 48:6 � Cu
−0:2

: ð1Þ

Where Cu = d60/d10 (diameter of grain size at the 60th and 10th
percentile of the cumulative sample mass) (Schälchli, 1995).

The Fredle index of the accumulation baskets and of the freeze core
samples was calculated by the formula

Fredle index ¼ dg

So
ð2Þ

where dg is the geometric mean grain size and So is the sorting coeffi-
cient derived by taking the square root of the quotient of the grain
size at the 75th percentile divided by that at the 25th percentile
(Lotspeich and Everest, 1981). The Fredle index is a central tendency
quality index of the redd gravel composition, which gets smaller with
smaller permeability of the sediment.

2.3. Oxygen

Continuous oxygen measurements were conducted with Aanderaa
oxygen optodes 3835 (Aanderaa Data Instruments, Bergen, Norway)
buried at the same depth as the incubating brown trout embryos
(approx. 14cm, cf. Michel et al., in revision). Oxygen contents in mg l−1

as well as saturation (%) were measured every 10 s and mean values
were logged in 10 min intervals. One optode per site was installed
during season 1 (redds A32, B51 and C21) and two during season 2
(Fig. 2). Moreover, oxygen concentrations in each redd were measured
manually every secondweek inmini-piezometers located in the pit and
tail of each redd (Fig. 1A) with PreSens oxygen dipping probe mini-
sensor (PreSens Precision Sensing GmbH, Regensburg, Germany).
Each manual oxygen measurement was conducted twice: once in
the “old” interstitial water and once in the refluent “new” water
approximately 30min after the “old water” had been extracted.

2.4. Riverbed and redd morphology

Riverbed morphology was mapped at a 0.5m horizontal resolution
in season 1 shortly after redd construction (October 26th 2009) and
on December 27th after several high flow events. These data were
used to assess morphological changes induced by high flow events on
the river segment scale. The water depths above the deepest point
of the pit and the highest point of the tail were measured weekly to
quantify temporal changes of the typical redd structure.

2.5. Hydraulic investigations

Flow-stage at each site was measured every 15 s with pressure
transmitter probes (STS, Sensor Technik Sirnach, Switzerland) and
average valueswere logged at 10min intervals during both field seasons.

Water levels above the pit and tail of each redd were recorded
weekly to assess water level heterogeneity within sites. Vertical
hydraulic gradients (VHGs) in the redds were measured weekly after
Baxter et al. (2003) in mini-piezometers installed in the pit and tail of
each redd (Fig. 1; for details see Schindler Wildhaber et al., 2012b).
The VHG is a dimensionless parameter calculated by the formula

VHG ¼ Δh
Δl

ð3Þ

where Δh is the difference in head between the water level in the
piezometer and the level of the stream surface and Δl is the depth
from the streambed surface to the first holes in the piezometer
(Baxter et al., 2003). Positive values indicate an energy gradient poten-
tially sufficient to produce upwelling and negative values indicate an
energy gradient potentially sufficient to produce downwelling. In the
following, the VHG values are reported as upwelling or downwelling
processes, although they are actually only a measure of upwelling and
downwelling potential (Baxter and Hauer, 2000). The differences in
VHGs between the pit and the tail piezometer of each reddwere defined
as the horizontal hydraulic gradients (HHGs), which is an indicator for
hydraulic gradients driving water flow through the redd.

To obtain the temporal and spatial change of specific infiltration
rates (q) in the redds, the one-dimensional heat pulse method was
used (e.g., Hatch et al., 2006). For this, stream water temperature and
temperatures at two different depths just above and below the incubat-
ing brown trout embryos (approx. 12 and 20 cm, respectively) were
recorded every minute using thermocouple temperature probes
(Campbell Scientific 105 E). Three redds per site were equipped with
one or two temperature probes (Fig. 2). In redds equipped with two
temperature probes, q could be calculated for the upper part (qu, 0 to
about 12 cm), the bottom part (qb, about 12 cm to about 20 cm) and
the total part (qt, 0 to about 20 cm). In redds with one temperature
probe, q could only be assessed in the upper part. The diurnal amplitude
variations in temperature in the different depths and the diurnal phase
variations were used to calculate q, but only the results of the former
method were incorporated into further interpretations because of
their higher stability. The method used allowed the calculation of two
specific infiltration rate values per day.

