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Abstract

River ecosystems are some of the most complex ecosystems on Earth, characterized by a highly
heterogenous environment which is able to sustain a disproportionally high level of biodiversity
in relation to the area of which they occupy. However, anthropogenic activities are encroaching
on the highly diverse riverine landscape, threatening freshwater biodiversity. Species with
complex life cycles involving migrations between marine and freshwater environments are
disproportionally threatened. One such species is the Atlantic salmon, which now is at
historically low population levels. Restoration efforts are being made to restore degraded river
ecosystems and strengthen salmonid populations. However, the response from salmonids and
other organisms used as indicators for restoration success are inconclusive or lacking.
Additionally, evaluation of restoration success lacks standardized procedures and tools for
monitoring. Habitat variables have been shown to be robust indicators when assessing
restoration success. This study attempts to asses restoration success using an accessible and
user-friendly tool which can be used for measurements of both biotic and abiotic variables.
Salmon eggs were planted in the riverbed at potential spawning grounds, from where hyporheic
water was extracted to measure physicochemical habitat variables which are critical to salmon
embryos. The results indicate that the functionality of available spawning habitats in the study
area is adequate in both restored and non-restored sections. Habitat variables displayed spatial
variation but were not more favorable at restored sites compared to non-restored sites.
Similarly, egg hatching rate varied spatially but not between restored and non-restored sites.
The apparent lack of response to the restoration efforts in the study area is likely due to a
combination of factors such as biased site selection, limited sampling period and a lack of
comparable pre-restoration values. This highlights the need of defined restoration goals, a
robust monitoring plan and criteria for evaluation of restoration success. Nevertheless, the
method used in this study can be applied to measure biotic and abiotic variables and may add
to the toolbox for assessing restoration success. This will hopefully contribute to new insights
for monitoring and evaluation of restoration success in other projects.



1. Introduction

This master’s thesis is done in cooperation with the County Administrative Board of Gévleborg
(Lansstyrelsen Gavleborg) and their ongoing project “Re-introduction of wild salmon and
naturally-reproducing sea trout in Daldlven” (Aterintroduktion av vildlax och naturligt
reproducerande havsoring i Daldlven), which is funded by Vattenfall AB, Fortum AB and The
Swedish Society for Nature Conservation (Naturskyddsféreningen). The project is attempting
to re-introduce salmon (Salmo salar) to the Gysinge and Sevedskvarn areas (henceforth
Gysinge) of lower Daldlven (Nedre Dalélven). Salmon have been absent from Gysinge since
the damming of the river in the early 1900’s. However, future fish passages or other technical
solutions may provide salmon with a migration route and a yearly production of up to 33.000
juvenile salmons in the Gysinge area (if fully restored), according to a previous survey (Hagelin
et al. 2018). Considerable river restoration efforts were made in 2016 and 2018 to facilitate the
re-introduction of salmon to the area. Additionally, using egg planting containers, 160.000 to
215.000 salmon eggs have been planted annually within the project since 2019 (L. Calamnius,
unpublished observations). Electrofishing, egg hatching rate and eDNA is currently used to
evaluate the progress of the project. The results indicate that egg hatching rates has been high,
and salmon have been detected using eDNA methods. However, only a few juvenile salmon
have been caught during yearly electrofishing surveys, indicating a low survival rate from egg
to juvenile. The eggs which are planted in egg planting containers are placed directly on top of
the riverbed. This means that the planted eggs are exposed to surface water flow and conditions
which may differ from the hyporheic environment where wild salmon bury their eggs at a depth
of 15-25 cm down into the riverbed substrate (Bardonnet & Bagliniere 2000). Since there is no
salmon currently spawning in the Gysinge area, the functionality of the restored sections as
potential spawning sites for a future salmon population is unknown at this stage. Ecosystem
functionality can be defined as the ability of the system to sustain production, stability and other
functions (Mittelbach & McGill 2019) and is rarely monitored or evaluated in restoration
projects (Harrison et al. 2019, Pulg et al. 2022).

Insufficient monitoring and evaluation of success is a subject of concern in river restoration
(Jahnig et al. 2011, Weber & Peter 2011, Morandi et al. 2014, Wohl et al. 2015, Louhi et al.
2016, Rubin et al. 2017), and standardized procedures and improved tools for monitoring and
evaluation are needed (Jahnig et al. 2011, Morandi et al. 2014, Marttila et al. 2016, Nilsson et
al. 2016, Louhi et al. 2016, Rubin et al. 2017, Foote et al. 2020). Common tools such as
electrofishing are known to produce inconclusive results and is therefore not an ideal tool for
monitoring of restoration success (Koljonen et al. 2013, Foote et al. 2020). Measurements of
hyporheic physicochemical variables are often used to assess salmonid status (Soulsby et al.
2001, Youngson et al. 2004, Sternecker et al. 2013a, Saltveit & Brabrand 2013, Casas-Mulet
et al. 2015, Sear et al. 2017, Lavery & Cunjak 2019, Hauer et al. 2020). However, only a few
studies have used physicochemical variables to evaluate the ecological functionality of restored
river sections (Pander et al. 2009, Sternecker et al. 2013b, Zimmer & Lautz 2015, Mrozinska
et al. 2018). Ecological indicators are often used to evaluate restoration success. An ecological
indicator must be easy to monitor, while at the same time be able to capture ecosystem
complexity (Dale & Beyeler 2001, Weber & Peter 2011, Pander & Geist 2013). Preferably,
instead of a single indicator species, a group of biotic and abiotic indicators should be used. For
example, egg hatching rate of a target species and life stage-specific habitat variables can be
monitored to evaluate if requirements of the target species are fulfilled (Pander et al. 20009,
Pander & Geist 2013). A combination of physical and biological habitat variables has been
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shown to be robust ecological indicators (Wright 2021). The development and survival of
salmonid eggs and alevins (i.e. recently hatched juveniles) are highly dependent on hyporheic
habitat variables (Sternecker et al. 2013a). Previous studies on salmonids have shown that
suboptimal water quality may lead to high mortality, reduced growth and retarded development
in early life stages (Luckenbach et al. 2001, Luckenbach et al. 2003). The hyporheic
environment where salmon eggs are naturally deposited is structurally and functionally
separated from the surface water and exhibits gradients in environmental variables (Findlay
1995) which can be monitored (Alexander & Caissie 2003, Calles et al. 2007, Pander et al.
2009, Sternecker et al. 2013a, Sternecker et al. 2013b, Lavery & Cunjak 2019).

This study will attempt to further develop methods based on Whitlock (1995) and Pander et al.
(2009) for evaluation and monitoring of restoration success in regards of ecosystem function
(functionality of spawning grounds). A combination of abiotic and biotic variables will be used
to assess if restoration efforts in lower Dalédlven at Gysinge have improved the conditions which
are critical to early life-stages of salmon. Abiotic habitat variables were measured in the
hyporheic environment of restored and non-restored river sections. The biotic variable egg
hatching rate will be determined based on salmon eggs planted in the hyporheic environment
of restored and non-restored river sections. Additionally, the same measurements will be made
in the egg planting containers used by the County Administrative Board of Gévleborg , to assess
if the conditions in the containers resembles the natural conditions of the riverbed. The methods
applied in this study could help monitoring and evaluation of restoration success in other
projects. The results may also provide answers for stakeholders regarding factors which could
limit future salmon production in the Gysinge area.

1.1 Background
1.1.1 The riverine environment

Rivers and streams as ecosystems

The rivers and streams (hereafter used interchangeably) of the Earth forms a network of
ecological systems which connects the terrestrial, freshwater and marine environments (Allan
& Castillo 2007). Rivers are important drivers of biogeochemical cycles, primary transporters
of nutrients to the oceans and regulators of greenhouse gases (Jacobson et al. 2000, Raymond
et al. 2013). Additionally, rivers hold high cultural values (Carothers et al. 2021, Wooltorton et
al. 2022) and have provided humans with vital ecosystem services throughout the history of
civilization (Macklin & Lewin 2015, Hanna et al. 2018). Malin Falkenmark, one of the first
Swedish female hydrologists, once described the flow of water as “the bloodstream of the
biosphere”, because all other biological systems depend on water for their existence
(Falkenmark 2003). The large-scale variation and spatial distribution of river ecosystems are
determined by the interactions of climate, topography, geology and land cover (Snelder & Biggs
2002). The highly dynamic and heterogenous riverine environment enables river ecosystems to
sustain a disproportionally high level of biodiversity, in relation to the area of which they
occupy (Ward et al. 2002, Dudgeon et al. 2006). Despite only containing 0.01% of all Earth’s
water and covering 0.8% of the Earth’s surface, rivers and other freshwater ecosystems house
9.5% of all known species and more fish species than the oceans (Likens 2009, Strayer &
Dudgeon 2010).

Much of modern river ecology builds upon the work by Noel Hynes, a freshwater biologist who
suggested that a river is a product of its surrounding environment (Hynes 1975). Hynes is likely
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to have set off the wave of research which eventually culminated in different theories and
conceptual models such as the River Continuum Concept (Vannote et al. 1980), Nutrient
Spiraling Theory (Newbold et al. 1981), Flood-Pulse Concept (Junk et al. 1989), Natural Flow
Regime (Poff et al. 1997), Riverine Ecosystem Synthesis (Thorp et al. 2006) and the River Wave
Concept (Humphries et al. 2014). Recent research based on the conceptual models indicates
that they are insufficient and not able to fully explain the variability of river ecosystems (Collins
et al. 2018, Maasri et al. 2021). While conceptual models are helpful for testing hypotheses and
understanding river ecosystems, the generality and applicability of the conceptual models can
be questioned as they attempt to simplify one of the most heterogenous, dynamic and complex
ecosystems of Earth. This is something Hynes touched upon back in 1975, when he concluded
that “every stream is likely to be an individual and thus not really very easily classifiable”
(Hynes 1975). River ecosystems are structurally and functionally different from other
ecosystems, because of intrinsic characteristics such as the hierarchical structure of drainage
networks, unidirectional flow of water and four-dimensional nature (Ward 1989, Allan &
Castillo 2007).

