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Summary

Summary

Worldwide native salmonid populations are reported to be in decline. Habitat degradation,
and increased anthropogenic fine sediment input in aquatic ecosystems is an important
contributing factor. Suspended fine sediment can directly impair the health of free swimming
juvenile salmonid fish, either by causing direct physical damage and/or via turbidity.
Deposited fine sediment can hinder oxygen supply to salmonid embryos and hence impair
their survival. Numerous studies have been published so far. Despite this, we still lack an
integrated understanding of how fine sediment affects salmonid fish at different stages of their
life-cycle. My thesis contributes to such an integrated understanding in juvenile salmonid fish

(Part 1), and for salmonid embryo survival (Part 2).

In part 1, we could demonstrate with an in vivo exposure that pulses of suspended mica clay
particles affect rainbow trout (Oncorhynchus mykiss) mostly via turbidity. Moreover, we
found that (i.) rainbow trout could adapt within days when they cannot avoid sediment
plumes, and (7i.) that exposure over 24 days can cause cellular changes in inner organs and
metabolic stress, even when gill damage is absent and effects on condition are moderate.
Altogether, this experiment provides the first systemic investigation of suspended mineral
particle pulse effects in a salmonid fish. In an in vitro exposure with the epithelial gill cell-line
RTgill-W1 we could, to my knowledge, demonstrate for the first time (i.) that natural mineral
particles can cause cytotoxic effects in gill epithelial cells, and (ii.) that clay particles are more
cytotoxic than framework silicates. Further, the clay particles differed in the kind of cytotoxic
effects induced, causing either oxidative stress or cell membrane damage. Most interesting,
our results are the first empirical evidence that clay particles could induce comparable

cytotoxic effects in gill epithelial cells than synthetic nano-particles

In part 2, a field experiment provides an integrated perspective on the factors affecting brown
trout embryo survival in a channelized river. The introduced steps created a repetitive step-
pool-glide morphology (“terraces”). Up to hatch salmonid embryos incubate in distinct gravel
nest (“redds”), and during this phase they depend on sufficient oxygen supply. Both fine
sediment and a modified river structure can affect hyporheic exchange, and hence embryo
survival. For such modified rivers, our experiment is, to my knowledge, the first (i.) to
characterize the factors affecting fine sediment deposition, water exchange and oxygen
concentrations in salmonid redds, and (7i.) to explicitly identify important predictors for

salmonid embryo survival. We found that river morphology and flow dynamics causing fine



Summary

sediment re-suspension, rather than fine sediment transport per se, were important for
maintaining redd gravel permeability over most of the incubation season. Similarly, water
exchange and oxygen concentrations in the redds were mostly controlled by processes driven
on the intermediate (i.e. individual terraces) and/or regional scale (i.e. river channel). Gravel
permeability and the distance of the redd to the next upstream step, which created constant
upwelling of short-residence hyporheic water, were the most important predictors for brown
trout embryo survival. Altogether, we demonstrated (i.) that artificial steps could benefit
salmonid embryo survival in channelized and (ii.) that appropriate flow dynamics and river

structure are essential for sustaining salmonid incubation success.

My thesis clearly illustrates that it is essential to apply a holistic perspective to understand
how fine sediment can affect salmonid fish. My results show that numerous factors can
contribute. Fine sediment effects in juvenile salmonid fish could be modulated by exposure
concentration and duration, the geochemical composition of the particles, but also adaptive
responses of the organism. For fine sediment effects on salmonid embryo survival, the
particular river system, with its hydrological and geomorphological setting, as well as the
developmental stage of the embryo has to be considered. I believe we ultimately need to
integrate fine sediment as one aspect of environmental change, and from there to develop

strategies to sustain salmonid populations in the 21* century.
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Chapter 1

Introduction

“...no stream fisheries biologist or stream ecologist has been involved in a research project
for any length of time without serious sedimentation occurring to upset the research plan”

(Waters, 1995)

Sediments are a natural and ubiquitous component of the aquatic environment, and play an
important role in the ecological functioning of rivers and streams (Giller and Malmgqvist,
1998). Most natural sediment inputs are therefore regularly incorporated in stream processes
without causing substantial harm (Waters, 1995). However, anthropogenic fine sediment (i.e.
sediments < 2 mm) input in rivers is also increasing worldwide (Owens et al., 2005; Syvitski
et al., 2005). In England and Wales sediment yields in some rivers and lakes increased four-
fold over the last 100 years (Foster and Lees, 1999). Sediment input in the alpine Rhine is
predicted to increase two-fold by the year 2100, mostly related to altered land-use and climate
change (Asselman et al., 2003). Similar trends can be observed in the United States, where
fine sediment and turbidity are among the top ten threats for aquatic ecosystems health (US
EPA, 2009). Especially in high altitude areas of the Northern Hemisphere, climate change
will likely further contribute by increasing the frequency and intensity of heavy rainfall events
and hence fine sediment input in rivers (Asselman et al., 2003; Dore, 2005; Jentsch and
Beierkuhnlein, 2008). It is these observed and predicted increases of fluvial fine sediment that
have raised most concerns about negative effects on aquatic biota, including salmonid fish
(Wood and Armitage, 1997; Henley et al., 2000; Wilber and Clarke, 2001; Bilotta and
Brazier, 2008; Scheurer et al., 2009; Kemp et al., 2011).

Fine sediments in rivers

Fluvial fine sediment originate from various sources, either located in the catchment or in the
river channel (Figure 1; Wood and Armitage, 1997; Owens et al., 2005). Natural sources
include sand-bars and exposed stream-banks in the channel, as well as open soil and

landslides in the catchment area (Waters, 1995). Humans have impacted all these sources, e.g.
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by agriculture, forestry, mining, urban development, or other industrial operations (Waters,
1995). Given the variety of sources, fine sediment in rivers is always a mixture of particles of
different size and/or geochemical composition (Figure 1; Irion, 1991; Walling, 1996; Evans et
al., 2006).

Once the fine sediment particles are in the river, they move through the system in a dynamic
equilibrium between downstream transport and storage in the channel (Figure 1; Slaymaker,
2003). Downstream transport occurs mostly during high flow events in suspension
(“suspended sediments”; Figure 2), but also as “bed-load” along the gravel-bed (Montgomery
and Buffington, 1998). Suspended fine sediment mostly consist of small-sized particles,
defined here as the size-classes of silt (< 63 pm) and clay (< 2 um; Irion, 1991). Bigger
particle sizes can be suspended during strong high-flow events (Waters, 1995; Walling et al.,
2000), especially in high gradient streams of higher altitudes (e.g. Lenzi and Marchi, 2000). In
larger lowland rivers, suspended fine sediment transport during flood events can persist over
weeks (e.g. Asselman, 1999; Pont et al., 2002) Humans can create repeated suspended fine
sediment pulses over days to weeks, e.g. during dredging (Harvey and Lisle, 1998) or
reservoir flushing (e.g. Crosa et al., 2010). During storage, fine sediment particles deposit on
the river-bed or infiltrate in gravel interstices, from where they can be re-suspended (Lisle,
1989; Brunke, 1999; Seydell et al., 2009). Fine sediment infiltration decreases hyporheic
exchange, and regular re-suspension of deposited fine sediment by “flushing flows” is crucial
for the ecological functioning of rivers (Elosegi et al., 2010). The balance between transport
and storage (Figure 1) is determined by fine-sediment properties (i.e. particle-size,
cohesiveness), as well as gravel bed composition and discharge dynamics (Schalchli, 1995;
Brunke, 1999). The latter two factors affect water-level, hydraulic gradients, and bed-shear
stress. The sediment re-suspension cycle starts during the rising limb of flood events,
suspended fine-sediment transport persist during the event (Figure 2), and fine sediment
deposits and infiltrates during the falling limb. Increased fine sediment infiltration also occurs
during base-flow when the suspended load is high (Brunke, 1999). In summary, increased fine
sediment transport and deposition can occur due to increased fine-sediment input, but also due
to anthropogenic river modifications that change discharge dynamics (e.g. hydropower

reservoirs) and/or geomorphology (e.g. channelization, relocation) of the river system.
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For my thesis, I concluded that free-swimming salmonid fish are often not confronted with a
constant fine sediment concentration, but rather with pulses of small-sized particles (< 63um).
Moreover, their impact most likely depends on both the suspended fine sediment
concentration and the duration the fish are exposed to the pulses. For salmonid embryo
survival, it is important to recognize that the effect of fine sediment on gravel permeability
and hyporheic exchange is temporarily dynamic, and also depends on discharge dynamics and

geomorphology of the river system.

Fine sediment effects in salmonid fish

To understand how fine sediment can impact salmonid fish has been on the scientific agenda
for over a century (Waters, 1995 gives a historic overview). One of the earliest publications in
this regard was probably a comment about the loss of trout spawning habitat in a Colorado
river affected by mining (Jordan, 1891 cited in Waters, 1995). By now, numerous case studies
have investigated aspects of how fine sediment can affect salmonid fish. To no surprise,
several comprehensive reviews have been published (e.g. Waters, 1995; Newcombe and

Jensen, 1996, Wilber and Clarke, 2001; Newcombe, 2003; Kemp et al., 2011).

Fine-sediment
sources

Discharge
Morphology

Particle-size
Composition
Transport Storage

Part 1 Part 2
Effects on juvenile Effects on salmonid
salmonid fish embryo survival

Figure 1 — Schematic illustration of the factors affecting fine sediment input, transport and
deposition in a river system and how they relate to aspects of fine sediment effects in salmonid fish
investigated in my thesis.
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Anthropogenic fine sediment input contributed to the decline of native salmonid populations
in North America (Hicks et al., 1991; Nehlsen et al., 1991; Yoshiyama et al., 1998; Katz et al.,
2012) and the United Kingdom (Gilvear et al., 2002). In Switzerland brown trout catches
decreased by more than 50% since the early 1980s (Burkhardt-Holm et al., 2005). To
investigate the underlying causes the five-year interdisciplinary research project FISCHNETZ
was initiated (Fischnetz, 2004; Burkhardt-Holm and Scheurer, 2007). Its results indicate that
the catch decline was related to reduced fishing activities, a change in stocking but also a
decrease of brown trout population sizes (Fischnetz, 2004). Increased fine sediment, and its
negative effect on gravel permeability, was one factor that contributed to population declines
(Borsuk et al., 2006; Schager et al., 2007). My PhD thesis originated as a follow-up project of
FISCHNETZ (Scheurer et al., 2009). Its aim was to further investigate the impact of fine

sediments on health and reproduction of salmonid fish.

How fine sediment can affect salmonid fish is closely linked to the salmonid life-cycle. Here I
briefly describe the general life-cycle pattern for the brown trout (Jonsson and Jonsson, 2011).
Brown trout spawn, fertilize and bury their eggs in distinct gravel nests (“redds”) in late
autumn to early winter. Embryos incubate in redds for several months (“intra-gravel stage”).
During this intra-gravel stage the embryos depend on sufficient interstitial oxygen and water
exchange to ensure oxygen supply and to remove metabolic waste products (Greig et al.,
2007; Malcolm et al., 2008). Hatched embryos stay in the redd gravel until yolk-sac depletion,
and then emerge to the water-column. Emergence usually takes place in late spring to early
summer. After emergence, the fish feed and grow until late autumn, and then overwinter.
After two to three years they reach maturity and close the reproductive cycle by contributing
their own progeny to the population. For details and the diversity of life history strategies,
also in the genus Oncorhynchus, see for example Crozier et al. (2008) and Jonsson and
Jonsson (2011). Fine sediment can affect salmonid fish at any stage, either as suspended
sediments or deposited in the redd gravel (Figure 1; Newcombe and Jensen, 1996). My thesis
contributes new insights on the effect of fine sediment on juvenile salmonid fish (Part 1,

Figure 1) and intragravel embryo survival (Part 2, Figure 1).
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Part 1 — Effects on juvenile salmonid fish

Background

It is clear by now that exposure concentration and duration are important for suspended fine
sediment effects in free swimming salmonid fish (Newcombe and Jensen, 1996). Individual
studies indicate that specific particle properties, such as particle-size and angularity, influence
responses (Servizi and Martens, 1987; Lake and Hinch, 1999). It has been also suggested that
the geochemical composition of the particles affects responses, but this has not been studied
prior to my thesis (Waters, 1995; Bilotta and Brazier, 2008). For juvenile sockeye salmon, a
96h LCs of 17560 mg L' was reported for natural particles < 74 pm, which decreased to
1800 mg L with particle sizes of 180—740 um (Servizi and Martens, 1987). In rainbow trout,
10000 mg L™ kaolin particles < 30 pm caused 28% mortality (Goldes et al., 1988).
Altogether, sub-lethal responses pre-dominate under many environmental conditions, except
maybe for very long suspension events and/or bigger particle sizes (Alabaster and Lloyd,
1982; Waters, 1995; Newcombe and Jensen, 1996). Indirect sub-lethal effects can be related
to fine sediment induced changes in primary production but also decreased drift of
invertebrate food sources or a reduction in benthic food sources (Wood and Armitage, 1997,
Shaw and Richardson, 2001; Suttle et al., 2004). Direct sub-lethal effects could be related to
physical damage and/or turbidity (Waters, 1995).

For direct physical damage, the gill was often considered a primary target organ. Yet, the
evidence for gill damage is inconclusive, especially for small-sized (< 63um) suspended fine
sediment particles (Waters, 1995). For this particle size, structural damage has been reported
in some studies (270-4887 mg L'l, Herbert and Merkens, 1961; Servizi and Martens, 1987;
Goldes et al., 1988), while other studies found no effect with similar concentrations and
exposure durations (Redding et al., 1987; Lake and Hinch, 1999; Shrimpton et al., 2007).
Based on altered hematocrit and leucocrit values, it has been suggested that the particles
impair respiratory function by “irritating” gill epithelia (Redding et al., 1987; Lake and Hinch,
1999). For me this conclusion based solely on changes in hematocrit and leucocrit is
problematic. Changes in these primary hematological end-points could “simply” reflect acute
physiological stress (Houston, 1997) induced by turbid water as an unusual perceived stressor
(Barton, 2002; Boonstra, 2013). It is also known that many of the gill lesions reported in the
above cited studies (e.g. epithelial lifting, lamellar fusion, hyperplasia, and thickened gill
epithelia) can be triggered via the stress axis (Mallatt, 1985). In summary, gill damage would

most likely trigger a physiological stress response. However, histological gill damage as well



Chapter 1

as primary and secondary responses of the stress axis alone are no proof for an impaired gill
function. To document an impaired gill function, histological analyses should be
complemented with biochemical measurements in the gill as well as systemic end-points of

blood composition (Evans, 1987; Houston, 1997).

Turbidity can induce behavioral responses in salmonid fish (Waters, 1995). Well documented
are avoidance of sediment plumes, surface swimming and alarm reactions/spurt swimming
(Bisson and Bilby, 1982; Sigler et al., 1984; McLeay et al., 1987; Newcombe and Jensen,
1996). In rainbow trout avoidance can be a response to any new object ("neophobia",
Sneddon et al., 2003). These behavioral responses could be therefore related to structural gill
damage causing stress, or “simply” to turbidity as a new perceived stressor (Barton, 2002).
Turbidity can also impair foraging success and feeding in salmonids, which has been reported
to decrease growth and weight (Berg and Northcote, 1985; Shaw and Richardson, 2001;
Sweka and Hartman, 2001b; De Robertis et al., 2003). Other authors related growth and
weight effects to increased energy demands caused by increased activity, physiological stress
and respiratory impairment (McLeay et al., 1987; Sweka and Hartman, 2001a; Shrimpton et
al., 2007). Increased swimming might also indicate an adaptive response, since for example
brook trout switched from drift feeding to active searching to compensate for turbidity effects
(Sweka and Hartman, 2001a). Altogether, reduced feeding and growth is considered a
significant sub-lethal effect of suspended fine sediment (Waters, 1995), but there is still
controversy about how this effect manifests. Possible physiological adaptations of salmonids
to turbidity induced food deprivation and metabolic stress (e.g. Simpkins et al., 2003; Harmon

et al., 2011) have been not investigated so far.

Mineral particle uptake in the gill and inner organs could contribute to cytotoxic effects of
mineral particles in salmonid fish (Goldes et al., 1986; Martens and Servizi, 1993; Newcombe
and Jensen, 1996). In sockeye salmon, on average 14 mineral particles per 100 gill lamellae
were taken up, and particles were also found in the spleen (Martens and Servizi, 1993). The
magnitude of mineral particle uptake in inner organs was not quantified yet. However, 80000
plastic microspheres (1 pm diameter) accumulated in juvenile rainbow trout (1.5-2.9 g total
weight) within 24 h water-borne exposure (Moore et al., 1998). After 24 days around 5000
microspheres were found in spleen and kidney. In mammalian cells, mineral particles can
cause inflammatory responses, oxidative stress, and also affect membrane stability

(Donaldson and Borm, 2007). I see no reason, why this should not be also the case in fish
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cells. In fish, phagocytosis of particles by macrophages is one possible defense mechanism
(Ellis et al., 1976). If and to what extent mineral particles cause cellular damage at their site of

uptake has not been investigated so far.

My laboratory experiments

Chapter 2 describes an in vivo exposure that provides a systemic investigation of the effects
of suspended mineral particle pulses in a salmonid fish, the rainbow trout (Oncorhynchus
mykiss). Studies so far focused on individual aspects of suspended fine sediment effects in
juvenile salmonid fish. In isolation many of the applied physiological end-points (e.g. cortisol,
hematocrit, leucocrit) are not sufficient to demonstrate persistent pathologic effects. Changes
in these end-points could be also a response to a novel cue and/or adaptations to survive the
perturbation. Therefore, I designed this experiment to investigate physical damage as well as
physiological, systemic, and apical responses that could manifest and persist during fine
sediment pulse exposure. I explicitly focused on the fish as an organism to understand, firstly,
how effects manifest at different levels of the biological organization, and secondly, how
these effects relate to each other. I conceived the experiment, and had the lead for the entire

experiment from conducting the exposure up to publishing the data.

Chapter 3 describes an in vitro experiment with rainbow trout gill epithelial cells. In this
experiment we tested the hypothesis that mineral particles of different geochemical
composition differ in their cytotoxic potential in salmonid gill epithelial cells. This hypothesis
was based on two notions: Firstly, similar particle concentrations differ in their ability to
cause histological damage in salmonid gills (see above), and, secondly, in my in vivo
exposure mica particles caused no histological damage, but lipid peroxidation in the gill after
24 days exposure (Chapter 2). To test this, we developed an in vitro approach with the
epithelial gill cell line RTgill-W1 (Bols et al., 1994). We applied this procedure to test four
different mineral particles common in European and North American watersheds. The data in
this chapter was generated by me and Simon Herzog, who conducted his MSc thesis as part of
my project (Herzog, 2012). Further, I analyzed the data and had the lead for writing the

manuscript.
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Part 2 — Effects on salmonid embryo survival

Background

Increased fine sediment deposition in salmonid redds can decrease embryo survival during the
intra-gravel stage (e.g. Jensen et al., 2009 and studies cited therein). This effect is mostly
related to a decreased gravel permeability, which can hinder water flow through the egg
pocket, and hence oxygen supply to the embryos (Greig et al., 2005; Malcolm et al., 2008).
Moreover, the water source is important since upwelling of oxygen depleted groundwater can

cause critical conditions even with sufficient water exchange (Malcolm et al., 2008).

The water-flow through salmonid redds can be described as function of gravel permeability
(i.e. hydraulic conductivity) and hydraulic gradients (Darcy's law; Lapointe et al., 2004). In
rivers hydraulic gradients depend on discharge dynamics as well as the geomorphology of the
river system over multiple scales: On the catchment scale, the river location relative to the
aquifer modulates the relative contribution of surfacewater and groundwater to hyporheic
exchange (Baxter and Hauer, 2000). Groundwater can have a profound impact on salmonid
embryo survival, since it is often oxygen depleted (Malcolm et al., 2008). On the reach scale,
bed-form and river structure, such as for example gravel bars, steps or log jams, create
hydraulic gradients that drive local hyporheic exchange (e.g. Buffington and Tonina, 2009).
Finally, the redd morphology itself can create hydraulic gradients driving pumping flows
through the egg-pocket (Tonina and Buffington, 2009). Temporarily, water exchange varies
with river discharge (Malcolm et al., 2004; Malcolm et al., 2006). High-flows contribute to
temporal dynamics since they, firstly, re-suspend fine-sediments from the gravel bed, and,
secondly, change bed-form and river structure (Schilchli, 1995; Montgomery and Buffington,
1998). All these factors jointly affect hyporheic exchange and oxygen concentrations, and
hence oxygen supply to salmonid embryos during intragravel incubation (Greig et al., 2007).
Thus, to understand how fine sediment affects salmonid embryo survival in a particular river
system these spatial and temporal dynamics need to be incorporated (Gibbins et al., 2008;
Malcolm et al., 2008; Newson et al., 2012).

The geomorphology of many Swiss streams is heavily modified (Woolsey et al., 2005), which
agrees with many salmonid streams worldwide (Brookes, 1988; Gilvear et al., 2002; Wohl,
2006). Common modifications include channel relocation, straightening and lateral
stabilization (“channelization”), as well as artificial structures for flow regulation and bed-

stabilization. Common artificial in-stream structures are dams, weirs, and artificial steps.
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A - Base-flow, site C

B - High-flow, site B

Figure 2 — Our study river at base-flow (A) and during a high-flow event (B). Open triangles give flow
direction, and dashed lines mark artificial steps. Picture A: During base-flow the water is clear, and almost
no suspended material is transported. Marked are artificial redds at the position of the egg-capsules
(asterisks), and two suspended sediment samplers (4). Inset A1 shows an egg-capsule with brown trout
eggs, scale bar = 1cm. Inset A2 shows one artificial redd with egg capsules (asterisk, red lines, cf. A1) as
well as the piezometer pipes in pit and tail (1), one bed-load sampler (2), and one accumulation basket (3),
scale bar = 1m. For details of the redd structure see Figure 1A in Chapter 5 (page 84). For sampling devices
see Figure 2 in Chapter 4 (page 67). Picture B: During high-flow the water became distinctly turbid. Grey
pipes on river bank contain cables for continuous oxygen and temperature measurements.
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All these modifications could impact salmonid embryos, because they change discharge
dynamics, geomorphology, and hence hyporheic exchange and fine sediment accumulation
(Allan, 2004; Elosegi et al., 2010). Channelization and decreased geomorphological diversity
can limit hyporheic exchange in salmonid streams (Malcolm et al., 2008). Despite this, we
still lack empirical studies that investigated how anthropogenic river modifications and fine

sediment jointly affect salmonid incubation success in modified river environments.

Field experiment

Our field experiment (Chapters 4-6) was designed to contribute to an integrated process
based understanding of the factors affecting brown trout embryo survival in heavily modified
rivers. For this we selected a heavily modified river of the Swiss Plateau with a viable brown

trout population, but not affected by hydropower or waste-water treatment plants.

The field experiment was conceived, set up and conducted by me and my PhD fellow Yael
Schindler Wildhaber (Institute of Environmental Geosciences, University of Basel). I had the
lead of all experimental procedures regarding the incubation of the brown trout embryos
(biotic part). For the abiotic part I was involved in method development, and conducted the
field work and sample collection together with Yael Schindler Wildhaber. For this experiment
we used artificial brown trout redds, which is a common approach in fine sediment research
(e.g. Rubin and Glimsiter, 1996; Malcolm et al., 2003; Greig et al., 2005; Levasseur et al.,

2006). An example of an artificial brown trout redd used in our study is shown in Figure 2.

Chapter 4 describes the methods developed to measure fine sediment transport and
deposition. It further describes and compares the dynamics of fine sediment transport and
deposition in our study river, among our three study sites, and how they relate to the discharge
dynamics of the river. For this chapter I was involved in sample collection and contributed to

the writing of the manuscript.

Chapter 5 describes how fine sediment deposition, discharge dynamics, and river
morphology affected water exchange and oxygen concentrations in the artificial redds. The
results are discussed in the context of scale-dependent exchange processes (cf. Huber et al., in
press). For this chapter I was involved in sample and data collection, contributed in

discussions to the data analyses, and was involved in the writing of the manuscript.

In Chapter 6 the most important predictor variables for brown trout embryo survival in our

study river were identified using multivariate statistical modeling. Further, I synthesized the

12
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process based understanding of the factors affecting brown trout embryo survival that we
obtained during our project (Chapters 4—6 and Huber et al., in press). For this chapter I
developed, coordinated and applied all procedures to assess embryo survival. I analyzed the

embryo survival data, developed and applied the multivariate statistical data analysis, and

wrote the manuscript.
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ARTICLE

Suspended sediment pulse effects in rainbow trout (Oncorhynchus
mykiss) — relating apical and systemic responses

* NRC

Research Press

Christian Michel, Heike Schmidt-Posthaus, and Patricia Burkhardt-Holm

Abstract: To provide an integrated perspective on mineral particle effects in salmonids, juvenile rainbow trout (Oncorhynchus
mykiss) were exposed to daily mica particle pulses for 8 and 24 days. On day 8, increased immature erythrocyte proportions
indicated a previous stress response. This response was absent on day 24, on which condition factor as well as plasma protein and
aspartate aminotransferase activity decreased. The latter two related negatively to the hepato-somatic index, suggesting meta-
bolic adaptations. The hepato-somatic index increased on days 8 and 24, while spleen-somatic index increased on day 24. No
histopathological damage occurred in gills, liver, spleen, or kidney. However, splenic melano-macrophages increased on both
days, and hyaline degenerations of kidney tubular cells were apparent on day 24. Overall, particle pulses affected rainbow trout
more via turbidity rather than by physical damage. We conclude that (i) rainbow trout may adapt to sediment pulses as early as
8 days of exposure and (ii) particle pulses over 24 days can cause structural and metabolic changes in rainbow trout, even when
gill damage is absent and apical effects on condition are moderate.

Résumé : Afin d'établir une compréhension intégrée des effets des particules minérales sur les salmonidés, des truites arc-en-ciel
(Oncorhynchus mykiss) juvéniles ont été exposées quotidiennement a des doses pulsées de particules de mica pendant des périodes
de 8 2 24 jours. Au jour 8, des proportions accrues d'érythrocytes immatures indiquaient une réaction de stress antérieure. Cette
réaction était absente au jour 24, jour ou des diminutions du facteur d'embonpoint ainsi que des protéines plasmatiques et de
l'activité de l'aspartate aminotransférase ont été notées. Le fait que ces deux derniers parametres étaient négativement reliés a
l'indice hépatosomatique laisse croire a des adaptations métaboliques. L'indice hépatosomatique avait augmenté aux jours 8 et
24, alors que l'indice splénosomatique avait augmenté au jour 24. Aucun dommage histopathologique ne s'est produit dans les
branchies, le foie, la rate ou les reins. Toutefois, une abondance accrue de mélanomacrophages spléniques a été observée aux
jours 8 et 24 et des dégénérescences hyalines des cellules tubulaires rénales étaient présentes au jour 24. Dans I'ensemble, les
truites arc-en-ciel étaient plus fortement affectées par la turbidité associée aux doses pulsées que par des dommages physiques
en découlant. Nous en concluons que (i) la truite arc-en-ciel peut s'adapter a des doses pulsées de sédiments deés le huitieme jour
apres l'exposition et (ii) les doses pulsées de particules sur plus de 24 jours peuvent causer des changements structuraux et
métaboliques chez la truite arc-en-ciel, méme si des dommages aux branchies sont absents et que les effets apicaux sur
l'embonpoint sont modérés. [Traduit par la Rédaction]

Introduction

Suspended sediments are common in aquatic ecosystems, but
sediment loads are also increasing worldwide, often as a result of
anthropogenic activities (Waters 1995; Syvitski et al. 2005;
Scheurer et al. 2009). In Europe, sediment yields in the alpine
Rhine are predicted to increase more than twofold by the year
2100 (Asselman et al. 2003). In England and Wales, historic data
suggest that sediment yields in some lowland rivers increased
fourfold during the last century (Foster and Lees 1999). The United
States Environmental Protection Agency has identified sediments
as among the top ten threats for freshwater and marine ecosys-
tems health (US EPA 2009).

Suspended sediments can have detrimental effects on fish, in-
cluding salmonids (Bilotta and Brazier 2008; Scheurer et al. 2009;
Kemp et al. 2011). The effect of mineral particles on free-
swimming salmonid fish decreases with particle size and in-

in the low micrometre to nanometre range (Newcombe 2003).
Particles in this range, referred to here as “small-sized particles”,
may affect salmonid fish via turbidity but also by direct physical
damage (Newcombe and Jensen 1996; Newcombe 2003).

Acute sublethal responses of salmonid fish to suspended mineral
particle exposure are well documented (table Al in Newcombe and
Jensen 1996). Salmonids regularly experience physiological stress
when challenged with suspended mineral particles, a response
often paralleled by decreased leucocrit and increased hematocrit
values (Redding and Schreck 1982; Redding et al. 1987; Servizi and
Martens 1992; Lake and Hinch 1999). Likewise, gill lesions and
particle uptake in gills and spleen have been reported (Goldes
et al. 1986; Servizi and Martens 1987; Goldes et al. 1988; Martens
and Servizi 1993). Therefore, increased hematocrits could be re-
lated to the acute stress response (Pearson and Stevens 1991) but
also to a threatened respiratory homeostasis (Gallaugher and

creases with particle concentration and exposure duration
(Servizi and Martens 1987; Newcombe and Jensen 1996). Under
many environmental conditions, sublethal effects predominate
(Alabaster and Lloyd 1982; Waters 1995), especially with particles

Farrell 1998). Behavioral responses include avoidance of sediment
plumes and “alarm reactions” (Bisson and Bilby 1982; Sigler et al.
1984; Berg and Northcote 1985). Finally, reduced growth and mass
of salmonid fish exposed to suspended mineral particles beyond
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4 days has been attributed to increased energy demands (Sweka and
Hartman 2001a; Shrimpton et al. 2007) but also to reduced feeding
in turbid waters (Shaw and Richardson 2001). In summary, numer-
ous studies have investigated specific aspects of suspended min-
eral particle effects in salmonids, but no study has investigated
the effects on the different body systems of a salmonid fish simul-
taneously. Furthermore, little is known about longer-term sys-
temic responses, which could include adaptations to maintain the
metabolic and hematologic homeostasis (cf. Houston 1997; Beyers
et al. 1999). This knowledge would provide a more integrated
perspective and therefore contribute to a better risk assessment
of suspended mineral particle exposure in salmonid fish.