The diurnal sinusoidal alternationwas filtered from the temperature
data by a discrete bandpass filter (FIR-filter with Hamming-window,
5001 filter coefficients, cut-off frequency 0.8 · fDay/1.5 · fDay). All field
temperature data were sampled with a frequency of one measurement
per minute. When field sample periods exceeded 1 min, e.g., due to
technical problems, linear interpolation was used to fill gaps of up to
10min. Data gaps exceeding 10min were marked as missing and not
further evaluated. Data-points with time offset between the daily
minima or maxima peaks of the corresponding sinusoidal temperature
curves at the different depths exceeding 20% of a day period (i.e.,
288 min) were also removed from further processing. The resulting
temperature amplitude ratio (Ar) was used to estimate q.
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The specific infiltration rate q and the vertical flow velocity (vf) are
extracted according to Eq. (4) (Ingebritsen et al., 2006) and Eq. (5)
(Hatch et al., 2006, slightly transposed).

q ¼ vf � n ð4Þ

vf ¼
ρ � c
ρ f � cf

� �
� v: ð5Þ

For parameter definition and values see Table 1. The vertical fluid
velocity (v) can be determined by the amplitude ratio (Ar), identified
as vAr. The values were gained by a numerical solver from the Eqs. (6)
and (7) (Hatch et al., 2006)

2κe
Δz

ln Ar þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α vArð Þ þ vAr

2

2

s0
@

1
A−vAr ¼ 0 ð6Þ

where

α vð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v4 þ 8π � fDay � κe

� �2
r

: ð7Þ

The effective thermal diffusivity (κe) is estimated according to Hatch
et al. (2006) by the equation

κe ¼
σ

ρ � cþ β � vfj j ð8Þ

where the components of the first term are gained from:

σ ¼ n � σ f þ 1−nð Þ � σs ð9Þ

ρ ¼ n � ρ f þ 1−nð Þ � ρs ð10Þ

c ¼ nρ f c f þ 1−nð Þ ρscs
nρ f þ 1−nð Þ ρs

: ð11Þ

The second termof the Eq. (8)was excluded from the calculations as
its contribution to the value of κe is negligible with the thermal
dispersivity (β) = 1 · 10−3 as proposed by Hatch et al. (2006) and
Keery et al. (2007) but it would strongly increase the complexity of
the analysis (Keery et al., 2007).

Heat is mainly transferred through riverbed sediments by advection
and conduction. Heat advection describes the heat transfer related to

water flow through the sediment, while heat conduction describes the
molecular transport of thermal energy (e.g., Constantz, 2008). The
relative contribution of advection and conduction to heat transfer can
be quantified with the dimensionless Peclet number (Pe) (Silliman
et al., 1995):

Pe ¼ vf � n � l
D

ð12Þ

where l is the characteristic length, set as 0.01m due to the range of the
setup. The thermal diffusivity D is given by:

D ¼ Ke

cs � ρs
ð13Þ

where Ke is the thermal conductivity of the saturated sediment
(Table 1). If Pe is smaller than approximately 2 · 10−4, the advection
component of the solution has little impact for fluxes and conductive
heat transport dominates (Silliman et al., 1995).

Median Peclet numbers were between approximately 0.01 and 0.1,
indicating that heat is transported not only by molecular transport of
thermal energy (conduction) but also by water flow (advection)
(Silliman et al., 1995).

2.6. Groundwater flow modeling

Groundwaterflowmodels for site Bwere setup inGMS (Groundwater
Modeling System 7.1, Environmental Modeling Systems, 2002) on the
basis of MODFLOW (McDonald and Harbaugh, 1996). Details can be
found in Huber et al. (2013). Boundary conditions of a regional scale
groundwater model (extension 230 m × 340 m, resolution 2 m × 2 m)
were transferred to an intermediate scale groundwatermodel (extension
110m×60m, resolution 0.5m×0.5m). For the description of the bedrock
surface penetration depth of direct-push boreholes were used. For the
intermediate scale model the high-resolution measurements of riverbed
morphology were considered. Based on continuously measured ground-
water heads, the distribution and magnitude of hydraulic conductivities
as well as the riverbed conductance were inversely calibrated for a
transient data set (220days, resolution 1d, PEST, Doherty, 1994).

Table 1
Physical parameters used for calculating specific infiltration rates q in alphabetic order (1. Roman letters, 2. Greek letters).