Rivers are hierarchically structured with microhabitats nested within larger habitats such as a
riffle, which in turn is a part of a reach. A reach is then nested within a stream segment and the
segment is a part of a tributary stream connected to the larger river network within a catchment
(Frissell et al. 1986). The hierarchical and dendritic structure implies that local conditions are
regionally controlled (Frissell et al. 1986). The position in the river is key. According to
Vannote et al. (1980), ecological processes occur in a predictable pattern from the headwaters
to the river’s mouth. The network position hypothesis states that biodiversity patterns and
community assemblies are controlled by the position in the river network (Schmera et al. 2018).

The unidirectional flow of water is a master variable with ubiquitous influence on ecosystem
parameters such as channel morphology, transportation of matter, nutrient cycling, mixing of
the water column and life-strategies of riverine organisms (Newbold et al. 1981, Junk et al.
1989, Allan & Castillo 2007, Humphries et al. 2014). Flow is highly variable, which is why
each river is unique and has its own flow regime that regulates the ecological processes in the
river (Poff et al. 1997, Biggs et al. 2005). In a boreal river, the natural flow regime is generally
defined by predictable flow peaks in spring due to the snowmelt and in the autumn following
heavy precipitation, while summers and winters usually are defined by low and stable flow
conditions (Arheimer & Lindstrom 2015).

The four-dimensional nature of rivers describes the longitudinal, lateral, vertical and temporal
dimensions of rivers (Ward 1989) (Fig. 1). The longitudinal dimension (Fig. 1) is related to the
River Continuum Concept, how stream position can define local ecosystem attributes (VVannote
et al. 1980, Allan & Castillo 2007). Physical processes such as sediment flux can display
longitudinal patterns (Montgomery 1999), with the river divided into source, transport and
response reaches (Montgomery & Buffington 1997). While rivers are hierarchically structured,
they also exhibit a patchy distribution of discrete habitats along the longitudinal profile, with
varying environmental conditions that determines community compositions and ecosystem
functioning on a smaller scale (Thorp et al. 2006). Habitat patches supports local ecological
communities which are connected through interactions and the exchange of individuals and
genetic material. In other words, river organisms are structured in metacommunities (Altermatt
2013, Schmera et al. 2018). Therefore, many of them are dependent on the longitudinal
connectivity to sustain healthy populations (Winemiller et al. 2010, Altermatt 2013, VVan Looy
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et al. 2019). The lateral dimension (Fig. 1) describes how the riverine and terrestrial
environments are connected through the exchange of energy and matter (Ward 1989, Junk et
al. 1989, Baxter et al. 2005). The exchange across the river-terrestrial boundary mainly occurs
in the riparian zone and floodplains (Thorp et al. 2006) (Fig. 1). The riparian zone is the ecotone
that connects aquatic and terrestrial environments (Fig. 1). Riparian communities often consist
of both aquatic and terrestrial species, enhancing the regional biodiversity (Naiman & Décamps
1997, Décamps et al. 2009). Additionally, the riparian zone provides shading and buffers
against pollution from sediment, organic and chemical compounds, which is retained by
riparian vegetation and soil taxa (Naiman & Décamps 1997). Similarly, floodplains are hotspots
for biodiversity, sediment trapping and biogeochemical cycling (Junk et al. 1989). Another
important aspect of the lateral dimension is the inundation of floodplains (Junk et al. 1989).
Nutrients and organic material from the river are deposited on land during inundations, thereby
increasing the productivity of regularly flooded areas. As the flood recedes, organic matter
produced on the floodplain is released back into the river as allochthonous input (terrestrially
derived organic matter) (Junk et al. 1989). Allochthonous input may consist of riparian plant
litter or soil organic matter and forms the base of riverine food webs together with in-situ
primary production (autochthonous input) (Cummins 1974, Vannote et al. 1980). The vertical
dimension (Fig. 1) of a river is the interaction between the surface flow of the river channel and
cryptic subsurface flows in the alluvium (Hynes 1983, Ward 1989). This vertical connectivity
also extends laterally from the river channel into riparian zones and floodplains (Stanford &
Ward 1988). The hyporheic zone (Fig. 1) is the interface where surface and subsurface flows
exchange water, solutes and suspended matter (Brunke & Gonser 1997). The temporal
dimension (Fig. 1) describes the temporal variation of rivers (Ward 1989), which occurs over
both long and short time scales, from diurnal cycles to glaciations and other geological events
(Allan & Castillo 2007). Rivers are self-organizing systems which evolves over geologic time,
as they strive towards states of equilibrium (Schumm 1973). This inherent behavior is mediated
through fluvial processes, which in turn are controlled by physical laws such as slope and
alluvium grain-size (Montgomery & Buffington 1997). While the trajectory towards a steady
state may be predictable and gradual, it may also be abrupt (Schumm 1973). Extreme floods or
external stochastic events may force a river to adjust the trajectory from one stable-state and
shift towards a new equilibrium and the subsequent reshaping of the river (Hooke 2007, Boulton
et al. 2014, Baynes et al. 2015). The dynamics of meandering (changes in meander bend
sinuosity, migration and cut-off) is a classic example of self-organization and the evolution of
river channels (Hooke 2007, Schwenk et al. 2015). Furthermore, fluctuations in flow and water
temperature may magnify the temporal variability of river ecosystems (Mulholland & Hill
1997, Shore et al. 2017). For example, the majority of yearly nutrient exports may occur during
high flows over a period of less than two weeks (Meyer & Likens 1979). Flow and water
temperature also regulate the timing of phenological events such as fish migrations and the
emergence of aquatic insects (Boerger 1981, Manhard et al. 2017). Finally, as variations in flow
cause the river channel to contract and expand, the level of lateral and vertical connectivity may
vary spatiotemporally (Hynes 1983, Junk et al. 1989). For instance, the groundwater table may
vary with seasonal weather events and may shift the spatial extent of the hyporheic zone and
thus the level of exchange across the interface (Hynes 1983).



The hyporheic zone

The hyporheic zone (HZ) (Fig. 1) is a key element of riverine ecosystems, connecting surface
and subsurface flows through the exchange of water, organic matter (including organisms),
nutrients and other materials (Boulton et al. 1998, Boano et al. 2014). Various definitions of
the HZ exist (see White 1993 & Gooseff 2010). One definition by Boulton et al. (1998) states
that “the hyporheic zone can be defined as a spatially fluctuating ecotone between the surface
stream and the deep groundwater where important ecological processes and their requirements
and products are influenced at a number of scales by water movement, permeability, substrate
particle size, resident biota, and the physiochemical features of the overlying stream and
adjacent aquifers” (Boulton et al. 1998).

The HZ is characterized by the transition from turbulent unconstrained surface flow to
subsurface interstitial flow in porous medium, permanent darkness, longer water residency time
and a more stable environment in regards of temperature fluctuations and sediment mobilization
(Brunke & Gonser 1997, Boulton et al. 1998). Another defining feature of the HZ is the vertical
gradients in parameters such as temperature, dissolved oxygen and ion concentration.
Compared to surface flow, hyporheic water generally have different temperature and dissolved
oxygen regimes, and a higher concentration of ions (Boulton et al. 1998). Consequently,
hyporheic exchange can be important for regulating nutrient cycling and temperature in the
river (Brunke & Gonser 1997). It is also important to note that the HZ differs from groundwater
environments (Boulton et al. 2006).

Groundwater and river systems are connected via both vertical and lateral hyporheic flow paths
in riverbeds, stream banks, riparian zones and beyond into the floodplains (Hill et al. 1998,
Boano et al. 2014) (Fig. 1). Vertical and lateral hyporheic exchange flows are formed where in-
stream objects or irregularities of the riverbed cause pressure differentiations (Thibodeaux &
Boyle 1987, Storey et al. 2003, Boano et al. 2014). Pressure drops at nested topographical high
points, forcing surface waters into the alluvium where it will follow cryptic hyporheic flow
paths and exit the HZ at elevation low points (Fig. 1), e.g. a pool downstream of a riffle (Harvey
& Bencala 1993, Gooseff et al. 2006).

Areas where surface waters enter the HZ are termed downwelling zones, while upwelling zones
are areas where hyporheic water re-enters the river channel (Brunke & Gonser 1997, Boulton
et al. 1998) (Fig. concept). Large-scale hyporheic flow paths and the spatial extent of the HZ
are determined by the permeability and composition of the subsurface lithology and alluvium
(Stanford & Ward 1988, Wondzell 2011). For example, upwelling may occur in areas where
hyporheic flow in highly permeable alluvium meets impermeable bedrock (Stanford & Ward
1988). The HZ can extend laterally up to 2 km from the river channel in high gradient rivers
with coarse alluvium, while it can be limited to a thin layer just below the riverbed in low
gradient rivers with fine alluvium and low permeability (Stanford & Ward 1988, Wondzell
2011). Furthermore, discharge and water residence time are two important regulatory factors of
the HZ (Boulton et al. 1998, Wondzell 2011, Zarnetske et al. 2011). Discharge controls the
hyporheic turnover length of a river, which can be defined as the average distance the channel
flow is required to travel in the HZ before complete hyporheic mixing occurs (Wondzell 2011).
In general, average turnover length is shorter in small rivers compared to large rivers, because
discharge is positively correlated to stream size and turnover length (Wondzell 2011). Turnover
length controls the rate of hyporheic exchange and subsequentially the relative importance of



the HZ in regard to its influence on river ecosystem processes such as biogeochemical cycling

(Peterson et al. 2001, Kasahara & Wondzell 2003).