Our study is the first systemic investigation of small-sized
suspended mineral particle effects in juvenile rainbow trout
(Oncorhynchus mykiss). Its aim was to investigate physical damage as
well as physiological, systemic, and apical responses that could
manifest and persist during sediment exposure. Our analyses
cover different levels of biological organization (i.e., cells, organs,
and whole animal) and key areas of physiology (i.e., osmoregula-
tion, hematology, and metabolism). This body systems approach
(cf. Federici et al. 2007) allowed us to relate effects in target organs
(i.e., gills, liver, spleen, and kidney) to systemic and apical re-
sponses. Thereby, we investigated (i) whether particles caused
physical damage and (or) biochemical effects in the gills, (ii) whether
particles caused histopathological, biochemical, or cellular effects
in target organs (i.e., gills, liver, spleen, and trunk kidney), and
(i1i) whether systemic and apical responses related to target organ
effects, but also to food deprivation or a stress response. All effects
were investigated after 8 and 24 days to assess differences related
to exposure duration and also possible adaptive responses.

Materials and methods

Experimental procedures

Juvenile rainbow trout were obtained from a trout hatchery
(Pisciculture de Vionnaz Hess SA, Switzerland). Fish were acclima-
tized for 2 weeks before random distribution to 12 experimental
tanks (60 L volume; n =12 fish per tank). During distribution, total
mass and standard length of each fish were recorded. Initial total
mass and standard length of fish was 44.30 + 0.37 g and 14.45 *
0.04 cm (mean * SE, n = 144) respectively. No initial differences for
either parameter or condition factor were detected between
experimental tanks. Following transfer the fish were rested for
4 days before the onset of particle exposure. During the experiment
fish were fed commercial trout pellets (HOKOVIT Silvercup bio, H.U.
Hoffmann AG, Switzerland) at a rate of 1% of body mass per day.
Water flow in tanks was adjusted to approximately 300 mL-min—.

Fish were exposed to daily pulses of small-sized mica particles
(Fig. 1; Aspanger Bergbau und Mineralwerke GmbH & Co KG, Aus-
tria). These particles are extracted from a natural deposit via wet
processing and hence can be expected to be comparable to parti-
cles also transported in natural rivers (e.g., Martens and Servizi
1993; Atteia et al. 1998). Treatment levels were as follows: 0 mg-L—!
(control) and 300 (low), 1300 (medium), and 5000 mg-L-! (high)
nominal initial particle concentrations. Three replicate tanks per
treatment level were applied. Treatment levels were chosen to
cover a range of particle concentrations that salmonid fish could
experience in the field, either naturally (Tramblay et al. 2010;
Mitchell 2012; Kroger et al. 2013) or related to human activities
(Crosa et al. 2010). The maximum concentration was set below the
level that kaolin, another phyllosilicate particle, caused mortality
in rainbow trout (Goldes et al. 1988).

For re-dosing, mica particles were introduced into 10 L Duran
glass jars (Schott Duran Group GmbH, Germany) located on a rack
above the experimental tanks. Particles were suspended by vigor-
ous stirring with a magnetic stirrer bar (500 r-min-!, 210 min) and
complete suspension was checked visually before re-dosing. Then
approximately 20 L water was siphoned from the tank, and the
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Fig. 1. Suspended mineral particle concentration in exposure tanks
during the 24 h between re-dosing. Symbols denote mean + SE
concentration in treatment levels (squares = low, circles = medium,
triangles = high). The inset on the upper right shows the cumulative
size distribution of the mica particle mixture used in the
experiment.
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Hours after re-dose

particle suspension was carefully infused using a hose and gravity-
driven water flow. Control tanks were treated similarly except
that they were infused with clear water. Re-dosing was repeated
every 24 h. Fish were fed at least 30 min prior to the next sediment
pulse, and pulses were applied when feeding activity had ceased.

Initial particle concentrations in tanks were inferred from
500 mL water samples every 4 days collected in the center of each
tank immediately after re-dosing. The time course of the sus-
pended particle concentration was determined from samples
taken 1, 3, 6, 9, and 22 h after re-dosing collected once weekly in
the center of one tank per treatment level. Samples were dried to
constant mass in a heating cabinet and weighed (0.1 mg). Particle
concentrations (wfv) were calculated from the amount of sus-
pended matter in the tank minus the mean mass of suspended
matter in control tanks. Every 3 days temperature, pH (WTW 3210
pH meter), conductivity (WTW 330i conductivity meter), and dis-
solved oxygen concentrations (oxygen dipping probe; PreSens
GmbH, Germany) were monitored.

Sampling

Rainbow trout were sampled on days 8 and 24 of the exposure
(n=5 fish per tank per sampling day). Feeding was stopped the day
before sampling, and fish were sampled 24 h after the last sedi-
ment pulse. No sediment pulses were applied on the sampling
days. On each sampling day, five fish were collected per tank and
killed with buffered tricaine methanesulfonate (MS-222, Sigma
Aldrich GmbH, Switzerland). For hematological analyses, blood
was collected from two of these fish (n = 6 fish per treatment level
per sampling day) with heparinized syringes from the caudal vein.
For biochemical analyses, organ samples (second left gill arch,
liver, spleen, and trunk kidney) from the same fish were collected,
snap-frozen in liquid nitrogen, and stored at —80 °C. For histolog-
ical analyses, the same organs were sampled from the three
remaining fish per tank (n = 9 fish per treatment level per sampl-
ing day). Tissues were carefully excised, fixed in 10% phosphate-
buffered formalin (Carl Roth GmbH, Switzerland), and kept at 4 °C
in the dark until processing. Total body mass (0.1 g) and standard
length (+0.1 cm) as well as spleen and liver mass (+0.1 mg) were
recorded for all fish. Spleen-somatic index (SSI), hepato-somatic
index (HSI), and mean specific growth rate per tank were calcu-

< Published by NRC Research Press



Chapter 2

632

lated as described in Schubert et al. (2008). Fulton's condition
factor K was calculated as K = 100 x (mass x length=3), using total
mass and standard length. Regardless of sampling day, no effect of
sampling order on spleen mass and spleen-somatic index was
observed.

Hematology and plasma analysis

Hematological analyses (n = 6 fish per treatment level per sam-
pling day) were performed according to standard methods (e.g.,
Handy and Depledge 1999). Duplicate erythrocyte counts and he-
matocrit and leucocrit measurements were conducted immedi-
ately after blood collection. In parallel, blood smears were
prepared and stained with a modified Wright-Giemsa stain
(Sigma-Aldrich, Switzerland). Hemoglobin levels were measured
in triplicate with the cyanmethemoglobin method. Blood samples
were then centrifuged (5000g, 4 °C, 5 min), and plasma was stored
at -80 °C. Plasma electrolytes (Na*, K*, Cl-, Ca?*), marker enzymes
(aspartate aminotransferase (ASAT), alanine aminotransferase),
and blood glucose were measured with an automated clinical
analyzer (Beckman Coulter UniCel DXC600). Plasma total protein
was determined with the semimicro modification of the Lowry
method described in Handy and Depledge (1999).

Erythron composition and mature erythrocyte morphology were
investigated by image analysis of blood smears (Houston and Murad
1992). Pictures were taken under oil immersion (1000x magnifica-
tion) as described below for histological analyses. Immature, ma-
ture, degrading, and dividing erythrocytes were counted on
20 images per blood smear from each of two smears per fish (n =40
pictures per fish analyzed; mean = 1846, minimum = 1247,
maximum = 2336 cells per fish counted). Erythrocyte maturation
stages were identified following Lehmann and Stiirenberg (1974).
Lengths and widths of five mature erythrocytes were measured on
six randomly selected pictures per fish (n = 30 cells per fish). From
these, the erythrocyte area (0.25 x 7 x length x width) and shape
factor (width/length) were calculated. Erythron analyses were con-
ducted with sample names blinded and replaced by random num-
bers to avoid subjective bias.

Biochemical analysis

Biochemical analyses were conducted on the second left gill
arch, liver, spleen, and trunk kidney from all fish included in the
hematological analysis (n = 6 fish per treatment level per sampling
day). For enzyme assays, tissues were homogenized in 19 volumes
of ice-cold SEID buffer (McCormick 1993) with an Ultra-Turrax
(IKA Werke, Germany). Homogenates were centrifuged (5000g,
4°C, 1min), and enzyme activities were measured in supernatants.
Na*K*-ATPase activity was measured following McCormick (1993).
Lactate dehydrogenase (LDH) activity was measured following
Bergmeyer (1974), modified for 96-well plates. Enzyme activities
were determined from the NADH-related absorption decrease
over 10 min in a plate reader (340 nm wavelength, 21 °C; Infinite
M200, Tecan Group Ltd., Switzerland). Samples were measured in
duplicate. To investigate particle exposure-related oxidative cell
damage, thiobarbituric acid-reactive substances (TBARS) were de-
termined. Tissues were homogenized in 15 volumes of ice-cold
phosphate-buffered saline with an Ultra-Turrax (IKA Werke, Ger-
many). This assay was conducted in triplicate following Holt et al.
(1986) and Rau et al. (2004), modified for 96-well plates. Protein
content in homogenates was determined with the semimicro
modification of the Lowry method described in Handy and De-
pledge (1999). Enzyme activities and TBARS content were normal-
ized to tissue protein. All chemicals for biochemical analyses were
purchased from Sigma-Aldrich (Switzerland).

Histological analysis

Histological assessments were conducted on the second left gill
arch, liver, spleen, and trunk kidney (n =9 fish per treatment level
per sampling day). Tissues were automatically processed (TP1020
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tissue processor, Leica Microsystems AG, Switzerland), and eight
sections per fish (3-5 pm thickness) were mounted on microscope
slides. All sections were stained with haematoxylin and eosin.
Additionally, spleen and kidney sections were stained with Prus-
sian blue to detect changes in tissue iron content related to eryth-
rocyte turnover. For histo-pathological examination (Nikon
Eclipse 400 microscope), sections were first screened (100-200x
magnification) and then examined in detail (400x magnification).
The quantitative analyses described below were conducted on fish
from the control and the high particle treatment level (eachn =9
fish per sampling day). Digital images were taken with a Nikon
DXM 1200 F digital camera and Nikons ACT-1 software (version 2.63).

In spleen and kidney, the number and area fraction of melano-
macrophage aggregates (MAs) was quantified (Schwindt et al.
2006), with four digital images analyzed for each of two sections
(n=28images per fish). In the red pulp of the spleen, accumulations
ofindividual macrophages containing distinct dark granules were
observed (henceforth termed “granular macrophages”, abbrevi-
ated GM). To quantify these, we defined a granular macrophage
accumulation (GMA) as an area with =10 GMs present per micro-
scope field (200x magnification). Then two sections were screened
for GMAs along three nonoverlapping longitudinal transects cov-
ering the entire organ. Granular macrophages were counted in
three representative microscope fields per section located along
transects (maximum of n = 6 fields per fish counted). Counting
fields were separated >1000 pm to avoid counting the same accu-
mulation twice. In the kidney, hyaline degeneration of tubular
cells was observed. To quantify this effect, the number of pictures
showing this effect was recorded (n = 8 images per fish screened).
This number was used as a measure for the degree of degenerated
tubules present. All image analyses were conducted with the soft-
ware Image] for microscopy version 1.46f (Collins 2007). All quan-
titative histological analyses were conducted with sample names
blinded and replaced by random numbers to avoid subjective bias.
For better visualization, the contrast of the shown pictures (Fig. 3)
has been adjusted with the Auto Contrast function of Adobe Pho-
toshop CS3 version 10.0.1.

Statistical analysis

All statistical analyses were conducted in the open-source sta-
tistics software R version 2.12.0 (R Development Core Team 2011).
Significance was accepted at p < 0.05. A two-way ANOVA was
applied to test for differences in particle concentrations between
treatment levels and time points after re-dose. For this analysis,
the particle concentration was log,,-transformed. One-way ANOVA
was used to test for differences in water chemistry parameters and
water flow between (i) experimental tanks and (ii) treatment levels
as well as for differences in mass, length, and condition factor
between experimental tanks before the onset of exposure. Linear
regression analysis was used to test for a relationship between
organ indices (HSI, SSI) and hematological and plasma parame-
ters. For all these analyses, linear models were applied (function:
1m). Model assumptions were evaluated according to standard
procedures (e.g., Venables and Ripley 1994), and no violations
were observed.

All other data were analyzed with mixed effects models (Zuur
et al. 2009). Tanks were included as random effect to account for
repeated sampling from the same tank (cf. chapter 5 in Zuur et al.
2009). Continuous response variables were analyzed with linear
mixed effect models (function: Imer, Ime4 package) and “treat-
ment level” as a categorical explanatory variable. Significance was
tested via likelihood ratio tests (Zuur et al. 2009). Response vari-
ables were log,,-transformed to adjust them to model assump-
tions. If outliers were observed, the model was fitted with and
without these data points, and significance was only accepted
when supported in both analyses. Once a significant main effect
was detected, each particle treatment level was compared with
the respective control. For this we used the Markov chain Monte
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Fig. 2. Apical effects and organ indices in rainbow trout exposed to suspended mica particles for 8 and 24 days. Symbols denote mean * SE;
asterisks near the x axis denote significant differences from control on respective days (*, p < 0.05; **, p < 0.01). Labels on the x axis denote
control (C) and low (L), medium (M), and high (H) particle treatment levels, grouped according to sampling days.
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Carlo (MCMC) resampling approach implemented in the function
pvals.fnc (languageR package; Baayen et al. 2008). Proportional
data were analyzed with generalized linear mixed effect models
(glmm) using a binomial error structure and a logit link function
(function: glmmPQL, MASS package; Venables and Ripley 1994).
Fixed and random effect terms were included as described above.
Significance was tested with Wald x? tests (function: wald.test,
aod package). Once a significant main effect was detected, each
particle treatment level was compared with the respective control
using Wald t tests (Bolker et al. 2009). Model fit and assumptions
were evaluated according to standard procedures (Zuur et al.
2009), and no violations were observed.

Results

Exposure system
Particle concentrations in exposure tanks showed a character-
istic time course (Fig. 1) and differed significantly between treat-
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ment levels (p < 0.01) and time points after re-dose (p < 0.01).
Qualitative observations indicate that regardless of treatment
level, sediment pulses reduced the visual water clarity to less than
approximately 5 cm. After 24 h, visual water clarity in the low
particle concentration tanks had mostly recovered to control lev-
els. In the medium and high particle concentration tanks, visual
water clarity was still reduced to visual water clarities below approx-
imately 25 and 15 cm, respectively. No differences between treat-
ment levels could be observed for pH (means: 7.88-7.90),
temperature (means: 13.50-13.55 °C), and oxygen (means: 9.68—
9.75 mg-L~1). Similarly, no differences in water flow were detected
between experimental tanks (means: 296.63-296.86 mL-min—1). A
slight but significant increase of the conductivity was detected in
the high particle concentration tanks (p < 0.01; control: 291.00 +
10, low: 290.75 * 0.53, medium: 293.76 + 0.94, and high: 295.00
1.07 pS-cm~%; mean * SE).
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Fig. 3. Cellular responses in spleen and kidney of juvenile rainbow
trout exposed to suspended mica particle for 24 days. Spleen: granular
macrophage accumulations (arrowheads mark examples for individual
macrophages) in a control (upper panel) and a high treatment level fish
(middle panel), both stained with hematoxylin and eosin (HE). Inset
shows individual granular macrophage (bar = 10 pm). Kidney: example
of tubular hyaline degenerations (black arrowheads) in high treatment
level fish from day 24, stained with HE. The white arrowhead marks a
tubule with regular appearance. Insets show a detail of the degenerated
tubule marked by the upper arrowhead (top inset) and the regular
tubule (bottom inset; bars = 20 pm).

General effects

All fish survived over the entire experimental period, and no
injuries or phenotypic pathologies could be observed. No particle
accumulations in the digestive tract of particle-exposed rainbow
trout were observed during sampling.

Effects on growth and condition

On day 8, no significant effects on length, absolute mass, and
condition factor were observed (Figs. 2A-2C). Nonetheless, the
specific growth rate, a measure of relative mass gain, was more
than 75% reduced in the medium and high particle concentration
tanks (p = 0.019; Fig. 2D). On day 24, growth rates had recovered to
control levels (Fig. 2D). At this time point, the condition factor was
slightly decreased in the highest particle concentration (p = 0.026;
Fig. 2C).

Effects in target organs

The gills of rainbow trout exposed to suspended mica particles
showed no histopathological damage compared with controls,
regardless of exposure concentration and duration. Similarly, no
changes in Na*K*-ATPase and LDH activity could be observed
(Fig. A1). On day 24, lipid peroxidation was significantly increased,
but only in the low particle concentration fish (p = 0.044; Fig. A1).

In the liver, no large-scale histo-pathological effects were ob-
served. However, on day 8 the hepato-somatic index was increased
in the medium and high particle concentration tanks (p = 0.019;
Fig. 2E). On day 24 this effect was still observable in the highest
particle concentration (p = 0.045; Fig. 2E).

In the spleen, no large-scale histo-pathological effects were ob-
served. However, the density of MAs was increased almost twofold
in the highest particle concentration on day 8 (p = 0.019; control =
22.76 * 2.45, high = 41.53 * 7.91 MAs-mm~2; mean * SE). A similar
pattern of a more than twofold increase could be observed for the
MA area proportion (control = 0.19 (0.14, 0.27), high = 0.46 (0.31,
0.69); mean * boundary estimates of proportions). The latter was
nonsignificant given the bigger variation in the particle-exposed
fish. On day 24, increased numbers of individual granular macro-
phages could be observed in the red pulp of the spleen of fish from
the highest particle concentration (Fig. 3; Table 1). Also on this
day, the spleen-somatic index was markedly increased in the high-
est particle concentration (p = 0.002; Fig. 2F).

In the kidney, no large-scale histo-pathological effects were
observed. However, increased hyaline droplet degeneration of
tubular cells could be noted in particle-exposed rainbow trout on
day 24 (Fig. 3; Table 1).

Systemic effects

On day 8, all primary hematological parameters were un-
changed (Table 2), but the proportion of immature erythrocytes
was increased almost twofold in the medium and high particle
treatment levels (p = 0.001; Fig. 4). Inmature erythrocytes in these
fish were mostly late pro-erythrocytes, distinguished by a round
to oval shape and a basophilic cytoplasm (cf. Lehmann and
Stiirenberg 1974). In parallel, mature erythrocyte length and area
were slightly decreased (p = 0.039 and p = 0.045, respectively;
Table 3). Also on day 8, hematocrit and erythrocyte numbers were
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negatively related to spleen-somatic index (Fig. 5A). Finally, a
trend for a negative relationship between plasma ASAT activity
and the hepato-somatic index was observable (Fig. 5B).

On day 24, immature erythrocyte proportions were no longer
affected by particle exposure (Fig. 4). At this time point, the total
number of circulating erythrocytes was slightly decreased in the
highest particle concentration tanks (p = 0.029; Table 2). Further,
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Table 1. Cellular alterations in spleen and kidney of rainbow trout
exposed to suspended mica particles.

Spleen Kidney
(GMAs) (tubules)
Day  Level Nk Mean  Min. Max. Mgk Pic (%)
8 Control 5(9) 24 18 30 2(9) 11
High 6(9) 22 15 30 4(9) 24
24 Control  2(9) 26 18 34 209 13
High 7(9) 50 25 85 8(9) 47

Note: Spleen: ng;, = number of fish with granular macrophage accumula-
tions, GMAs (number fish examined in parentheses) as well as mean, minimum,
and maximum granular macrophage counts per microscope field. Kidney: ng, =
number of fish with degenerated tubules (number of fish examined in paren-
theses); Pic (%) = percentage of pictures with this effect. Effects are shown in
Fig. 3.

Table 2. Hematology of rainbow trout exposed to suspended mica
particles.

Suspended sediment level

Parameter Day Control Low Medium High
Hematocrit (%) 8 34.8t6.0 32.7t14 34.0%1.6 37.1*19
24 35.411.3 34.3%1.8 35.910.6 33.1f1.6
Leucocrit (%) 8 11601 1.54+0.1 1.31%0.2 1.64%0.1
24 1.75%0.2 1.90%0.1 1.48%0.1 1.64%0.2
Erythrocytes 8  2.04%0.1 1.98+0.3 1.92x0.1 2.08%0.2
(102 cells-L) 24 2.25%0.1 2.08+0.1 2.51+0.1 1.90%0.1**

Hemoglobin (g-L-') 8 110.1#11.1 101.0£5.1 99.0%5.2 121.6+13.6
24 97.8%3.0 97.6%10.3 95.5£3.8 97.7+7.1

Note: Data are mean = SE; asterisks (**, p < 0.01) denote significant difference
from control on respective day.

Table 3. Erythrocyte morphology parameters in rainbow trout ex-
posed to suspended mica particles.

Suspended sediment level

Parameter Day Control Low Medium High
Cell width 8 9.71£0.12  9.33%0.09 9.36+0.17 9.36+0.08
(pnm) 24 9.62+£0.29  9.39%0.18 9.28+0.14 9.88+0.25
Cell length 8 14.91£0.17 14.38%0.16 14.23%10.26" 14.19%0.13*
(pnm) 24  15.04+0.67 15.04%0.67 13.92+0.13  15.07+0.65
Cell area 8 114.00%2.71 105.49%0.92 105.01%3.48" 104.54%1.29*
(nm?) 24 114.5618.88 106.18%2.60 101.75%2.39 117.6218.24
Shape factor 8 0.6510.00 0.65+0.01 0.66%0.01 0.6610.01
24 0.6410.01 0.66x0.01 0.67%0.01 0.66%0.01

Note: Data are mean * SE; asterisks (*, p < 0.05) denote significant difference
from control on respective day.

on day 24, plasma ASAT activity was reduced almost twofold in
the highest particle concentration (p = 0.049; Table 4). The plasma
protein content showed a similar pattern of decrease (Table 4).
Moreover, plasma protein content and ASAT activity were nega-
tively related to the hepato-somatic index (Fig. 5B).

A schematic summary of all effects of the particle exposure on
the different body systems of rainbow trout is shown in Fig. 6.

Discussion

Studies over the past few decades have focused on individual
aspects of suspended mineral particle effects in salmonid fish
(reviewed in Waters 1995; Newcombe and Jensen 1996). However,
our knowledge of how suspended sediments affect individual sal-
monid fish at different levels of their biological organization re-
mains limited. This knowledge would clearly improve our
understanding of how salmonid fish react to and cope with sus-
pended sediment exposure. Therefore, we have provided the first
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Fig. 4. Immature erythrocyte proportions in the blood of rainbow
trout exposed to suspended mica particles. Symbols denote mean *
upper and lower boundary estimated from the glmmPQL model fit.
Asterisks (**, p < 0.01) near the x axis denote significant differences
from control on respective days. Labels on the x axis denote control
(C) and low (L), medium (M), and high (H) particle treatment levels.
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systemic investigation of the effects of small-sized suspended
mineral particles on a salmonid fish, the rainbow trout.

Effects on growth, condition, and metabolism

Exposure of rainbow trout to suspended sediment pulses over
8 days caused a marked reduction of the specific growth rate.
Particle exposure-related gill damage, which could have reduced
fitness and growth, was apparently absent (see below). An alter-
native explanation could be reduced food uptake. Reduced food
uptake is consistent with a notably retarded feeding reaction in
our particle-exposed rainbow trout during the first days of the
experiment. These responses have been previously reported in
salmonid fish exposed to suspended mineral particles (Sweka and
Hartman 2001a, 2001b; De Robertis et al. 2003). Exposure to placer
mining sediments (1000 mg-L-! for 42 days) resulted in 33% mass
gain reduction in Arctic grayling (Thymallus arcticus; McLeay et al.
1987). In rainbow trout, reduced feeding rates (1.5% to 0.5% body
mass-day~) over 11 days caused a slight decrease in somatic
growth (Boujard et al. 2000). We used total masses to calculate
specific growth rates. Hence, we believe the more than 75% reduc-
tion observed in our experiment on day 8 not only reflects de-
creased somatic growth, but also reduced food intake. In any case,
our results support the idea that sediment pulses can cause food
deprivation in rainbow trout (Shaw and Richardson 2001). This is
consistent with the decreased condition factor discussed below.

Exposure to daily pulses of small-sized mica particles for 24 days
caused a slightly decreased condition factor in rainbow trout. This
most likely reflects impaired somatic growth (i.e., mass) com-
pared with structural growth (i.e., length), which is common in
fish under restricted food conditions (Broekhuizen et al. 1994).
Similar responses have been observed in rainbow trout when
feeding rates were reduced from 1% to 0.3% of their body mass
(Storebakken et al. 1991). The decreased serum protein and ASAT
activity are consistent with food deprivation and adaptations in
energy metabolism (Hevroy et al. 2011). The ASAT is an important
aminotransferase in fish (Cowey and Walton 1989). Serum activi-
ties of this protein can positively correlate with growth in sal-
monid fish (Hevroy et al. 2004), and altered levels may indicate
changes in organ function (Sandnes et al. 1988). Reduced serum
protein and ASAT activities are common in food-deprived sal-
monids (Sauer and Haider 1979; Storebakken et al. 1991; Hevroy
et al. 2011). Therefore, the negative relationship between hepato-
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Fig. 5. Relationship between organ indices (A: spleen-somatic index; B: hepato-somatic index) and hematology parameters in rainbow trout
exposed to suspended mica particles. Symbols denote control (open circles) and particle-exposed (solid circles) fish. Lines are regression lines
(solid) with 95% pointwise confidence intervals (dashed) predicted from the linear model fit. (Note for ASAT activity, 1 Unit = 16.67 nkat.)
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Table 4. Plasma parameters in rainbow trout exposed to suspended mica particles.

Treatment level

Parameter Day Control Low Medium High
Na (mmol-L) 8 149.8310.65 151.50%0.85 152.50+1.05 150.40%0.93
24 151.50+0.43 152.00+1.21 152.8310.90 150.33%0.67
K (mmol-L7) 8 1.9310.51 2.4010.27 1.6510.23 1.9010.41
24 1.3210.12 1.43+0.13 1.85+0.23 1.7010.12
Ca (mmol-L) 8 2.1310.04 2.15%0.04 2.16+0.06 2.19%0.09
24 2.1710.03 2.171£0.07 2.20%0.07 2.0710.06
Cl (mmol-L?) 8 134.83+1.25 137.33%1.41 138.50+1.15 135.40%0.87
24 137.3310.61 137.00+0.68 137.33%1.28 137.50%0.72
ALAT (U-L7Y) 8 18.331+4.06 14.50%1.57 22.3316.46 17.50%1.65
24 14.00%2.21 10.33%1.36 13.50%£2.43 10.60+1.50
ASAT (kU-LY) 8 0.4510.04 0.41+0.06 0.3910.03 0.3910.05
24 0.4210.03 0.30%0.04 0.3410.05 0.2310.04*
Protein (g-L) 8 35.43+1.88 34.37+3.04 32.97+1.90 29.00+3.17
24 35.85+1.81 33.25+1.73 35.40%2.42 32.1312.23
Glucose (mmol-L7) 8 3.9810.49 3.18%0.18 3.1210.15 3.6810.45
24 3.1710.21 3.7010.40 4.12+0.38 3.4810.30

Note: Data are mean * SE; asterisk (*, p < 0.05) denotes significant difference from control on

respective day. 1 Unit = 16.67 nkat.

somatic index and plasma protein as well as plasma ASAT activity
might reflect that particle-exposed rainbow trout conserved liver
energy stores at the expense of other energy sources. The latter
has previously been demonstrated in food-deprived rainbow trout
(Moon et al. 1989; Simpkins et al. 2003; Harmon et al. 2011). The
unspecific hyaline degeneration in kidney tubular cells as well as
the decreased number of erythrocytes on day 24 have also been
observed in fish experiencing food deprivation and metabolic
stress (Weinberg et al. 1973; Lim and Klesius 2003; Ferguson 2006).
Together these data document that pulsed particle exposure over
24 days can cause noticeable structural and metabolic changes in
rainbow trout, even when apical effects on mass and condition are
absent or moderate, respectively. Additional studies are needed to
elucidate the exact mechanisms behind the growth effect and
metabolic responses observed here, and it would be of interest to
disentangle the relative roles of turbidity-induced physiological
stress versus reductions in food uptake and related metabolic
stress, which we cannot completely resolve here.

Effects in target organs

Histological damage in the gills was absent. This result agrees
with some studies in salmonid fish using suspended mineral parti-
cles of a similar size range as ours (Redding et al. 1987; Shrimpton
et al. 2007). Redding et al. (1987) suggested that their clay-sized
mineral particles irritated the gills to an extent that hematocrit
was increased, despite no histological damage. Our analyses,
which applied additional end points to investigate this hypothesis
of gill irritation, revealed no major effects of the particle exposure
on anaerobic metabolism (LDH activity), cell homeostasis (Na+*K+-
ATPase activity), or lipid peroxidation in the gills. Also, no sys-
temic effects potentially related to an impaired gill function, such
as altered plasma electrolytes, erythrocyte numbers, or hemoglo-
bin content, were observed. Hence, the small-sized mica particles
most likely did not cause severe respiratory impairment.

As with the gills, no large-scale histo-pathological effects were
observed in liver or spleen. Thus, the increase of liver and spleen
indices in particle-exposed fish was not related to inflammatory
cell infiltration or other proliferative changes, at least at the time
of sampling. Nonetheless, we observed noticeable effects on
splenic melano-macrophages, which were generally increased in
particle-exposed trout. Increases in pigmented macrophages could
be related to stress (Peters and Schwarzer 1985) and food deprivation
(Agius and Roberts 2003). However, under these conditions we would
have expected this effect to also occur in the kidney (Peters and
Schwarzer 1985; Mizuno et al. 2002). This was not the case in our

29

experiment. Instead kidney MAs were unchanged or even slightly
decreased in particle-exposed rainbow trout (data not shown). An
alternative explanation could be particle uptake. Splenic macro-
phages represent a major deposit for particulates (Ellis et al. 1976;
Ziegenfuss and Wolke 1991; Furukawa et al. 2002). In juvenile Pacific
salmon, mineral particle uptake in gills and distribution to the
spleen occurred in less than 4 days (Goldes et al. 1986; Martens and
Servizi 1993). In our experiment, splenic MAs were increased on day
8, followed by an increase of individual granular macrophages on
day 24. This temporal pattern resembles patterns observed in studies
investigating particle distribution in teleost fish (Ellis et al. 1976;
Wolke 1992; Furukawa et al. 2002). We conclude from this that sim-
ilar to previous studies with salmonids (Goldes et al. 1986; Martens
and Servizi 1993), particle uptake likely also occurred in our experi-
ment. In this context, our results document for the first time that
small-sized mineral particle exposure can affect the macrophage sys-
tem of salmonid fish. Potential effects on the nonspecific immune
response remain to be evaluated, especially with natural particles
that can also carry contaminants (cf. Newcombe and Jensen 1996).