Symbol Values Unit Parameter

A °C Amplitude of thermal oscillation
Ar – Temperature (T) amplitude ratio (upper/lower T amplitude)
c J kg−1 °C−1 Specific heat of sediment–fluid system
cf 4208 J kg−1 °C−1 Specific heat of fluid (water at 4 °C) (Lemmon et al., 2012)
cs 775 J kg−1 °C−1 Specific heat of sediments, average between values of Schön (1996) (cited by Rau et al., 2010)

and Revil (2000) (cited by Keery et al., 2007)
fDay 11.5·10−6 s−1 Frequency of a day period (24h)
Ke 1 Jm−1 s−1K−1 Thermal conductivity of the saturated sediment, Carslaw and Jaeger (1959) (cited by Silliman et al., 1995)
n 0.23 – Porosity, assessed from freeze core samples
q m s−1 Specific infiltration rate
v m s−1 Velocity of thermal front
vAr m s−1 Velocity of thermal front derived from the amplitude ratio Ar

vf m s−1 Vertical fluid velocity, positive number=down welling (Goto et al., 2005)
β 1 · 10−3 m Thermal dispersivity (cited by Hatch et al., 2006)
Δϕ s Temperature amplitude phase shift
κe m2 s−1 Effective thermal diffusivity
ρ kgm−3 Density of saturated sediment
ρf 1000 kgm−3 Density of fluid (water at 4 °C; Kuchling, 1976)
ρs 2650 kgm−3 Density of sediment (e.g., Kuntze et al., 1994)
σ 1.50 Wm−1 K−1 Thermal conductivity of saturated sediment (Constantz, 2008)
σf 0.60 Wm−1 K−1 Thermal conductivity of fluid (water; Ingebritsen et al., 2006)
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3. Results and discussion

3.1. Spatiotemporal changes in riverbed and redd morphology

The riverbed morphology of the Enziwigger changed substantially
during high flow events, despite the steps to prevent deep scouring.
This was especially true for the two downstream sites B and C (Fig. 2),
where flood events in December 2009 triggered river gravel accumula-
tion or scouring up to 0.9 m (Fig. 3). All redds at site B were strongly
affected by scouring, while at site C the gravel bed scoured predomi-
nately in the pools below steps and accumulated towards the right
bank of the river. Sediment displacements varied from terrace to terrace
within a site. For example, changes of the riverbed morphology below
step 3 at site C were much smaller than at the other two examined
steps (Fig. 3, right). This was probably due to the slightly wider riverbed

(5.0–5.5m at step C3, 4.5–5m at step C2 and 4.5m at step C1) causing
lower water levels and hence less shear stress. These data also agree
with the suggestion that sediment transport in rivers is a discontinuous
process and sediment often moves in pulses (Klingemann and Emmett,
1982) affected by bed-form and associated sediment sorting (Cudden
and Hoey, 2003) or by debris flows (Hoffman and Gabet, 2007).
Hence, bed scouring and gravel deposition are not easy predicted, at
least on an intermediate scale within individual river sections. Along
the entire river (i.e., regional scale) increased gravel displacement was
evident at sites B and C as compared to site A (visual interpretation).
In total, half of the redds in sites B and C were lost (Fig. 3), while only
8% of the redds were lost at the most upstream site A. This pattern is
most likely related to increased bed shear stress in sites B and C caused
by higher water levels and only marginally smaller slopes (Schindler
Wildhaber et al., 2012b), as also indicated by increasing bedloads and
suspended sediment loads from upstream to downstream (Schindler
Wildhaber et al., 2012b). In support of this notion the probability of
redd excavation increased with the water level above the redd (GLM,
pb0.05).

Winter flood events in some Swiss rivers and also in rivers world-
wide have increased over the last decade (Birsan et al., 2005; Scheurer
et al., 2009) and are expected to further increase, both, in respect to
intensity and frequency, due to climate change (IPPC, 2007;
Middelkoop et al., 2001; Thodsen, 2007). In the Enziwigger, high-flow
events in early winter are unusual, but it has been suggested that they
have increased in recent decades (P. Amrein, Fish and Wildlife Service,
Canton of Lucerne, Switzerland, pers. comm.). Accordingly, the high
redd loss reported here raises concerns about how the observed and
predicted increases of winter floods affect salmonid recruitment in
confined rivers like the Enziwigger with small egg-burial depths
(0–9 cm; Riedl and Peter, 2013) making salmonid embryos more
susceptible to scouring.