Temporal dimension

&

Riparia'n zoﬁ‘e‘

Figure 1. Conceptual illustration describing the four-dimensional nature of river ecosystems with extra focus on
the hyporheic zone (HZ). Dashed lines show hyporheic flow paths while the arrows indicate the direction of flow.
The two fishes illustrate a male and female salmon spawning in a redd excavated in a gravel bar.

Furthermore, water residence time in the HZ is a vital regulatory factor that affects dissolved
oxygen levels and metabolism in the hyporheic environment (Zarnetske et al. 2011). Water
residence time depends on the permeability of the substrate and the arrangement of hyporheic
flow paths (Stanford & Ward 1988, Boulton et al. 1998). Short water residence time will result
in aerobic conditions but low decomposition rate. In contrast, long water residence time allow
a higher rate of decomposition, resulting in low oxygen or even anaerobic conditions where
microbial communities may thrive (Boulton et al. 1998, Zarnetske et al. 2011).

Without insolation, hyporheic food webs are based on microbial decomposition of organic
matter (Feris et al. 2003). Microbial communities of the HZ are dominated by bacteria, which
are of fundamental importance for ecosystem functioning in rivers and streams (Findlay 2010).
Denitrifying bacteria is a group of bacteria that can transform NO3z™ to N2 under anaerobic
conditions, permanently removing N from the river system (Findlay 2010). Microbes are
therefore vital for biogeochemical cycling in rivers, on average transforming 50% of N input to
N2 through denitrification (Galloway et al. 2004). Nitrification is another bacterial mediated
process, where NH4™ is transformed to NOs™ under aerobic conditions (Zarnetske et al. 2011).
Structures such as a gravel bars may have aerobic conditions on the upstream side of the
structure where NH4" is transformed to NOs", which is then transformed to N2 and removed
from the system if oxygen is depleted along the hyporheic flow path towards the downstream
side of the gravel bar (Zarnetske et al. 2011). Nitrification and denitrification are coupled and
spatially correlated to the aerobic environments of downwelling zones and anaerobic
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environments of upwelling zones, respectively (Zarnetske et al. 2011). Upwelling zones with
high production of NO3z™ can be hotspots for algae, macrophytes and invertebrates, while
downwelling zones can be hotspots for N removal if oxygen is depleted along the hyporheic
flow path (Findlay 2010, Zarnetske et al. 2011). Furthermore, hyporheic invertebrate
communities (hyporheos) have important functions in the HZ, e.g. bioturbation, pelletization
and consumption of detritus and microbes (Boulton 2007). The HZ also functions as a thermal
refuge for invertebrates and fish when conditions are unfavorable in the surface environment
(Ebersole et al. 2003, Maazouzi et al. 2017). The protected environment of the HZ is utilized
by salmonids who bury their eggs in the riverbed during spawning (DeVries 1997).

1.1.2 Atlantic salmon

The Atlantic salmon (S. salar) (Fig. 2) is one of the most iconic and well-studied fish species
on Earth (Jonsson & Jonsson 2011a). It belongs to the Salmo genus along with its closest
relative, the brown trout (Salmo trutta). Salmon holds high economic and social values, such
as commercial and recreational fishing, tourism opportunities and cultural heritage among local
and indigenous people (Myrvold et al. 2019, Carothers et al. 2021). Salmon is considered a
keystone species because of the complex life-history, involving migration between freshwater
and marine environments (Willson & Halupka 1995, Jonsson & Jonsson 2011a). During the
migrations, salmon transports marine-derived nutrients to their natal rivers, increasing the
productivity of freshwater ecosystems (McLennan et al. 2019). Salmon also impact marine and
freshwater food webs through trophic interactions (Willson & Halupka 1995, Suuronen &
Lehtonen 2012, Samways et al. 2017). Salmon is also a host during the parasitic larval stage of
the threatened freshwater pearl mussel (Margaritifera margaritifera), another iconic keystone
species which is dependent on salmon (Geist 2010). Furthermore, salmon is an ecosystem
engineer who alters the structure and size distribution of the alluvium when they excavate nests
during spawning, thus affecting the dynamics of the HZ (Field-Dodgson 1987, Kondolf et al.
1993).

Geographical distribution

The native distribution range of the Atlantic salmon (hereafter salmon) spans over the Atlantic
Ocean from eastern North America to Iceland, over the British Isles, Scandinavia and all the
way to the Barents Sea around Svalbard and northern Russia (MacCrimmon & Gots 1979). The
southern limit is in the northwestern parts of Spain and Portugal. The current distribution range
is influenced by the latest glaciation which salmon endured in several glacial refuges, from
where they dispersed during the deglaciation (Tonteri et al. 2005). Salmon is genetically and
geographically separated into three main groups, the West Atlantic group in North America,
the East Atlantic group in Western Europe and the Baltic Group in the Baltic Sea basin (Jonsson
& Jonsson 2011b). The Baltic Group is youngest of the three, as the Baltic Sea began to form
ca 16 ka BP when the Weichselian ice sheet had retreated from southern Scandinavia (Andrén
et al. 2011). Moreover, some salmon populations were isolated in freshwater lakes during the
deglaciation (Hutchings et al. 2019), e.g. the landlocked population in Lake Vanern (Ros 1981).

Life-history

The life-history of a salmon is a complex story. Most salmon are anadromous, meaning they
are born in freshwater where they also stay as juveniles, but migrate to marine environments to
grow and mature, before returning to freshwater to spawn as adults. Some populations however
complete the life cycle exclusively in freshwater or migrate to brackish environments such as
the Baltic Sea (Aas et al. 2010, Hutchings et al. 2019).



Figure 2. Atlantic salmon in three different life stages. Top left: the eyed egg-stage just prior to planting in
Gysinge. Top right: alevins (recently hatched juveniles) recovered from the sampling units in Gysinge. The
maternal yolk sacs are still clearly visible. Bottom: adult female salmon with a length of 110 cm and weight of 11
kg captured in Kungsadran at Alvkarleby. Note the absence of an apidose fin, indicating an individual of stocked
origin. Fin-clipping is a common marking method for sea migrating hatchery fish (Petersson et al. 2014).

Salmon spawn in pairs during the autumn or winter, with populations in the northern
geographical range spawning earlier than southern populations (Aas et al. 2010). During
spawning, the female turns to her side and uses her tail and body to excavate one or several
redds in the substrate of the riverbed. A redd is the approximal area of gravel containing the
nests of one female (Fig. 1), and a nest is a pocket in the substrate where a female deposits her
eggs (Crisp & Carling 1989). Salmonid females may be able to probe the quality of the redd by
pressing the belly tight against the bottom of the redd and lowering the anal fin into the substrate
(Tautz & Groot 1975, Jonsson & Jonsson 2011a). If satisfied, the female deposits her eggs and
the male fertilizes them before the female covers the nests using surrounding substrate. On
average, a female releases 1600-1800 eggs per kg bodyweight (Bardonnet & Bagliniere 2000).
The eggs are buried at a depth of 15-30 cm and develop during winter (Crisp & Carling 1989,
DeVries 1997). Redds are commonly excavated next to in-stream structures such as gravel bars
where hyporheic exchange flows often occur (Fig. 1), which may be beneficial for incubating
eggs in terms of oxygen supply (Baxter & Hauer 2000, Bowerman et al. 2014, Harrison et al.
2019). The eggs will hatch during the following spring, the exact timing is controlled by water
temperature (Crisp 1988).
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The emerging alevins (newly hatched individuals) (Fig. 2) are still relying on the maternal yolk
sacs and will remain hidden in the riverbed until the yolk sacs has been absorbed. Then, the
alevins will make their way up to the surface flow of river channel to take up position in shallow,
low velocity habitats (Jonsson & Jonsson 2011c). This transitional stage is termed the swim-
up. It is a bottleneck (critical phase) in salmon ontogeny and is characterized by high mortality
(up to 90%) because of the exposure to a novel environment, displacement and the shift to
exogenous feeding (Armstrong et al. 2003, Armstrong & Nislow 2006, Jonsson & Jonsson
2011c). The individuals who successfully makes the transition have reached the parr-stage,
which will last for a couple of years until the parrs transform into smolts. Smoltification (parr-
smolt transformation) occurs when parr have reached a size of 8-12 cm (Jonsson & Jonsson
2011d). The transformation is a reversible physiological adaptation that prepares the salmon for
the marine environment and long-range migrations. Smoltification involves changes in
morphology, salinity tolerance, behavior and pigmentation (Jonsson & Jonsson 2011d). The
seaward smolt migration from freshwater to the sea mainly occurs in spring or early summer
(Aas et al. 2010, Jonsson & Jonsson 2011d).

When the smolts reach the sea, they are called post-smolts, and will pass through another
ontogenetic bottleneck as they migrate to another novel environment. Marine mortality
typically exceeds 90% (Jonsson & Jonsson 2011c) and is at its highest during the first days of
smolt migrations, when the daily predation rate may reach 25% (Dieperink et al. 2002). In the
marine environment post-smolts shift to a mainly piscivorous diet and grow quickly to avoid
predation. Baltic populations migrate to feeding grounds in the southern Baltic Sea where
herring (Clupea harengus) is the main prey item (Jacobson et al. 2020). Most individuals spend
1 to 4+ years at sea, during which time they will increase in weight from 0.05 kg up to 25 kg
(Aas et al. 2010). When sexually mature, salmon may migrate hundreds of kilometers back to
their natal rivers to spawn. The homing behavior enables salmonids to find their way back to
the river where they were born (Salmenkova 2017). Homing is the driving mechanism which
maintains and develops local adaptations in salmon populations (Taylor 1991, Garcia de Leaniz
etal. 2007). Atlantic salmon is iteroparous, meaning they can migrate and spawn multiple times
unlike Pacific salmon (Fleming 1996).