Systemic effects

The initial increase of immature erythrocytes in particle-
exposed rainbow trout indicates release from storage organs,
which suggests a previous stress response (Pearson and Stevens
1991; Houston 1997). The negative correlations between spleen-
somatic index and primary red blood cell parameters on day 8
further corroborate this. During the first days of exposure, rain-
bow trout in particle exposed tanks also reacted to sediment
pulses with sporadic swimming spurts. Similar reactions to
sediment pulses have been reported in juvenile coho salmon
(Oncorhynchus kisutch; Berg and Northcote 1985). Therefore, the sed-
iment pulses were most likely stressful for our rainbow trout, at
least during the first days of exposure. This agrees with studies
indicating that acute sediment exposure can cause physiological
stress in salmonids (Redding et al. 1987; Servizi and Martens 1992;
Lake and Hinch 1999). Given that gill function was most likely not
severely impaired, we suspect that this initial stress response was
more related to the sudden increase in turbidity rather than a
threatened respiratory homeostasis.

Interestingly, our results also indicate that salmonid fish might
adapt their acute stress response when challenged with daily
sediment pulses over longer time periods. On day 8, primary he-
matological parameters were unaltered, and most immature
erythrocytes were in a late stage of development (i.e., late pro-
erythrocytes; Lehmann and Stiirenberg 1974). Hence, erythrocytes
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Fig. 6. Schematic overview of responses in rainbow trout exposed to suspended mica particles. No effects were observed in gills, and for all
other end points only significant effects are listed. Here symbols in parentheses indicate an increase (+) or decrease (-) of the respective end

point.

Trunk kidney

Hyaline degenerations of

Apical effects
Condition factor (-)

Gills tubular cells (+)
No effects in investigated
end points
©
Liver

Specific growth rate (-)

Hepato-somatic index (+) Spleen

Spleen-somatic index (+)
Melano-macrophage
aggregates (+)

Granular macrophages (+)

Systemic effects

Immature erythrocytes (+)
Erythrocyte count (-)
Serum protein (-)

Serum ASAT activity (-)

were likely released early in the exposure and the hematological
homeostasis was already reestablished (Murad et al. 1990). In ad-
dition, approximately 1 week after the exposure started, rainbow
trout no longer reacted to the sediment pulses with swimming
spurts. Finally, on day 24 no indications of erythrocyte release
were observed. This indicates that rainbow trout have adapted to
the sediment pulses, which would agree with the general adapta-
tion syndrome (Selye 1973). It predicts that fish challenged with
mild stressors exhibit an initial phase of physiological alarm fol-
lowed by adaptation (Beyers et al. 1999). Similar responses have
been observed in salmonids with other repetitive stressors
(Barton et al. 1987; Schreck 2000).

We were surprised to see such rapid behavioral and physiolog-
ical adaptations in our rainbow trout. We cannot conclude when
exactly before our first sampling day rainbow trout began to
adapt, and clearly this should be clarified in future studies. None-
theless, our results illustrate that the daily sediment pulses ap-
plied here did not challenge the homeostasis of juvenile rainbow
trout to an extent that survival was affected. Rather they repre-
sented a stressor the fish could adapt to, albeit with increased
energy demands that might have contributed to the decreased
condition observed on day 24 (cf. Beyers et al. 1999).

Conclusions and environmental implications

Our results show that small-sized suspended mineral particles
such as used here affect salmonid fish mostly via turbidity, rather
than by direct physical damage. Hence, we expect that short sus-
pension events of uncontaminated, small-sized mineral particles,
for example during dredging (Harvey and Lisle 1998) or flood
events (Tramblay et al. 2010; Schindler Wildhaber et al. 2011), do
not affect individual rainbow trout to a large extent. Of course,
they can elicit a stress response, but our results also suggest that
rainbow trout could adapt if sediment pulses are sporadic or sep-
arated by a day or more. More prolonged exposure to small-sized
mineral particles could occur in lakes and estuaries (Kroger et al.
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2013; Mitchell 2012) but also during industrial operations (Wilber
and Clarke 2001; Crosa et al. 2010). Chronic exposure is more likely
with smaller particle sizes that persist longer in suspension
(Newcombe 2003). Our results indicate that rainbow trout can
withstand this, at least over a few weeks. Nonetheless, our results
also indicate that even when physical gill damage and pro-
nounced mass effects are absent, notable structural and physio-
logical effects can occur. In our rainbow trout, this was reflected
in cellular effects in the spleen and kidney, metabolic changes,
and a decreased condition. These effects clearly indicate that pos-
sible adaptive responses of the organism need to be considered by
fisheries biologists when evaluating suspended sediment effects
in salmonid fish. Future studies are needed to better understand
the mechanisms behind the adaptive responses observed here.
This would further advance our understanding of how suspended
mineral particles interact with other environmental stressors,
such as contaminants and pathogens, when affecting salmonid
health (cf. Newcombe and Jensen 1996; Brinkmann et al. 2010).
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Fig. A1. Biochemical responses in gills, kidney, spleen, and liver of rainbow trout exposed to suspended mica particles. Data show Na+K*-
ATPase activity (top row), lactate dehydrogenase activity (middle row), and lipid peroxidation (TBARS (thiobarbituric acid-reactive substances)
assay; bottom row). Shown are the fold-changes compared with the control on the respective day. Symbols denote mean + SE; asterisk

(*, p < 0.01) near the x axis denotes significant difference from control in respective day. Labels on x axis denote control (C) and low (L),
medium (M), and high (H) particle treatment levels.
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Abstract

We provide the first empirical investigation about uptake and cytotoxicity of natural mineral
particles in salmonid gill epithelial cells. It has been suggested that natural clay particles
might induce comparable cytotoxic effects than synthetic nanoparticles (SNPs). Thus, our
results are further discussed in the context of SNP toxicity in gill epithelial cells. In our
experiment, we evaluated uptake and cytotoxicity of four common fluvial mineral particles
(quartz, feldspar, mica, and kaolin; 10, 50, and 250 mg L! each) using the rainbow trout
epithelial gill cell-line RTgill-W1. Cytotoxicity assays for cell membrane permeability,
oxidative stress and metabolic activity were applied. These assays were complemented with
direct cell counts and transmission electron microscopy to investigate particle uptake and
ultrastructural effects. Particle exposure had negligible effects on cell numbers per se.
Particles of up to two micrometer diameter were phagocytized by the cells, regardless of
mineral type. Our results document that, firstly, natural mineral particles can cause
cytotoxicity in gill epithelial cells, and secondly, that the cytotoxic potential differs between
mineral species. The clays mica and kaolin were distinctly more cytotoxic than the framework
silicates quartz and feldspar, most likely related to the higher specific surface area of the clay
particles. Moreover, the clay particles differed in the kind of cytotoxic effect induced: mica
caused oxidative and endoplasmic reticulum stress, while kaolin caused increased cell
membrane damage. Cytotoxic effects and particle uptake occurred in cells exposed with and
without 10% fetal bovine serum. In summary, we demonstrate that natural mineral particles
can induce cytotoxic effects in gill epithelial cells, and that these effects vary between
different clay particles. Comparisons with published SNP studies in gill epithelial cells
indicate that natural clay particles cause comparable cytotoxic effects, but also that they might
be less cytotoxic. Our findings call for further experiments, firstly, to identify particle
properties and cellular effect pathways related to clay particle cytotoxicity, and, secondly, to
test if SNPs are more cytotoxic and/or induce different toxicity pathways than natural clay
particles. These data would clearly contribute to a better eco-toxicological risk assessment of

both natural mineral and synthetic nanoparticles in aquatic organisms.

Keywords: fine sediment, clay, nanoparticles, salmonid fish, risk assessment, human impact, oxidative stress
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Introduction

The fish gill is considered a primary target organ for suspended mineral particle effects.
However, especially for the smaller particle sizes of silt (< 63 um) and clay (<2 um) evidence
about physical gill damage is inconclusive (Waters, 1995). For these particle sizes some
studies reported structural gill damage after exposure (2704887 mg L-1, Herbert and
Merkens, 1961; Goldes et al., 1988; Servizi and Martens, 1991), while other studies did not
find effects with similar concentrations and exposure durations (McLeay et al., 1987; Redding
et al., 1987; Michel et al., 2013). One possible explanation could be differences in the
geochemical composition of the tested particles. For example, it has been suggested that clay
particles could have a stronger impact because of their smaller size and higher surface
reactivity (Waters, 1995). We recently documented that small sized clay particles
(mica/muscovite, < 30 um) caused lipid peroxidation, but no structural damage, in the gill of
rainbow trout (Figure A1, Michel et al., 2013). Altogether, these data suggest that silt and clay
sized mineral particles can cause cytotoxic effects in gill epithelia, and that these effects might

differ between particles of different geochemical composition.

Whether natural mineral particles induce similar cytotoxic effects than synthetic nanoparticles
(SNPs) is an important question in SNP risk assessment (Handy et al., 2008a; Wiesner et al.,
2009). SNPs are defined as particles with at least one dimension below 100 nm (Roco, 2003;
Moore, 2006). For eco-toxicological risk assessment also larger SNP and agglomerates need
to be considered (Handy and Shaw, 2007; Handy et al., 2008b). In water, the size of SNP
agglomerates ranges from a few hundred nanometers to a few micrometers (Zhang et al.,
2008; Jiang et al., 2009; Keller et al., 2010). Aquatic organisms have been exposed to similar
sized mineral particles ever since ("colloids"; Handy et al., 2008a; Wiesner et al., 2009). One
example are clay particles commonly transported in the suspended load of rivers (Lead and
Wilkinson, 2007; Bernhardt et al., 2010). The amount to these natural particles present in
aquatic ecosystems most likely by far outweighs the amount of anthropogenic SNPs released
to the environment (Handy et al., 2008a; Bernhardt et al., 2010). A key question in SNP risk
assessment is therefore if toxic effects and toxicity mechanisms differ between SNPs and
natural mineral particles, since the impact of SNPs on aquatic organisms might be higher

when they exert novel effects (Handy et al., 2008a; Wiesner et al., 2009).

Many of the particle properties considered important for cytotoxic effects of mineral particles

and SNPs are comparable (Donaldson and Borm, 2007; Handy et al., 2008b). For both,
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particle size and shape, which jointly determine the surface area of a particle sample, are
important for cellular effects to develop (Guthrie, 1997; Donaldson and Borm, 2007; Delay
and Frimmel, 2012). The cytotoxic potential usually increases for samples with smaller
particle sizes since they have a larger surface area per unit mass ("specific surface area",
Guthrie, 1997). Moreover, the biological activity of the particles is also related to functional
surface groups, which affect particle surface charges and reactivity (Fubini, 1997; Schwarze
et al., 2007; Nel et al., 2009). The influence of surface structure and composition on
cytotoxicity usually increases with smaller particle sizes (Guthrie, 1997; Schwarze et al.,
2007). Toxic compounds bound to the particle surfaces could further contribute to effects
(Fubini, 1997; Christian et al., 2008). Yet, it has been also suggested that SNPs with novel
tailor-made surface properties might induce different cytotoxic pathways than natural
particles (Owen and Handy, 2007; Bernhardt et al., 2010). The cytotoxic potential of some
SNPs has been investigated in gill epithelial cells (Kiihnel et al., 2009; Hildebrand et al.,
2010; Van Hoecke et al., 2011), but so far no data are available for natural silt and clay sized

mineral particles.

To this end, we applied an in vitro testing procedure with the rainbow trout epithelial gill cell
line RTgill-W1 to investigate (i.) if small-sized mineral particles cause cytotoxic and/or
ultrastructural effects in gill epithelial cells, (7i.) if they are taken up by the cells and (ii.) if
the particle exposure affects cell numbers. The latter could indicate particle induced cell
death. Moreover, we investigated if the kind of effect varies between different mineral species
and if concentration and exposure duration alters cytotoxic responses. For our investigations
we selected the four silicate minerals quartz, feldspar, mica and kaolin, which are common in
European and North American watersheds (Irion, 1991; Martens and Servizi, 1993; Atteia et
al., 1998; Evans et al., 2006). These particles represent the two bulk structures of tectosilicates
(quartz, feldspar; “framework silicates”) and phyllosilicates (mica, kaolin; “clays”). Particle
sizes (Figure 1) were selected to be similar to particles transported in rivers (Irion, 1991), and
to comprise the size range of natural colloids and SNP agglomerates in water (Figure 1; Lead
and Wilkinson, 2007; Zhang et al., 2008; Jiang et al., 2009; Keller et al., 2010). Our results
provide first empirical data on cytotoxic effects of natural silt and clay sized mineral particles
in gill epithelial cells. Further, by comparing our results with studies investigating SNP
cytotoxicity in gill epithelial cells we provide new insights for SNP risk assessment in aquatic

ecosystems.
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Materials and methods

Cell culture

The epithelial gill cell line RTgill-W1 established from non-tumorigenic gill cells of rainbow
trout was used (Bols et al., 1994). Cells were cultivated in Leibovitz's L15 medium (LuBio
Science GmbH, Switzerland) containing penicillin-streptomycin (100 U mL™ penicillin and
100 pg mL™" streptomycin, Sigma-Aldrich GmbH, Switzerland) and supplemented with 10%
fetal bovine serum (FBS, Sigma-Aldrich GmbH, Switzerland). Cells were maintained at 19°C

in normal atmosphere and sub-cultured weekly.

Preparation and characterization of particles

Commercial mineral particles (quartz (silica), potassium feldspar (orthoclase), mica
(muscovite), and kaolin (kaolinite)) were used because of their purity and defined mineral
composition. Particle samples were selected to have comparable size distributions, and the
particle size distribution of each sample was quantified with a Mastersizer 2000 laser particle

size analyzer (Malvern Instruments Ltd., United Kingdom).

—
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Figure 1 — Particle size distributions of the studied mineral particles. Boxes
mark the size range of synthetic nanoparticle agglomerates (SNP agglom.) and
natural colloidal particles in water (cf. Introduction).

According to manufacturer’s data the specific surface area of the clay samples is 21 m”* g
(mica) and 11 m? g'1 (kaolin). For the framework silicate samples no data was available. Yet,

quartz particle samples of the same source (Dgs < 8.2 um) have a specific surface area of 4.22
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m’ g (Cakmak et al., 2004). For feldspar samples (Dos < 20 pum) a specific surface area of 3.6
m? g”! was reported (Hetland et al., 2000). The specific surface area of a mineral particle
sample is negatively related to the particle size (Schaetzl and Anderson, 2005). Hence, these
data indicate that our clay samples (Dgs <20 um) had at least a three-fold higher specific
surface area compared to the framework silicates (Dgs < 63 um). Prior to using the particles
samples in exposure experiments, the particles were pre-weighed in 1.5 ml reaction tubes and
sterilized by v irradiation (100Gy, 42h; Gammacell 40 Extactor, Theratronics Inc., Canada).
This is a common method to sterilize nanoparticles, since it has minimal effects on particle
properties (Schulze et al., 2008). Mineralogy and purity of the particle samples was confirmed
before and after gamma irradiation using x-ray diffractometry (Diffractometer D5000,

Siemens, Germany).

Cytotoxicity assays

For cytotoxicity assays, cells were seeded in L15 medium (10% FBS, with pen/strep) in 96-
well tissue culture plates (TPP AG, Switzerland) at a concentration of 35000 cells per well,
and grown to confluence at 19°C in normal atmosphere for 48h (Dayeh et al., 2005). Then the
medium was exchanged and cells were exposed to particle suspensions for 24, 48, 72, and
96h. All assays were conducted in L15 medium with pen/strep once with and once without

10% FBS (henceforth termed “serum”).

To obtain particle working suspensions, a stock suspension (1250 mg L") was prepared in
Leibovitz's L15 medium just before cell exposure. Particles in the stock suspension were
dispersed twice by ultrasound sonication for one minute (Sonorex, Bandelin GmbH,
Germany). Particle working suspensions of 10 mg L (low), 50 mg L" (medium) and 250 mg
L™ (high) were then prepared by dilution from the stock suspension. On every plate a blank
without cells and particles, and a control containing only cells was included. For each of three

experiments, one plate with eight wells per treatment level per day were applied.

Membrane permeability was assessed with the cell-membrane-impermeable fluorescent dye
propidium iodide (PI assay). Upon cell membrane damage this dye enters the nucleus and
binds to the DNA, which results in increased light emission upon excitation. Hence, an
increase in signal indicates increased cell membrane permeability, and hence an impaired cell
membrane. Cell viability and metabolic activity were evaluated with the MTT assay
(Mosmann, 1983). This assay is based on the metabolic reduction of the soluble yellow

thiazolyl blue tetrazolium bromide (MTT) salt to a purple insoluble formazan product in
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viable cells. Here an increase in signal indicates either (i.) increased metabolic and
mitochondrial activity of viable cells and/or (ii.) an increase in viable cell numbers (Kupcsik,
2011). Oxidative stress after particle exposure in cells was quantified with the H,DCF-DA
assay. Oxidation of this dye by free radicals causes an increased emission upon excitation.
Hence, an increase in signal indicates increased free radicals and hence oxidative stress. All
cytotoxicity assays were conducted as described in Pietsch et al. (2011). Only in our
experiment, each well was washed once with the buffer used in the respective dye solution
before application of the indicator dye. This was done to reduce particle interference with the

cytotoxicity assays. All chemicals were obtained from Sigma-Aldrich (Switzerland).

To compare the relative cytotoxicity of the four mineral species studied, the following ranking
procedure was applied: For each assay, the maximum fold-change in the 250 mg L™ particle
concentration was identified (Figure S1 and S2). Then, the range spanning from no response
(i.e. control = 10%) to the maximum fold-change was divided into three equal intervals. These
intervals were used to rank the effect size of each mineral particle studied (Table S1). To be
conservative, only significant changes beyond + 10% from controls were considered
biologically relevant in the ranking, since the controls commonly spread in this range.

Moreover, particle interference was not taken into account for the ranking.

Particle interference assays

To test if the mineral particles per se affect the applied cytotoxicity assays, particle
suspensions of 10 mg L' (low), 50 mg L™ (medium) and 250 mg L™ (high) were prepared as
described above, and again once with and once without serum. Suspensions were added in 96-
well tissue culture plates (TPP AG, Switzerland) with control wells containing no particles
included on every plate. For each of three experiments, one plate each with three wells per
mineral per treatment level was measured. Plates were incubated at 19°C in normal

atmosphere for 72h, and cytotoxicity assays were conducted as described for cell assays.

Cell numbers

To assess effects of the mineral particle exposure on cell numbers, RTgill-W1 cells in L15
medium (10% FBS, with pen/strep) were seeded in 24-well tissue culture plates (Greiner
BioOne, Germany) at a concentration of 140000 cells per well. Cells were grown to
confluence at 19°C in normal atmosphere for 48h (Dayeh et al., 2005). The medium was then
exchanged, and cells were exposed to 250 mg L™ particles suspended in L15 medium with

pen/strep, and again once with and once without serum. Three plates, each with four wells per
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treatment level were applied. After 72h cell nuclei were stained with the cell-membrane-
permeable fluorescent stain Hoechst 33342 (5 pg mL™ for 10 minutes; Molecular Probes,
Invitrogen Inc.). Eight random pictures (400x magnification) were taken in each well along
two central transects using a DMI 6000B inverted microscope and the LAS AF software
v2.2.0 (Leica Microsystems GmbH, Germany). Cell numbers were quantified by counting cell
nuclei in two random fields per picture using the Fiji distribution of ImageJ (Schindelin et al.,
2012). The counting order was randomized and sample names were blinded to avoid
subjective bias. To complement these direct cell counts, changes of viable cell numbers in
controls with and without serum were approximated for each time-point using the metabolic
activity in controls (Kupcsik, 2011). For each of three experiments, one plate each with four

wells per mineral per treatment level was counted.

Particle uptake and cellular effects

Particle uptake and the ultra-structure of cells exposed to the particles were studied by
transmission electron microscopy (TEM). Then cells were exposed to 250 mg L' mineral
particles (L15 medium, with pen/strep), and again once with and once without serum. In
parallel, control cells were grown under similar conditions in particle free medium. For this
approximately 7.7 x 10° cells were seeded into 75 cm? culture flasks (TPP AG, Switzerland)
and grown to confluence for 48h (Dayeh et al., 2005). The growth medium was discarded,
12.5 mL exposure solution was added to the flask, and cells were incubated for 72 h. After
this time cells were washed twice, once with the exposure medium and once with serum-free
Earle's medium. Cells were fixed in 3% Karnofski parafomaldehyde containing 0.5 %
glutaraldehyde in PBS for 1 h and then washed with PBS. Subsequently, cells were post-fixed
in 1% osmium-tetroxide containing 1.5% potassium ferrocyanide for 1.2h and washed with
water. Cells were dehydrated in an ascending ethanol series and acetone, stained with 6%
uranyl acetate and embedded in epoxy resin (Spurr, 1969). The resin was hardened for 48h at
60°C and samples were sectioned at 60nm thickness on a microtom (Jung Ultracut E,
Reichert Microscope Services, USA), equipped with a diamond knife (Diatome AG,
Switzerland). TEM examinations were made with a Morgagni 286(D) transmission electron
microscope (FEI Company, USA). All TEM sample preparations and analyses were
conducted at the Center for Microscopy and Image Analysis (ZMB) of the University of
Basel. With the applied method, the detection limit for mineral particles in the cells was in the

range of 20-30nm (M. Diirrenberger, ZMB, University of Baesel, pers. comm.)
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Statistical analysis

All statistical analyses were conducted in the open-source statistics software R v2.12.0 (R
Development Core Team, 2011). Significance was accepted at p < 0.05. Continuous response
variables were analyzed with linear mixed effect models, with plates included as random
factor to account for spatial clustering of wells (function: Imer, Ime4 package; Zuur et al.,
2009). The fixed effect part of the model consisted of the treatment level as categorical
explanatory variable, and the fold-change (all time-points) or the raw response data (72h
exposure) as continuous response variable. Significance was tested via likelihood ratio tests
(Zuur et al., 2009). Once a significant main effect was detected, each treatment level was
compared to the respective control using the Markov chain Monte Carlo (MCMC) re-
sampling approach implemented in the function pvals.fnc (languageR package; Baayen et al.,
2008). Cell count data were analyzed with generalized linear mixed effect models (glmm)
fitted with a poisson error distribution and a log, link function (function: glmmPQL, MASS
package; Venables and Ripley, 1994). Fixed and random effect terms were included as
described above. Significance was tested with Wald x> tests (function: wald.test, aod
package). Once a significant main effect was detected, each particle treatment level was
compared to the respective control using Wald #-tests (Bolker et al., 2009). If outliers were
observed, the model was fitted with and without these data-points, and significance was only
accepted if supported in both analyses. Model fit and assumptions were evaluated according
to standard procedures, and no violations were observed (Zuur et al., 2009). Finally, to test for
changes in metabolic activity of the controls over time the Pearson product-moment

correlation analysis (function: cor.test) was applied.

Results

Particle characterization

The size distributions of the two clay particle (mica, kaolin) samples were distinctly smaller
than for the two framework silicate samples (quartz, feldspar; Figure 1). Altogether, 20% of
the quartz and 19% of the feldspar particles were smaller 6.3 um; whereas, 57% of the mica
and 42% of the kaolin particles were smaller 6.3 um. X-ray diffractometry confirmed the
mineralogical structure and purity of all mineral particle mixtures (= 95% crystalline purity).

No changes in mineral structure and cristallinity could be found after y-irradiation.
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Particle uptake and cellular effects

Irrespective of the presence of serum control cells appeared elongated (Figure 2A) with a
centrally located nucleus and cell organelles distributed throughout the cytoplasm (Figure
2B). In all cells ribosomes were abundant, mostly near the endoplasmic reticulum (rough ER).
Lysosomes of up to one pm diameter were common, with some of them showing layered
membrane structures and high electron densities, which are most likely myelin bodies (Figure
2B). Microfilament bundles aligned with the elongated cells appeared regularly in the
cytoplasm. Altogether, our cells appeared similar to the RTgill-W1 cells described in the
original publication (Bols et al., 1994)

Regardless of the mineral particle studied and the presence of serum, all cells appeared intact
and without pronounced ultrastructural effects. All particles studied were found in membrane
bound vacuoles within the cytoplasm (Figure 2C—F). Occasionally evidence for phagocytic
uptake could be observed (Figure 3A). The size of intracellular particles ranged from 0.1 to 2
um, and uptake occurred irrespective of the presence of serum. Qualitatively, mica and kaolin
particles were more often found in cells. Kaolin particles were occasionally found without a
surrounding membrane (Figure 3B). Mica particles caused a slightly dilated endoplasmic

reticulum (Figure 3C).

Cytotoxicity assays

Membrane permeability — The quartz, feldspar and mica particles had only minimal effects on
membrane permeability (Figures 4A, S1, and S2). In contrast, kaolin caused a marked
increase in cell membrane permeability at concentrations of 50 mg L™ and above, indicating a
damaging effect of these particles on the cell membrane. This response pattern was observed

at all time-points and regardless of serum present in the medium (Figures S1 vs S2).

Oxidative stress — The quartz, feldspar and kaolin particles caused some oxidative stress with
effect strength being mostly within + 20% of controls, indicating a slight effect of these
particles on free radical levels (Figures 4B, S1 and S2). In contrast, the highest mica particle
concentration (250 mg L") caused a consistent increase in reactive oxygen species at all time-
points (Figures 4B, S1 and S2). This general increase of free radicals caused by the mica
particles was observed at all time-points and regardless of serum present in the medium

(Figures S1 vs S2).
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Figure 2 — Control and particle containing RTgill-W1 cells. Pictures were taken after 72h
exposure either without (control) or with 250 mg L™ of the respective particle. Shown are
examples for A.) Control cells, with marked nucleus (Nu). B.) Control cell detail, with nucleus
(Nu), mitochondria (Mi) and a myelin body (MB). Pictures C to D show examples for mineral
particle phagocytosis with insets showing details of internalized particles surrounded by a
membrane (0.5 ym bar). Note: white areas in pictures with mineral particles represent artifacts
introduced during sectioning.

- Kaolin uptake - Kaolin s £ =

] 2 i %5

Figure 3 — Particle phagocytosis and effects in cells. Pictures were taken after 72h exposure
to 250 mg L™ of the respective particle. Shown are A.) kaolin particle phagocytosis (arrows),
inset shows particle marked on upper left (0.5 uym bar). B.) Kaolin particle in cytoplasm without
surrounding membrane, inset shows detail (0.5 pym bar). C.) Increased endoplasmic reticulum
(ER, open arrowheads) in a cell containing mica particles (black arrow), inset shows detail of the
ER marked by the upper two arrowheads (0.5 ym bar). Note: white areas around particle in
picture C represent artifacts introduced during sectioning.
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Figure 4 — Cytotoxic effects and particle interference in the applied cytotoxicity assays.
Shown are cytotoxic effects of the particles in cells (black symbols) and particle interference with the
respective assay (grey symbols), all data after 72h exposure. Symbols near the x-axis denote
significant differences (p < 0.05) to respective control for cytotoxicity (asterisks) and particle
interference (circles) data. Labels on x-axis denote control (C), as well as low (L), medium (M) and
high (H) treatment level, grouped according to mineral species. Data points are mean + SE (cell
assays: n = 24, i.e. 3 plates, 8 wells each; particle interference assays: n = 9, i.e. 3 plates, 3 wells
each). Note: Shown are summary statistics calculated from raw-data, while significance was tested
with mixed-effect models to adjust for clustering of the wells on plates.
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Metabolic activity — The quartz particles caused a slight increase in metabolic activity when
cells were exposed < 48 h with serum, which returned to control levels at 72h and 96h
(Figures 4C and S1). Without serum quartz caused a slight decrease in metabolic activity,
mostly in the highest particle concentration (Figures 4C and S2). Feldspar caused almost no
effects in cells exposed with serum (Figures 4C and S1), but without serum the metabolic
activity was slightly increased, which was most pronounced at 72h (Figure 4C and S2). For
the mica particles the cell assay indicated an increase in metabolic activity, which appeared to
be stronger in cells exposed without serum (Figure 4C, S1 and S2). The kaolin particles
caused a concentration depended decrease in metabolic activity in cells exposed > 72h with

serum (Figure 4C and S1); without serum no decrease could be observed (Figure 4C and S2).

Relative cytotoxicity

Comparing the relative cytotoxicity (Table 1) revealed that quartz, feldspar and mica hardly
affected cell membrane permeability, while kaolin caused strong effects. In the oxidative
stress assay, quartz and feldspar caused occasional slight effects, regardless of exposure
duration and presence of serum in the medium. Mica caused consistent moderate to strong
increases, regardless of exposure duration and presence of serum in the medium. With serum
present in the medium kaolin caused slight increases in cells exposed < 72h, which reversed
to a slight decrease at 96h. Without serum kaolin induced a slight increase at all time-points <
72h. In the metabolic activity assay, quartz and feldspar caused slight increases in cells
exposed < 72h. Mica caused slight to moderate increases in cells exposed < 72h with serum.
Without serum mica caused moderate to strong responses at all time-points. Kaolin caused
moderate to strong decreases in cells exposed > 72h with serum. Without serum the metabolic
activity was slightly increased in cells exposed < 48h. Altogether, comparing the relative
cytotoxicity of all investigated mineral particles (Tables 1 and S1) suggests the following

order feldspar < quartz << mica < kaolin.

Particle interference assays

All mineral particles had minimal effects on the cell membrane permeability (PI) and
oxidative stress (H,-DCF-DA) assays (Figure 4A—C). Yet, the metabolic activity assay (MTT)
was markedly affected by all particles, except when kaolin was tested without serum (Figure
4C). Here, effect strength regularly exceeded the values observed in cell assays, which was

most prominent with 250 mg L™ mica particles suspended in medium with serum (Figure 4C).
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Cell numbers

After 72h particle exposure cell numbers counted in treatments with serum where distinctly
higher than in treatments without serum (Figure 5). Even the highest particle concentration
(250 mg L") had no marked effect on cell numbers after 72 h exposure (Figure 5A). Only
when cells were exposed without serum, the feldspar particles caused a slight increase and the
kaolin particles a slight decrease in cell numbers (Figure SA). The metabolic activity
confirmed thie general increase in viable cell numbers in controls with serum compared to
without serum (Figure 5B). In addition, it demonstrated that the numbers of viable cells
increased over the exposure period, and that this increase was two-fold stronger for cells in
medium with serum (Figure 5B). These data indicate that the difference in viable cell numbers
was minimal at 24h and reached a maximum at 96h. At this time-point an almost two-fold

increase could be observed (Figure 5B).