High-flow events also strongly affected the morphology of the
remaining redds. Initially, the mean difference between the depth of
the tail and pit of newly built redds was 9.4 ± 2.8 cm (Fig. 4A). After
one month and some high flow events, most redds were basically
leveled (Fig. 4A) and a high amount of fine sediment had infiltrated
(Schindler Wildhaber et al., 2012b). These observations agree with
Ottaway et al. (1981) who documented a flattening of brown trout
redds after only the first high water event subsequent to spawning.
Both, flattening of the redd and fine sediment content are known to
affect the water exchange in redds, either by reducing horizontal
pumping flow or by decreasing redd gravel permeability (e.g., Greig
et al., 2005; Schälchli, 1995). The concept of enhanced downwelling of
oxygenated water due to the redd morphology is still widely discussed
(e.g., S.M. Greig et al., 2007; Tonina and Buffington, 2009; Zimmermann
and Lapointe, 2005). Our results clearly indicate that redd morphology
contributes to local redd scale exchange processes only during the
first few weeks after redd building (see below). Once the pit–tail struc-
ture has been leveled, exchange processes on intermediate or regional
scales gain importance for water-exchange and oxygen supply to devel-
oping embryos. Inmanymodified rivers, such processes driven on these
scales have to be clearly incorporated into management plans to ensure
sufficient salmonid incubation success.

3.2. Hydraulic dynamics in the redds

3.2.1. Spatial patterns of the hydraulic dynamics
Vertical hydraulic gradients (VHGs) measured in mini-piezometers

did not parallel the expected intermediate scale downwelling and
upwelling patterns induced by steps (Gooseff et al., 2006; Huber et al.,
2013; Kasahara and Hill, 2006, Fig. 1B). Most redds were located more
than onemeter before or after a step. Accordingly, theywere not located
in the main upwelling and downwelling zones predicted by the model,
but in areas where downwelling, upwelling and horizontal advection
alternate (Fig. 1C). Hence, the applied mini-piezometer approach was

Fig. 3. Differences between the riverbed topography measured in October and December
2009 at the two downstream sites B and C.Negative values indicate gravel bed erosion and
positive values indicate sediment deposition. Black ovals are the positions of the artificial
redds. Redds lost during season 1 are marked by a star on the left side, while redds lost
during season 2 are marked by a star on the right side.
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most likely not able to integrate the hydraulic gradients that jointly
drove water exchange in redds, i.e., both vertical and horizontal. In
redd A32_S1, which provides an exception being located only 0.65 m
above a step, considerable downwelling potential was measured
(−0.07 ± 0.06). When this redd was located 1.65 m upstream of the
step in season 2 (redd A32_S2; Fig. 2), VHGs changed between
upwelling and downwelling conditions with a mean close to zero
(0.03±0.08). This confirms the model predictions. In general, vertical
hydraulic gradients on the redd scale can be expected to show substan-
tial temporal variation related to water level fluctuations and also
changes in riverbed morphology (cf. Section 3.2.2).

Specific infiltration rates q, calculated from continuous data,
confirmed the predictions from the groundwater flow modeling.
Mean qt increased with smaller distance to the next downstream step
and hence confirmed the increased downwelling above steps
(Table 2). Similarly, in redds located further upstream smaller and
also negative qt values were found, which again agrees with model
predictions (Fig. 1C). Also, weekly fine sediment infiltration increased

with shorter distance to the downstream step (Spearman rank correla-
tion, fine sediment: ρ=−0.45, pb 0.05, silt: ρ=−0.52, p b 0.05, clay:
ρ=−0.57, p b 0.01), likely related to increased river water infiltration
above steps. Increasedweeklyfine sediment infiltration hadnonegative
effect on specific water infiltration in redds (Table 2). However, the net
fine sediment accumulation did not increase with shorter distance to
the step (all p N 0.12). Fine sediment accumulation depends not only
on fine sediment infiltration, but also on water level, since higher
water levels lead to resuspension of fine sediment (see also Schindler
Wildhaber et al., 2012b). The specific infiltration rate q decreased
significantly in redds with higher fine sediment accumulation and
increased with a higher maximal water level above the redd (Table 2).

Hydraulic exchange processes can vary remarkably within a single
redd. In most redds q was lower in 12–20 cm depth as compared to
the upper 12 cm of redd gravel (t-test, p b 0.01; Fig. 5). Freeze core
samples of undisturbed gravel in the study area confirmed a significant-
ly lower silt and clay level in the upper part (0–10cm) compared to the
deeper part (i.e., 10–20cm and 20–30cm, cf. SchindlerWildhaber et al.,
2012b). A comparable increase in fine sediment content paralleled by a
decreased hydraulic conductivity was also found in the studies of
Brunke (1999) and Sear (1993). Accordingly, the decrease of q with
depth reported here suggests higher fine sediment content around our
brown trout eggs (i.e., at 12–20 cm depth) compared with the entire
redd gravel. A similar distinction between the upper and lower part of
the redd gravel was made by Meyer (2003). Our study further
documents that this increased fine sediment accumulation around the
eggs can decrease water exchange around the eggs, which could hinder
oxygen supply to the embryos (see Section 3.3.2) and hence salmonid
embryo survival.