Requirements for spawning, embryonal survival and development

Salmon select spawning sites based on flow conditions such as water depth and velocity, and
the size and quality of the substrate (Louhi et al. 2008, Harrison et al. 2019). Because of the
specific requirements, suitable spawning sites may be a limiting factor for population
sustainability (Louhi et al. 2008). Spawning salmon prefer water depths of 20-55 cm and
substrate sizes between 16 and 128 mm (Louhi et al. 2008). The range is partly explained by
the natural variation in river channel characteristics within and between rivers, but also that the
requirements are size-dependent and scales with female size. Substrate size, water velocity and
depth, number and size of eggs, redd size, burial depth, and breeding success is positively
correlated to the size of the female (Crisp & Carling 1989, Kondolf & Wolman 1993, DeVries
1997, Aas et al. 2010). The development and survival of salmonid eggs and alevins are highly
dependent on interstitial water conditions (Sternecker et al. 2013a) where temperature, oxygen
and pH are critical factors (Finn 2007). Temperature is the main driver of embryonic
development and controls the timing of hatching and swim-up (Crisp 1988, Hannah et al. 2004,
Sternecker et al. 2013a, Smialek et al. 2021). Salmon have high demands on dissolved oxygen
concentrations in the hyporheic environment, but the demands vary with developmental stage
(Armstrong et al. 2003, Finn 2007, Smialek et al. 2021). Newly fertilized eggs are more tolerant
than eggs that are close to hatching, which are sensitive to dissolved oxygen concentrations less
than 7 mg/L (Armstrong et al. 2003, Finn 2007, Louhi et al. 2008, Smialek et al. 2021).
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Prolonged periods of low concentrations of dissolved oxygen can cause direct mortality or have
sublethal effects (Malcolm et al. 2003, Youngson et al. 2004, Finn 2007, Sear et al. 2017,
Lavery & Cunjak 2019). However, the eggs may tolerate shorter periods of anoxia (Finn 2007,
Cote et al. 2012) and even conditions in desiccated iced-covered redds (Casas-Mulet et al.
2015).

The survival of salmonid eggs has been shown to be positively correlated to the strength of
downwelling at spawning sites, as it increases oxygen concentrations in the redd environment
(Bowerman et al. 2014). Upwelling of long-residence groundwater can be harmful as it tends
to be low in dissolved oxygen (Malcolm et al. 2003, Youngson et al. 2004). Upwelling
groundwater also tends to be warmer than surface waters during incubation, thus accelerating
embryo growth and impacting the timing of emergence (Curry et al. 1995, Acornley 1999).
Depending on flow conditions and food availability, early emergence can increase the growth
rate as a result of reduced competition, but early emerging juveniles may be also be exposed to
unfavorable conditions such as reduced food availability and increased risk of displacement due
to high flows (Acornley 1999). Furthermore, infiltration of fine sediment into the redd can cause
asphyxiation and entombment, which are suggested to be the two main drivers of embryonic
mortality (Greig et al. 2007). Large particles such as sand may clog the upper layers of the redd
and entomb alevins, while the presence of small particles like clay can reduce both oxygen
supply and the rate of exchange across the egg membrane (Greig et al. 2005, Greig et al. 2007).
The negative effects of fine sediment on salmonid egg survival have been well-studied
(Chapman 1988, Soulsby et al. 2001, Malcolm et al. 2003, Greig et al. 2005, Greig et al. 2007,
Bowerman et al. 2014). It is important to emphasize that mortality among salmonids in early
life-stages is not caused by a single factor but a combination of factors (Lavery & Cunjak 2019,
Smialek et al. 2021).

Salmon can tolerate pH levels between 6 and 9, but higher and lower levels may have indirect
or direct toxic effects on salmon in all life-stages (Smialek et al. 2021). For example,
acidification have caused major die-offs and the loss of salmon in 25 Norwegian rivers
(Hesthagen & Hansen 1991). Additionally, pH may affect the solubility of substances which
can be toxic to salmon, such as aluminum and ammonia (NHz) (Finn 2007). Aluminum may be
dissolved, leached from soils and flushed into rivers at pH levels below 4.5 (Forseth et al. 2017),
while the fraction of aquatic NHz increase with pH and can reach about 50 % at pH levels
around 9 (Emerson et al. 1975). NHsz may cause slowed larval growth and reduced body mass
at exposures between 6-180 pg/L NHs (Vosyliené & Kazlauskiené 2004), while acute ammonia
toxicity has been observed at higher concentrations ranging from 0.16 to 1.1 mg/L (Thurston &
Russo 1983). However, salmonid eggs have a high tolerance to ammonia as the embryos are
able to detoxify ammonia using physiological mechanisms (Vedel et al. 1998). These
mechanisms are however lost in later life-stages, making salmon more vulnerable to ammonia
in later life-stages (Vedel et al. 1998).
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1.1.3 Human activities and river ecosystems

Freshwater ecosystems have provided human civilizations with vital ecosystem services
throughout history (Limburg 2009, Hanna et al. 2018), but the high and increasing human
demand on these ecosystems are threatening biodiversity and the provisioning of services
(Vorésmarty et al. 2010, Dudgeon 2019). Human activities are causing ecosystem degradation,
leading to population declines and increasing risks of extinctions among freshwater organisms
(Dudgeon et al. 2006, Vorosmarty et al. 2010, Reid et al. 2019, Albert et al. 2021). Moreover,
historical events such as the acid rains in the middle of the 20" century (Rothschild 2019) and
timber floating during the 19" and 20" centuries (Térnlund & Ostlund 2002, Nilsson et al.
2005a) are still affecting river ecosystems through legacy effects. Habitat destruction and
degradation, overexploitation, flow modification, pollution and invasions by exotic species are
regarded as the most acute anthropogenic stressors (Fig. 3) (Dudgeon et al. 2006). Numerous
additional threats contribute to the degradation of freshwater ecosystems (Fig. 3) (Reid et al.
2019). Damming of rivers for the sake of generating hydropower have been suggested to be the
most destructive human activity in river ecosystems (Nilsson et al. 2005b, Liermann et al. 2012,
Lenders et al. 2016, Chen & Olden 2017, Rehbein et al. 2020). Hydropower has a wide range
of effects on river ecosystems through (but not limited to) flow modification (Nilsson et al.
2005b), fragmentation of the river continuum (Bellard & Hugueny 2020, Barbarossa et al. 2020,
Belletti et al. 2020), blocking of migration routes (Liermann et al. 2012) and geomorphic
changes to the river channel (Williams & Wolman 1984). On top of this, rivers are affected by
historical and ongoing land-use within the catchment, such as agriculture, forestry and water
extraction (Harding et al. 1998, Carignan & Steedman 2000, Allan 2004). Furthermore,
stressors interact with each other and do not act independently (Birk et al. 2020). Multiple
stressors interacting may have antagonistic, synergistic, additive or reversed effects, and are
known to cause unpredictable ecosystem responses, also known as ecological surprises
(Jackson et al. 2016). However, the interactions and effects of multiple stressors are not fully
understood (Foster et al. 2016, Pistocchi et al. 2017).

Ecosystem effects

In short, human activities encroach on the highly complex riverine landscape, turning it into a
more homogenous environment with reduced niche variation (Peipoch et al. 2015). Some
human activities such as pollution may not reduce the physical variation of the environment,
but could nevertheless lead to simplification through other mechanisms, such as altered species
compositions due to extirpations or stress responses (Peipoch et al. 2015). Ecological
simplification could threaten the four-dimensional nature of rivers, resulting in loss of
biodiversity and altered ecosystem functioning (Fagan 2002, Boulton 2007, Elosegi & Sabater
2013, Peipoch et al. 2015). Additionally, climate change will have a wide array of effects on
freshwater ecosystems (Palmer et al. 2008, Whitehead et al. 2009, Friberg et al. 2013, Tonkin
2022). Precipitation in boreal regions is likely to increase with a changing climate (IPCC 2021),
causing alterations to river flow regimes (Bloschl et al. 2019, Rydén 2022, Tonkin 2022), with
possible implications on habitat and environmental conditions which are crucial to salmon
(Jonsson & Jonsson 2011e).
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Figure 3. Anthropogenic stressors affecting freshwater ecosystems. Boxes in red are the most acute stressors
according to Dudgeon et al. (2006). The surrounding boxes are the emerging threats identified by Reid et al.
(2019). Adapted from Dudgeon et al. (2006) and Reid et al. (2019).

As a species with a complex life-history, salmon serves as the perfect model organism to
illustrate some (but far from all) of the effects of human disturbance in freshwater ecosystems.
Human activities are driving the decline of salmon populations by degrading both the
freshwater and marine habitats which salmon depend on (Limburg & Waldman 2009, Lenders
et al. 2016, Forseth et al. 2017, Reid et al. 2019, Deinet et al. 2020). Note that marine
disturbances such as stock exploitations (Mantyniemi et al. 2012), salmon farming (Lund &
Heggberget 1992, Diserud et al. 2022), disease and pollution (Larsson et al. 1996, Koski et al.
1999, Keinédnen et al. 2018) are not presented here, but are very much affecting salmon
populations. Forseth et al. (2017) reviewed the major anthropogenic factors threatening
Norwegian salmon populations (Fig. 4).

Migration barriers such as dams are blocking migration routes, making salmon unable to reach
their spawning grounds to complete their lifecycle (Limburg & Waldman 2009, Liermann et al.
2012). To maximize power generation, hydropower dams are constructed in streaming habitats
where the energy of flow is high (Hall et al. 2011). Construction of dams lead to loss and
degradation of habitats. River sections upstream of dams are inundated and transformed into
lake-like environments, while downstream sections suffer from reduced wet areas (Baxter 1977,
Baran et al. 1995).
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Figure 4. Anthropogenic factors threatening Norwegian salmon populations according to Forseth et al. (2017).
Escaped hatchery salmon threaten wild populations by hybridization between salmon of wild and hatchery origin,
causing loss of genetic integrity in wild populations. Parasites spread from salmon farms and infect wild
populations, increasing mortality rates up to over 90 % in juvenile salmon (Forseth et al. 2017). The other threats
are presented in falling order of impact.