Table 1 — Relative cytotoxicity of the mineral particles. Given are effects on membrane
permeability (Pl assay), metabolic activity (MTT assay), and oxidative stress (ROS assay). Ranked
effect strength was inferred relative to the maximum fold-change in the 250 mg L’ particle
concentration (Figures S1 and S2) without taking particle interference into account. Symbols denote
response intensity as slight (+/-), moderate (++/--) or strong (+++/---). Empty cells denote no effect
beyond + 10% from the control. Fold-change intervals linked to the respective response intensities
are given Table S1.

] Quartz Feldspar Mica Kaolin
Serum Time
Pl ROS MTT Pl ROS MTT Pl ROS MTT Pl ROS MTT

24h - + + ++ + + +
48h + + +++ 4+ +++ +

Yes
72h ++ + +++ + =
96h ++ +++ 5 .
24h e + -
48h + ++ 4+ ++ 5

No

72h = ++ ++ ++ +++ 5
96h ++ +++ +++
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Figure 5 — Effects of particle exposure and serum addition on cell numbers. A.) Cell counts
after 72h exposure to 250 mg L”" mineral particles. Shown are exposure with (left group) and
without (right group) serum. Open symbols are controls (C), and filled symbols denote mineral
particle (quartz, Q; feldspar, F; mica, M; kaolin, K). Asterisks near the x-axis denote significant (p <
0.05) differences to respective control; B.) Changes in metabolic activity of controls during the
experiment, shown are controls with (circles) and without (diamonds) serum. Dashed lines are best
fit lines with respective Pearson product-moment correlation coefficient o given in grey box. In both
graphs data points are mean + SE (cell counts: n = 12, i.e.3 plates, 4 wells each; metabolic
activity: n = 96, i.e. 12 plates, 8 wells each).
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Discussion

We provide an empirical investigation about cytotoxicity and uptake of different natural
mineral particles in salmonid gill epithelial cells. Thereby, we also report first benchmark data
for comparing the cytotoxic potential of natural mineral particles with synthetic nanoparticles
(SNPs). Finally, our results indicate that natural mineral particles can interfere with common

cytotoxicity assays and this has important methodological implications.

Methodological implications

Serum addition had some effects on the responses observed in the cell assays. We see two
main possibilities for this: First, serum can coat particles and thereby affect particle surface
properties and agglomeration, which could alter the interaction with cells and probably their
cytotoxicity (e.g. Schulze et al., 2008; Kiihnel et al., 2009). Yet we have no indication that
serum addition affected particle uptake and/or exerted strong effects on cytotoxic responses in
the cell membrane permeability (PI) and oxidative stress (H,-DCF-DA) assays. We therefore
believe serum interaction with the particles were of less importance in our experiment.
However, serum addition had a marked effect on cell numbers in wells and their metabolic
status. This has been previously demonstrated, also for the RTgill-W1 cell line (Bols et al.,
1994; Gstraunthaler, 2003). The most pronounced effects of serum addition could be seen for
cells exposed to the two clay particles: Kaolin caused a concentration dependent decrease in
metabolic activity only in cells exposed with serum. Similarly, the highest mica particle
concentration caused a decrease in metabolic activity only with serum (once particle
interference was taken into account). Without serum, mica tended to provoke an increased
metabolic activity at all time-points. Kaolin might have also caused a slight increase, yet this
might have been masked by the slightly decreased cell numbers. Altogether, it appears to us
that a decreased metabolic activity as response to the particle exposure was more pronounced
with serum present in the medium. A similar pattern could be observed in RTgill-W1 cells
exposed to cobalt doped tungsten carbide nanoparticles for 72h (Fig.4 in Kiihnel et al., 2009).
One possible explanation could be that faster proliferating cells, such as the RTgill-W1 cells
in medium with serum, are more susceptible to particle-induced toxicity in the applied MTT
assay (Brunner et al., 2006). Moreover, when the indicator dye needs to be actively
metabolized by the cells (e.g. MTT and Alamar blue assays) the number of viable cells and
their metabolic status might affect assay results more strongly. In support of this notion, the

propidium iodide assay, where the indicator dye only binds to nuclear DNA, was least
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affected by serum addition. In our experiment, serum addition increased the number of viable
cells and likely also their metabolic status latest after 48h exposure. Therefore, studies
investigating particle effects in cell culture experiment at time-points beyond 24h, or even
earlier in case of faster proliferating cells, should complement cytotoxicity data with an

assessment of cell numbers to avoid misinterpretation of cell assay results.

We also demonstrated that mineral particles can interfere with common cytotoxicity assays
applied in human toxicology research (e.g. Stringer and Kobzik, 1998; Schins et al., 2002;
Camatini et al., 2012). Particle interference with cytotoxicity assays is a known problem in
SNP research, where marked effects can occur with concentrations as low as 10 and 30 mg L™
(MTT and H2-DCF-DA assays; Wang et al., 2011; Holder et al., 2012; Kroll et al., 2012). Our
mineral particles interfered mostly at concentrations > 50 mg L. Moreover, effect strengths
of the mineral particles in our assays were smaller than for SNPs (Kroll et al., 2012). This
could be related to the smaller particle size of SNPs, which increases their specific surface
area and hence particle reactivity (Fig. 1 in Delay and Frimmel, 2012). Finally. the washing
step included in our experiment likely reduced particle interference (Kroll et al., 2012).
Altogether, our results indicate that mineral particles interfere less, at least in the cell
permeability (PI) and oxidative stress (H,-DCF-DA) assays. Yet, in the metabolic activity
assay (MTT) the mineral particles caused sufficient interference to confound the interpretation
of effects measured in cell assays. Particularly with serum, the highest mica particle
concentration (250 mg L") tampered with the metabolic activity measured in cell assays. In
the light of this data the MTT assay, an often applied standard test for particle cytotoxicity,
appeared to be least reliable. In conclusion, interference of mineral particles with cytotoxicity
assays needs to be considered in cell culture experiments. We see our particle interference
controls, which allowed us to disseminate interference from particle effects in cells, as a

necessary prerequisite to validate the results of such experiments.

Particle uptake and cellular effects

Regardless of their mineralogy, particles between 0.1 and 2 pm diameter were regularly
internalized in RTgill-W1 cells. Given the size of the incorporated particles, we postulate that
internalization occurred most likely via phagocytosis (cf. Foster et al., 2001; Gehr et al.,
2011). In support of this notion, most mineral particles were observed in membrane-bound
vesicles in the cytoplasm. The observed particle uptake clearly indicates that mineral particles

came into contact and interacted with the cells. Similar uptake of nano-particle agglomerates
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has been previously demonstrated in RT-gill W1 cells (Kiihnel et al., 2009). Moreover,
similar-sized particles are regularly phagocytized in bird, mammalian and human respiratory
epithelium cells in vitro (Foster et al., 2001; Schins et al., 2002; Kiama et al., 2008). In vivo,
particle uptake in gill epithelia has been demonstrated in the blue mussel (ferric iron and
plastic particles; George et al., 1976, von Moos et al., 2012) and in juvenile pacific salmon
(mineral particles; Goldes et al., 1986; Martens and Servizi, 1993). Altogether, these data

clearly suggest that mineral particle uptake is common in gill epithelia of aquatic animals.

We cannot judge from our data if the number of particles incorporated by the cells was
different between the different mineral particles studied. This has been demonstrated for
nanoparticles of different composition (Busch et al., 2011) and also for different sized
albumin coated microspheres (diameters: 0.5-3 um; Foster et al., 2001). What we could
demonstrate is that three out of four mineral particles did not cause visible ultra-structural
alterations in the RTgill-W1 cells. Only mica caused a slight dilation of the endoplasmic
reticulum. This effect was previously observed in cells experiencing free radical stress
(Hitomi et al., 2004; Long et al., 2005). Hence, it corroborates that the mica particles caused
oxidative stress in our cells (see below). The ultra-structural investigations also documented
that regardless of the cytotoxic effects triggered by some of the particles, none of them caused
pronounced cell disintegration or death. This is in accordance with our finding that the

particle exposure did not cause marked changes in cell numbers.

Geochemical composition affects cytotoxicity

Our experiment demonstrates remarkable differences in the cytotoxicity of four silicate
minerals common in rivers worldwide in a rainbow trout gill cell-line. Feldspar exhibited the
least cytotoxic potential, while compared to both framework silicates the clay particles (mica,
kaolin) caused distinctly stronger cytotoxic effects. We believe that the generally increased
cytotoxicity of the two clays is at least partly related to their smaller particle sizes and higher
specific surface area (Guthrie, 1997). In human lung epithelial cells and alveolar macrophages
an increase in cellular effects has been repeatedly documented for mineral particle samples
with increased specific surface areas (Gao et al., 2002; Schwarze et al., 2007). In our
experiment, cell numbers were not affected by the particle exposure, and hence cytotoxic
responses are most likely not related to changes in cell numbers. Therfore, our results
document that small-sized natural mineral particles can cause cytotoxic effects in gill

epithelial cells, and that especially clay particles have a strong cytotoxic potential.
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In addition to the generally increased cytotoxic potential of the clay particles, our results also
demonstrate that kaolin and mica affected the cells differently: kaolin caused cell membrane
damage at concentrations of 50 mg L (at 48h and 72h) and 250 mg L (all time-points). This
could also explain why only kaolin particles were occasionally found without a surrounding
membrane in the cytoplasm. The mica particles did not affect cell membrane permeability.
Instead, the highest mica particle concentration (250 mg L") induced consistent free radical
stress. As pointed out above, this also caused endoplasmic reticulum stress. For two reasons it
appears unlikely to us that this marked difference observed between mica and kaolin is only
related to differences in the specific surface area: First, the particles caused markedly different
cytotoxic effects, either by impairing the cell membrane (kaolin) or related to energy
metabolism (mica). Second, mica had a two-fold higher specific surface compared to kaolin,
indicating two-fold higher surface area dose of the mica particles. However, neither in the cell
membrane permeability nor in the oxidative stress assay a two-fold difference can explain the
differences in cytotoxicity between mica and kaolin. Evidence for cell membrane damage was
minimal for the mica particles. These data altogether suggest that, like for other mineral
particles in the low um size range, additional contributing factors have to be assumed
(Guthrie, 1997). This would agree with studies in lung epithelial cells investigating mineral
particles of different geochemical composition (Schwarze et al., 2007) or synthetic nano- and
micron-sized particles (Warheit et al., 2006; Karlsson et al., 2009). Among the most important
factors that could have contributed are different functional surface groups but also toxic
compounds bound to the particles (Fubini, 1997; Guthrie, 1997). Moreover, shape differences
could have contributed to the increased cell membrane damage caused by the kaolin particles
(Doshi and Mitragotri, 2010). An extensive study of all potential contributing factors was out
of scope for our study. Nonetheless, our results indicate that the geochemical composition and
surface properties affect the cytotoxic potential of clay particles in gill epithelia of aquatic

biota.

Comparison with synthetic nanoparticles

Similar to our results, in vitro studies indicate that synthetic nanoparticles (SNPs) can cause
cytotoxic effects in gill epithelial cells, and that their effects differ with particle composition.
The cytotoxic potential of some SNPs has been investigated in RTgill-W1 cells: For example,
25 mg L' palladium-magnetite nanoparticles did not affect cell-viability in RTgill-W1 cells
after 72h exposure (Hildebrand et al., 2010). However, when exposed for the same time-

period cobalt doped tungsten carbide nanoparticles (30 mg L) decreased membrane integrity
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and metabolic activity (Kithnel et al., 2009). Similarly, 45 mg L™ gold nanoparticles
decreased the metabolic activity in RTgill-W1 cells after 24h exposure (Van Hoecke et al.,
2011). In an in vivo experiment, TiO, nanoparticles caused lipid peroxidation in the gills of
rainbow trout (1 mg L™, 14 days exposure; Federici et al., 2007). Likewise, waterborne
exposure to suspended fine sediment pulses (200 mg L™ max, 120 days exposure; Debes et
al., 2012) and silver nanoparticles (0.1 mg L™, 10 days exposure; Scown et al., 2010) induced
the expression of genes in salmonid gills involved in protecting the tissue from oxidative
damage. We recently demonstrated that suspended mica clay pulses can induce lipid
peroxidation in the gill of rainbow trout (300 mg L™ max, 24 days exposure; Michel et al.,
2013). These in vivo results agree with the notion that oxidative stress is a common of both
mineral particles and SNPs in cells (Donaldson and Borm, 2007; Handy and Shaw, 2007).
Altogether, it appears therefore plausible that natural clay particles induce cytotoxic effects
comparable to some SNPs in gill epithelial cells, and our in vitro results provide first

empirical evidence for this.

It is a remarkable result of our experiment that natural clay particles induced cytotoxic effects
comparable to SNPs in gill epithelial cells. For eco-toxicological risk assessment it would be
important to know, firstly, if synthetic nanoparticles are more cytotoxic than natural clay
particles, and, secondly, if effect pathways differ between the two (Handy et al., 2008a). With
our results, we cannot address question two. However, for question one our results together
with the research summarized in the previous paragraph suggests that natural clay particles
might be less cytotoxic. In the above cited in vitro experiments, effect concentrations for
SNPs were consistently lower compared to our study. Also, natural clay particles (Herbert and
Merkens, 1961; Goldes, 1983; Redding et al., 1987; Michel et al., 2013) induce less structural
damage in fish gills compared to some SNPs (Federici et al., 2007; Griffitt et al., 2009). One
reason for the stronger cytotoxic potential of SNPs could be their increased specific surface
area (e.g. 57—-188 m* g”'; Brunner et al., 2006), but also novel surface properties and hence a
different surface reactivity (Handy et al., 2008b). Therefore, while our results clearly indicate
that some clay particles induce similar cytotoxic effects than SNPs, the relative cytotoxicity of
SNPs compared to natural clay particles with similar specific surface area remains to be
evaluated. These data would also allow understanding if the tailor-made surface modifications
of some SNPs induce stronger or different cytotoxic effects, which is an important aspect for

eco-toxicological risk-assessment of SNPs (Handy et al., 2008a).
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Conclusion

We investigated uptake and cytotoxicity of natural mineral particles (quartz, feldspar, mica,
and kaolin) in salmonid gill epithelial cells. Mineral particle exposure hardly affected cell
numbers. Particles with up to 2 pm diameter were regularly phagocytized by the cells,
indicating that mineral particle uptake is common in salmonid gills. Among the different
mineral species studied, the clay particles mica and kaolin were distinctly more cytotoxic than
the framework silicates quartz and feldspar. This was most likely related to the smaller
particle sizes and higher specific surface area of the clay particles. In addition, the kind of
cytotoxic effect differed between mica and kaolin: mica caused free radical and endoplasmic
reticulum stress, whereas kaolin caused increased cell membrane damage. Thus, our results
demonstrate that cytotoxic effects vary, firstly, between framework silicate and clay particles,
and secondly between clay particles of different geochemical composition. Among clay
particles differences could be related to differences in functional surface groups and shape,
but also bound toxic substances. Therefore, care has to be taken when concluding about
cytotoxic effects between different mineral species. Most interesting, our results in
comparison to published studies indicate that natural clay particles can induce comparable
cytotoxic effects in gill epithelial cells than synthetic nanoparticles. Future research is
therefore needed: Firstly, to identify particle properties and cellular pathways related to
cytotoxic responses induced by clay particles, and, secondly, to evaluate if synthetic
nanoparticles are more cytotoxic and/or induce different toxicity pathways than natural clay
particles. These data would clearly contribute to a better eco-toxicological risk assessment of

both natural mineral and synthetic nanoparticles.
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Figure S1 — Cytotoxic effects in RTgill-W1 cells exposed with serum. Shown are effects on
membrane permeability (Pl assay), metabolic activity (MTT assay) and oxidative stress (ROS assay).
Grouped data points in each graph represent exposure times (24, 48, 72 and 96h), with symbols from
left to right denoting control (open diamonds) and particle exposed cells (filled dots) in increasing
particle concentration. Data points show mean + SE (n = 24; i.e. 3 plates with 8 wells each). Asterisks
above x-axis denote significant differences to respective control (p < 0.05). Note: Data points show
values calculated from raw-data, while significance was tested with mixed-effect models to adjust for
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Figure S2 — Cytotoxic effects in RTgill-W1 cells exposed without serum. Shown are effects on
membrane permeability (Pl assay), metabolic activity (MTT assay) and oxidative stress (ROS assay).
Grouped data points in each graph represent exposure times (24, 48, 72 and 96h), with symbols from
left to right denoting control (open diamonds) and particle exposed cells (filled dots) in increasing
particle concentration. Data points show mean + SE (n = 24; i.e. 3 plates with 8 wells each). Asterisks
above x-axis denote significant differences to respective control (p < 0.05). Note: Data points show
values calculated from raw-data, while significance was tested with mixed-effect models to adjust for
the spatial clustering of the wells on plates into account.
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Table S1 — Fold-change intervals for relative cytotoxicity ranking in Table 1.

Ranked effect strength

Assay
-—- - 0 + ++ +++
Pl 0.41-0.56 0.57-0.73 0.91-1.09 1.10-1.25 1.26-1.32  1.33-1.59
ROS 0.17-0.40 0.41-0.65 0.91-1.09 1.10-1.33 1.34-1.58 1.59-1.83
MTT 0.67-0.73 0.74-0.81 0.91-1.09 1.10-1.17 1.18-1.25 1.26-1.33
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Abstract. Empirical measurements on fine sediment dynam-1  Introduction
ics and fine sediment infiltration and accumulation have been
conducted worldwide, but it is difficult to compare the re- Fine sediment€2 mm) load in rivers are generally increas-
sults because the applied methods differ widely. We com-ing throughout the world in catchments that are impacted
pared common methods to capture temporal and spatial dyboth directly and indirectly by human activities (Owens et al.,
namics of suspended sediment (SS), fine sediment infiltra2005). Sediment supply in the alpine Rhine basin is estimated
tion and accumulation and tested them for their suitability to increase between 220 % and 284 % by the year 2100 due to
in a small, canalized river of the Swiss Plateau. Measure<climate and land use change (Asselman et al., 2003). These
ment suitability was assessed by data comparison, relatioobserved and anticipated changes in fine sediment dynamics
to hydrological data and in the context of previously pub- in rivers can provide a serious threat to aguatic ecosystems,
lished data. SS concentration and load were assessed by omcluding phytoplankton, aquatic invertebrates and fish (for a
tical backscatter (OBS) sensors and SS samplers. The formeeview see Bilotta and Brazier, 2008). Salmonid fish can be
exhibit a better temporal resolution, but were associated wittaffected by suspended sediments (SS) in several ways. While
calibration problems. Due to the relatively low cost and easySS can directly impact health and fithess of free swimming
mounting of SS samplers, they can provide a higher spatiafish (Newcombe and Jensen, 1996), fine sediment deposition
distribution in the river’s cross section. The latter resulted in ain the gravel bed can induce siltation of the riverbed result-
better correlation between sediment infiltration and SS loadng in a decrease in hydraulic conductivity (Séthli, 1995).
assessed by SS samplers than SS concentrations measurBus affects the oxygen supply to the developing salmonid
with OBS sensors. Sediment infiltration baskets and bedloaémbryos in the redd negatively, which inhibits the incubation
traps capture the temporal and spatial distribution of fine sedsuccess (Greig et al., 2005). The consequences of climate and
iment infiltration. Data obtained by both methods were pos-land use change on the transport of sediment into rivers, on
itively correlated with water level and SS. In contrast, ac- sediment transport in the river and on clogging processes are
cumulation baskets do not assess the temporal behaviour gfoorly known. Studies for the Alps, pre-Alps and the hilly
fine sediment, but the net accumulation over a certain timgegions of the Swiss Plateau are rare. This includes small
period. Less fine sediment accumulated in upwelling zonesivers, which are habitats for gravel spawning fish (Scheurer
and within areas of higher mean water level due to scouringet al., 2009).
of fine sediments. Even though SS and sediment infiltration Several studies have shown a strong correlation between
assessed with the bedload traps increased from up- to dowrsediment deposition and the occurrence of fine sediment in
stream, less fine sediment accumulated downstream. This ithe water column. Higher fine sediment load in rivers gen-
probably also attributable to more scouring downstream.  erally lead to increased fine sediment infiltration into the
riverbed (Acornley and Sear, 1999; Zimmermann and La-
pointe, 2005), while periods of low flow and smaller SS
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concentration and load triggemcsediment infiltration rates —
with finer grain sizes (Sear, 1993; Soulsby et al., 2001). Con- i ( Willisau
sequently, direct measurements of SS concentration and load \\
may be a straight forward method to assess sediment de-
position. The estimation of SS concentrations from turbid-
ity measurements with optical backscatter (OBS) sensors de-
pends on the content of fine particulate organic matter as well
as grain size distribution of the SS and colour and shape of
the grains (Packman et al., 1999). Accordingly, OBS turbid-
ity measurements require calibration at individual test sites.
Deposition of fine sediments is not only controlled by SS
concentration, but also by flow hydraulics and inter-gravel
flow. These specific hydraulic conditions, influenced by the
topography and the permeability of the riverbed, can have a
large influence on sediment deposition (Brunke, 1999; Sey-
dell et al., 2009). Seydell et al. (2009) found significantly
higher fine sediment infiltration rates in downwelling zones
than upwelling zones. Furthermore, sediment infiltration is
dependent on flow velocity (Brunke, 1999). Rivers of the
hilly regions of the Swiss Plateau and other regions in Europe
are generally canalized and laterally stabilized by terraces for
land drainage and flood control. These terraces lower the flow
velocity and trigger downwelling processes upstream of the
terraces, resulting in an increase of fine sediment infiltration
(Bucher, 2002). Additionally, terraces may impede desilta-
tion, i.e., processes that increase hydraulic conductivity at-
tributable to higher bed-shear stress @chli, 1995).
Numerous studies have been conducted on fine sedimerftig. 1. Watershed ofthe river Enziwigger with the three field
dynamics and fine sediment infiltration and accumulation insites A, B and C and the towns Willisau and Hergiswil (Canton of
Canada (e.g. Julien and Bergeron, 2006; Levasseur et allucerne, Switzerland).
2006; Zimmermann and Lapointe, 2005), the USA (e.qg. Lisle
and Lewis, 1992), and the United Kingdom (e.g. Greig et al., .
2005; Heywood and Walling, 2007; Sear, 1993; Soulsby2 Materials and methods
et al., 2001). The results of those empirical studies of fine
sediment infiltration rates are difficult to generalize mostly

due to different measurement methodologies (Sear et alyne river Enziwigger is a small canalized river located near
2008). Hence, there is a need to compare methodologiegyjllisau (Canton of Lucerne, Switzerland) with a total wa-
as well as data on sediment input and riverbed clogging tGershed area of about 31 RngFig. 1). The flow regime of
achieve a better comparability of results from different stud-pe Enziwigger is not affected by hydro-power and no waste
ies and to increase knowledge on the interaction between fing 5ter treatment plant is located above Willisau. Like most
sedim_ent dynamics and fine sediment i_nfiltratic_)n and acCUyjvers in the Swiss Plateau, its morphology is strongly mod-
mulation (Scheurer et al., 2009). The aim of this study wasifje(g: only 5% of the ecomorphology is close to natural or
to (i) compare results obtained by different methods used thatyral, 21 % is little affected and 74 % is strongly affected
capture temporal and spatial dynamics of suspended sedyy even artificial, including terraces that have been inserted
ment and fine sediment infiltration and accumulation, (ii) test; prevent deep channel erosion and scouring of the bed dur-
their suitability for a river in the Swiss Plateau, (iii) com- jnq flood events (classified with the Swiss modular stepwise
pare the results with hydrological data, and (iv) compare theprocedure for ecomorphology afteiiitie and Niederhauser
results with literature data. Because these questions are Cr'41998) (EBP-WSB-Agrofutura, 2005)). In spite of these
cial for gravel spawning salmonid embryos, the study wasstrong modifications its biological condition (classified with
conducted in artificial redds. 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 troutSalmo trutta EBP-WSB-Agrofutura, 2005).

2.1 Study site and general setup
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Direction of flow

24 mm

1000 mm |

Fig. 2. Devices usedto measure fine sediment dynamics in the redds: suspended sediment sampl€B): sediment infiltra-
tion/accumulation baskefC): bedload trap.

The bedrock of the watershed consists of Upper Freshwaduring baseflow conditions). To calibrate the nephelomet-
ter Molasse. The soil types are mainly (stagnic) Cambisolric turbidity unit (NTU) to suspended sediment concentra-
and Leptosol (classified according to WRB; 1USS, 2006).tion (SSGitu) in mgl~1, water samples were taken every
The mean annual temperature in Willisau is 8% with seven hours with an automatic water sampler (ISCO 6700,
a mean annual rainfall of 1050 mm. Mean annual rainfall Isco Inc., USA). Because of freezing of the suction hose dur-
on the peak of the mountain Napf, where the river Enzi-ing the first field season, manual water samples were taken
wigger originates, is 1700 mm per year (1961-2007; dataveekly during the second field season. The latter were com-
from MeteoSwiss). Discharge was measured in Willisauplemented with samples collected by local habitants during
from November 2007 until November 2008 by the Cantonstorm events. Water samples were taken to the laboratory to
of Lucerne. Mean discharge was 2.3sn!, minimum dis-  asses the total SSC (see S&c¥).
charge was 1.1 s 1, and maximum 10.1 As 1. Time-integrated suspended sediment (SS) samplers fol-

Measurements were set up in artificial salmonid redds lodowing Phillips et al. (2000) were installed behind each redd
cated at three experimental sites along the river named A, Band emptied at weekly intervals to determine the spatial vari-
and C (from up- to downstream; Fig. 1) at altitudes of 757, ation of the SS load (Fig. 2a). The SS samplers were one
625 and 583 m above sea level (for site characteristics semetre long and consisted of commercially available PE pipes
Table 1). Each site was equipped with six artificial redds inwith an outer diameter of 110 mm and a wall thickness of
places where natural brown trout redds had been mapped 4.2 mm. They were sealed with a plugged polyethylene fun-
November 2008. The locations of the redds are mostly connel at the inlet and a cap at the outlet. An aluminum tube with
sistent over years (Philip Amrein, fish warden of the Can-an inner diameter of 4 mm was passed through the funnel and
ton of Lucerne, personal communication, 2009). Data werethe cap as inlet and outlet. The SS samplers were mounted
assessed during two spawning seasons (Season 1: Novemparallel to the riverbed at two upright steel bars driven into
ber 2009 to end of March 2010; Season 2: November 2010 téhe channel bed, with the inlet tube pointing directly into the
end of March 2011) in 18 artificial redds per yeaj{# 36). direction of the flow. The greater cross-sectional area of the

main cylinder compared to that of the inlet tube reduces the
2.2 OBS sensors and time integrated samplers to flow velocity within the samplers by a factor of 600 relative
measure suspended sediment to that of the ambient flow. This reduction in flow velocity
induces sedimentation of the SS particles as the water moves

Turbidity was measured continuously every 15 s during boththrough the cylinder towards the outlet tutithflips et al.,

field periods at each site with one optical back scatter (OBS)ZOOO)I' The dSSf_si':(ljmple(r;t_collec;ﬁlﬁ ta’[ISttIC;':lll)é (;ggresentatlve
probe (Campbell Scientific, OBS-3+). The median from 40 sample under field conditions (Phillips etal, )
measurements was logged every 10 min. The probes were

mounted about 5cm above the riverbed (about 20 cm depth
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Table 1. Site characteristicddsg of theriverbed sediment was defined by freeze core samples and with line-number-analyses (Fehr, 1987).
Data are given as meanstandard deviation.

Site A B C
Altitude (ma.s.l.) 757 625 583
Watershed area (kf 5.5 22.6 28.9
Mean watershed slopé)g 26.0 20.3 19.5
River slope at the site}° 5.0 15 1.4
River slope of riffle between 2 terracey ( 0.27 0.24 0.23
Dxq (freeze core) (mm) 20+ 4 19+ 6 16+1
Ds (line-nr-analysis) (mm) 25+8 25+4 16+ 4
Channel width (m) 3-3.5 4-4.5 4.5-5
Water depth above redds (cm) 10.9+39 23.2£6.0 20.9+-7.9
Step length (M) 11-15 9-12 7-10
Mean bed shear stress above reddsqPa) 5.0 9.5 8.2

2 Calculationbased on thelopevalue for each pixel from a digital elevation model of the watershed.

b Based on the slope value from a digital elevation mdti€alculated by the reach-average bed shear stress
formula: rg = pgRS, whereq is bed shear stresg,is water densityg is acceleration due to gravity,

R is hydraulic radius at mean water level ah the slope.