At redd A32_S1, the specific infiltration q was higher in the bottom
part than the upper part of the redd (Fig. 5, see Fig. 2 for location of
the redd), which was probably related to the lower mean water level
above this redd (9.8±2.0cm), triggering high fine sediment deposition
and only limited scouring (Schindler Wildhaber et al., 2012b). Redd

Fig. 4. In each panel, the black graph represents theflow stage at site B. Symbolswithin panels denote (A) themean±standarddeviation (SD) of the riverbed level differences between tail
and pit (B)mean±SD of the vertical hydraulic gradients (VHGs) in the tail of the redds, and (C)mean±SD of the horizontal hydraulic gradients (HHGs) between pit and tail of the redds.
Values were calculated from all 18 redds during season 2. A positive hydraulic gradient indicates upwelling and a negative gradient indicates downwelling.

Table 2
Spearman rank correlations between median specific infiltration rate q in the upper part
(0–12 cm; qu) and the total part (0–20 cm, qt) and the total amount of accumulated fine
sediment (b2 mm), the accumulated silt and clay fraction, the sum of weekly infiltrated
fine sediment, the Fredle index of the accumulation baskets, the maximal water level
above the redd and the distance of the redd to the upstream and downstream step.
Sample size (n) is given in parentheses.

qu (m s−1) qt (m s−1)

Fine sediment accu. (%) −0.79, p=0.03 (8) −0.89, p=0.03 (6)
Silt and clay accu. (%) −0.52, p=0.20 (8) −0.49, p=0.36 (6)
Fine sediment infiltration (g) −1.9, p=0.58 (8) −0.18, p=0.57 (6)
Fredle index (−) 0.71, p=0.06 (8) 0.77, p=0.09 (6)
Water max. (cm) 0.60, p=0.03 (13) 0.66, p=0.03 (10)
Distance upstream step (cm) 0.15, p=0.62a (13) 0.61, p=0.06a (10)
Distance downstream step (cm) −0.17, p=0.58a (13) −0.68, p=0.03a (10)

a Mean q of February and March to get a mean q value of the undisturbed river gravel.
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A32_S1 was also the only redd equipped with temperature probes that
was temporally covered with ice, which could have caused decreased
water flow over the redd. In addition, VHG measurements indicated
substantial downwelling potential in this redd (VHG=−0.07± 0.06,
see above). Both factors possibly increased the fine sediment input in
the entire gravel column of this redd (Brunke, 1999; Schindler
Wildhaber et al., 2012b; Seydell et al., 2009) and hence decreased
specific water infiltration q also in the upper part. A low q was also
found in the upper part of redd A31_S1 (Fig. 5), which also had a very
low mean water level (2.5 ± 1.7 cm). During the second field season,
the locations of two redds were changed to locations with deeper
mean water levels (A31_S2: 15.1 ± 3.5 cm, A32_S2: 12.4 ± 3.5 cm).
This resulted in less fine sediment accumulation (Schindler Wildhaber
et al., 2012b) and higher specific infiltration rates q were found
(Fig. 5). Further, these patterns of q were closely paralleled by the
oxygen dynamics in these redds (see Section 3.3.2).

3.2.2. Temporal pattern of the hydraulic dynamics
Slightly positive VHGs, indicating upwelling processes, were mea-

sured in the tail of most redds at the beginning of the incubation period
(Fig. 4B). In contrast, horizontal hydraulic gradients (HHGs) between
pit and tail did not indicate increased horizontal pumping flows
between pit and tail (Fig. 4C). The often suggested redd scale flow
pattern, with downwelling in the pit and upwelling in the tail (Tonina
and Buffington, 2009), was therefore not confirmed by the HHG
measurements. One reason for this might be the influence of the
riverbed morphology or the water levels on the vertical and horizontal
hydraulic gradients, as indicated by significant correlations between
VHGs and the water level (ρ=0.4–0.6, p b 0.05 in 8 of the 18 redds,
Fig. 6).