Furthermore, the regulation of flow at dams will erode the natural flow regime of a river, leading
to widespread ecological consequences (Baxter 1977, Baran et al. 1995, Ligon et al. 1995, Poff
et al. 1997, Parasiewicz et al. 1998, Nyberg et al. 2008, Vollset et al. 2016). Flow regulation
may degrade habitats and make them inaccessible due to alternating episodes of high and low
flows. This can result in behavioral changes in salmon, with potentially negative impacts on
fitness (Parasiewicz et al. 1998, Saltveit et al. 2001, Jensen 2003, Vollset et al. 2016). For
example, short-term regulation has been shown to interfere with spawning, forcing females to
excavate redds at suboptimal locations where the offspring have a lower chance of survival
(Vollset et al. 2016). Minimal flow may dewater parts of the river channel, resulting in stranding
of juvenile salmon (Hvidsten 1985, Young et al. 2011), and expose eggs and alevins to draught
or freezing conditions (Becker & Neitzel 1985, Casas-Mulet et al. 2015). Peak flows can flush
away eggs or displace juvenile fish (Parasiewicz et al. 1998, Young et al. 2011). Additionally,
damming and unnatural flow regimes alters the flux of sediments when it is trapped at upstream
sections of dams, while downstream sections are starved (Williams & Wolman 1984, Ligon et
al. 1995). Subsequent changes in erosion and deposition dynamics could alter river channel
morphology, impacting habitat availability and quality (Juracek & Fitzpatrick 2022). Flow
regulation have also been shown to impact hyporheic water quality, with potentially negative
effects on incubating salmonid eggs (Nyberg et al. 2008).

Additionally, ongoing and historical land use, such as agriculture and forestry, may pollute
rivers and degrade salmon habitat (Soulshy et al. 2001, Heaney et al. 2001, Mellina & Hinch
2009, Lofgren et al. 2009, Collins et al. 2014, EKI6f et al. 2016). Removal of riparian vegetation
can negate the buffering capacity against sedimentation of clay particles (Collins et al. 2010)
which may suffocate salmon embryos (Greig et al. 2007), reduce refugia for juvenile salmonids
(Heifetz et al. 1986) and impact salmonid fitness and habitat use if thermal conditions are
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affected negatively (Dan Moore et al. 2005, Jonsson & Jonsson 201 1¢, O’Sullivan et al.). Clear-
cutting, soil preparation and land drainage may alter flow regimes and sediment dynamics. The
above mentioned forest management measures has been shown to increase peak flows
(Robinson et al. 2003, Buttle et al. 2018) and input of fine sediment (Nieminen et al. 2017),
both which may be harmful to early life-stages of salmonids (Chapman 1988, Parasiewicz et
al. 1998, Soulsby et al. 2001, Greig et al. 2005, Greig et al. 2007, Young et al. 2011, Bowerman
et al. 2014). During the timber floating era, many rivers and streams were physically
transformed. Main channels were straightened, side channels were shut off and in-stream
objects such as large boulders and woody debris were removed (Toérnlund & Ostlund 2002,
Nilsson et al. 2005a). Alterations of such nature have been shown to result in loss of salmonid
spawning and rearing habitats (Scruton et al. 1998, Jutila et al. 1998), and may be responsible
for major declines in Baltic salmon populations (Nilsson et al. 2005a).

Long-range migratory fish species like salmon are disproportionally threatened as they are
affected by human activities in both freshwater and marine environments (Deinet et al. 2020).
There has been a = 93% average decline in European freshwater migratory fish species from
1970 to 2016 (Deinet et al. 2020). Salmon populations throughout their distribution area are at
historically low levels (Limburg & Waldman 2009, Lenders et al. 2016), including the Baltic
Sea group (McKinnell 1999). However, over the last decades, efforts are increasing to restore
degraded river ecosystems and strengthen salmon populations (Palmer et al. 2007, Jahnig et al.
2009, Piegay et al. 2020).

1.1.4 River restoration

Since the implementation of EU Water Framework Directive (Directive 2000/60/EC) and other
policies aiming to improve the status of freshwater ecosystems, billions of Euros and
considerable efforts are globally invested into restoring rivers (Palmer et al. 2007, Muhar et al.
2016, Roni 2019). River restoration is both a field of science and a practical method with the
aims of improving hydrologic, geomorphic and ecological conditions of rivers (Wohl et al.
2015). From the beginning of the 1980s, many restoration projects had a form-based approach
with focus on creating or improving fish habitats, rather than focusing on the recovery of lost
ecosystem functions and processes (Wohl et al. 2015). Currently, a process-based approach is
more common, where lost functions and processes are recovered through improved lateral and
longitudinal connectivity, altered flow conditions and enhanced freshwater communities (Wohl
et al. 2015). Even if the field of river restoration has evolved, important aspects such as climate
change, land use, multiple stressors, vertical connectivity and whole-catchment restoration are
often overlooked (Boulton 2007, Beechie et al. 2013, Gothe et al. 2019, Birk et al. 2020,
Diefenderfer et al. 2020). Implemented restoration measures varies between projects depending
on stakeholders involved, restoration goals and level of ecosystem degradation (Palmer et al.
2016). Common examples of restoration measures are modifications to channel morphology
and in-stream objects, dam removal and environmental flow control (Fig. 5) (Wohl et al. 2005,
Roni et al. 2008, Angus Webb et al. 2013, Wohl et al. 2015). Good-practice river restoration
calls for resilient and self-sustained measures (Palmer et al. 2005, Muhar et al. 2016).
Furthermore, fishery managers commonly use augmentation or cleaning of spawning substrate
(Wheaton et al. 2004, Barlaup et al. 2008, Pander et al. 2015, Pulg et al. 2022), stocking of
hatchery reared juveniles (Petersson et al. 1996, Dannewitz et al. 2004, Jonsson & Jonsson
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2011f) and egg planting (Johnson 2004, Saltveit & Brabrand 2013, Syrjénen et al. 2015,
Barlaup & Moen 2001) to enhance threatened salmon populations.

Restoration measures such as modifications of channel morphology often increase habitat
heterogeneity (Lepori et al. 2005, Nilsson et al. 2005a, Jahnig et al. 2010, Lorenz & Feld 2013)
and may enhance salmonid production, but the results are inconclusive (Louhi et al. 2016, Foote
et al. 2020). The response from river biota is generally highly variable, often slow or even non-
existent (Roni et al. 2008, Nilsson et al. 2015, Roni 2019, Foote et al. 2020). Additionally, the
response varies along the river continuum and depends on factors such as the intensity of land
use and time since restoration (Manfrin et al. 2019). Positive effects on reach-scale can be
masked by intense riparian land use and low-quality habitats upstream of the restored site
(Lorenz & Feld 2013). Manfrin et al. (2019) showed that communities shifted towards
opportunists during the first 5 years following restoration, and a subsequent shift back to
communities in equilibrium. This indicates that the years following a restoration effort could
be characterized as a recovery period after a disturbance event and could help explain the lack
of response in monitored biota, especially since restoration projects monitor for less than five
years (Foote et al. 2020). According to Louhi et al. (2016), a minimum of 10 years of
monitoring is required to evaluate the response of biota. The lack of response from biota have
also been suggested to be a result of insufficient monitoring and evaluation (Palmer et al. 2014,
Wohl et al. 2015, Louhi et al. 2016). Many restoration projects lack or have poorly designed
methods for evaluation and long-term monitoring, mainly because it is not prioritized and is in
need of standardized procedures (Palmer et al. 2014, Wohl et al. 2015, Nilsson et al. 2016).
Studies have shown that the evaluation of success is inconsistent between restoration projects
(Morandi et al. 2014, Kurth & Schirmer 2014), and is often based on gut-feeling rather than
empirical data and ecological indicators (J&hnig et al. 2011, Weber & Peter 2011).

The uncertainties regarding the effectiveness of river restoration calls for improved practices
and tools (Jahnig et al. 2011, Morandi et al. 2014, Marttila et al. 2016, Nilsson et al. 2016,
Louhi et al. 2016, Rubin et al. 2017, Foote et al. 2020). Furthermore, different stakeholders
may have different definitions of restoration, causing confusion among practitioners and
researchers (Wohl et al. 2015). Ecological restoration is another term used, again with different
definitions, depending on restoration goals and reference system (Wohl et al. 2015, Palmer et
al. 2016, Gann et al. 2019).

Reference systems could be pristine natural systems or semi-natural systems affected only by
traditional land use (Gann et al. 2019). One hardline definition of ecological restoration is a full
recovery of a degraded system to a pristine condition (Gann et al. 2019), while other definitions
would allow for a partial recovery of a degraded system to an acceptable condition (Palmer et
al. 2016). Wohl et al. (2015) suggests that there is a need to “distinguish ecological river
restoration that assists the recovery of ecological integrity in a degraded watershed by
reestablishing the processes necessary to support the natural ecosystem within the watershed
from restoration intended for other outcomes such as enhanced recreation”. For a reader this
might seem confusing, but it demonstrates that river restoration ecology is a relatively new field
of science where concepts, terms and definitions have not been fully developed (Graf 2008).
Such uncertainty in communication could hamper further development (Suddaby 2010).
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Figure 5. River restoration in practice, Angeran (Gévleborg county). Top picture: an excavator in the process of
returning river-derived material which was used to build an artificial levee during the timber floating era. The goal
with removing artificial levees was to restore the lateral connectivity and increase the wet area of the river. Trees
growing on the levee were used as large woody debris in the river channel. Bottom left picture: Before restoration.
A dam sealing off a large side-channel was built to concentrate the timber to one channel. All vegetation had been
removed from the dam by the time the picture was taken. Bottom right picture: After restoration. The dam
construction has been opened up and water is flowing in the side channel again. In order to retain water levels in
sections located upstream, a local knick-point was constructed using the material from the dam. Full recovery was
not possible in this case since the solid bedrock which retained the water level in the past was blasted to fragments
using black powder and dynamite. The fragments were then used to construct the dam. Remnants of intact bedrock
can be seen in the bottom right corner.
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1.2 Aims

This study will attempt to further develop tools based on Whitlock (1995) and Pander et al.
(2009) for evaluation and monitoring of restoration success in regards of ecosystem function
(functionality of spawning grounds). A combination of abiotic and biotic variables will be used
to assess if restoration efforts in lower Daldlven at the Gysinge area have improved the
conditions which are critical to salmon in early life-stages. Additionally, the same combination
of variables will be used to assess if the conditions in the egg planting containers used by the
County Administrative Board of Gévleborg resembles the natural conditions of the riverbed.
Pander et al. (2009) developed a sampling unit which combines measurements of habitat
variables and egg hatching success. Sternecker et al. (2013b) then successfully applied the
method to assess the functionality of restored spawning grounds in a small subalpine stream.
However, the sampling device developed by Pander et al. (2009) needs to be constructed from
scratch, while other egg incubators such as Whitlock-Vibert boxes (Whitlock 1995) are widely
used in river management and readily available for purchase online but lacks components for
sampling of hyporheic water. Modifications to the Whitlock-Vibert box may produce an
accessible and user-friendly alternative which can be implemented for monitoring and
evaluation of restoration success. Therefore, this study could contribute with new insights for
monitoring and evaluation of restoration success in other projects. Additionally, the results may
provide answers for stakeholders regarding factors which could limit future salmon production
in the Gysinge area.