2.3 Sediment baskets to measure fine sediment 2.4 Bedload traps to measure sediment transported
infiltration and accumulation along the bed

Fine sediment infiltration and accumulation was determinedThe volume of the described sediment infiltration baskets
with sediment baskets (Fig. 2b; cf. Acornley and Sear, 1999js small and most of the space within the trap is taken up
Heywood and Walling, 2007; Greig et al., 2005). They con- by coarse bed material. Thus, these baskets can fill very
sisted of two baskets made of 220 mm wire mesh with  quickly in situations where sediment loads are high, resulting
2.5mm wire and a solid bottom. The inner baskets had a diin an underestimation of the sediment infiltration rate (Bond,
ameter of 125 mm and were 160 mm deep. They were fillecc002). Bedload traps similar to Bond (2002) were designed
with riverbed sediment4 mm to start with initial conditions to overcome this problem. They consisted of two nestable
without fine sediments. A second basket with a diameter of180x 145x 115 mm dug boxes with a 2625 mm wire lid,
150 mm was dug in the riverbed as a placeholder. A polyethyapove which coarse bed material was placed to avoid resus-
lene bag with two long handles was placed around the innepension of the settled material in the trap (Fig. 2c). To empty
baskets and stuffed between the two baskets. The bag Wahe bOX, it was covered by a lid and the inner box was re-
pulled over the inner basket during sampling to prevent lossmoved. The coarse bed material above the trap caused turbu-
of fine sediment during removal of the inner basket. lence; consequently, part of the settled fine sediment might
Each redd was equipped with two sediment baskets. On@ot be material transported as bedload, but also as suspen-
of them was emptied at weekly intervals to investigate thesjon. We still call the described traps “bedload samplers” to
weekly fine sediment infiltration rates (=sediment infiltra- clearly distinct them from the sediment infiltration baskets
tion baSket). The baskets’ sediment was sieved with a 4mnand to use the same nomenclature as Bond (2002) During
sieve and refilled with the same sediment during each samhe first field season, each redd was equipped with one bed-

pling event. Sedimenk4 mm was taken to the laboratory |oad trap, which was emptied weekly. No bedload traps were
for grain size analyses. The second set of sediment basketgstalled during the second field season.

was emptied only at the end of the spawning season to asses

the total net accumulation of fine sediment during the incubap 5 Hydraulic conditions

tion period (= accumulation basket; Sear et al., 2008). During

Season 1 (2009/2010) 10 of the initial 18 accumulation bas-The temporal dynamic of the water level at the three sites

kets were washed away at high flow. Two accumulation basyas measured every 15's during both seasons with pressure
kets in each redd were, therefore, installed during Season ggnsmitter probes (STS, Sensor Technik Sirnach, Switzer-
(2010/2011). land). Average values were logged at 10 min intervals. The
water level above each redd was measured weekly to assess
its spatial and temporal variability within a site.
The vertical hydraulic gradient in the redds was mea-
sured weekly within mini piezometers designed after Baxter
et al. (2003) and installed in the pit and tail of each redd.
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The piezometers had a length300 mm and consisted of a
25 mm diameter polypropylene (PP) pipe with an inner diam-
eter of 21.4mm. They were perforated with approximately 150 —
30 evenly spaced holes in the lower 160 mm and plugged at
the bottom. The vertical hydraulic gradient is a unitless mea-
sure that is positive under upwelling conditions and negative __
under downwelling condition. It is calculated by the formula !

100 —

VHG = Ah /Al @)

SSC (mg |

where VHG is the vertical hydraulic gradiemt/ is the dif-
ference in head between the water level in the piezometer
and the level of the stream surface atdis the depth from

the streambed surface to the first opening in the piezometer
sidewall (Baxter et al., 2003).

y=0.76 x + 8.08
R?=0.82,p<0.01
0 RSE = 12.53

\ \ \ \ \ \

. 0 50 100 150 200 250
Freeze core samples were taken with a copped and plugged
400 mm diameter steel pipe. The pipe was pounded in the Turbidity (NTU)
river sediment to a depth of approximately 350 mm and filled
with liquid nitrogen. Freeze cores with a length of roughly Fig. 3. Correlationbetweenturbidity in NTU and suspended sed-
350 mm and a diameter of about 150 mm were removed andnent concentration (SSC). Dashed lines are the 95 % confidence
divided vertically in 100 mm wide layers. Sediment from the intervals; RSE =residual standard error (degree of freedom = 154)
cores was taken to the laboratory, dried and sieved.

2.6 Freeze core samples

2.7 Sample analyses floods occurred during the second field season, resulting in
significant smaller mean S&&y at all sites with an over-
The grain size distributions of the sediments were determined|| mean of 17.0 mgil compared to an overall mean of
with the standardized sieve technique using sieves of differ42.7 mg 1 during the first season (t-tegt,< 0.01; Table 2).
ent mesh sizes. Grains with a diamete82 um were mea- SSGry increased significantly from upstream (site A) to
sured with a sedigraph (Micrometrics 100, Coulter Electron-the two downstream sites (B and C) during both seasons
ics, Germany). Grain size fractions were named according tqANOVA, p <0.01; Table 2). The high mean Sgfy at
the German soil taxonomy: Sand: 63 um—2mm, silt: 2 um-sijte B for the second season might partly be related to mea-
63 um and clay=<2pum Sponagel et al., 2005). Water sam- suyrement artifacts since the OBS sensor at this site was of-
ples for determination of suspended sediment concentrationen shielded by leaves. Even though obvious outliers were
were filtered through pre-weighed Whatman-filters with excluded from the dataset, many high value data points re-
11um pore diameter, dried at 40 and weighed. Organic mained in the dataset. These values could not be excluded
carbon concentration was measured with a CHN-Analyzefith certainty, but might still be influenced by measurement
(Leco, USA). artifacts.

The high temporal resolution in S{&y data is an ad-
vantage of the OBS sensors. S§G increased rapidly with
increasing water level at all sites and there is evidence of
3.1 Suspended sediment se.diment exhaustion du_ring the falling limb .of fI.ood events

(Fig. 4). The observed simultaneous peaks in discharge and
3.1.1 Turbidity measured by optical backscatter sensors SSGyru correspond to the remobilization and transport of

in-channel sediments (e.g. Duvert et al., 2010). Although
The calibration of NTU values to suspended sediment con-OBS sensors are widely used for turbidity measurements,
centration (SSru) was difficult and associated with a high their handling is an often underestimated problem (for a re-
variance (Fig. 3). The calibration curve has an offset to theview see Downing, 2006). The most frequent problems with
zero-point, indicating a systematic measurement error. Som@©BS sensors are their signal dependence on grain size dis-
general statements, however, were possible: \F5Grar- tribution and on sediment composition (shape of particles)
ied at all sites between 2 and 10mgIduring low flow  as well as algal growth on the sensor windows (Downing,
conditions and increased at high flow ranging from around2006; Minella et al., 2008; Packman et al., 1999). An in-
150 mg -1 (site A) to around 300 mgt (site C). Only small  finite number of combinations of sediment characteristics,

3 Results and discussion
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Table 2. Mean and standardeviation of suspended sediment concentration (533 measured with the OBS sensors and suspended
sediment (SS) load caught by suspended sediment samplers at the three sites during the two field seasons.

Field season 1 (2009/2010) Field seasor? (2010/2011)
Site  SSGytu (mgl™1)  SS(gweek 1) SSGytu (mgl™1)  SS (gweek?)
A 28.04+ 37.8* 14.44 3.5* 12.9+ 7.6** 7.0+ 1.7**
B 49.1+56.5 16.8+3.3 21.4+12.8* 11.5+0.4*
C 54.94+ 62.8* 20.3+£2.5* 16.2+23.3 11.2£0.5
mean 42.7+53.3 17.2+3.9 17.0+16.5 9.942.3

Differences between seas@ishighly significant for all sites and both measurement devices (t;tes0.01).
* Differs significantly from the two other sites (ANOVAg < 0.05). ** Differs highly significantly from the two other
sites (ANOVA, p < 0.01).
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Fig. 4. Example ofthetemporal variation of the suspended sediment concentration (SSC) and water level (Site A, Season 1).

including size, shape, mineral compositions and surface texat high flow associated with high SR&) (Fig. 5). The large
ture, is possible. Each combination produces a unique sigeffect of the change in grain size distribution on the OBS
nal and each metre has a unique emitter-detector geometrsignal has been documented in numerous studies (for a re-
that samples the signal in a particular way (Downing, 2006).view see Downing, 2006). Organic carbon concentrations of
NTU is consequently an arbitrary unit, incomparable to NTU the suspended sediment were also highly variable with mini-
measured at other times and places or with different turbiditymum values around 1.5 % at high flow and maximum values
metres (Downing, 2006). A calibration of NTU to Sgfy around 10.5% at low flow. This change in organic carbon
in mgl~1 is necessary for the comparison to other studies.concentrations has again an influence on the conversion of
Measurement uncertainty is, however, introduced into theNTU to SSGyty values (Downing, 2006).
SSGytyu data when converting NTU to S§&u (Downing,
2006; Navratil et al., 2011). 3.1.2 Suspended sediment samplers

Several problems with the OBS sensors were observed
during the two field seasons. Drifting leaves were caught byResults from the SS samplers paralleled the observations
the sensors in the fall months, resulting in abnormally highwith the OBS sensors, showing significant higher SS loads
NTU values. This was particularly the case at site B dur-quring the first season than the second season (t-test,
ing Season 2. More frequent checks at the field site, similar, — 0.01) and a SS increase from upstream to downstream
to the SS samplers (see Sect. 3.1.2), could partly countetANOVA, p < 0.01; Table 2). The SS loads captured during
balance this shortcoming. Moreover, freezing of the suctiongne week by the six SS samplers per site varied highly with
hose of the ISCO samplers during the winter interrupted sedgoefficients of variation between 12 and 100 %. This might
iment concentration sampling. Regular sediment concentrarepresent the well known variation in suspended sediment
tion samples are, however, necessary for a good calibratiorzoncentration through the cross-section of rivéisrowitz
Finally, the Do of the SS (50th percentile grain size diame- et al., 1990; Spreafico et al., 2005). Theg of the SS var-
ter; data assessed by SS samplers, see Sect. 3.1.2) fluctuatgg highly across the channel and with time, again repre-
strongly during the field season with a minimum of 6.7 um senting the variation of SS within a river both with low and
at low flow with low SSGry and a maximum of 110.5um  high mean SS concentrations in the water column (Fig. 5).
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ing water level was found. Sediment infiltration rates below
W 03.12.2009 a certain water level threshold (site A: about 15cm, site B
- gg-ég-gggg and C: about 25 cm) were very small (Fig. 6). At site B and

— C, sediment infiltration reached a maximum at a water level
around 45 cm. This indicates a saturation or equilibrium of
| input and scouring at higher water level. This equilibrium
Q — was never reached at site A, most likely due to an over-

100
|

80

79549
+40.0

60

all lower water level and, therefore, less scouring (Table 1,
Fig. 6).

4129 The sediment infiltration baskets were not filled with
- homogeneous gravel, but with riverbed gravel col-
lected during redd construction; consequently, thbeg

809 ‘ (27.1+£ 2.1 mm; note here and in the following all values
— 19449 are given as meahsd) as well as the sorting coefficient
(SO =(Dys/D25)%° 1.6+0.1) among the cleaned sed-
iment baskets differed. Spearman rank correlation tests
A B C showed, however, that these differences had no influence
on the amount of fine sediment infiltration £0.5 and 0.2

Dso (Um)

40

Fig. 5. Weekly Dsq of the suspended sediment (SS) caught by the .
) X . respectively).

SS samplers (r 6/site) during three weeks at the three sites A, B Sedi infiltrati duri he fi

and C. Mean total amount of SS loadstandard deviation is given e 'mer?t, In 'trat',on rates ur!ng t _e Irst season

below/above the boxes. The 6 samples of 3 December 2009 had ty/€r€ Significantly hllgher at all sites with a mean of

be merged for grain size analysis because of the small quantity of.-54 0.24 kg nf day ! compared to the second season with

SS. amean of 0.74 0.21 kgnf day ! (t-test,p < 0.01). This is

attributable to numerous high flows during the first field sea-
son. No significant differences of infiltration rates between
The described differences could also partly be attributable tdhe three sites were found (ANOVA, < 0.3-0.8). The vari-
instrumental biases. ation of sediment infiltration rates among infiltration baskets
The deposited sediments can be retained for further analat each site was very high with coefficients of variation up to
yses of their composition, which is a major advantage of thel00 % (Table 4). The most likely explanation for these dif-
SS samplers. In addition, the SS samplers can be installed iferences is the cross-channel variation due to the differences
a relatively dense sampling network because they are inexin flow velocity caused by bank roughness effects (Acornley
pensive and easily fabricated. An installation at specific testand Sear, 1999).
sites, for example behind individual artificial redds, is possi- Overall, the observed sediment infiltration rates are rela-
ble. Thus, they can provide information about cross-sectionatively high compared to other sediment infiltration studies
differences of SS loads and about the SS load at a specificonducted with sediment baskets (Table 3). These high sed-
test locations. Problems of this method include clogging ofiment infiltration rates can partly be explained by the high
the inlet with leaves and the difficulty of placing the sam- input of fine sediment from the molasse bedrock in the catch-
plers horizontally with the inlet tube directly pointing into ment. Furthermore, the sampling was conducted at a higher
the flow direction. Consequently, distinguishing instrumentalfrequency than in the other studies (Table 3). The efficiency
and sampling errors from spatial and temporal heterogeneitpf newly cleaned gravel in trapping fine sediments is at its
can be difficult. It is, therefore, suggested to closely monitormaximum with initial conditions and decreases with time
the samplers to ensure their proper performance, especiallfHeywood and Walling, 2007). Hence, weekly sampled sed-
during fall when a large number of leaves drift in the river.  iment baskets will yield higher daily means compared to
monthly sampled baskets. Additionally, part of the deposited
3.2 Sediment infiltration sediments might be washed out again. The difference be-
tween unequal sampling intervals can also be seen in the
A strong temporal variation of fine sediment infiltration with large discrepancy between the sediment infiltration rates cal-
values ranging between 0.01kgAd~! during low flow  culated from the weekly obtained sediment infiltration data
conditions and 10.36 kgn? d—1 during peak discharge was and those calculated from the accumulation baskets, which
found (Table 3). Our results confirm the conclusions of pre-were only sampled at the end of the seasons after four months
vious field studies showing maximum fine sediment infil- (Table3). As such, quantitative comparisons of sediment in-
tration during peak discharge when sediment transport idiltration rates from studies with different sampling intervals
high (Soulsby et al., 2001; Zimmermann and Lapointe, 2005;have to be done with caution.
Acornley and Sear, 1999; Greig et al., 2005). At all sites, Grain size analyses showed an increase of silt and clay
an exponential increase in sediment infiltration with increas-with increasing fine sediment infiltration in absolute values
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Table 3.Range or meatit standardieviation of infiltration rate (IR) of sedimert2 mm in permeable sediment baskets.

Reference Study site IR (kg m—2d-1) Sampling interval

This study River EnziwiggerLucerne, Switzerland 0.01-10.36  weekly

This study River Enziwigger, Lucerne, Switzerland 0.21-0.70  4month

Acornley and Sear (1999) River Test, Hampshire, UK 0.02-1.00 monthly

Acornley and Sear (1999) Wallop Brook, UK 0.04-0.40 monthly

Sear (1993) North Tyne, Northumberland, UK 0.005-1.60 monthly

Seydell et al. (2009) River Lahn, near Marburg, Germany 04®.07 two weeks interval
Zimmermann and Lapointe (2005) Casedja River, Qébec, Canada 0.006-6.80 after suspension event

Table 4. Mean and rangef daily sediment<2 mm infiltration rate (IR) during the two seasons at the three sites and of the coefficient of
variation (CV) of the weekly values within the six samplers per site.

Field season 1 (2009/2010) Field seaso2 (2010/2011)
Site IR (kgm?day™1) CV (%) IR (kg m? day~1) CV (%)
A 1.67 (0.02-10.36) 32.9(7.6-58.4) 0.68 (0.02-7.57)  31.1(10.5-67.3)
B 1.29(0.01-8.22) 40.6 (17.2-75.1) 0.62 (0.03-5.31)  27.5(14.7-50.0)
C 1.55 (0.06-7.46) 38.3(0-86.4) 0.66 (0.05-7.38) 48.7 (15.5-106.1)

Differences between seasanrssignificant for all sites (t-tespy < 0.01). There are no significant differences between
the sites (ANOVA).

(Fig. 7, left), but a decrease in relative values (i.e., frac-tration from week to week without removing the fine sedi-
tion of silt and clay of the total fine sediment deposition; ment trapped in the baskets, but this also does not represent
Fig. 7, right). During periods with low sediment infiltra- true natural conditions, since the sediment structure would
tion rates, up to 94 % of the sediment consisted of sedimenget disturbed while measuring the infiltrated sediment.

<0.25 mm; thus, sediments of a size most likely to be trans-

ported in suspension. This agrees with Acornley and SeaB-3 Sediment accumulation

(1999) and Sear (1993). They found mainly sediment in- ) i ) .

filtration composed of sediments transported in suspensiod N€ highest values for fine sediment accumulation over the
(<0.25 mm) during low flow and a greater proportion of sed- WO Seasons were observed at site A, the most upstream
iments with a diameter between 0.25 and 4 mm during highSit€ (ANOVA, p <0.05). On average, 20.1% of the sedi-
flow. This fraction is large enough to be in intermittent con- MeNt basket consisted of particle2 mm at site A, 18.7%
tact with the bed, yet small enough to pass through small in8t Sité B and 13.9% at site C (Table 5). The decrease in

terstices of the weekly cleaned sediment infiltration basketdNe sediment accumulation downstream could be related to
- igher scouring of fine sediment down the stream due to the
(Lisle, 1989). high goff d td the st due to th

Sediment infiltration baskets do not represent natural conlligher water level. Sediment accumulation at site B and C
ditions. Sediments<4 mm is removed in a regular interval, did not differ significantly between the two seasons (t-test,
causing an overestimation of the real capacity of sedimen’ =0-3 and 0.5 respectively), despite the significant higher
infiltration occurring in the undisturbed riverbed. The suit- fine sediment infiltration during the first field season at all
ability of the infiltration baskets strongly depends on the pur-Sites- Only at site A, significantly higher fine sediment ac-
pose of the research question. They are a quasi standardiz&fmulation rates were obtained during the first season (t-

method to obtain spatial and temporal differences of fine sed€St; » <0.01, Table 5). Consequently, downstream scour-
iment infiltration or to assess the time needed for siltation of aiNd Of fine sediment seems to have a greater effect on sed-

freshly cut redd. To assess sediment infiltration rates close t4NeNt accumulation than SS load and sediment infiltration

natural conditions, Greig et al. (2005) assessed the tempor&" Sediment accumulation. _ _
sediment accumulation by installing multiple small, porous The sediment accumulation baskets were not filled with

infiltration pots. At each time step (2 weeks), two small pots standardi_zgd gravel but \{vith riverbed gravel to rep_resent nat-
were randomly removed. This allowed them to conduct severfra! conditions. These differences 5o as well as in sort-
measurements during the spawning period. Problems withn9 coefficient of the agcumulatlon baskfets had no influence
this method are the possible spatial variability among the pot&" the amount of sediment accumulation (Spearman rank
and the loss of pots at high flow (see Sect. 3.3). Another meacorrelation,p = 0.5).

surement strategy could consist of measuring sediment infil-
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Site A Site B Site C
R?=0.89, p<0.01 R?=0.85, p<0.01 R?=0.89, p<0.01
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Fig. 6. Sediment infiltrationrate in relation to the highest mean daily water level above the redds during the measurement week. The
relationship at site B and C is described by a Weibull growth function.
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Fig. 7. Weekly silt and clay infiltration at site C in absolute valu@s) and relative values (i.e., fraction of silt and clay of the total fine
sediment depositior{B)) in relation to the daily infiltration rate of sedimea2 mm. Dashed lines are the 95 % confidence intervals.

Comparisons with other studies revealed similar rates ofment infiltration. The overestimation of fine sediment in the
sediment accumulation to those reported in this study (Tabaskets in this study could also be due to the small gap of
ble 6). 90+ 2.6 % of the accumulated fine sediment was sandabout 4 mm between the inner and the outer sediment basket,
and 67+5.6% had a diameter0.25mm. Thus, the size in which the fine sediment (mainly in the bedload fraction)
most likely carried in suspension (<0.25 mm) accounted forwas able to infiltrate. This gap accounts for about 13 % of
only 33 % of the sediment accumulated in the sediment basthe volume of the inner baskets and was entirely filled with
ket. This is in the same range as found by Lisle (1989). Dur-fine sediment at the end of the spawning season. The differ-
ing high flow the main component of the infiltrated sediment ences could also reflect an overestimation of the coarse frac-
is in the bedload fraction (see Sect. 3.2). This fraction is de-tion by freeze cores since individual pieces of coarse gravel
posited and accumulated at all depths down to the bottom o&nd cobbles protruding out of the freeze cores can result in
the basket as long as size distributions of transported sedia smaller percentage of fine sediment of the sample (Young
ment and the riverbed particles do not overlap (Lisle, 1989).et al., 1991; Zimmermann et al., 2005).

The fine sediment fraction (<2 mm) in the accumulation Comparisons with the freeze core samples showed signifi-
baskets was greater than in the riverbed sediment obtainedantly higher silt and clay fractions of the total fine sediment
by freeze core samples (Table 5). Because of the high variin the accumulation baskets with 7.8 to 10.5% compared to
ation among the accumulation baskets and among the freez&8 to 5.1 % in the freeze core samples (t-tgst; 0.05; Ta-
core samples, the differences were only significant at site Able 5). This high fraction in the accumulation baskets is prob-
(t-test, p < 0.01). According to Zimmermann et al. (2005), ably attributable to silt and clay particles which would have
these differences could reflect the influence of the effectiveinfiltrated to deeper layers in a natural environment. At the
size of the pore spaces available in the substrate on sedbeginning of the measurement campaign, the sediment in
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Table 5.Mean valueg: standardleviation of the fraction of fine sediment (<2 mm) in the accumulation baskets and the fraction of sediment
<63 um of the accumulated fine sediment during the two spawning seasons S1 (2009/2010) and S2 (2010/2911) and in freeze cores (FC
taken in winter 2008/2009 at the three sites.

Site % <2mm  %<2mm % <2mm %<2 mm %<63 um %<63pum  %<63pum %<63 um
S1 S2 mean in FC S1 S2 mean in FC
A 25.5+1.4* 18.0+3.3 201+45* 13.6+4.1tF 8.2+1.3 11.3t2.1** 104+24 5.1+1.7tF
(n=4) (n=10) (n=14) (n=6) (n=4) (n=10) (n=14) (n=6)
B 16.0+£4.3 20.1+4.4 18.7+4.5 13.3:45 9.3+24 7.041.0** 7.84+1.8 4.8+1.1F
(n=2) (n=4) (n=6) (n=6) (n=2) (n=4) (n=6) (n=6)
C 15443.3 13.1+2.6 13.9+-2.8* 125+4.1 13.8+4.1* 8.9+0.6 10.5+3.1 5.0+ 2.5
(n=2) (n=4) (n=6) (n=6) (n=2) (n=4) (n=6) (n=6)

* Differs significantlyfrom the two other sites (ANOVAp < 0.05). ** Differs highly significantly from the two other sites (ANOVA, < 0.01).* Differs
significantly from the mean fraction of the accumulation baskets (ttest).05). 7+ Differs highly significantly from the mean fraction of the accumulation baskets
(t-test,p < 0.01).

Table 6.Fine sediment (<2 mm) and silt and clay (<63um) accumulation in the accumulation baskets as % of the whole baskets and the silt
and clay fraction of the sedimert2 mm. Range (mean) or mearstandard deviation.

Reference Study site <2mm (%) <63pum (%) <63 pum of<2mm (%)
This study RiverEnziwigger, Lucerne 9.6—-26.7 (18.3) 0.9-2.4(1.7) 6.1-16.7 (9.8)
Greigetal. (2005) Rver Testand Blackwater, 10.0,12.2
Hampshire
Greiget al. (2005) River Ithon and Aran, Wales 28.9,15.7
Heywood and .
Walling (2007) Avon catchment, Hampshire 1.3-17.2 31+ 14
Levasseur et . I
al. (2006) SainteMargerite River, Quebec 0.4-27 (13.2) 0.04-0.72 (0.16)
Lisle (1989) Cogst R.ange aforthern 4.8-5.9
California
Julienand : . N
Bergeron (2006) Sainte MargeritdRiver, Quebec 3.3-29.2* 0.680.02-0.4H-0.2
Zimmermanmand  Cascapdia River watershed, 35-10 4-9

Lapointe (2005)

upper reaches; &ec

* Sediment<1 mm.

the sedimentbaskets is comparable to a freshly cut redd. sand (Lisle, 1989) influences the deposition and accumula-
This cleaned gravel is vulnerable to deep infiltration by finestion of silt and clay particles probably to a larger extent than
before a seal is formed during entrainment of the armortheir abundance in the water column. Silt and clay fractions
layer (Lisle, 1989). Sediments can only infiltrate to the bot- assessed in other studies were also highly variable, making a
tom of the baskets. Freeze core data support this assummgomparison difficult (Table 6).

tion indicating a significant higher silt and clay fraction at

a depth of 10-20cm and 20-30 cm with silt and clay con-3.4 Fine sediment transported along the bed

tent of 6.0£2.0% and 6.3 2.5 %, respectively, compared
to the upper layer (0—-10cm) with a silt and clay content of
3.6+£2.4% (ANOVA, p <0.01). The fraction of particles
<63 um of the accumulated sediment within a site and be

Mean sediment caught by the bedload samplers in-
creased along the river from 1.93kdar! at site A to
2.24kgntd1 at site C (Table 7). This pattern parallels the

tween the two seasons varied greatly (Table 5). Therefore, ndata from the SS samplers and OBS sensors and could be re-
general conclusions concerning the differences between thited t0 an increasing shear stress attributable to higher wa-
three sites and the two seasons can be drawn. The hydraulf€" !evels down the stream or/and to a higher input of fine

differences within a site and the forming of a surface seal ofSediments from the arable corn fields in the lower part of
the catchment.
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Table 7.Meanand range of daily bedload (BLg2 mm, of the percentage of B 2 mm of the total BL and of the coefficient of variation
(CV) of the weekly values within the six samplers at the three sites.

Site BL<2mm (kgm’-dfl) CV (%) %<2mmofBL CV %< 2mm of BL (%)
A 1.93(0.02-14.26) 72.0(10.7-193.4)73.8(32.2-98.3)** 45.0 (0-86.6)
B 2.01 (0.01-10.80) 79.8 (0-183.2) 30.3 (4.0-60.6)* 64.2 (24.3-96.3)
C 2.24 (0.02-8.5) 61.9 (0-178.2) 58.7 (23.7-92.5) 27.5 (0-62.8)

* Differs significantly fromthetwo other sites (ANOVAp < 0.05). ** Differs highly significantly from the two other sites (ANOVA,
p <0.01).

At all sites, bedload rates were very small until a cer- pended sedimentin the 2009/1010 season than the 2010/2011
tain water level (data not shown). Above this level, bedloadseason. Similarly, both methods showed a significantly posi-
increased exponentially with increasing water level. Thistive Spearman correlation between SS and water level (Ta-
matches the pattern we found with the sediment infiltrationble 8). The weak correlation between S§G and water
baskets (Fig. 6). level at site B was probably related to measurement prob-

The percentage of fines in the total captured bedload wagems with the OBS sensor due to leaves caught by the sen-
highest at site A (ANOVA p < 0.01). This is probably also sor (see Sect. 3.1.1). Even though the methods differ in their
attributable to the low water level compared to the otherquantitative results, correlation analysis showed a significant
two sites and the relatively small slope due to the frequentcorrelation between SS load caught by the sampler during
artificial terraces, resulting in lower shear stress (Table 1).one week and the average S§G that week (Table 8).

The fraction of the bedload smaller than 2 mm decreased The advantage of the SS samplers is their relatively low
with higher water level and total bedload (Spearman rankcost and their easy mounting, making a high spatial distri-
correlation,p < 0.01; Table 8). bution across the channel possible. Therefore, the correlation

Bedload rates and the percentage of fine sediment of thbetween SS loads obtained with the SS samplers and the sed-
total bedload caught by the six bedload samplers variedment infiltration rate was better than the correlation between
highly per site (Table 7). This variations can be partly ac- SSGyty assessed by OBS sensors and the sediment infiltra-
counted for by cross-channel differences also observed ition rates (Table 8). SS sampler data are positively correlated
the SS load, sediment infiltration and accumulation data. Thdo fine sediment infiltration (Table 8, Fig. 8). At a deposi-
higher coefficients of variation of the bedload data comparedion of about 40 kg m2, saturation or equilibrium of input
to the other methods is likely explained by (i) the variation in and scouring was reached at site B and C. At site A, deposi-
precision in placing the traps flush with the sediment surfacetion increased until about 60 kgTA. This can be explained
If the border of the trap is not flush with the bed, fine sedi- by less scouring at site A attributable to lower water levels.
ment transported along the bed was not trapped and (ii) th®©BS data are only weakly correlated with sediment infiltra-
turbulence caused by the coarse bed material above the trapipn (Table 8) probably due to the cross channel differences
which differs between traps and triggers different trappingin SS or measurement biases discussed earlier. Cross channel
efficiencies. differences cannot be assessed with only one point measure-

In total 26 bedload traps were lost at the 18 research plotsnent of SS@ry per site. Certainly, a higher cross channel
during the first field season. Thus, on average, at every sanresolution could also be obtained by mounting multiple OBS
pling spot the traps were lost 1.5times. Hence, we found thasensors across the channel. But the installation of the sensors
a major disadvantage of the bedload samplers is their bigcross the channel could be quite difficult and would also be
contact surface, making them more susceptible to scouringonnected with high costs.
at high discharge. For those reasons, no bedload traps were

installed during the second field season. 3.5.2 Sediment infiltration baskets and bedload traps

3.5 Comparison of the different methods Fine sediment infiltration rates measured with the sediment
baskets correlated significantly with sediment transported as

3.5.1 SS samplers and OBS turbidity sensors bedload measured with the bedload traps (Table 8). A non-

linear regression (saturation curve) describes the observed
Results clearly suggest that both the SS samplers and thelationship best (Fig. 9, left). Values above a sediment in-
OBS turbidity sensors are suitable to capture large scale spdiltration rate of 2kgnm2d—1 are highly variable, proba-
tial and temporal variations in suspended sediment concerbly attributable to higher scouring. While sediment infiltra-
trations or loads (Table 2). The two methods revealed a sigtion baskets reach a saturation around 10Kkgdr?, bed-
nificant increase in suspended sediment (both SS load and 96ad traps can capture sediments until about 15 k§adr?!
concentration) along the river and significantly higher sus-because of their large volume (Fig. 9, left). Consequently,
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Table 8. Spearman rank correlatiaoefficients(p) between the measured parameters of both seasons for the three sites with mean weekly
SSGyTy measured with OBS sensors, total weekly suspended sediment (SS) load measured by SS samplers, daily fine sediment infiltration
rate, fine sediment accumulation, daily bedload of fine sediment, the percentage of fine sediment of the total bedload, highest mean daily watel
level of a week and vertical hydraulic gradient (VHG). The accumulation baskets were correlated with the mean values of the parameters
during the whole field seasons. The sample size (n) is given in parentheses.