During base flow, VHGs were mostly negative or around zero,
indicating downwelling or horizontal advection flow, which agrees
with model predictions (Huber et al., 2013). Upwelling or lateral flow
dominated for VHG values measured at higher water levels (Fig. 6).
On an intermediate scale, upwelling increases below steps (Gooseff
et al., 2006; Huber et al., 2013; Kasahara and Hill, 2006). On a regional
scale, upwelling can occur when increasing riparian groundwater levels
are paralleled by decreasing stream water levels, e.g., during the reces-
sion limb of flood events (Geist et al., 2008; Malcolm et al., 2003,
2006; Soulsby et al., 2009). In the Enziwigger, VHG measurements
during the rising limb or flood events were not possible because of
dangerous physical conditions. Most of the higher water levels in
Fig. 6 therefore represent data points measured during the recession
limb of flood events. Therefore, the positive hydraulic gradients
(Fig. 6) indicate most likely recharge of groundwater on a regional
scale and related upwelling in the redds.

Hyporheic flow paths in rivers can be very complex and also change
with discharge and morphology (Tonina and Buffington, 2007). In our
study, these complex temporal dynamics can best be seen in the specific
water infiltration rates. Initially, q values inmost reddswere consistent-
ly high (6–7 · 10−6m s−1), and decreased markedly within a month –

likely related to fine sediment accumulation and changes in redd
morphology – to finally stabilize around 1–2 · 10−6m s−1 for the rest
of the incubation season (Figs. 7, 5). Nonetheless, on the scale of hours
and days, q remained responsive to water-level fluctuations, when it
increased during high-flow events and returned to baseline levels
afterwards (Fig. 7). Themost likely explanation for this are local changes
in groundwater heads in combination with increased gravel perme-
ability related to remobilization of fine sediment (e.g., Brunke, 1999;
Keery et al., 2007; Schälchli, 1995).

Fig. 5. Specific water infiltration rates in the upper (qu) and the bottom part (qb) of the redds during season 1 (top) and season 2 (bottom). Negative values indicate upwelling, positive
values indicate downwelling. For each redd the horizontal line indicates the median, the box interquartile range (i.e., center 50% of the data), whiskers mark maximum and minimum
values, and points denote values exceeding 1.5 times the interquartile range. Among seasons, redds were built in the same location (Fig. 2) with the exception of redds A31 and A32
(see Section 3.2.1).
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Temporally negative q values, and hence upwelling were found in
the bottom part (approx. 12–20 cm) of two redds (A31_S2 and
C22_S2) where consistent downwelling occurred in the upper part
(Fig. 5). Redd C22 (Fig. 8) was located just above a step, where
downwelling predominates (Huber et al., 2013). Further, it was located
on the right side of the Enziwigger, close to a small tributary river
driving exfiltration of groundwater (Fig. 2). Given this specific location,
we suspect that river water infiltrated in the upper part of this redd
(positive q), while groundwater exfiltrated into the lower part (nega-
tive q). As discussed above, this groundwater exfiltration increased
during the recession limb of high flow events (Fig. 8). Altogether,
these data clearly indicate that exchange processes in salmonid redds
are driven on different scales, and that these processes altogether deter-
mine water-exchange patterns in the egg pocket, which will then have
an influence on the likelihood of embryo survival (Michel et al., in
revision).

Specific water infiltration rates q calculated with the intermediate
groundwater flow model for specific redd locations in downwelling
zones ranged between 8.5 · 10−7 and 1.5 · 10−5 m s−1 (season 1,

Huber et al., 2013). Measured daily qt values at redd B42_S1 correlated
with themodeled values (Pearson's r=0.3, pb0.05). At redd B52_S1, no
significant correlation was found. The groundwater flowmodel was set
up using hydraulic heads of the river and groundwater as well as the
local and regional topography. In contrast, the actual q in the redds
further depends on the hydraulic conductivity, affected by fine
sediment deposition and hydraulic gradients on the redd scale. These
differences could have contributed to the lack of correlation in the latter
redd, since water exchange rates on the redd scale can vary strongly,
either depending on reach scale bedform character and barriers
(Baxter and Hauer, 2000) or differences in hydraulic conductivities
(Brunke and Gonser, 1997). These results indicate that groundwater
flow modeling as applied in Huber et al. (2013) can predict exchange
processes on the regional and intermediate scales, but is limited in
predicting exchange processes on the redd scale.

Altogether, these findings illustrate that water exchange processes
in salmonid redds are complex and driven on multiple scales. Conse-
quently, fine sediment effects on salmonid embryo survival can be
expected to differ depending on the redd location relative to river

Fig. 6. Relationship between water level and vertical hydraulic gradient (VHG) for individual redds from season 2. Within each panel Spearman correlation coefficient rho (ρ) and the p-
value are given. Positive VHG indicates upwelling, and negative VHG indicates downwelling. The location of each redd is given in Fig. 2.