The aims are to evaluate if:

(1) interstitial water conditions which are critical for the survival and development of salmon
eggs and alevins are more favorable at restored sites compared to non-restored sites.

(2) conditions inside the egg planting containers placed on top of the riverbed resemble the
conditions in the interstitial environment of the riverbed, where the eggs would be deposited
naturally.

This will be done by testing for differences in dissolved oxygen, water temperature, pH, NHs,
conductivity, egg hatching rate and accumulated clay particles between restored sections, non-
restored sections and the egg planting containers at the Gysinge area of Nedre Daldlven.
Because the egg planting containers are exposed to surface flow, the most favorable conditions
and therefore highest hatching rates are expected in the egg planting containers compared to
the conditions and hatching rates at restored and non-restored sections. Since restoration efforts
should improve conditions at restored sections, the conditions are expected to be least favorable
in non-restored sections, resulting in the lowest hatching rate.

19



2. Study area

The study area is located in the lower section of river Daldlven (Nedre Daldlven) close to
Gysinge and Sevedskvarn villages, situated in central Sweden where the southern border of
Gavleborg county and northern border of Uppsala county meet. The climate in this region is
temperate, and the vegetation is dominated by boreal and hemiboreal forests. The yearly mean
temperature is 6°C and the yearly mean precipitation is 544.7 mm. The growing season is 201
days and days of snow cover is 74 days. The regional bedrock is old (>1.8 billion years) and
dominated by intrusive granites and sections of more calcic rich gabbroids. It is a part of the
sub-Cambrian peneplane, forming a flat landscape with a difference in elevation of only <20
m. The bedrock in the area is mainly overlain by sand-rich till with postglacial clay and peat
infilling depressions. Alluvium is deposited along the well-developed floodplain.

The drainage area of Dalalven is = 28.000 km?, which is equal to 6% of the total area of Sweden.
The drainage area is dominated by forests (72%) followed by wetlands (11%). Lakes and
watercourses cover 6% of the drainage area, while agriculture and urban areas corresponds to
3% and 1% respectively. Dalélven is the second longest river in Sweden (520 km) with a yearly
mean discharge of 365 m%/s (min 40 m%/s, max 2500 m?/s). The lower section of Dalélven,
(Nedre Dalélven) makes a turn to the northeast close to Avesta in Dalarna county, abandoning
the confined river valley. The original river channel which emptied into lake Mélaren was cut
off by the esker Badelundadsen during the last glaciation, sometime around 7 ka BP. Lower
Dalélven can therefore be considered a young river in geological terms and is yet to erode a
river valley along the flow path. The unique landscape is shaped by eskers and moraines which
were deposited at the ice margin in an estuary environment, before being uplifted (Stromberg
1981). Lower Dalélven runs a length of 120 km before discharging into Géavle Bay in the
southern Bothnian Sea and is characterized by the succession of large shallow fjards (fjard in
Swedish), followed by short reaches of rapids. Farnebofjarden with over 200 islands is the
largest fjard of lower Daldlven and is located just upstream of the study area. Farnebofjarden
had an ice cover until March 27" 2022, but a partial ice cover remained in some bays until April
21%, In the study area of Gysinge, a series of islands forces the river channel to split into two
main channels. Discharge during the study period varied between 100-350 m®/s (Fig. 6). The
rapids are concentrated around Sevedskvarn to the east of the island Mattén, and around
Gysinge to the north of Matton. Because of the low gradient and unconfined flow, lower
Dalélven regularly inundates the surrounding land, forming a dynamic and heterogenous
landscape which holds very high nature values.

Farnebofjirden is one of Sweden’s national parks and protected by the Ramsar convention.
Additionally, lower Daldlven is an UNESCO Biosphere Reserve. The fish community of lower
Dalélven consists of over 20 fish species, from salmonids such as grayling (Thymallus
thymallus), salmon and brown trout (Salmo trutta) to different cyprinids and the large-bodied
piscivores pike (Esox Lucius) and zander (Sander lucioperca). Although lower Dalélven holds
high nature values, the river is affected by anthropogenic activities such as damming and
hydropower production. There are at least 962 dams in the entire Daldlven drainage area, of
which 131 are hydropower plants. The hydropower plant closest to Gysinge is located 24 km
downstream in Soderfors, while the closest upstream is located in N&s, 28 km from Gysinge.
One small-scale hydropower plant is also located in a small side-channel of the Gysinge area.
Alvkarleby hydropower plant is situated closest to the river mouth in the Baltic Sea and was
completed in 1915. Since then, the migration routes for salmon in Dalélven have been blocked.
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Today, the salmon population of Dalélven is confined to a 10 km river stretch downstream the
Alvkarleby hydropower plant and is fully sustained by hatchery operations. Furthermore, the
river channel at the Gysinge area was modified during the timber floating era, but restoration
efforts were made in 2016 and 2018. Future fish passages or other technical solutions could
enable migration. Construction of fish passages and other measures will be settled in the
ongoing revision of Swedish hydropower plant licenses (Havs- och vattenmyndigheten 2022).
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Figure 6. Daily mean discharge (m®/s) at Nas hydropower plant 28 km upstream of
the study area in Gysinge is shown on the Y-axis and date on the X-axis. The
observations range from March 14" when egg planting started to April 14" when the
final sampling was made. The black circles represent the four sampling occasions.

2.1 Sampling sites

Three sites (1-3) (Fig. 7) in the Gysinge area were identified by having similar hydrological
conditions, locations where the County Administrative Board annually placed egg planting
containers, and restored and non-restored sections in close proximity of each other and egg
planting sites (<200 m). Within these three sites, sampling locations were then determined,
resulting in a total of 9 sampling locations (3 restored, 3 non-restored and 3 egg-planting
containers) per site (Fig. 8), resulting in a total of 27 sampling locations distributed over all
three sites (1-3) (Fig. 7). All sampling locations were located within previously mapped areas
that were estimated to be suitable spawning habitats for salmon (Hagelin et al. 2018). Restored
locations were defined as locations where restoration measures have been performed and gravel
augmentations could still be observed, while non-restored locations were defined as sites with
suitable spawning substrate, but no implemented restoration measures. Modified Whitlock-
Vibert boxes (MWVB) containing salmon eggs were buried in the riverbed or placed in egg-
planting containers at each sampling site in all three locations (Fig. 9). Field work was
performed between March 14" and May 5™, 2022.
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Figure 7. Map A shows the geographical location of the study area at Gysinge. The general locations of sites 1 —
3 are represented as red triangles in map B. North is up. Source: Lantméteriet Topography 50. Gavleborg county
marked in gray.

Site 1 (Fig. 7) was located in the river channel north of Mattén and is characterized by the 600
m long and 270 m wide rapid and close proximity to the upstream lake-like environment of
Farnebofjarden. Restoration measures included channel reconfiguration using an excavator and
manual addition of spawning substrate. Sites 2 and 3 (Fig. 7) were located in the southern
channel which is characterized by its braided flow pattern around the many islands in the area.
The rapids are generally shorter and narrower compared to site 1. The primary restoration
measures implemented in sites 2 and 3 were addition of spawning substrate using a helicopter
and channel reconfiguration using an excavator.
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Figure 9. Conceptual hierarchical illustration of the study design. The different treatments restored, non-restored
and egg planting container are nested within each site. Three MWVBs were used within each treatment at each
site, resulting in a total of 27 MWVBs (9 restored, 9 non-restored and 9 egg planting containers). The MWVBs
are the sampling units from which habitat variables and egg hatching rate were obtained.

3. Materials and methods

3.1 Modification of Whitlock-Vibert boxes

Whitlock-Vibert boxes are egg incubators (Whitlock 1995) which were modified so that they
functioned both as egg incubators and units for sampling of hyporheic water (Fig. 10). 1 meter
of silicone tubing (6 mm outer @, 4 mm inner @) was inserted into the lower compartment of
each box. The tubing section inside of the MWVB was perforated with 6 holes (3 mm @&). The
end of the tubing was sealed with a clamp and attached to the wall to only allow flow through
the perforations. The top end of the tubing was equipped with a quick connector and secured
with a clamp to allow easy connection to a syringe during sampling. Half of the tubing was
reinforced with a plastic sleeve to avoid obstruction of flow. Clean pebbles were added to the
lower compartment of the MWVB to provide negative buoyancy without blocking the flow in
the tubing. The modified Whitlock-Vibert boxes (MWVBSs) were inspired from the “Egg-
sandwich” designed by Pander et al. (2009). The method developed by Pander et al. (2009) was
designed to collect data on hatching success and physicochemical water variables in order to
assess stream substrate quality.
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Figure 10. A modified Whitlock-Vibert box (MWVB). The upper compartment here with the lid open (A) is the
incubator and the lower compartment (B) is where the newly hatched alevins can seek shelter.