SS Infiltration Accu. Bedload Bedload (%) Water level VHG
SSGyTu 0.8(212)** 0.8(218)** 0.8(14)** 0.7 (104)** —0.4 (104)** 0.7 (196)** 0.2 (131)*

(mgl~1) 0.2 (204)* 0.2 (204)** 0.2(6) —0.4(96)* 0.1 (96) 0.2 (204)** 0.1 (121)
0.7 (204)** 0.5 (204)** 0.6(6) 0.8(90)* —0.5(90)** 0.9 (180)** 0.2 (90)
SS 0.9 (212)** 0.8(14)** 0.8 (104)** —0.4 (104)** 0.6 (212)* 0.3 (131)**
(gweek 1) 0.9 (204)** —0.4 (6) 0.8 (96)**  —0.4 (96)** 0.8 (204)** 0.4 (121)**
0.8 (204)** 0.8(6) 0.8(90)** —0.5(90)** 0.8 (204)** 0.2 (90)
Infiltration 0.6 (14)* 0.9(104)**  —0.4 (104)** 0.7 (218)** 0.3 (131)**
(kgm?d—1) 0.0 (6) 0.8 (96)**  —0.5 (96)** 0.8 (204)** 0.4 (121)**
0.3 (6) 0.9 (90)**  —0.6 (90)** 0.6 (204)** 0.0 (90)
Accu. -(4) - (4) —0.6 (14)* -0.3(14)
(% <2mm) - - 0.1 (6) —0.6 (6)
- - —0.2 (6) —0.1(6)
Bedload —0.4(104)** 0.9 (104)** 0.2(57)
(kgm?d—1) —0.4 (96)** 0.7 (96)** 0.2 (39)
—0.6 (90)** 0.8 (90)** 0.0 (35)
Bedload —0.5(104)** 0.1(57)
(% < 2mm) —0.2(96)* 0.1(39)
—0.6 (90)** —0.2 (35)
Water leel 0.1(131)
(cm) 0.4 (121)**
0.2 (90)

* p<0.05.*p <0.01.
=] Site A Site B Site C
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Fig. 8. Weekly sedimentinfiltration in relation to the total weekly SS load assessed with SS samplers at the thre@%itesl p of the
nonlinear regressions were calculated after Zuur et al. (2009).

sediment infiltration baskets are filled very quickly at high til the point when interstitial spaces become clogged with
water level if not emptied in short enough intervals. fine sediments. The data from this study support this state-

Results suggest a linear relationship of the data withment qualitatively (see Sect. 3.2 and the highly significant
smaller sediment infiltration rates (0 to 2kgAd—1; Fig. 9,  correlation between both water level and SS load with sed-
right). According to Bond (2002), sediment infiltration is iment infiltration rates as well as with bedload rates, Ta-
governed primarily by sediment supply or transport rates un-ble 8). The sediment infiltration rates are, however, almost
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Fig. 9. Relationship betweemfiltration rate of fine sediment measured with sediment baskets and bedload measured with bedload traps at
site A. (A): all data with a nonlinear regression ling2 and p were calculated after Zuur et al. (20098): linear regression for data with
infiltration rates smaller 2kg mf d—1, dashed lines are the 95 % confidence intervals.

twice the bedload until the mentioned level at a sediment in-of sediment infiltration, the sediment infiltration rate is best
filtration rate of 2 kg mr2d~1 (Fig. 9, right). This is probably  described by a nonlinear regression model (Fig. 8). As such,
attributable to an instrumental bias of the bedload samplersthe strong correlation between sediment infiltration and the
According to Bond (2002), trapping efficiency of the bedload occurrence of fine sediment in the water column found in
traps is lower for the silt and fine sand (<0.25 mm) fractionsother studies (Acornley and Sear, 1999; Zimmermann and
(only 20-40 % at some sites). During low sediment infiltra- Lapointe, 2005) could be confirmed.
tion rates, this fraction accounted for most of the infiltrated
sediments (Fig. 7). In contrasts to the sediment infiltration3.5.3 Sediment accumulation baskets
baskets, where infiltrated sediments are caught in a matrix of ) )
coarse sediment, fines can be easier washed out of bedlo&d!ly @ Small number of accumulation baskets resisted the
traps. A closer assessment of the differences in trapping efl°0d: consequently, only a small data set across the two
ficiency of the sediment infiltration baskets and the bedload€!d Seasons was available (site A=14, site B:n=6,
traps can only be accomplished under well defined conditionSite C:in= 6). This makes Stat'St'_Cal analysgs d|ff|c_ult and
in a stream channel. only general conclusions concerning the net fine sediment ac-
Sediment caught by bedload traps is mainly dependent 0ﬁumu!ation are possible (see Sect. 3.3). Fine sedim_ent accu-
the water level and SS load. Because of the solid wall Ofmulatlon decreased from upstream to downstream, i.e., from
the traps, the vertical hydraulic gradient has no influence orpit€ A 1O site C. In contrast, SS concentration and load and
this process (Table 8). In contrast, less fine sediment infiltra-bed_load mcr_easgd frqm upstr_eam FO qunstream, while fine
tion was expected with a positive vertical hydraulic gradient S€diment infiltration did not differ significantly between the
(=upwelling) in the sediment infiltration baskets. This has sites. Th|s_|s prob_ably attributable to the hlgher resuspension
been shown in previous studies (Brunke, 1999; Seydell et al.2"d Scouring of fines downstream due to higher water level,
2009). This relationship, however, was not observed in thisresultlng in hlghgr SS concentration anq bedload, but smaller
study: at sites A and B, fine sediment infiltration was slightly "€t sedimentinfiltration and accumulation. _
higher in upwelling zones compared to downwelling zones SPearman rank analyses between sediment accumulation
(Table 8). This is likely attributable to the high variability of 2nd other methods are only feasible at site A, which has the
hydrological exchange processes (e.g. Brunke and Gonse\‘?‘rgeg dataset. These gnalyse_s indicate a positive correlation
1997). The vertical hydraulic gradient measurements reprebetWeen accumulated fine sedl_m_ent gnd mean SS load (p
sent only the specific hydraulic conditions at a certain time?-8: 7 < 0.01) as well as mean infiltration of fines 0.6,
while sediment infiltration was measured over a week with ? < 0-05; Table 8). ,
possible changing vertical hydraulic gradients. Higher mean water I(_avels at_>0ve th_e accumulau_on l_Jas—
Multiple regression analyses for sediment infiltration as€tS lead to resuspension of fine sediment, resulting in a
response variable with SS load (measured by SS Samp|er51’eg§1tlve Spearman r_ank correlation between water level and
SSGuru, bedload, water level and vertical hydraulic gradi- Sediment accumulation @ —0.6, p < 0.05; Tables). A
ent as explanatory variables were conducted. SS load as sifmaller amount of fine sediment accumulation in plots with
gle explanatory variable was the best predictor for sedimenf!igher water level and flow velocity compared to plots with

infiltration at all sites. Due to the equilibration or saturation 'OWer water level was reported previously (e.g. Acornley and
Sear, 1999; Levasseur et al., 2006). Finally, multiple linear
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regression analyses with $&d and vertical hydraulic gra- Sediment accumulation baskets do not assess the temporal
dient (VHG) as explanatory variables indicate less sedimenbehaviour of fine sediment infiltration but the accumulation
accumulation in upwelling zones than in downwelling zones: over a certain time period. The loss of baskets at high flow
. generated the biggest problem associated with the accumu-
Accumulation= 14.2+ 0.6 x SS—21.5x VHG, lation baskets. They can not be renewed as their purpose is
R?>=0.7,p <0.05 (2)  the assessment of accumulation during the entire field pe-

_,.__riod. Additionally, they overestimate the fine sediment pro-
The results of Seydell et al. (2009) support these findings ortion. Differences in the effective size of the pore spaces,

They even noted that subsurface flow patterns have a larg he gap between the inner and the outer sediment baskets

influence on sediment deposition than the suspended Sedb'r the solid bottom of the baskets are possible reasons for

ment concentration in the river. Due to cross COI’I’e|1';'U.'I0nst|,“S overestimation. Less fine sediment accumulates in up-

between the me.ntioned dependept variables (Table 8), Oth‘?X/elling zones and with a higher mean water level due to
multiple regressions are not possible. scouring. Even though SS concentration and load and sed-
iment assessed with the bedload traps increased from up-
4 Conclusions to downstream, less fine sediment accumulated downstream.
This was probably due to more scouring downstream.
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Effects of river morphology, hydraulic gradients, and
sediment deposition on water exchange and oxygen

dynamics in salmonid redds

This chapter is submitted as a full paper to Science of the Total Environment:

Schindler Wildhaber Y*, Michel C*, Epting J, Wildhaber RA, Huber E, Huggenberger P,
Burkhardt-Holm P, Alewell C. Effects of river morphology, hydraulic gradients, and sediment
deposition on water exchange and oxygen dynamics in salmonid redds. *shared first
authorship
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Abstract

Native salmonid populations are reported to decline worldwide. Fine sediment, decreasing
gravel permeability and oxygen supply to incubating salmonid embryos is often considered as
main contributing factor. However, oxygen supply also depends on hydraulic conditions
driving water flow through salmonid redds. Altogether, a more generalized perspective is
needed to better understand the constraints for successful salmonid incubation in the many
heavily modified fluvial ecosystems of the northern hemisphere. To this end, the relative
importance of hydraulic gradients, riverbed and redd morphology as well as fine sediment
deposition for the temporal and spatial dynamics of dissolved oxygen (DO) concentrations
and water exchange in artificial brown trout redds in a heavily modified river of the Swiss
Plateau was studied. Half of the redds in the two downstream sites were excavated or buried
during high flow events in early winter, while redd loss at the upstream site was substantially
lower (8%). This pattern was most likely related to increasing flood heights from up- to
downstream. Specific water infiltration rates (¢) and DO concentrations in the redds were
highly dynamic and driven on multiple temporal and spatial scales: Temporally, the high
permeability of the redd gravel and the typical pit-tail structure of redds directly after redd
construction, leading to high dissolved oxygen, disappeared within a month, when fine
sediments had infiltrated and the redd structure was leveled out. On the scale of hours to days
DO concentrations and ¢ increased during high flows, but decreased during the falling limb of
the water level, most likely related to exfiltration of oxygen depleted ground- 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 ¢. Spatially,
artificial log steps affected fine sediment accumulation, ¢ and interstitial DO in the redds.
Altogether, 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.

Keywords: sediment infiltration, sediment accumulation, specific infiltration rate, Swiss Plateau, river
modification, brown trout
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Introduction

Native salmonid populations are reported to decline in Switzerland (Burkhardt-Holm and
Scheurer, 2007) as well as in the United Kingdom (Youngson et al., 2002) and North America
(Brown et al., 1994; Huntington et al., 1996). 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 (< 2 mm) deposition has been often
discussed as one contributing factor (e.g., Jensen et al., 2009 and studies cited therein).
Deposited fine sediment can decrease redd gravel permeability and interstitial flow (e.g.,
Brunke, 1999; Schilchli, 1995), which hinders oxygen supply to incubating salmonid
embryos, thereby affecting their survival (Greig et al., 2007a; Greig et al., 2005; Heywood
and Walling, 2007). Oxygen availability for the incubating embryo depends on several further
aspects such as the relative contributions of oxygenated river water infiltration and exfiltration
of oxygen depleted ground- or interstitial water in the redd (Malcolm et al., 2006; Malcolm et
al., 2009) or the oxygen demand of organic material (Greig et al., 2007b). Although these
factors vary extensively, both temporally and spatially (Brunke and Gonser, 1997; Greig et
al., 2007b; Malcolm et al., 2006), only few studies 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,
which led to reduced fine sediment and thus higher hydraulic conductivity (Tonina and
Buffington, 2009; Zimmermann and Lapointe, 2005). Redd scale hyporheic exchange,
measured on a centimeters to meter scale, can also be induced by the pit-tail structure of
salmonid redds (Figure 1A, Tonina and Buffington, 2009). However, this initial structure
cannot be expected to remain intact during high flow events (Ottaway et al., 1981) and hence
hydraulic conditions on the redd scale likely change during the incubation season. Moreover,
recent research clearly indicates the need for a multi-scale approach (Baxter and Hauer, 2000;
Zimmermann and Lapointe, 2005), not only considering the redd scale in the magnitude of
centimeters to meter (local scale, Figure 1A) but also river structures in the meter scale
(intermediate scale, Figure 1B) as well as the transient character of surface water and
groundwater flow regimes in the magnitude of tenth of meters to kilometers (regional scale,
Figure 1C) when investigating the dynamics of abiotic conditions in salmonid redds.

Hydraulic processes driven on all these scales can be expected to affect hyporheic exchange
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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). The latter usually generate predictable flow-paths, with
increased river water downwelling above steps and upwelling of hyporheic water below steps
(Figure 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 hence could also affect water flow and oxygen
dynamics in salmonid redds. Despite this, the effects of artificial steps on the abiotic
conditions in salmonid redds have, to our knowledge, not been investigated so far. This
knowledge, integrating between the sciences of hydrology, geomorphology and freshwater
ecology, 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 a heavily modified headwater river of the
Swiss Plateau (Enziwigger, Canton Lucerne, Switzerland), which 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 ¢, vertical and horizontal
hydraulic gradients, and water level) and their effects on oxygen dynamics in the redds, (ii.)
an assessment of the morphological 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). In contrast to most previously published studies, data were collected with high

spatial and temporal resolution (i.e. weekly or continuously) to explicitly characterize the
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Figure 1 - Schematic view of (A) longitudinal section of an artificial redd (modified after Greig et al.,
2007b) including the location of the mini piezometers, the egg pockets (square) and temperature
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 data from Huber
et al. (2013). Black: only exfiltration, grey: ex- and infiltration, light grey: only infiltration. Arrows
indicate the main direction of the interstitial- and groundwater flow, ovals represent the positions of
the redds (for naming see Figure 2).
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Figure 2 - Location of the Enziwigger watershed in Switzerland. The photograph shows the step and
terrace structure at study site B. The watershed map 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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temporal and spatial dynamics of the measured parameters. Together with the study of Michel
et al. (submitted), which investigated the parameters affecting brown trout embryo survival in
the redds, our results provide an integrated perspective on the factors affecting salmonid

incubation success in comparable anthropogenically modified river environments.

Materials and methods

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 31 km? (Figure 2). Mean discharge,
measured in Willisau (Figure 2) by the Cantonal authorities (Nov. 2007 — Nov. 2008) was 2.1
m’ s”, minimum and maximum discharge were 1.1 m® s™' and 10.1 m’s™, respectively.
During the 20" century the Enziwigger was straightened, channelized and cross-channel log
steps were installed as slope breakers to prevent deep channel erosion and bed-scouring
during flood events (Figure 2). Like for most rivers in the Swiss Plateau its morphology is
strongly modified: Only 5% is close to natural or natural, 21% is little affected and 74% is
strongly affected or even artificial (classified with the Swiss modular stepwise procedure for
ecomorphology after Hiitte and Niederhauser, 1998; Stucki, 2010).Despite these strong
modifications, 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 Salmo trutta, which
maintains a viable population (EBP-WSB-Agrofutura, 2005; Schager et al., 2007). The flow
regime of the Enziwigger is neither affected by hydro-power facilities nor by effluents from a

waste water treatment plant.

Measurements were conducted at three experimental sites along the river named A, B and C
(from up- to downstream; Figure 2) at altitudes from 757 to 583 m above sea level. 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 (Figure 1B). At site A the bedrock
beneath the riverbed lies in a depth of a few decimeters and the hydrogeologic settings are
assumed to be dominated by lateral inflow or the exfiltration of ground- and/or hyporheic

water. Piezometer measurements at sites B and C and groundwater flow modeling at site B
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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 infiltration (Figure 1C,
Huber et al., 2013). The influence of river flow stage and transient hillside groundwater flow
have a minor impact on these intermediate and regional flow patterns (Huber et al., 2013).
Each site was equipped with six artificial salmonid redds in places were natural brown trout
redds had been mapped in November 2008. In the Enziwigger, these locations are mostly
consistent over years (P. Amrein, Fish and Wildlife Service, Canton of Lucerne, pers. com.).
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 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). Redd
A41 S1, e.g., stands for the first redd in the fourth investigated terrace at site A during the
first season (Figure 2). A detailed description of the river characteristics and field locations is

given in Schindler Wildhaber et al. (2012b).

Sediment collection and analyses

Each redd was equipped with two sediment baskets to assess weekly 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 to measure the weekly infiltration rates (= infiltration basket). The second set of
sediment baskets was emptied at the end of the incubation season to measure net
accumulation of fine sediment during the incubation period (= accumulation basket, Sear et
al., 2008). At each site, the sediment basket data was 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 freeze cores’ fine sediment
fraction of the 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 distribution of weekly
infiltrated fine sediment samples (n = 80) was 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
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German soil taxonomy standard (DIN EN ISO 14688-1): Sand: 0.063—2mm, silt: 0.002—0.063
mm and clay: < 0.002 mm (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=1486-C, (1)

Where C, = dgo / djo (diameter of grain size at the 60" and 10" percentile of the cumulative

sample mass ) (Schilchli, 1995).

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

the formula

d
fredle index = S_g )
Where d, is the geometric mean grain size and S, is the sorting coefficient derived by taking
the square root of the quotient of the grain size at the 75" percentile divided by that at the 25
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.

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. 14 cm, cf. Michel et al., submitted). Oxygen contents in mg I
as well as saturation (%) were measured every ten seconds and mean values were logged in
ten minute intervals. One optode per site was installed during season 1 (redds A32, B51 and
C21) and two during season 2 (Figure 2). Moreover, oxygen concentrations in each redd were
measured manually every second week in mini piezometers located in the pit and tail of each
redd (Figure 1A) with the 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

30 minutes after the “old water” had been extracted.

Riverbed and redd morphology
Riverbed morphology was mapped in a 0.5 m horizontal resolution in season 1 shortly after

redd construction (October 26" 2009) and on December 27™ after several high flow events.
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These data were used to assess morphological changes induced by high flow events on the
river segment scale. The water depth above the deepest point of the pit and the highest point

of the tail was measured weekly to quantify temporal changes of the typical redd structure.

Hydraulic investigations
Flow-stage at each site was measured every 15 seconds with pressure transmitter probes
(STS, Sensor Technik Sirnach, Switzerland) and average values were logged at 10 minutes

intervals during both field seasons.

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

calculated by the formula

vig =2 3)
Al

where A# is the difference in head between the water level in the piezometer and the level of
the stream surface and A/ is the depth from the streambed surface to the first holes in the
piezometer (Baxter et al., 2003). Positive values indicate an energy gradient potentially
sufficient to produce upwelling and negative values indicate an energy gradient potentially
sufficient to produce downwelling. In the following, it is referred to the VHG values as
upwelling or downwelling processes, although they are actually only a measure of up- and
downwelling potential (Baxter and Hauer, 2000). The differences in VHGs between the pit
and the tail piezometer of each redd was defined as the horizontal hydraulic gradient (HHG),

which is an indicator for hydraulic gradients driving water flow through the redd.

To obtain the temporal and spatial change of specific infiltration rates (¢) 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 incubating
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 (Figure 2). In redds equipped with two
temperature probes, ¢ could be calculated for the upper part (g,, 0 to about 12 cm), the bottom
part (g», about 12 cm to about 20 cm) and the total part (g;, 0 to about 20 cm). In redds with

one temperature probe, g could only be assessed in the upper part. The diurnal amplitude
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variations in temperature in the different depths and the diurnal phase variations were used to
calculate ¢, but only the results of the former method were used for further interpretations
because of their higher stability. The used method allowed calculating two specific infiltration

rate values per day.

The diurnal sinusoidal alternation was filtered out of the temperature data by a discrete
bandpass filter (FIR-filter with hamming-Window, 5001 filter coefficients, cut-off frequency
0.8 - fpay / 1.5 * fpay, ). All field temperature data were sampled with a frequency of one
measurement per minute. When field sample periods exceeded one minute, e.g., due to
technical problems, linear interpolation was used to fill up gaps up to 10 minutes. Data gaps
exceeding 10 minutes 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 minutes)
were also removed from further processing. The resulting temperature amplitude ratio (4,)

was used to estimate q.

The specific infiltration rate ¢ and the vertical flow velocity (v/) are extracted according to

equation 4 (Ingebritsen et al., 2006) and equation 5 (Hatch et al., 2006, slightly transposed).

g=v,n (4)

pc |
g :(Pf 'CfJ ’ ®

For parameter definition and values see Table 1. The vertical fluid velocity (v) can be

determined by the amplitude ratio (4,), identified as v4,. The values were gaines by a

numerical solver from the equations 6 and 7 (Hatch et al., 2006)

2k, /a(v BER
Eln(Ar + %)—vm =0 (0)

where

a(V) = V' + BT [y, K.’ (7)

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

equation
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o
K, :—+ﬂ-‘vf‘ ®)
p-c
where the components of the first term are gained from:

oc=n-o,+(-n)o, )

p=n-p,+(-n) p, (10)

np.c,+(-n)p.c,
c=Fr~

11
np, +(1-n)p, h

The second term of the equation 8 was excluded from the calculations as its contribution to
the value of x, is negligible with the thermal dispersivity (8) = 1-10~ 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):

(12)

where / is the characteristic length, set as 0.01 m due to the range of the setup. The thermal

diffusivity D is given by:

p=_X (13)

CS'pS

where K, is the thermal conductivity of the saturated sediment (Table 1). If Pe is smaller than
approximately 2 - 10, 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 not
only transported by molecular transport of thermal energy (conduction) but also by water flow

(advection) (Silliman et al., 1995).
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Table 1 - Physical parameters used for calculating specific infiltration rates q in alphabetic
order (1. Roman letters, 2. Greek letters).

Symbol  Values Unit Parameter
°C Amplitude of thermal oscillation

A, - Temperature (T) amplitude ratio (upper / lower T
amplitude)

c Jkg'°C"  Specific heat of sediment-fluid system

cr 4208 Jkg'°C"  Specific heat of fluid (water at 4°C) (Lemmon et al.,
2012)

Cs 775 Jkg'°C"  Specific heat of sediments, average between values of
Schon (1996) (cited by Rau et al.) and Revil (2000)

_ (cited by Keery et al., 2007)

foay 11.510° s Frequency of a day period (24h)

K, 1 Jm7s'K"  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 ms” Specific infiltration rate

v ms” Velocity of thermal front

Var ms” Velocity of thermal front derived from the amplitude ratio
A,

Vs ms” Vertical fluid velocity, positive number = down welling

. (Goto et al., 2005)

B 1-10° m Thermal dispersivity (cited by Hatch et al., 2006)

Ag S Temperature amplitude phase shift

Ke m?s’” Effective thermal diffusivity

P kgm™ Density of saturated sediment

P 1000 kgm® Density of fluid (water at 4°C; Kuchling, 1976)

Ps 2650 kgm™ Density of sediment (e.g., Kuntze et al., 1994)

o 1.50 Wm' K"  Thermal conductivity of saturated sediment (Constantz,
2008)

of 0.60 Wm' K"  Thermal conductivity of fluid (water; Ingebritsen et al.,

2006)
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Results and discussion

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 (Figure 2), where flood events in December 2009 triggered river gravel
accumulation or scouring up to 0.9 m (Figure 3). These data represent only the final outcome
of the bed scouring processes and hence actual gravel displacement during the event peaks
might have been even higher. All of site B was strongly affected by scouring, while at site C
the gravel bed scoured predominately 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 (Figure 3, right). This was probably due to the slightly
wider riverbed (5.0-5.5 m at step C3, 4.5-5 m at step C2 and 4.5 m at step C1) causing lower
water levels and hence less shear stress. 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 is partly stochastic, at least on
an intermediate scale within individual river sections. Along the entire river (i.e. regional
scale) an increase in 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 (Figure 3), while
only 8% of the redds were lost at the most upstream site A. This pattern is most likely related
to increased shear stress in sites B and C attributable to higher water levels and only
marginally smaller slopes (Schindler Wildhaber et al., 2012b), as also indicated by increasing
bedloads and suspended sediment loads from up- 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, p < 0.05).

Winter flood events in some Swiss rivers and also in rivers worldwide tend to increase over
the last decade (Birsan et al., 2005; IPPC, 2007; Middelkoop et al., 2001; Scheurer et al.,
2009; Thodsen, 2007). In the Enziwigger high-flow events in early winter are unusual, but
have been suggested to increase during the last decades (P. Amrein, Fish and Wildlife
Service, Canton Lucerne, Switzerland, pers. comm.). Accordingly, the high redd loss reported

here raises concerns how the observed and predicted increases of winter floods affect
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Figure 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,
positive values sediment deposition.

sepca  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
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salmonid recruitment in some populations (cf. Goode et al., 2013; Lapointe et al., 2000), in
rivers like the Enziwigger were small egg-burial depths (0—9 cm; Riedl and Peter, 2013) make

salmonid redds more susceptible to scouring.

In addition to redd loss, 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 (Figure 4A). After one month and some high flow events, most
redds were basically leveled out (Figure 4A) and high amounts of fine sediments have
infiltrated (Schindler Wildhaber et al., 2012b). Both likely affected the water exchange in
redds, either by reducing horizontal pumping flow or by decreasing redd gravel permeability
(e.g., Greig et al., 2005; Schélchli, 1995). This clearly suggests that the often discussed
positive effect of the highly permeable redd substratum and the pit-tail structure on water
exchange in salmonid redds (e.g., Tonina and Buffington, 2009) were rapidly obliterated by
gravel displacements and fine sediment infiltration. This observations agree with Ottaway et
al. (1981) who documented a flattening of brown trout redds already after the first high water
event subsequent to spawning. The concept of enhanced downwelling of oxygenated water

due to the redd morphology is still widely discussed (e.g., Greig et al., 2007b; Tonina and
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Buffington, 2009; Zimmermann and Lapointe, 2005). Our data indicate that redd morphology
could contribute to local redd scale exchange processes, but only during the first few weeks
after redd building (see below). Once the pit-tail structure has been leveled out, exchange
processes on intermediate or regional scales likely gain importance for the oxygen supply to
developing embryos. Processes driven on these scales therefore need to be considered in

management plans to ensure salmonid embryo survival in modified river environments.

Level tail - level pit (cm)
Water level (cm)

VHG tail (-)
Water level (cm)

HHG pit + tail (-)
Water level (cm)

01.11.2010 01.12.2010 01.01.2011 01.02.2011 01.03.2011

Figure 4 - In each panel, black line shows the flow stage at site B. Symbols within panels
denote (A) the mean + standard deviation (sd) of the riverbed level differences between tail
and pit (B) mean * sd of the vertical hydraulic gradients (VHG) in the tail of the redds, and (C)
mean = sd of the horizontal hydraulic gradients (HHG) between pit and tail of the redd. Values
were calculated from all 18 redds during the season 2. A positive hydraulic gradient indicates
upwelling, a negative gradient downwelling.
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Hydraulic dynamics in the redds

Spatial patterns of the hydraulic dynamics

Vertical hydraulic gradients (VHGs) measured in mini piezometers did not parallel the
modeled intermediate scale down- and upwelling patterns induced by the steps (Huber et al.,
2013, Figure 1B). Most redds were not located in the main up- and downwelling zones
predicted by the model, but in areas where downwelling, upwelling and horizontal advection
alternates (Figure 1C). Hence, VHGs were too small to be accurately measured with the
applied mini piezometer approach. 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;
Figure 2), VHGs changed between up- and downwelling conditions with a mean close to zero
(0.03 £ 0.08). These observations agree with model predictions. In general, vertical hydraulic
gradients on the redd scale can be expected to show substantial temporal variation related to

water level fluctuations but also changes in riverbed morphology (see above).

Calculated specific infiltration rates g generally confirmed the predictions from the
groundwater flow modeling. Mean ¢ increased with smaller distance to the next downstream
step indicating increased downwelling above steps (Table 2). In redds located further
upstream, where the model predicted horizontal advection zones or exfiltration (Figure 1C),
smaller and also negative ¢; values were found. Also, weekly fine sediment deposition
increased with shorter distance to the downstream step (Spearman rank correlation, fine
sediment: p =-0.45, p < 0.05, silt: p =-0.52, p <0.05, clay: p=-0.57, p <0.01), likely related
to increased river water infiltration above steps. Increased weekly fine sediment infiltration
had no negative effect on specific water infiltration in redds (Table 2). In contrast to the
weekly sediment infiltration, net fine sediment accumulation did not increase with shorter
distance to the step (all p > 0.12). Fine sediment accumulation not only depends on fine
sediment infiltration, but also on the water level, since higher water levels lead to
resuspension of fine sediment (Schindler Wildhaber et al., 2012b). The specific infiltration
rate ¢ 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 within single redds on a scale of only tenth of
centimeters. In most redds ¢ was lower in 12-20 cm depth as compared to the upper 12 cm of

redd gravel (#-test, p < 0.01; Figure 5). Freeze core samples of undisturbed gravel in the study
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area confirmed a significantly lower silt and clay level in the upper part (0—10 cm) compared
to deeper part (i.e. 1020 cm and 20-30 cm, cf. Schindler Wildhaber et al., 2012b). This
“bottom up” filling of riverbed gravel and salmonid redds is common when particle sizes are
small enough to pass through gravel interstices (Greig et al., 2007b). 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 ¢ with depth
reported here suggests higher fine sediment content around our brown trout eggs (i.e. at 12-20
cm depth) compared to the entire redd gravel. A similar distinction between the upper and
lower part of the redd gravel was made by Meyer (2003), who further reported that the fine
sediment content in the egg-pocket was a better predictor for salmonid embryo survival than
fine sediment content in the entire gravel column. Our study might corroborate this
conclusion, and further indicates that this phenomenon could also cause a decreased water

exchange around the eggs.

Table 2 - Spearman rank correlations between median specific infiltration rate g in the upper part
(0-12 cm; q,) and the total part (0—20 cm, ;) and the total amount accumulated fine sediment (< 2
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.

Parameter gu(ms™) g:(ms™

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 = 0.62% (13) 0.61, p = 0.06% (10)
Distance downstream step (cm) -0.17, p = 0.58% (13) -0.68, p = 0.03" (10)

@ Mean q of February and March to get a mean q value of the undisturbed river gravel.
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Atredd A32 S1 the specific infiltration ¢ was higher in the bottom part than the upper part of
the redd (Figure 5, see Figure 2 for location of the redd), which was probably related to the
lower mean water level above this redd (9.8 £ 2.0 cm), triggering high fine sediment
deposition and only limited scouring (Schindler Wildhaber et al., 2012b). Redd A32 S1 was
also the only redd 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 ¢
also in the upper part. A low g was also found in the upper part of redd A31 S1 (Figure 5),
which also had a very low mean water level (2.5 + 1.7 cm). During the second field season,
the locations of the two redds were changed to build them on spots with deeper mean water
levels (A31 S2: 15.1 £3.5 cm, A32 S2: 12.4 £+ 3.5 cm). Now less fine sediment accumulated
(Schindler Wildhaber et al., 2012b) and higher specific infiltration rates ¢ were found (Figure
5). Further, these patterns of ¢ were closely paralleled by the oxygen dynamics in these redds

(see below).