Fig. 7. Example of the temporal dynamics of the specific infiltration q in the upper part of the redd gravel (qu), the oxygen concentration and the water level. Shown are data from redd
C21_S2 (cf. Fig. 2). A period when oxygen and temperature probes were dug out is marked with vertical dashed lines.
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morphology and structure and also on regional aspects, such as river in-
teractions with the valley aquifer.

3.3. Oxygen

3.3.1. Manual vs. continuous oxygen measurements
Manual oxygenmeasurements, conductedonbi-weekly intervals dur-

ing season 2 in mini-piezometers, indicated a high interstitial dissolved
oxygen (DO) concentration in the redds (10.1 ± 2.2 mg l−1/75.7 ±
15.7%).However, DOconcentrationsmeasuredmanually didnot correlate
with DO concentrations from permanent oxygenmeasurements. Oxygen
concentrations in salmonid redds can vary substantially with time
(Heywood and Walling, 2007, this study), and hence even weekly or bi-
weekly measuring intervals have a high risk of underestimating extreme
values (Malcolm et al., 2006). Manual measurements in piezometers
could therefore over- or underestimate the amount of oxygen present
in salmonid redds, being a poor descriptor for oxygen dynamics during
the incubation season. Given these limitations and the methodological
bias of the manual DO data, further interpretations are based only on
the continuous DO measurements.

3.3.2. Spatial oxygen dynamics
Dissolved oxygen concentrations from continuous measurements

in redds documented a high variability on small spatial scales (i.e.,
between redds), but also a general increase from upstream to down-
stream (Table 3). Interstitial oxygen concentrations at site A (redd
A32_S1) were especially low during season 1 with DO concentrations
below 3 mg l−1 during 44 of total 135 days of egg incubation time. A
DO concentration of 3 mg l−1 is considered as a critical threshold for
salmonid embryo survival (Michel et al., in revision). The low DO
concentrations in this redd could be related to low specific water
infiltration q (see Section 3.2.1). This is supported by the observation
that, when this redd was moved to a location with a higher water
level during season 2, not a single day below 3mg l−1 occurred (redd
A32_S2; Table 3). In contrast, redd A31_S2, built about six meters
upstream of A32_S2, had 14 days with DO concentrations below

3mg l−1, likely related to upwelling of DO depleted hyporheic water,
as discussed in Section 3.2.2 (Fig. 5). Days below 3 mg l−1 were far
less frequent at sites B and C (Table 3). These observed low oxygen
concentrations at site A could be related to the artificial log steps, break-
ing down the river slope, inhibiting natural river gravelmovements and
thus triggering high fine sediment accumulation at sites with lowwater
levels. At the downstream sites, water levels and shear stress were
generally higher, leading to a flushing of infiltrated fine sediment, and
less accumulation (Schindler Wildhaber et al., 2012b).

Only a small number of accumulation baskets in redds with perma-
nent oxygen measurements survived floods, resulting in a very small
data set (n = 4) across the two field seasons (Schindler Wildhaber
et al., 2012b). However, these four data points were surprisingly evenly
spread and showed a perfect linear decrease of themeanDO concentra-
tionwith increasingfine sediment accumulation (Fig. A1). This has been
repeatedly demonstrated before (e.g., Heywood and Walling, 2007),
and indicates that also in our study river increased fine sediment
accumulation could negatively affect embryo survival by decreasing
oxygen supply.

3.3.3. Temporal oxygen dynamics
On the scale of hours and days, DO concentrations decreased during

the falling limb of high flow events. This pattern was most pronounced
when temporal water exfiltration was measured, e.g., redd A31_S2
(Fig. 9, see also Section 3.2.2), and thus most likely related to intermit-
tent exfiltration of depleted groundwater or hyporheic water through
the redd (Section 3.2.2). The same has been reported in other studies
(Malcolm et al., 2010, 2006; Soulsby et al., 2009). Nonetheless, decreas-
ing DO concentrations during the falling limb of high flow events were
also found in locations where no exfiltration was measured (e.g., redd
C21_S2, Fig. 7). Here interstitial DO quickly returned to normal levels
after the rising limbof highflowevents, also suggesting that this pattern
is related to groundwater exfiltration rather than increased fine
sediment deposition, which would have likely caused more prolonged
effects (Fig. 7).

Fig. 8. Temporal changes of the specific infiltration rate q in the upper and the bottom part of the redd C22_S2 (cf. Fig. 2 for location of the redd). Negative values indicate upwelling, pos-
itive values indicate downwelling. The arrows point to periods with increased upwelling during the falling limb of high flow events.