3.2 Egg handling, excavation of redds and egg planting

Salmon eggs were collected from the hatchery at SLU Fisheries Research Station in Alvkarleby
between 14-16™ of March 2022. Excavation of redds and egg planting was carried out during
the same period. The eggs were fertilized and incubated according to hatchery standard protocol
and were well developed into the eyed egg-stage prior to collection. Barlaup & Moen (2001)
recommends eggs in the eyed egg developmental stage for egg planting, as they are tolerant to
handling (Barlaup & Moen 2001). Unfertilized and fungal infected eggs were removed at the
hatchery prior to further handling and counting. 100 eggs were placed in the upper incubator
compartment of each of the 27 MWVBs, amounting to a total of 2700 eggs. The MWVBs
containing the eggs were then transported to the sampling sites in insulated Styrofoam boxes
with ice to keep the eggs dark, cool and moisturized.

A total of 18 (9 restored and 9 non-restored) artificial redds designed according to Crisp &
Carling (1989) were excavated at pre-determined restored and non-restored locations (Fig. 8)
using shovels, picks and kicking-motions. The MWVBs were positioned in the deepest part (ca
20 cm) of the redds with the widest side turned against the current, and then covered with the
excavated material. MWVBs were also placed in egg planting containers at pre-determined
locations and covered with pebbles before being positioned on top of the riverbed (Fig. 11).
The MWVBs were left undisturbed for two weeks before sampling started March 30"
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Figure 11. Preparation of an egg planting container. Three MVWABs are seen in the left picture. The two

boxes which appeak
more orange are standard Whitlock-Vibert boxes filled with salmon eggs. In the middle picture the boxes are held in place
and on the right picture pebbles are poured into the egg planting container to cover the boxes.

3.3 Sampling of hyporheic water

BD Plastipak syringes with a volume of 60 were used to extract hyporheic water samples.
Sampling was performed at four occasions: March 28", March 30", April 6™ and April 14",
2022. The water samples were transported to the laboratory at Uppsala university to be analyzed
the same day sampling was completed. The syringes and a short piece of tubing were attached
to the tubing of the MWVB’s using quick connectors. To not affect measurements, the volume
of water retained in the tubing was removed before and between sampling. Two 60 ml syringes
were filled from each MWVB. The samples to be used for measurements of dissolved oxygen
and pH were sealed and placed in a dark cooler, awaiting transportation to the laboratory.
Additionally, 15 ml of the water sample was filtered through a 0.2um filter into a Falcontube
which was then placed in a dark cooler with ice awaiting to be analyzed for ammonia in the lab.
All MWVB’s were sampled at each occasion, resulting in 27 samples. Additionally, surface
water from the river channel was sampled at each site (1-3), to control for differentiation
between the surface water, HZ and egg planting containers, resulting in 30 samples per
occasion. The surface water samples will be referred to as control or C. However, two MWVB’s
(one restored at site 1, and one restored at site 2) were lost between egg planting and sampling,
resulting in a total of 7 MWVB’s at restored locations.

Water temperature and conductivity

Water temperature and conductivity were measured in-situ using a Hach HQ2200 multimeter.
The probe was lowered into the syringe containing the extracted water sample. The probe was
kept in river water and measurements were taken directly after extraction to not affect water
temperature. Also, neoprene gloves were used during handling of the syringe and probe to avoid
heat transfer. Water temperature is an important driver of salmon development (Jonsson &
Jonsson 20119), while together with conductivity it can also be used to determine the influence
of groundwater on the HZ (Alexander & Caissie 2003, Arntzen et al. 2006).
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Dissolved oxygen

In the laboratory, the samples were transferred into a glass bottle with an optic sensor placed in
the lower part of the bottle. The bottle was overfilled from the bottom and up with the water
sample amounting to twice the volume of the bottle to avoid contamination from atmospheric
oxygen. Dissolved oxygen (mg/L) was then measured with a PreSens Fibox 3 Fiber Optic
system.

pH
pH was measured at the laboratory with a Metrohm 826 pH Mobile Meter and a glass electrode.
The water temperature was at room temperature (20°C) during measurements.

Ammonia

lon chromatography was used to determine the ammonium (NH4+) concentration of the
samples. Determination was performed July 1%t 2022 with a Metrohm ion chromatography
system (883 Basic IC Plus and 919 Autosampler Plus). Aqueous ammonia is present as NHas+
(ionized) and NHs (un-ionized). NHs is the form which is toxic to aquatic organisms (Finn
2007). The two forms are in equilibrium, depending on water temperature and pH (Emerson et
al. 1975). Current methods are not able to obtain NH4+ and NH3 measurements separately, but
it is possible to determine the NHz fraction if water temperature and pH are known for each
sample. This can be achieved by using the formulas presented by Emerson et al. (1975);

First, the pKa constant is calculated using the equation where T = temperature in Kelvin:
pKa = 0.09018 + 2727.92/T

The NHjs fraction (f) can then be calculated using the following equation:
f = 1/(10%(pKa — pH) + 1)

3.4 MWVB retrieval, hatching rate and accumulation of fine sediments

The MWVBs were retrieved on May 5, 2022. To avoid loss of accumulated sediment during
retrieval, the walls of the MWVB were covered. After retrieval they were placed into plastic
buckets and opened up so that the number of unhatched eggs could be counted. Hatching
success was determined as the ratio between unhatched eggs and the number of planted eggs
for each MWVB.

The MWVB’s in the plastic bucket were then thoroughly rinsed using Milli-Q water. The water
and sediment which gathered in the plastic bucket were filtered through a 500 um sieve to
remove debris and sediment fractions larger than coarse sand. A sample was collected from the
bucket containing the filtered solution with a sediment load < 500 um. The samples were
transported to the laboratory and placed in a muffle furnace to remove all liquid. They were
then transferred to an oven at 300°C for 6 hours to remove all organic matter. This resulted in
an inorganic powder which was mixed with Milli-Q water to create a solution that could be
analyzed in a Mastersizer 3000 (Malvern Panalytical) particle analyzer. The result from the
particle analysis represents the fraction of sediment particles smaller than 2 um which had
accumulated in the MVVWBSs between burial and retrival.
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3.5 Statistical methods

All data handling and statistical analysis were performed in RStudio 4.2.2 and SAS 9.4. Plots
were produced using the packages gg.plot2 (Wickham 2016), viridis (Garnier et al. 2021) and
multcompView (Graves et al. 2019) in RStudio. The alpha level was set to 0.05. The data set
which was used to test for differences in habitat variables and egg hatching rates between egg
planting containers, restored and non-restored sections, is summarized in table 1. The
abbreviations used for treatments are C (control), EC (egg planting container), R (restored) and
NR (non-restored). C and EC represents the surface water environment, while R and NR
represents the hyporheic environment. The output from the mixed effect models are compiled
in Appendix A.

Interstitial water conditions

The function proc mixed in SAS was used to design mixed models to compare the conditions
between treatments (control, restored, non-restored & egg planting container). Dissolved
oxygen, water temperature, conductivity, pH and NHz were assigned as dependent variables in
separate models with treatment and site as fixed effects. Since multiple measurements were
made on the same units the samples were not independent of each other. Therefore, sampling
time was added as a random factor using the REPEATED statement in the proc mixed function.
The REPEATED statement calculates individual slopes for each observation. An interaction
term between the fixed effects was also added to the models. All assumptions for mixed linear
models were met except for NHs which had to be transformed using square root transformation.
Note that the output from the models, least squares means, are not means of the sampled raw
data, but modelled means which summarize the effects of fixed (treatment and site) and random
effects (sampling time) on the dependent variable of the model. Least squares means were used
to estimate between-group differences (treatments and sites).

Hatching rate and accumulation of fine sediment

RStudio and the functions aov and Anova from the car (Fox & Weisberg 2019) package was
used to produce two-way ANOVASs to determine if treatment or site, or the interaction between
treatment and site, had a significant effect on hatching success or accumulation of fine sediment,
respectively. The TukeyHSD function was used to produce a Tukey Honest Significant
Differences post hoc test. All assumptions for a two-way ANOVA were checked and met.

Table 1. The data set collected in the field containing 10 variables.

Variable Type Description

Site Nominal 3levels (1, 2 & 3)
Treatment Nominal 4 levels (C, R, NR & EC)
Sample occasion Ordinal 4levels (T1, T2, T3 & T4)
Dissolved oxygen Continuous mg/L

Water temperature Continuous °C
Conductivity Continuous mS/m

pH Continuous

Ammonia (NH4+) Continuous po/L
':ggil:nn;l;:? ted fine Discrete %

Egg hatching rate Discrete %
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4. Results

Dissolved oxygen

Dissolved oxygen levels ranged between 6.35 mg/L and 8.26 mg/L (Fig. 12ab). The highest
value was measured during the first sampling occasion at a restored location of site 1 and the
lowest during the final sampling occasion at a restored section of site 3 (Fig. 12a). Mean
dissolved oxygen levels were highest at site 1 for all treatments except NR, which was highest
at site 2 (Fig. 12b). R had the highest mean dissolved oxygen levels out of all treatments (7.17,
sd = 0.49). Dissolved oxygen in surface waters (treatment C) had a decreasing trend from the
first sampling occasion (mean O2 = 7.46 mg/L) to the third (mean O2 = 6.8 mg/L), before
increasing again at the fourth and final sampling occasion (mean O2 = 7.07 mg/L) (Fig. 12a).
In contrast, dissolved oxygen in all other treatments had a declining trajectory over the sampling
period except for the spike in the restored treatment at the third sampling occasion (Fig. 12a).
Treatment had no significant effect on the concentrations of dissolved oxygen. However,
dissolved oxygen was significantly higher at site 1 (mean dissolved O2 = 7.2 mg/L) compared
to site 2 (mean dissolved O2 = 7 mg/L) (estimate of between-group effects = 0.19, SE = 0.094,
P =0.047). A Chi-Square test of independence was performed to investigate if the frequency
of dissolved oxygen levels below the lower critical limit of 7 mg/L differed between sites or
treatments. The result from the Chi-Square revealed that the frequency did not differ between
sites (X? (2, n = 112) = 1.40, P = 0.5) or treatments (X2 (3, n = 112) = 1.32, P = 0.72). The
frequency of dissolved oxygen levels below the critical threshold of 7 mg/L is summarized
below in table 2.
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Figure 12. a) Dissolved oxygen concentration measured over all four sampling occasions. Vertical jitter was added
for visual purposes. The dashed lines show the means of the treatments at each sampling occasion while the filled
line represents the surface flow (treatment C). b) Box-and-whiskers plot representing dissolved oxygen in all
combinations of treatment and site. Red circles illustrate the mean of each combination of treatment and site.