Temporal pattern of the hydraulic dynamics

Slightly positive VHGs, indicating upwelling processes, were measured in the tail of most
redds at the beginning of the incubation period (Figure 4B). In contrast, horizontal hydraulic
gradients (HHG) between pit and tail did not indicate increased horizontal pumping flows
between pit and tail (Figure 4C). The classical redd scale flow pattern, with downwelling in
the pit and upwelling in the tail causing pumping flow through the redd (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 (p = 0.4—0.6, p <0.05 in 8 of the 18 redds, Figure 6). In the remaining ten redds
similar trends could be observed, albeit being non-significant (data not shown). 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 (Figure 6). Upwelling
can be triggered by different mechanisms: on an intermediate scale it can be increased below
steps (Huber et al., 2013), while on a regional scale upwelling can occur when increasing

riparian groundwater levels are paralleled by decreasing stream water levels. The latter is
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common during the recession limb of flood events (Geist et al., 2008; Malcolm et al., 2006;
2003; 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 Figure 6 therefore represent data points measured during the recession limb of
flood events. Given this, it is plausible that these positive hydraulic gradients (Figure 6)

indicate recharge of groundwater on a regional scale causing upwelling conditions in the

redds.
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Figure 5 - Specific water infiltration rates in the upper (q,) and the bottom part (gy,) 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 (Figure 2) with the exception of redds A31 and A32
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Figure 6 - Relationship between water level and vertical hydraulic gradient (VHG) for
individual redds from the season 2. Within each panel Spearman correlation coefficient rho (o)
and the p-value are given. Positive VHG indicates upwelling, negative VHG indicates
downwelling. The location of each redd is given in Figure 2.
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Figure 7 - Example of the temporal dynamics of the specific infiltration in the upper part of the
redd gravel (q,), the oxygen concentration and the water level. Shown are data from redd C21_S2
(cf Figure 2). A period when oxygen and temperature probes were dug out is marked with vertical
dashed lines.
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Figure 8 - Temporal changes of the specific infiltration rate q in the upper and the bottom part of
the redd C22_S2 (cf. Figure 2for location of the redd). Negative values indicate upwelling,
positive values indicate downwelling. The arrows point to periods with increased upwelling during
the falling limb of high flow events.

Hyporheic flow paths in rivers can be very complex in a 3D view, also changing with
discharge and morphology (Tonina and Buffington, 2007). These complex temporal dynamics
can best be seen in the specific water infiltration rates. Initially, ¢ values in most redds were
consistently in the range of 67 - 10® m s™'. Within a month ¢ decreased remarkably, likely
due to the infiltration of fine sediments and changes in redd morphology, finally reaching a
stable minimum around 1-2 - 10° m s for the rest of the incubation season (Figure 7, Figure
5). However, on the scale of hours and days g was still responsive to high flow events,
generally increasing during high-flow events and returning to baseline levels afterwards
(Figure 7). This most likely reflects increased water infiltration driven by local changes in
groundwater heads and probably also increasing gravel permeability related to remobilization

of fine sediment (e.g., Brunke, 1999; Keery et al., 2007; Schélchli, 1995).

Temporally negative ¢ values were found in the bottom part (approx. 12—20 cm) of two redds
(A31 _S2 and C22_S2), indicating upwelling. In parallel consistent downwelling conditions
were measured in the upper part (Figure 5). This pattern probably reflects the interference of
exchange processes on an intermediate scale with groundwater upwelling driven on a regional

scale. This can be clearly seen in redd C22 (Figure 8), which was built just above a step,
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where downwelling can be expected to predominate (Huber et al., 2013). At the same time it
was located on the right side of the Enziwigger, close to a small tributary river probably
driving exfiltration of groundwater at this redds location (Figure 2). Given this specific
location, we suspect that river water infiltrated in the upper part of this redd (positive g),
while groundwater exfiltrated into the lower part (negative ¢g). As discussed in the previous
paragraph, groundwater exfiltration in this redd increased during the recession limb of high

flow events (Figure 8).

Specific water infiltration rates ¢ calculated with the intermediate groundwater flow model for
specific redd locations in downwelling zones ranged between 8.5 - 107 and 1.5 - 10° m s™
(season 1, Huber et al., 2013). Measured daily ¢, values at redd B42 S1 correlated
significantly with the modeled values (Pearson’s » = 0.3, p < 0.05). In contrast, at redd

B52 S1, no significant correlation was found. The groundwater flow model was set up using
hydraulic heads of the river and groundwater as well as the local and regional topography.
The actual g in the redds also 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). Altogether, these results indicate that groundwater flow modeling as applied in Huber
et al. (2013) provides good predictions of exchange processes on the regional and
intermediate scale, but might be more limited in predicting exchange processes on the scale of

individual salmonid redds.

Altogether, these findings illustrate that water exchange processes in salmonid redds are

complex and driven on multiple scales. Consequently, fine sediment effects on salmonid
embryo survival can be expected to differ depending on the redd location relative to river
morphology and structure but also on regional aspects, such as river interactions with the

valley aquifer.
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Oxygen

Manual vs. continuous oxygen measurements

Manual oxygen measurements, conducted on bi-weekly intervals during season 2 in mini-
piezometers, indicated a high interstitial dissolved oxygen (DO) concentration in the redds
(10.1 £2.2mg 1"/ 75.7 + 15.7%). After pumping out the interstitial water, the measured
average DO concentration increased significantly to 11.6 + 1.8 mg 1" (85.9 + 12.4%, t-test, p
< 0.05). This was possibly related to river water with higher mean oxygen concentration (13.3
+0.8 mg 1" /98.2 + 4.5%) infiltrating and replacing the extracted interstitial water in the
piezometers (Heywood and Walling, 2007). DO concentrations measured manually in mini
piezometers were generally higher than measured by permanent oxygen probes. As a result,
DO concentrations measured manually only poorly correlated with DO concentrations from
permanent oxygen measurements. Accordingly, manual oxygen measurements appeared to be
no accurate predictors for the oxygen concentration in the redds. 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 to miss these
dynamics, underestimating extreme values (Malcolm et al., 2006). In conclusion, our results
warrant that manual interstitial oxygen measurements in piezometers have a risk to over- or
underestimate the actual amount of oxygen present in salmonid redds and might provide a
poor descriptor for oxygen dynamics during the incubation season. Given these limitations
and methodological bias of the manual DO data, further interpretations are based only on the

continuous DO measurements.

Spatial oxygen dynamics

DO concentrations from continuous measurements in redds documented a high variability on
small spatial scales (i.e. between redds), but also a general increase from up- to downstream
(Table 3). Interstitial oxygen concentrations at site A (redd A32 S1) were especially low
during season 1 with DO concentrations below 3 mg 1", a critical threshold for salmonid
embryo survival (Michel et al., submitted), during 44 of total 135 days of egg incubation time.
The low DO concentrations in this redd could be caused by the observed low specific water
infiltration rate g (see above). When this redd was moved to a spot with a higher water level
during season 2 (redd A32_S2) not a single day below 3 mg I"' occurred (Table 3). In contrast,
redd A31 S2, which was built about six meters upstream of A32 S2, had 14 days with DO
concentrations below 3 mg 1", probably related to upwelling of DO depleted hyporheic water,

as discussed in below (Figure 5). Days below 3 mg 1" were far less frequent at sites B and C
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(Table 3). These observed low oxygen concentrations at site A could be related to the
artificial log steps, breaking down the river slope, inhibiting natural river gravel movements
and thus triggering high fine sediment accumulation at sites with low water levels. At the
downstream sites, water levels and shear stress were generally higher, leading to a flushing of

infiltrated fine sediment, resulting in less fine sediment accumulation at the downstream sites
(Schindler Wildhaber et al., 2012b).

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 with mean oxygen
concentrations below 3 mg I”".

_ Mean % sd O, (mg I Min O, Days O, <3mg|”
Ste S1 S2 Mean (S1 + S2) S1  S2 S1 S2
A 46+33 84+34 66+38 0.0 0.1 44 1410
B 96+21 10.0+23 9.8#+22 32 00 0 42
C 96+1.8 103%+13 10.0+16 06 38 1 110
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Figure 9 - Example for temporal oxygen concentration and water level dynamics (redd A31_S2, cf.

Figure 2 for location of the redd). Arrows mark the decrease of oxygen concentrations during the
falling limb high flow events.
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Only a small number of accumulation baskets in redds with permanent oxygen measurements
resisted floods, resulting in a very small data set across the two field seasons (Schindler
Wildhaber et al., 2012b). In total, four redds with permanent oxygen data and accumulation
baskets remained intact. Hence, statistical analyses with mean DO concentration depending
on total accumulated fine sediment were limited. However, these four data points were
surprisingly even spread and showed a perfect linear relationship that suggests a linear
decrease of DO concentration with increasing fine sediment accumulation (R* = 0.85, p =
0.05). In absolute values the redd with a high fine sediment accumulation (redd A32 S1:
25.5% of the basket), showed a low mean DO concentration (4.7 + 3.3 mg I''; 34.6 + 24.8%).
In the redd with low fine sediment accumulation (redd A32 S2: 13.1%), mean DO
concentration was high (10.8 £ 1.1 mg 1"; 80.5 + 6.6 %). Finally, the two redds with medium
sediment accumulation (B51 2: 19.4% and A31_2: 20.9%) also showed medium DO
concentrations of 8.8 + 2.5 and 8.4 £ 3.3 mg 1" (68.3 + 18.4 and 62.9 + 24.7%), respectively.
This finding parallels previous studies demonstrating a negative relationship between
interstitial fine sediment content and oxygen concentration (e.g. Heywood and Walling,

2007).

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 in redds where temporal water exfiltration
was measured, e.g., redd A31_S2 (Figure 9, see also above), most likely related to
intermittent exfiltration of depleted ground- or hyporheic water through the redd. The same
has been reported in other studies (Malcolm et al., 2010; Malcolm et al., 2006; Soulsby et al.,
2009). Decreasing 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, Figure 7). The fact
that interstitial DO returned to normal levels shortly after the rising limb of high flow events
suggest that this pattern is also related to exfiltration of depleted ground- or hyporheic water
rather than increased fine sediment deposition, which would have likely caused more

prolonged effects (Figure 7).

104



Chapter 5

3
—~~ 8 ] '
X
S— o _|
c 8 T
o :
O o |
> <
X
O g Redd A32_S1 Redd C21_S1
» a. p=0.56, p<0.01 p=0.29, p<0.01
S
o _|
O
S
s _
(O]
D o _
> =
x
O g4 [# ReddA31_s2 Redd A32_S2 iy Redd B51_S2
o %
L p=0.72, p<0.01 p=0.52, p<0.01 . p=0.72, p<0.01
S
—~ % _
)
. _
(0]
O o |
> <
X
O Q& Redd B52_S2 Redd C21_S2 Redd C22_S2
o 4 e P= 0.45, p<0.01 p=0.52, p<0.01 p=0.08, p=0.45
I I I I I T I I I I T I I I I I
Qe+00 2e-06 4e-06 0e+00 2e-06 4e-06 0e+00 2e-06 4e-06
-1 -1 -1
g(ms ) g(ms ) g(ms )

Figure 10 - Relationships between the mean daily oxygen concentrations in redds and the specific
infiliration rates q. Lines show non-linear regression line. Within each panel Spearman correlation
coefficient rho (p) and the p-value are given. See Figure 2 for location of the redds.

In addition to these changes in interstitial DO on the scale of hours and days, two general
trends were evident over the entire incubation period. The first trend could be observed at the
beginning of the incubation season: Shortly after redd construction, DO was generally high
and paralleled by high specific water infiltration rates ¢ (between 10 and 12 mg 1", about 80—
90% oxygen saturation; for an example see Figure 7). Within a few weeks interstitial DO
decreased in parallel with g, as also reflected in significant correlations between these two
parameters (Figure 10). The different form of this relationship among redds (Figure 10) could

be related to local conditions at the redd location that also affect interstitial DO (e.g., organic

105



Chapter 5

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 (Figure 7, Figure 9). This decrease was usually preceded by
prolonged periods of base flow, when smaller sediment particles infiltrated in the redds
(Schindler Wildhaber et al., 2012b). These silt and clay sized particles can effectively induce
siltation of the riverbed, thereby decreasing hydraulic conductivity (Schélchli, 1995).
Moreover, the organic matter concentration of the infiltrated fine sediment increased during
base flow conditions (Schindler Wildhaber et al., 2012a). Together with rising water
temperatures during spring, the latter could have further decreased the oxygen concentration
in the redds (Greig et al., 2007b). This decrease towards the time of hatching, when oxygen
demand of the developing embryos is at maximum (Greig et al., 2007b), has most likely also

affected embryo survival in some redds (Michel et al., submitted).

Conclusion

Scouring of redds during high flow events provided a high risk (50%) for brown trout embryo
survival in the two downstream sites B and C, while at the most upstream site A redd loss was
substantially lower (8%). However, at the upstream site, DO concentrations were generally
lower, making the redd environment less favorable for the embryo survival. These low
oxygen concentrations at site A could be due to the artificial log steps, breaking down the
river slope, inhibiting natural river gravel movements and thus triggering high fine sediment
accumulation at sites with low water levels. The increased downstream scouring was mostly
related to the increasing water levels and hence bed shear stress due to the channelized
riverbed. Given the predicted and observed increases in winter precipitation events (e.g.,
Scheurer et al., 2009), this observation raises concerns that redd loss might increase in the
downstream reaches of channelized rivers like the Enziwigger. The relevance of this finding

for salmonid population dynamics remains to be evaluated.

Our data demonstrate that specific water infiltration rates (¢) and DO concentrations in
salmonid redds are highly dynamic and driven on multiple scales. Clearly, ¢ and interstitial
DO in salmonid redds are affected by conditions at the redd location, such as the amount of
deposited fine sediment, organic content and redd morphology. However, local factors in the
magnitude of centimeters to meters are regularly superimposed by processes driven on
intermediate (meter scale) and regional scales (magnitude of tenth of meters to kilometers).

On an intermediate scale the introduced steps can affect patterns of fine sediment
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accumulation, specific water infiltration and hence interstitial DO. On the catchment scale the
relocation of the river to the right valley side caused hydraulic conditions favoring river water
infiltration in redds located towards the left bank of the river. In this regard, our results
document, to our knowledge, for the first time an effect of artificial steps on water exchange
and oxygen supply in salmonid redds. Given the complexity of all these processes, multiple
predictors have to be considered to predict salmonid embryo survival, including riverbed
structure, local hydrogeological conditions and the hydrological setting of the river in the
valley aquifer. An investigation how these factors might affect salmonid embryo survival is

part of an accompanying publication (Michel et al., submitted).
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Abstract

Worldwide declines of native salmonid populations are linked to habitat degradation.
Increased fine sediment (< 2 mm) accumulation, decreasing oxygen supply to embryos, can
be one contributing factor. Oxygen supply also depends on gravel permeability and hydraulic
gradients, which affect water exchange in redds. Therefore, a generalized approach is
necessary to understand constraints for salmonid embryo survival in the many modified river
environments. We investigated brown trout embryo survival to hatch (STH) together with ten
physicochemical, hydraulic and morphological parameters in a heavily modified stream. The
most important predictors for embryo survival were identified by multivariate statistical
modelling. Up to 50% brown trout embryos survived with interstitial oxygen exceeding 3 mg
L™'; embryos endured up to six days < 1 mg L. Oxygen depletion had a stronger effect on
late stage embryo survival. Partial least squares regression identified the horizontal hydraulic
gradient, fredle index, distance to artificial log steps upstream, and amount of accumulated
fine sediment as influential predictors for embryo STH. Among these, 70.9 % of the variation
in STH could be explained by a logistic regression model containing redd distance to the next
upstream step (26.4%, p = 0.004), fredle index (27.2%, p = 0.003), and horizontal hydraulic
gradient (10.1%, p = 0.04). The amount accumulated fine sediment (p = 0.75), field seasons
(» = 0.93) and field sites (p = 0.66) were non-significant. These results suggest that salmonid
STH is sensitive to redd gravel permeability, measured as fredle index, and negatively
affected by accumulated fine sediment. This effect was counterbalanced by hydraulic
gradients related to artificial log steps, which enhanced hyporheic exchange. We provide
evidence that in some heavily modified rivers artificial steps could support salmonid STH.
Finally, a conceptual summary is delineated to illustrate the interaction of investigated
parameters and how they could affect brown trout STH in comparable heavily modified

rivers.

Keywords: hyporheic exchange, salmonid fish, river restoration, artificial steps, habitat

degradation, human impact, Swiss plateau
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Introduction

Native salmonid populations are reported to be in decline in Switzerland (Burkhardt-Holm et
al., 2005), the United Kingdom (Youngson et al., 2002), and North-America (Brown et al.,
1994; Huntington et al., 1996). Among others, habitat degradation is considered a major
contributing factor (e.g. Hicks et al., 1991; Brown et al., 1994; Gilvear et al., 2002;
Burkhardt-Holm and Scheurer, 2007) with numerous studies focusing on fine sediment as a
single factor for decreased salmonid embryo survival (e.g. Jensen et al., 2009 and studies
cited therein). However, recent research substantiates that a more generalized perspective is
necessary to understand the constraints for salmonid incubation success in degraded and

modified river environments (Malcolm et al., 2010; Newson et al., 2012).

During spawning, salmonid fish deposit their eggs in distinct gravel nests, called redds, where
the embryos incubate up to several months (Crisp, 2000). Embryo survival during this intra-
gravel stage depends strongly on oxygen supply to the developing embryos, which itself
depends on the water-flow through the egg pocket and the interstitial oxygen concentration
(Malcolm et al., 2008). Deposited fine sediment can decrease redd gravel permeability and
hence hinder oxygen supply (Greig et al., 2007a; Heywood and Walling, 2007). However,
water-flow through salmonid redds also depends on river morphology and hydraulic gradients
driving interstitial flow (Soulsby et al., 2001; Malcolm et al., 2006; Malcolm et al., 2010;
Schindler Wildhaber et al., submitted). Laboratory studies indicate that hydraulic gradients
can to some degree counterbalance the negative effect of fine sediment on interstitial flow and
salmonid incubation success (Lapointe et al., 2004). The same could be expected in rivers
where hyporheic exchange is strongly influenced by gravel permeability and hydraulic
boundary conditions, which also depend on local geomorphic features (Brunke and Gonser,
1997; Baxter and Hauer, 2000; Kasahara and Wondzell, 2003). Altogether, it can be expected
that several parameters simultaneously affect water-flow and quality in salmonid redds, and

hence embryo survival (Greig et al., 2007b).

In channelized rivers the lack of geomorphic features can substantially decrease hyporheic
water exchange (Malcolm et al., 2010), whereas hydraulic gradients related to artificial in-
stream structures (e.g. steps, gabions, weirs) can increase hyporheic exchange (Hester and
Doyle, 2008). These river modifications, present in many anthropogenically modified fluvial
ecosystems of the northern hemisphere (Brookes, 1988; Gilvear et al., 2002; Wohl, 2006),

could therefore also affect salmonid incubation success. Despite this, no field study so far has
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simultaneously investigated the relative importance of fine sediment, hydraulic gradients and
structural modifications for salmonid embryo survival. Such a study could help to better
understand the factors contributing to successful embryo incubation in heavily modified
rivers, thereby also providing new perspectives for management decisions to maintain viable

salmonid populations.

The current study investigates the relative importance of ten factors that could affect brown
trout embryo survival to hatch (STH) in a small and heavily modified headwater stream of the
Swiss Plateau (Enziwigger, Canton Lucerne, Switzerland; Figure 1). During land reclamation
in the 20™ century, the Enziwigger was straightened, channelized, and cross-channel log steps
were installed to prevent bed scouring during flood events (Figure 1). As a consequence
hyporheic exchange within terraces (i.e. intermediate scale) is markedly influenced by the
steps (Huber et al., in press). Despite its strong modifications, it maintains a viable brown
trout Salmo trutta population (Schager et al., 2007). Schindler Wildhaber et al. (submitted)
demonstrated that specific water infiltration and oxygen concentrations in the investigated
artificial brown trout redds were affected by the amount accumulated fine sediment, as well as
local and regional hydraulic gradients related to the river morphology. The current analysis
therefore not only focused on fine sediment deposition, but a suite of factors that could
simultaneously affect brown trout embryo STH in the Enziwigger. Particularly, we included
hydraulic gradients and the modified river structure to provide a holistic perspective on

salmonid embryo survival in a strongly modified river environment.

Materials & Methods

Field location

The Enziwigger is a straightened and channelized stream located in central Switzerland
(Canton of Lucerne) and has a total watershed area of about 31 km? (Figure 1). Mean
discharge, measured in Willisau by the Cantonal authorities (Nov. 2007 — Nov. 2008) was 2.1
m’ s, minimum and maximum discharge were 1.1 m’ s™ and 10.1 m® s, respectively. Like
most rivers in the Swiss Plateau, the morphology of the Enziwigger is strongly modified: 5%
is natural or close to natural, 21% is little affected and 74% is strongly affected or artificial
(EBP-WSB-Agrofutura, 2005). Artificial in-stream structures include lateral stabilizations and
steps to prevent deep channel erosion and bed-scouring during flood events (Figure 1).
Despite the strong morphological modifications, the biological condition is considered good

(EBP-WSB-Agrofutura, 2005). The only fish species in the Enziwigger is the brown trout,
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which maintains a viable population (Schager et al., 2007). No stocking is carried out and the

river is neither affected by hydropower nor by effluents of wastewater treatment plants.

Experimental design

In winter 2009/10 (season 1) and winter 2010/11 (season 2) artificial brown trout redds were
set up at three sites along the river (Figure 1). The most upstream site A is located in an area
surrounded by forest and pasture. Sites B and C are in areas dominated by pasture and arable
land. All sites contain artificial steps and terraces, which create a repetitive step-pool-glide
morphology (Figure 1). In each season six artificial redds were built per site, resulting in a
total of 36 investigated redds. Redds were located in areas where natural brown trout redds
are regularly observed (pers. obs.; P. Amrein, Fish and Wildlife Service, Canton Lucerne).
Within terraces redds were built in glide sections, always one towards the downstream step
and one more towards the upstream step (Figure 1). In the following, when referring to a

particular redd and season, the redd name (e.g. C31) is extended by S1 (for season 1) or S2

(for season 2), respectively.
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Figure 1 — Location of the Enziwigger watershed in Switzerland. The photograph shows the step and
terrace structure at study site B. The watershed map of the river Enziwigger shows the towns Willisau
and Hergiswil (Canton of Lucerne, Switzerland) and the location of the three field sites A, B and C.
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, redds
with continuous oxygen and embryo survival data discussed in the text are grey.
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Brown trout embryo survival to hatch (STH) was assessed with egg-capsules (e.g. Scrivener,
1988; Dumas and Marty, 2006) inserted in the redd gravel at a depth commonly observed for
riverine brown trout (approx.12—15 cm; DeVries, 1997). Twenty capsules per redd were
planted, each with ten fertilized brown trout eggs (n = 200 eggs per redd). Fertilized eggs
were obtained during routine collection of spawners by the cantonal authorities in early
November and fertilization was conducted at the fish holding facility of the cantonal fish
warden in Willisau (P. Amrein, Fish and Wildlife Service, Canton Luzern). For the
experiment, eggs stripped from ripe females (season 1: n = 16, length =25.1 £ 1.8 cm and
season 2: n = 10, length =27.9 &+ 2.6 cm; mean + sd) were pooled and artificially inseminated
with pooled milt (season 1: n = 8 males, length =29.5 + 1.8 cm and season 2: n =7, length =
26.1 £ 1.3 cm; mean * sd). Fish of this size represent first time spawners in the Enziwigger
(Schager et al., 2007). After water hardening, eggs were transferred into capsules and
transported to field sites in buckets filled with spring water originating from the Enziwigger
watershed. The water temperature was slowly adjusted to that of the river, and capsules were
planted in redds within less than six hours post fertilization. As control, fertilized eggs (n =
300) were placed directly after water hardening in an egg incubator at the holding facility. To
control for the effect of transportation, a further 300 eggs were transported to the field
locations, returned to the holding facility, and placed in the egg incubator. The egg incubator
was supplied with spring water originating from the Enziwigger watershed. The STH in the

incubator was used to determine the natural mortality of the egg batches within each season.

Some egg capsules were lost during bed-scouring events. Embryo STH was therefore
determined from different numbers of capsules per redd: The mean number of capsules
sampled per redd was 13 (min = 10, max = 14) in season 1 and 17 (min =9, max = 20) in
season 2. Altogether, STH was determined from a mean of 138 (min = 90, max = 200)
fertilized brown trout eggs per redd. Prior to data analyses, survival data within each season
was normalized to the respective transportation control, which is a common method to

account for differences in egg quality between years (cf. Rubin and Glimsiter, 1996).

Data analysis

All data were analyzed with the software R v2.12.0 (R Development Core Team, 2011) using
multivariate methods. In total, ten parameters were included as explanatory variables (Table
1). To identify the most important predictors for brown trout STH among these ten

explanatory variables we first used partial least squares regression to screen for the influential
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variables (PLS regression; Eriksson et al., 2006). PLS regression was used first because it
provides a robust approach to evaluate the relative influence of multiple predictor variables on
a response variable in co-linear and small-sized data-sets (Wold et al., 2001). Its good
performance has been also demonstrated for comparable ecological data-sets (Carrascal et al.,
2009). PLS regression was conducted with the function plsr (pls package; Mevik and
Webhrens, 2007). The response variable (proportion survival to hatch; STH) was arcsine
transformed prior to the analysis (Quinn and Keough, 2002). Once the model was fit, the
variable influence on projection score (VIP; calculated in reference to Chong and Jun, 2005)
was used to evaluate the influence of each predictor variable on embryo STH. Variables with

a VIP > 1 were considered influential (cf. Eriksson et al., 2006).

Table 1 — Explanatory variables included in multivariate analysis. For each variable a short
description and references (Ref.) providing detailed information about its meaning and how variables
were measuredare given.

No Variable Description Ref.

1 Infiltrated fine sediment Mean amount of weekly deposited fine sediment in 1,2
the redd

2 Accumulated fine sediment Net amount of fine sediment deposited over the 1,2

entire incubation season

3  Fredle index Central tendency measure of sediment composition 2,3,4
that relates positively with gravel permeability

4  Water level Mean water level over the redd;calculated from 2
manual measurements

5  Vertical hydraulic gradient A measure for the vertical hydraulic gradient driving 2,5
up- and downwelling through the redd, calculated
from manual measurements

6  Horizontal hydraulic gradient A measure for the hydraulic gradient driving 2
horizontal pumping flow through the redd;
calculated from manual measurements

7  Interstitial oxygen Mean interstitial oxygen concentration in the 2
redd;calculated from bi-weekly manual
measurements

8  Total organic carbon The net amount of organic carbon deposited in the 6

redd during the incubation season

9 Distance to upstream step Distance of the redd to the step located upstream in 2,7
the terrace

10 Distance to downstream step Distance of the redd to the step located downstream 2,7
in the terrace

References: 1 - Schindler Wildhaber et al. (2012b), 2 - Schindler Wildhaber et al. (submitted), 3 -
Lotspeich and Everest (1981), 4 - Barnard (1992), 5 - Baxter et al. (2003), 6 - Schindler Wildhaber
et al. (2012a), 7 - Huber et al. (in press)

119



Chapter 6

Following this screening, the individual relationship between the identified influential
predictor variables (VIP > 1) and embryo STH was quantified by multivariate logistic
regression (quasi-binomial error structure, logit link function; Faraday, 2006). Prior to this
analysis, the Pearson product-moment correlation coefficient was used to quantify the amount
of co-variation among influential variables. Variance inflation factors (VIF; function corvif,
AED package) were applied to test if the amount of co-variation among influential
explanatory variables prohibits using them in a single multivariate regression model (Zuur et
al., 2010). To account for effects of our sampling design, both field seasons and field sites, as
well as their interaction, were included as categorical explanatory variables in the initial full
model. Significant predictor variables were then identified via step-wise model simplification
using pair-wise model comparisons (Faraday, 2006). As recommended for logistic regression
models with a quasi-binomial error structure F-tests were applied in pair-wise comparisons

(function: dropl; Faraday, 2006). Significance was accepted at p < 0.05.

A limited number of redds were equipped with continuous oxygen measurement probes
(Figure 1; cf. Schindler Wildhaber et al., submitted). Unfortunately, in most of these redds the
egg capsules were lost during bed-scouring events (see below). Hence, these data could not be

included in the multivariate analysis, but will be discussed qualitatively.
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Figure 2 — Graph (a) shows the mean embryo survival to hatch for all study sites during seasons
1 (S1) and 2 (S2). Graph (b) shows the mean embryo survival to hatch in the individual field
sites (A, B and C) for seasons 1 and 2. Bars represent mean + SE.
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Results

Embryo survival among years and sites

Mean brown trout STH in the control/transportation control was 73%/76% and 72%/60% in
seasons 1 and 2, respectively. The corrected mean += SEM brown trout STH in the Enziwigger
was 34 + 4%, and ranged from a minimum of zero survival in a redd at site A (redd A31 S1)
to a maximum of 74% at the downstream site C (redd C31_S2). The mean STH within
seasons showed fluctuations between field sites (Figure 2b). Compared to the other
explanatory variables these differences were non-significant in the multivariate logistic

regression analysis (see below).

Oxygen concentration in redds and embryo survival

In several redds egg capsules were lost during bed-scouring events, including most redds with
continuous oxygen measurements (cf. Schindler Wildhaber et al., submitted). Altogether, four
redds with continuous oxygen measurements and embryo survival data remained intact, and
this data will be discussed here. Oxygen concentrations during the incubation season are
compared to a reference value of 3 mg L, because brown trout embryos have been
documented to survive well with this oxygen level (Roussel, 2007; 8.2 +£0.6 °C water
temperature). In redd A32_S1 interstitial oxygen was initially high, but dropped sharply in
early December occasionally reaching complete depletion (Figure 3a). Altogether, interstitial
oxygen was below 3 mg L' on 44 days in this redd, and below 1 mg L™ for 22 of these days.
The mean + sd oxygen concentration was 4.6 = 3.3 mg L', and embryo STH was 10%. In
redd A32_S2 oxygen concentrations were mostly above 8 mg L™, and no day below 3 mg L™
occurred (Figure 3b). The mean + sd oxygen concentration was 10.8 + 1.8 mg L™ and embryo
STH was 49%. In redd A31_S2, which was built about six meters upstream of A32 S2,
interstitial oxygen was more variable throughout the incubation season and altogether 14 days
with less than 3 mg L™ occurred (Figure 3¢). Moreover, embryos in this redd experienced six
days with less than Img L' oxygen in mid-January. The mean + sd oxygen concentration was
8.4+3.4mgL", and embryo STH was 47%. In redd B51_S2 oxygen concentrations were
mostly above 5 mg L™ until early March, but then oxygen levels dropped below 3 mg L™ until
hatch, in this period also four days with less than 1 mg L occurred (Figure 3d). The mean +
sd oxygen concentration was 8.9 + 2.5 mg L', and embryo STH was 35%. For a discussion of
the continuous oxygen data from all investigated redds see Schindler Wildhaber et al.