Table 3
Mean oxygen concentrations calculated from continuous measurement with permanent oxygen probes in one redd per site during season 1 (S1) and two redds per site during season 2
(S2). Given are mean± standard deviations, minimum (min) and number of days wherein oxygen concentration was below 3mg l−1.

Mean± SD O2 (mg l−1) Min O2 Days O2 b 3mg l−1

Site S1 S2 Mean
(S1+S2)

S1 S2 S1 S2

A 4.6± 3.3 8.4± 3.4 6.6± 3.8 0.0 0.1 44 14|0
B 9.6± 2.1 10.0± 2.3 9.8± 2.2 3.2 0.0 0 4|2
C 9.6± 1.8 10.3± 1.3 10.0± 1.6 0.6 3.8 1 1|0
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In addition to these changes in interstitial DO on the scale of hours
and days, two general trends over the entire incubation periodwere ev-
ident. The first trend could be observed at the beginning of the incuba-
tion season: shortly after redd construction, DO was generally high and
paralleled by high specific water infiltration rates q (10–12mg l−1, or
80–90% oxygen saturation; for an example see Fig. 7). Within a few
weeks, interstitial DO decreased in parallel with q, as also reflected in
significant correlations between these twoparameters (Fig. 10). The dif-
ferent forms of this relationship among redds (Fig. 10) could be related
to local conditions at the redd location that also affect interstitial DO
(e.g., organic content, groundwater influence). The second trend could
be observed at the end of the incubation season, when several redds

showed a distinct decrease in interstitial oxygen during spring, i.e.,
just before hatching (Figs. 7, 9). This decrease was usually preceded by
prolonged periods of base flow, when smaller sediment particles infil-
trated in the redds (Schindler Wildhaber et al., 2012b). These silt and
clay sized particles can effectively induce siltation of the riverbed, there-
by decreasing hydraulic conductivity (Schälchli, 1995). Moreover, the
organic matter concentration of the infiltrated fine sediment increased
during baseflow conditions (SchindlerWildhaber et al., 2012a). Togeth-
er with risingwater temperatures during spring, the latter likely further
decreased the oxygen concentration in the redds (S.M. Greig et al.,
2007). This decrease towards the time of hatching, when oxygen de-
mand of the salmonid embryos is at maximum (S.M. Greig et al.,

Fig. 9. Example for temporal oxygen concentration andwater level dynamics (redd A31_S2, cf. Fig. 2 for location of the redd). Arrowsmark the decrease of oxygen concentrations during
the falling limb of high flow events.

Fig. 10.Relationships between themeandaily oxygen concentrations in redds and the specific infiltration rates qtwith non-linear regression lines.Within eachpanel Spearman correlation
coefficient rho (ρ) and the p-value are given. See Fig. 2 for location of the redds.
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2007), might have also affected embryo survival in some redds (Michel
et al., in revision).

4. Conclusion

Artificial steps in channelized rivers can have positive or negative ef-
fects on incubating salmonid embryos. In downstream sections, where
canalization of the riverbed cause higher water level and an increased
slope, resulting in a higher sediment transport capacity, artificial steps
decrease river gravel movements and thus scouring of the riverbed.
Additionally, artificial steps increase hyporheic exchange processes.
Further upstream, in low flow sections, where slopes would naturally
be higher, artificial steps inhibit natural river gravel movements due
to the decreased riverbed slope. This triggers higher fine sediment
infiltration and accumulations, resulting in lower specific water infiltra-
tion rates (q) and hyporheic oxygen.

Our data further more demonstrate that q and dissolved oxygen
(DO) concentrations in salmonid redds are highly dynamic and driven
on multiple scales. Clearly, q and interstitial DO in salmonid redds are
affected by conditions at the redd location, such as the amount of accu-
mulated fine sediment, organic content and redd morphology. How-
ever, local factors of the magnitude of centimeters to meters are
regularly superimposed by processes driven on the intermediate scale
(in the range of meters) and regional scale (in the range of tenths of
meters to kilometers). On an intermediate scale artificial steps can affect
patterns of fine sediment accumulation, water exchange in salmonid
redds and hence interstitial DO.

Our results document for the first time an effect of artificial steps on
water exchange and oxygen concentrations in salmonid redds. Given
the complex interaction of all the processes studied here, multiple
factors have to be considered to predict salmonid embryo survival,
which is highly time and work intensive. Multiple predictors should
include oxygen and fine sediment measurements, riverbed structure
such as artificial steps or the channelized riverbed and the hydrological
setting of the river in the valley aquifer.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2013.09.100.
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