(submitted).
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Figure 3 - Interstitial oxygen concentration in the four redds where continuous

measurements and embryo survival data were available. Horizontal gray bars mark periods
of missing data.

Table 2 — Results of the multivariate logistic regression analysis. Given are
the explained deviance (Deyp), parameter estimates (Estimate) and their
standard error (SE), as well as their significance levels (p) from the optimal
logistic regression model. Dist. step up = distance to upstream step, HHG =
Horizontal hydraulic gradient, see also Table 1.

Variable Dexp Estimate SE p
Intercept -1.09 0.42 0.021
Fredle index 27.2% 0.15 0.04 0.003
Dist. step up 26.4% -0.15 0.04 0.004
HHG 10.1% 10.19 4.57 0.045
Total 70.9%
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Relative importance of factors affecting embryo survival

The PLS regression identified the horizontal hydraulic gradient, the fredle index, the distance
to the upstream step, and the amount accumulated fine sediment as influential predictors for
embryo STH in the Enziwigger (VIP > 1; Figure 4). The PLS regression model containing

these four influential parameters explained 71.4% of the variance in embryo STH.

The only significant correlation among influential predictor variables could be observed
between the fredle index and the amount of accumulated fine sediment (Figure S1a). Variance
inflation factors permitted using all influential variables in a single multivariate regression
model (all VIFs <2.57; Zuur et al., 2010). Among influential predictor variables step-wise
logistic regression analysis identified the fredle index, the distance to the upstream step, and
the horizontal hydraulic gradient as significant explanatory variables (Table 2). The logistic
regression model containing these three explanatory variables explained 70.9% of the total
deviance in embryo STH (Table 2). The fredle index and the distance to the next upstream
step explained equal proportions of 27.2% and 26.4%, respectively. The horizontal hydraulic
gradient was just significant explaining 10.1% (Table 2), but this result was mostly related to
two influential data-points (Figure 5¢) from a single redd consistently located below a step in
site C (redd position C31, Figure 1). Altogether, embryo STH decreased with distance to the
next upstream step (Figure 5a) and increased with the fredle index (Figure 5b), and the
horizontal hydraulic gradient (Figure 5c). The amount of accumulated fine sediment (p =

0.75), field seasons (p = 0.93) and field sites (p = 0.66) did not contribute significantly.
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Figure 5 — Relationship between brown trout survival to hatch and significant predictor
variables identified in the multivariate logistic regression (Table 2). Lines are mean
regression line

* 95% point-wise confidence intervals as predicted from the fitted

generalized linear model. Symbol filling denotes seasons (2009/10 = open, 2010/11 =
filled) and shape denotes field sites (e = site A, A = site B, and m = site C). Arrows in

graph ¢ mark influential data-points mentioned in the results section.
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Integrating over the whole project of the last 4 years (this study and Schindler Wildhaber et
al., submitted) a process-based conceptual summary of the interaction of investigated
parameters and how they affect brown trout embryo STH in comparable heavily modified
river environments can be delineated (Figure 6): Flow dynamics in the Enziwigger affect
gravel permeability e.g. by causing sediment re-suspension, and by affecting hydraulic
gradients. Hydraulic gradients and gravel permeability jointly drive water exchange in the
redds . Hydraulic gradients further affect fine sediment accumulation, with increased
accumulation related to down-welling. The interstitial oxygen concentration in the redds is
affected by the degree of hyporheic water exchange itself but also the relative contribution of
ground- and surface water. The interstitial oxygen concentration as well as the frequency and

duration of periods of low oxygen then affect salmonid embryo survival.
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Figure 6 — Conceptual summary illustration of the interaction of investigated parameters and how
they affect brown trout embryo survival in our heavily modified study river. In each box a general
descriptive term is given on top, with parameters investigated in our project listed below: "Huber et al.
(in press), 2Schindler Wildhaber et al. (2012b), *Schindler Wildhaber et al. (submitted), and “this
study (bold parameters directly affected embryo survival). Arrows indicate that parameter affects the
response parameter directly, and the open circle indicates that parameters jointly affect the response
parameter. Dashed arrow indicates that water exchange might also affect embryo directly survival
e.g. by removing metabolic waste.

125



Chapter 6

Discussion

A generalized approach, integrating the sciences of geomorphology, hydrology and
freshwater ecology, is necessary to better understand the constraints for salmonid incubation
success in the many degraded and modified fluvial ecosystems that provide spawning habitat
for salmonids (Gilvear et al., 2002; Malcolm et al., 2010; Newson et al., 2012). To this end
we evaluated the relative importance of ten factors potentially affecting brown trout embryo

survival in a heavily modified headwater stream of the Swiss Plateau.

Embryo survival among years and sites

The corrected embryo STH for the Enziwigger (mean = 34%, min = 0%, max = 74%) was
comparable with a field study investigating brown trout embryo STH using artificial redds in
streams in Sweden (Rubin and Glimsiter, 1996; mean = 32%, min = 0%, max = 89%) but
lower than values reported for a study in France (Dumas et al., 2007; mean = 53%, min =
45%, max = 88%). Survival to hatch in our controls was lower than for egg batches from
larger brown trout (Rubin, 1995; Rubin and Glimséter, 1996; Dumas et al., 2007), but in the
range of similar sized spawners (Roussel, 2007). Brown trout available for our experiment
were most likely first time spawners, which can produce eggs with lower quality and reduced
survival (Bromage et al., 1992; Brooks et al., 1997). Also differences in genetic composition
of the spawners, which can affect embryo survival in salmonids, may have contributed
(Brooks et al., 1997; Nagler et al., 2000). Finally, smaller brown trout can be expected to
produce smaller eggs (Roff, 1992), which are reported to be more sensitive to oxygen
depletion (Einum et al., 2002). We cannot conclude, which of these factors contributed to the
lower survival observed in our experiment, but as control embryo survival was consistent
among both field seasons our conclusions about the factors affecting brown trout embryo STH

in the Enziwigger remain valid.

The differences in embryo survival between years and sites observed here (Figure 2a, b) are
common in natural river systems (Meyer, 2003; Bagliniere et al., 2005; Dumas et al., 2007).
Bagliniere et al. (2005) reported up to five-fold inter-annual variation in brown trout embryo
survival in two tributaries of the River Oir, France. Dumas et al. (2007), using similar egg-
capsules to ours, documented up to two-fold differences in brown trout STH between
sampling sites in other French streams. These fluctuations were attributed to changes in

interstitial water quality or spawning gravel composition (e.g. gravel permeability, organic
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content, or amount fine sediment). Indeed, our multivariate analysis indicated that gravel
permeability, measured as Fredle index, and to a lesser degree accumulated fine sediment
affected brown trout STH in the Enziwigger. In contrast, total organic carbon (TOC) content
did not have a marked influence, most likely because values observed in the Enziwigger are

far lower than in other river systems (Schindler Wildhaber et al., 2012a).

Oxygen concentration in redds and embryo survival

Sufficient interstitial oxygen is crucial for salmonid embryo survival during their intra-gravel
stage (Greig et al., 2007b; Malcolm et al., 2008). The importance of sufficient interstitial
oxygen for brown trout embryo survival can be seen in redd A32 S1, where oxygen
concentrations were below 3 mg L' on 44 days and of these below 1 mg L on 22 days
between December and early January. These periods of very low oxygen concentrations likely
caused the low embryo survival of 10% in season 1 — especially since embryo STH was
markedly increased at this redd location in season 2 (redd A32 S2), when no day with less
than 3 mg L occurred. Moreover, embryo STH in redd A31 S2 (47% STH) was comparably
to the STH in redd A32_S2 despite six days with less than 1 mg L in mid-January. Our
continuous oxygen data therefore suggests that up to 50% of brown trout embryos may
survive in natural redds when oxygen concentrations exceed 3 mg L' during most of the
incubation season, which agrees with laboratory studies (Einum et al., 2002; Roussel, 2007),
but contrasts critical values inferred from manual measurements in other field studies (see

below).

It is also rarely considered in field studies that the oxygen demand of salmonid embryos
changes with developmental stage, being at maximum around hatch (Greig et al., 2007b). In
Atlantic salmon Salmo salar critical values of 0.53 to 2.17 mg L have been reported for
early eggs, which increased towards 4.06 to 7.00 mg L' close to hatch (Crisp, 2000). We
observed 12% higher embryo survival in redd A31 S2 compared to redd B51 S2. The major
difference between these redds was not the mean oxygen concentration, which was even 0.5
mg L™ higher in redd B51_S2, but the timing of phases of oxygen depletion: In redd A31_S2
embryos experienced eight days below 3 mg L™ in mid-January, but towards hatch oxygen
concentrations were consistently above 3 mg L. In contrast, interstitial oxygen in redd
B52_S2 was consistently above 3 mg L™ until early-March, but then, just around hatch, the
oxygen level dropped below 3 mg L™, reaching almost complete depletion for four days. In

the light of these data, we suggest that under many environmental conditions the timing and
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duration of low oxygen, rather than a mean oxygen concentration, is relevant for salmonid

embryo survival.

Mean critical oxygen concentrations for brown trout reported in field studies, calculated from
manual point-wise measurements, range between 6.9 and 9.9 mg L™ (reviewed in Malcolm et
al., 2008). In our study STH was still noticeable when oxygen concentrations exceeded 3 mg
L™ during most of the incubation season. Mean oxygen concentrations, calculated from bi-
weekly point-wise manual measurements, had also no explanatory power in our multivariate
analyses, most likely because there were no accurate measures of the oxygen concentration
present in our redds (cf. Schindler Wildhaber et al., submitted). Given the high variability of
oxygen concentrations in salmonid redds, it is unlikely that manual measurements can reflect
the actual oxygen concentration affecting salmonid embryos (see also Malcolm et al., 2006;
Malcolm et al., 2010). While repeatedly low values might indicate critical hyporheic
conditions for embryo incubation, a few high values will not necessarily indicate good
spawning gravel quality. Most embryo mortality could occur during critical phases of severe
oxygen depletion that point measurements can miss. Taken together, reported mean critical
oxygen concentrations of 6.9 to 9.9 mg L™ calculated from manual measurements (reviewed
in Malcolm et al., 2008) possibly overestimate oxygen concentrations needed for successful

brown trout embryo incubation.

An average of 70% STH has been demonstrated for brown trout embryos reared under
hypoxic (3.0 mg L™) conditions, which was only 15% lower than under normoxic (10.3 mg L’
" conditions (Roussel, 2007). In another study, 57% of brown trout embryos exposed to 2.3
mg L™ oxygen from the eyed-stage onward survived to hatch, which was on average 37%
lower than with 14 mg L' oxygen (Einum et al., 2002). Together with our data we therefore
suggest that brown trout embryos can survive when oxygen concentrations above 3 mg L™
predominate, a value comparable to the lower critical level of 4.06 mg L™ reported for
Atlantic salmon close to hatch (Crisp, 2000). Moreover, they can likely endure up to a week
with less than 1 mg L™, especially during early embryo development. Salmonid embryos
regularly adjust their developmental and metabolic rates to cope with phases of low oxygen
(Geist et al., 2006; Miller et al., 2008), which can affect growth, muscle development and
heart rates (Matschak et al., 1997; Matschak et al., 1998; Czerkies et al., 2002; Roussel,

2007). We suspect that brown trout embryos in our study also adjusted their metabolic rates to
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cope with phases of low oxygen, although this and potential consequences later in life remain

to be investigated.

Relative importance of factors affecting embryo survival

Fine sediment in salmonid redds can negatively affect embryo survival by decreasing redd
gravel permeability, interstitial flow and hence oxygen supply (Greig et al., 2007b; Jensen et
al., 2009).We measured three parameters to assess different aspects of fine sediment effects
on brown trout embryo STH: i.) The infiltration rate, a measure of the weekly fine sediment
deposition, identifying redds located in areas with repeated high fine sediment deposition. ii.)
fine sediment accumulation measuring the net fine sediment deposition over the entire
incubation period, identifying redds with high fine sediment content and iii.) the fredle index,
a granular metric, integrating the geometric mean and the dispersion of particle sizes and thus
representing a redd gravel quality index related to gravel permeability (Lotspeich and Everest,
1981; Barnard, 1992). In our analysis, the fredle index was a slightly better predictor for
brown trout STH than the amount of accumulated fine sediment. The latter was only
identified as influential in the partial least squares regression, but was non-significant in the
multivariate logistic regression model. Granular metrics (e.g. geometric mean diameter (d,),
fredle index) as predictors of embryo survival have been discussed to be site specific, and
their explanatory power might differ between river systems (Malcolm et al., 2008). In some
rivers, they have been suggested as weak predictors for salmonid embryo STH (Greig et al.,
2005). In others, a positive relationship between the fredle index and embryo STH was found,
mostly in redds with sufficient oxygen and hydraulic gradients to drive interstitial flow
(Sowden and Power, 1985). Thus, they might only be good predictors for pre-emergent
salmonid embryo survival in rivers where most hyporheic water originates sufficiently
oxygenated surface water (Sowden and Power, 1985; Malcolm et al., 2008). Our results agree
with this notion, since most hyporheic water in the Enziwigger originates from well
oxygenated surface water with short residence times and less from long residence
groundwater, which could be oxygen depleted (Huber et al., in press). Altogether, our results
corroborate that increased fine sediment can decrease salmonid embryo survival via its

negative effect on gravel permeability

Laboratory studies indicate that the negative effect of fine sediment on gravel permeability
can be counterbalanced by hydraulic gradients driving sufficient interstitial flow (Lapointe et

al., 2004). This is the most likely explanation for the positive effect of the artificial step
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structures on brown trout embryo survival documented here. In support of this, the steps had a
marked effect on hydraulic exchange within the terraces (Huber et al., in press), as well as
water exchange and abiotic conditions in our redds (Schindler Wildhaber et al., submitted).
Comparable studies that specifically investigated the effect of artificial in-stream structures on
salmonid embryo survival are sparse. The publication of Klassen and Northcote (1988) is, to
our knowledge, the only study that specifically investigated the effect of gravel filled cross-
channel wire cages (i.e. weir gabions) on Pink salmon Oncorhynchus gorbuscha embryo
survival. The authors compared the mean embryo survival between gabion sites and reference
locations, without considering the redd position relative to the structures. This might explain
why they did not find any effect, because the positive effect of cross-channel in-stream
structures on hyporheic exchange strongly depends on the distance to the structure (Endreny
et al., 2011). Hence, our analysis, which explicitly considered the redd location relative to the
steps, provides first evidence that artificial in-stream structures could affect salmonid embryo

survival, at least in channelized rivers with good hyporheic water quality.

Steps in general, either natural or artificial, have a marked influence on hyporheic water
exchange in streams (Kasahara and Wondzell, 2003; Gooseff et al., 2006; Tonina and
Buffington, 2007). Usually down-welling occurs just above the step, whereas upwelling of
hyporheic water dominates downstream of the step (Kasahara and Hill, 2006; Endreny et al.,
2011). In the Enziwigger a similar exchange pattern was confirmed by direct measurements of
hydraulic heads, conductivity, and temperature in river and groundwater as well as by
groundwater flow modeling (Huber et al., in press) and specific water infiltration rates in our
redds (Schindler Wildhaber et al., submitted). Accordingly, brown trout embryo STH
increased in redds located closer to or in the upwelling zone below steps. Increased embryo
survival in upwelling sites was also observed for sockeye salmon Oncorhynchus nerka
(Garrett et al., 1998) and for brook trout Salvelinus fontinalis as well as brown trout in the
Midwest and eastern regions of the USA (Waters, 1995). We see two possible explanations: 1)
Either, the upwelling water decreased fine sediment accumulation (e.g. Seydell et al., 2009)
and thus increased gravel permeability, or upwelling water per se provided a more stable
incubation environment (see below). In our study, gravel permeability and fine sediment
accumulation were only related to the distance to the downstream step (Schindler Wildhaber
et al., 2012b), but not the distance to the upstream step. Therefore, it appears more likely to us
that the upwelling water provided a more stable incubation environment, which can support

salmonid embryo survival in rivers where the hyporheic water quality is good (Hansen, 1975;
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Bjorn and Reiser, 1991). As outlined above this is most likely the case in the Enziwigger,
since most hyporheic water represents short-residence surface water of good quality

(Schindler Wildhaber et al., 2012a; Huber et al., in press).

Conclusion

Our results suggest that up to 50% brown trout embryo survival can occur in natural redds
when oxygen concentrations exceed 3 mg L™, and even with up to six days below 1 mg L™.
Likewise, our results suggest that brown trout embryos might be more sensitive to oxygen
depletion (< 1 mg L) close to hatch. Often, manual measurements are unlikely to provide
accurate measures for the actual oxygen concentration affecting salmonid embryos in natural
redds. Successful river management in salmonid streams should therefore focus on factors
that affect the dynamics of oxygen supply to incubating salmonid embryos. In this regard, we
provide evidence that in modified river environments hydraulic gradients related to artificial
in-stream structures could sometimes counterbalance the negative effect of fine sediment on
gravel permeability, and hence benefit salmonid embryo survival. In support of this, the
distance to the log-steps also affected specific water infiltration rates and oxygen
concentrations in our redds (Schindler Wildhaber et al., submitted). It is likely that this result
can also be transferred to other surface-water dominated river systems with good water
quality, however, whether this result can be transferred to river systems with other hydraulic
boundary conditions, for example groundwater-dominated rivers, remains to be evaluated.
Altogether, the results presented here and in Schindler Wildhaber et al. (submitted) clearly
indicate that finding a single best predictor for salmonid embryo survival is not feasible and
might be at worst misleading. Instead, future river management should apply a process-based
understanding, integrating the sciences of hydrology, geomorphology and aquatic ecology, to
understand and shape the factors that ultimately determine successful embryo incubation in

the many heavily modified salmonid streams of the northern hemisphere.
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Chapter 7

Final remarks and outlook

“... more complete, rather than simply more, case studies are needed.”

(Stuart and Losos, in press)

This is a quote borrowed from a recent publication on character displacement, which is
evolutionary divergence driven by interspecies competition. Though it has been published in
another context, I believe it describes well what is needed in fine sediment research. For my
thesis I conducted research on how suspended fine sediment affects juvenile salmonid fish
(Part 1), and how fine sediment deposition affects salmonid embryo survival in a heavily
modified river environment (Part 2). Altogether, my results corroborate that fine sediment
can affect salmonid fish at both investigated life stages (e.g. Newcombe and Jensen, 1996). In

addition, my experiments contribute new insights on how fine sediment affects salmonid fish.

Part 1 — Effects on juvenile salmonid fish

Our in vivo experiment (Chapter 2) was designed to investigate physical damage as well as
related systemic and apical effects caused by suspended mineral particle pulses. Its results
indicate that small-sized (< 30 um) pure mineral particles do not necessarily impair gill
function, but they affected the rainbow trout via turbidity. The mica particle pulses caused an
initial stress response, but the fish had adapted by day 8 of the exposure. Over 24 days they
decreased condition and prompted a physiological response suggestive of metabolic changes,
which both indicate that the particle pulses caused food deprivation. This response pattern
suggests that the particulate pulses initially acted as a perceived stressor, while over longer
time periods they affected the metabolic homeostasis. Also, over 24 days the lowest particle
concentration caused lipid peroxidation in the gill. This effect did not impair gill function over
this time-period, but it might affect gill function when the exposure becomes more chronic.
Hence, cytotoxic effects of clay particles in salmonid gill epithelia clearly need further
research (Chapter 3). In summary, depending on exposure duration the mechanism by which
pulses of small sized mineral particles affect salmonid fish might differ. It is important to

distinguish whether mineral particles affect salmonid fish via turbidity or by physical damage.
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Without gill damage and a strongly disturbed homeostasis I would expect salmonid fish,
firstly, to recover more quickly, and secondly, to adapt differently to the sediment pulses.
Under natural conditions the fish might have moved away from the sediment plumes
immediately (e.g. Crosa et al., 2010), which they were not able to do in my laboratory
exposure. Thus, the observed response pattern might not be directly transferable to natural
conditions. However, my experiment indicates that when salmonid fish cannot avoid sediment
plumes they can adapt. Related physiological adaptations could be reflected in both the
hypothalamo-pitiuary-interrenal axis (Wendelaar Bonga, 1997; Wingfield et al., 2011).
Therefore, our results call for further experiments to quantify the behavioral and physiological
adaptations and to understand how the fish adapted to the particulate pulses. This knowledge
could ultimately help evaluate to what extent repeated suspended fine sediment transport
events affect salmonid fish, and also to plan their intensity and timing if possible, e.g. during

dredging or reservoir flushing (Harvey and Lisle, 1998; Crosa et al., 2010).

Our in vitro experiment (Chapter 3) demonstrated that natural mineral particles can cause
cytotoxic effects in gill epithelial cells. Clay particles were generally more cytotoxic than
framework silicates. In addition, the kind of cytotoxic effect differed between the clay
particles studied: mica caused oxidative stress and a dilated endoplasmic reticulum, while
kaolin caused cell membrane damage. These results also suggest that natural clay particles
could exert cytotoxic effects comparable to some synthetic nanoparticles in gill epithelial cells
(ctf. Chapter 3). Care should be taken when applying these results to in vivo conditions.
Under natural conditions the gill epithelium is protected by a mucus layer, which can hinder
particle contact with the epithelial cells. Moreover, in live fish, the gill epithelium is exposed
to mineral particles suspended in a constant water flow. Only some particles might settle on
gill lamellae, and fish can also remove these by coughing (Berg and Northcote, 1985).
Another important aspect is that mineral particles properties and hence cytotoxicity may differ
when dispersed in water compared to cell culture medium. Thus, exposure under in vivo
conditions differs from our in vitro conditions. In our in vitro system, the particles settled
directly on the cells and this might have amplified effects. In this regard, I see two important
follow-up experiments: First, the magnitude of particle uptake in RTgill-W1 should be
quantified. Second, it should be clarified whether the observed cytotoxic effects were related
to settling of the particles on the cells, or if they developed after the particles were taken up. If
the effects manifested after particle uptake, comparable cytotoxic effects might occur in gill

cells or macrophages that incorporated particles in vivo. Finally, one could expose RTgill-W1
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cells to fine sediment particles suspended in water, which might be a more environmentally

relevant exposure (Dayeh et al., 2002).

Considering our results in Part 1 I believe that we need more research to understand which
aspect(s) of the suspended load in aquatic ecosystems actually affects salmonid fish. In the in
vivo exposure with pure mineral particles (Chapter 2) no indication of an impaired gill
function, severe physical damage or a strongly disturbed homeostasis could be found. This
result also suggests to me that, at least up to 24 days of exposure, the mineral particles per se
might sometimes not be the primary cause of damage (see also Lake and Hinch, 1999).
Effects might rather depend on surface properties of the particle itself (Chapter 3) or of toxic
compounds, biofilm or pathogens on the particle surface (Gerbersdorf et al., 2011; Héfeli et
al., 2011). For example, particle-bound anthropogenic pollutants have been demonstrated to
add to toxicological effects of re-suspended fine sediments in rainbow trout (Brinkmann et al.,
2010; Brinkmann et al., 2013). The applied in vitro method is one possibility to screen for
differences in particle cytotoxicity between river systems. Results would need to be validated
in vivo and ideally under more environmentally relevant conditions (e.g. Shaw and
Richardson, 2001; Cofalla et al., 2012). The number of influential factors is large, e.g. particle
size, geochemistry, microbial contamination, biofilm, and particle bound anthropogenic
pollutants (Gerbersdorf et al., 2011). However, multivariate statistical methods can be used to
resolve the relative importance of the many possible predictors, and in case of field studies to
account for variation between sampling years and locations (e.g. Smolders et al., 2004;

Craven et al., 2010; Webb et al., 2010).

Part 2 — Effects on salmonid embryo survival

The second part of my thesis investigated factors affecting salmonid embryo survival in a
heavily modified river. This stream was straightened, channelized and the river-bed was
stabilized. These modifications are present in many salmonid streams of the northern
hemisphere (Brookes, 1988; Gilvear et al., 2002; Wohl, 2006). Despite this, their effect on

salmonid embryo survival has been hardly investigated.

Our results confirm that fine sediment transport and deposition is closely linked to the flow
dynamics of the river, with suspended transport mostly during high-flow events (Chapter 4).
Over the entire incubation season, scouring and re-suspension was more important for fine

sediment accumulation in redds than the magnitude of suspended fine sediment transport per
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se (Chapter 5). Accordingly, fine sediment accumulation was highest in the upstream site A,
where lower water levels limited bed shear stress and particle re-suspension (Chapter 4). In
sites B and C higher water levels increased bed shear stress and particle re-suspension, and
hence less fine sediment accumulated (Chapter 4). Thus, river morphology and flow
dynamics, rather than fine sediment transport, were important for maintaining gravel
permeability over most of the incubation season. Likewise, hydraulic gradients related to the
typical “pit-tail” redd morphology (Chapter 5, Figure 1, page 83) contributed to water
exchange just after redd building (Chapter 5). After one month, when the redd morphology
was gone and fine sediment had accumulated, water exchange was mostly controlled by flow
dynamics, accumulated fine sediment, and the artificial steps (Chapter 5, Figure 1B and C,
page 83). Oxygen concentration in redds was related to the amount accumulated fine
sediment (Chapter 5), and hence also to flow dynamics (see above). In summary, over the
entire incubation season, processes driven at the intermediate (i.e. individual terraces) and
regional scale (i.e. river channel), rather than at the redd scale, affected water exchange and
oxygen concentrations in the redds. In support of this notion, gravel permeability and distance
to the next upstream step were identified as most important predictors for brown trout embryo
survival in our study river (Chapter 6). These two parameters are not necessarily linked:
Accumulated fine sediment decreased water exchange and oxygen concentrations in the
redds, while the artificial steps exerted their effect most likely by creating a more stable
incubation environment (Chapter 6). The latter could be for example a more stable thermal
regime (Hansen, 1975; Bjorn and Reiser, 1991). Therefore, further experiments are needed
that incorporate oxygen concentrations and temperature to better understand how the steps

affected embryo survival.

I would have expected a measure of oxygen concentration to be an important predictor. Yet
for methodological reasons, the suitability of the manual oxygen measurements was limited
(Chapter 5). Our results indicate that both the duration and concentration of low oxygen, also
relative to the developmental stage, were important for embryo survival (Chapter 6).
Unfortunately, the number of redds with embryo survival, continuous oxygen, and
temperature data were too small to be included in our multivariate analysis (Chapter 6).
Having these data would have allowed approximating critical thresholds for oxygen
concentrations that incorporate both the oxygen concentration and the duration of phases of

low oxygen.
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The methods that we developed and applied (Chapter 4) were able to capture the spatial and
temporal dynamics of fine sediment transport, deposition and re-suspension in the artificial
salmonid redds. One of the biggest practical problems was the loss of sampling devices during
flood events. This was especially problematic for devices that could not be replaced, such as
the accumulation baskets introduced to quantify fine sediment accumulation over the entire
incubation season. However, comparison of our results with other studies and cross-validation

between methods demonstrated their general suitability.

Bed scouring was a threat for embryo survival in the Enziwigger (Chapter 5). In Switzerland
and Central Europe numerous salmonid streams are channelized, which alters their flow
dynamics and causes increased water levels as well as flow velocities. This can trigger
increased bed scouring during high flow events. In support of this notion, half of our redds
were destroyed by high flow events in the downstream sites B and C, while only 8% were lost
in the most upstream site A. In the Enziwigger this was mostly related to increasing water
levels from upstream to downstream, since the artificial steps equalized slopes among study
sites. In some rivers, climate change might further increase the frequency and intensity of
winter floods in the future (Scheurer et al., 2009; Goode et al., 2013). From their investigation
on the scour risk of salmonid redds in Rocky Mountain streams Goode et al. (2013) concluded
that: “Scour risk for all species is reduced when changes in channel morphology (width,
depth, and grain size) keep pace with climate-driven changes in streamflow”. Therefore, I
would expect that in channelized rivers like the Enziwigger, where channel morphology is
strongly confined by the steps and lateral stabilization, future increases in winter-flood events

might be a particular risk for salmonid recruitment.

By integrating the fields of hydrology (Huber et al., in press) with geomorphology and fish
ecology (Chapters 3—5) we were able to develop a holistic understanding of the factors
affecting brown trout embryo survival in our study river (Chapter 6). Altogether, our results
underline the importance of appropriate flow dynamics and suitable river structure to sustain
salmonid incubation success (Newson et al., 2012). In some channelized salmonid streams
where channel form cannot adjust to altered flow dynamics, river bed stabilization might be
necessary to mitigate the risk of redd scouring during winter flood events. In this regard our
results indicate that artificial bed-stabilization structures could even support salmonid embryo
survival. Likewise, our results corroborate that the processes driving water exchange and

oxygen supply in salmonid redds are intimately linked to the river system (Greig et al., 2007;
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Malcolm et al., 2008). Therefore, interdisciplinary collaboration to develop a process based
understanding of the river system is, in my opinion, essential to develop appropriate

management strategies in salmonid streams (see also Montgomery, 2004).

Outlook

My results clearly illustrate that it is essential to apply a holistic perspective to understand
how fine sediment can affect salmonid fish. I could show that for effects on juvenile
salmonids both physiological adaptations of the organism as well as specific particle
properties need to be considered. Similarly, for effects on salmonid embryos, the particular
river system, with its hydrological and geomorphological setting, as well as the
developmental stage of the embryo has to be considered. Therefore, similar to Stuart and
Losos (in press, quoted above), also for fine sediment research it is essential to conduct more
complete, rather than simply more, case studies. I believe we ultimately need to integrate fine
sediment as one aspect of environmental change, and from there to develop strategies to

sustain salmonid populations in the 21* century.
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