Table 2. Frequency table showing the number of observations where dissolved oxygen levels was below the lower
critical limit of 7 mg/L oxygen.

Site Treatment
Site 1 Site 2 Site 3 C EC NR R
Frequency 15 20 19 7 19 16 12
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Water temperature

Water temperatures ranged from 1.7°C to 5°C during the sampling period. The coldest water
temperature was in the surface water at site 3 during the second sampling occasion, and the
warmest temperature was at a restored location of site 3 at the end of the sampling period (Fig.
13a). All treatments followed the same trend over the sampling period, with a decline in water
temperature between the first two sampling occasions, and from there an increase (Fig. 13a).
Overall, water temperature exhibited only minor variations between treatments, but in general,
surface water temperatures (C mean water temperature = 2.78°C) was lower compared to the
treatments (EC mean water temperature = 3.18°C, NR mean water temperature = 3.2°C, R mean

water temperature = 3.1°C) (Fig. 13ab). Treatment and/or site had no statistically significant
effect on water temperature.
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Figure 13. a) Water temperature measured over all four sampling occasions. Vertical jitter was added for visual
purposes. The dashed lines show the means of the treatments at each sampling occasion while the filled line
represents the surface flow (treatment C). b) Box-and-whiskers plot representing water temperature in all
combinations of treatment and site. Red circles illustrate the mean of each combination of treatment and site.

pH

pH values ranged between 6.24-6.48 (Fig. 14b). The highest pH value was measured at a
restored section of site 1 at the third sampling occasion, while the lowest value was measured
at the final sampling occasion at a non-restored section of site 1 (Fig. 14a). pH levels in surface
waters and all treatments increased from the first to the third sampling occasion and decreased
from the third to the fourth and final occasion (Fig. 14a). pH in surface waters had the lowest
initial mean pH value (C mean pH = 6.32) but had higher mean pH levels compared to all
treatments at the third sampling occasion (C mean pH = 6.44, EC mean pH = 6.43, NR mean

pH = 6.43, R mean pH = 6.42) (Fig. 14a). Treatment and/or site had no statistically significant
effect on pH values.
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Figure 14. a) pH levels measured over all four sampling occasions. Vertical jitter was added for visual purposes.
The dashed lines show the means of the treatments at each sampling occasion while the filled line represents the
surface flow (treatment C). b) Box-and-whiskers plot representing pH levels in all combinations of treatment and
site. Red circles illustrate the mean of each combination of treatment and site.

Conductivity

Conductivity had range of 41.2-44.9 mS/m and increased from its lowest value at the first
sampling occasion to the maximum value during the peak at the third sampling occasion, before
decreasing again at the final sampling occasion (Fig. 15a). Treatment had no statistically
significant effect on conductivity and all treatments followed the same trajectory during the
sampling period (Fig. 15.a). However, conductivity was statistically significantly higher at site
1 (mean conductivity 43.41 mS/m) compared to site 2 (mean conductivity = 42.7 mS/m)
(estimate of between-group effects = 0.68, SE = 0.23, P= 0.004) and site 3 (mean conductivity
=42.62 mS/m) (estimate of between-group effects = 0.80, SE = 0.23, P<0.001) (Fig. 15b).
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Figure 15. a) Conductivity measured over all four sampling occasions. Vertical jitter was added for visual
purposes. The dashed lines show the means of the treatments at each sampling occasion while the filled line
represents the surface flow (treatment C). b) Box-and-whiskers plot representing conductivity in all combinations
of treatment and site. Red circles illustrate the mean of each combination of treatment and site.
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NH3

NH3 concentrations were overall low and ranged from 0 to 0.0070 pg/L. The restored treatment
showed the highest levels of variation (sd = 0.0023) (Fig. 16b). The initial NHs concentrations
in the surface water were visibly separated from all treatments at the first sampling occasion,
but they converged at the second sampling occasion (Fig. 16a). However, the trajectory of the
restored treatment diverged from C and the other treatments at the fourth sampling occasion
(Fig. 16a). The results from the mixed effect model showed that treatment and/or site had no
statistically significant effect on NHa.
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Figure 16. Note that data presented in figure a) is transformed while figure b) illustrates non-transformed data. a)
NHj3 square root transformed over all four sampling occasions. Vertical jitter was added for visual purposes. The
dashed lines show the means of the treatments at each sampling occasion while the filled line represents the surface
flow (treatment C). b) Box-and-whiskers plot representing NHs in all combinations of treatment and site. Red
circles illustrate the mean of each combination of treatment and site.
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Hatching rate

Hatching rate ranged between 80 % and 100 %. The minimum value of hatching rate was
observed in one egg planting container at site 3 and was the only observation of 80 % hatching
rate, while there were 8 separate observations of 100 % hatching rate represented in all
treatments distributed over sites 1 and 2. Treatment had no statistically significant effect on
hatching rate (Table 2). However, site had a statistically significant effect on hatching rate (F =
24.6, df = 2, P < 0.01). A Tukey HSD post hoc test revealed that hatching rate at site 3 was
significantly lower compared to site 1 (P < 0.001) and site 2 (P < 0.001) (Fig. 17). Hatching
rates did not differ between site 1 and site 2 (P=0.98). At site 3, the mean hatching rate of the
egg planting containers was 90.33 % (N = 3, SD = 9.61), followed by non-restored locations at
88.33 % (N = 3, SD = 3.06). The restored location at site 3 had the lowest mean hatching rate,
86% (N = 3, SD = 2.65) at that site. In contrast, the restored location of site 2 was the only
combination of treatment and site which had 100% hatching rate (Fig. 17).

Table 3. Two-way ANOVA with independent variables and
interaction term listed.

Effects SumSq df F P-value
Treatment 13.92 2 05 0.62
Site 686.76 2 246 >0.01
Treatment:Site 19.17 4 0.34 0.85
Residuals 223.33 16
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Figure 17. Bar plot representing mean egg hatching rate in all combinations of
treatments and sites. Error bars show the 95% confidence interval and whiskers the
standard error.
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Accumulated clay particles

The fraction of sediment smaller than 2 um which had accumulated in the MVWBSs between
burial and retrieval ranged between 1.32 % and 2.79 % (Fig. 18). The minimum and maximum
values were observed in non-restored sections at sites 3 and 2 respectively. Treatment and/or

site had no statistically significant effect on the accumulation of clay particles.
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Figure 18. Bar plot representing the fraction of sediment smaller than 2 um which
had accumulated in the MVWBSs between burial and retrieval. Error bars show the
95% confidence interval and whiskers the standard error.

Table 4. Mean values for each treatment (over all sites) and for
each site (over all treatments).

Treatment Site
C EC NR R 1 2 3

Dissolved oxygen (mg/L)

n 12 36 36 28 36 36 40

mean 71 7.07 705 717 | 7.2 7 0.32

sd 041 04 041 049|049 7.06 042
Water temperature (°C)

n 12 36 36 28 36 36 40

mean 278 318 32 31 | 306 31 32

sd 071 064 081 0.74| 062 068 0.87
pH

n 12 36 36 28 36 36 40

mean 636 636 636 635|635 636 6.36

sd 0.05 0.05 005 0.06 | 006 004 0.05
Conductivity (mS/m)

n 12 36 36 28 36 36 40

mean 4284 429 4292 429 |43.41 427 4262

sd 092 099 097 103|088 092 0.94
NH3 (ug/L)

n 12 36 36 28 36 36 40

mean 0.002 0.002 0.002 0.003|0.002 0.002 0.002

sd 0.001 0.001 0.002 0.002|0.002 0.002 0.002
Hatching rate (%)

n 9 9 7 8 8 9

mean 96.33 95.78 93.43|99.13 99.5 88.22

sd 661 58 718|099 0.76 554
Accumulation of clay particles (%)

n 9 9 7 8 8 9

mean 18 195 198 (204 202 169

sd 034 045 054|038 053 031
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5. Discussion

The results in this study indicates that hatching rate and habitat variables did not differ between
restored and non-restored sites, but both hatching rate and habitat variables exhibited spatial
variation. Overall, hatching rates were very high (range 80-100%, Fig. 17) and surpassed the
expected hatching rates of 70 % in Smialek et al. (2021). This would indicate that both restored
and non-restored sections of the Gysinge area may function as spawning grounds for salmon.
It also seems that the egg planting containers, which are standing on the river bottom in the
surface water, resembles the hyporheic environment of the study area more than the surface
environment (Fig. 13 & Fig. 14).

Seen over the entire study period, the critical thresholds (as summarized by Smialek et al. 2021)
of pH 4.5-9 and ammonia <0.004 mg/L were not breached in any of the treatments (Fig. 14 &
Fig. 16). However, dissolved oxygen levels dropped below the lower critical limit of 7 mg/L
dissolved oxygen during some of the sampling occasions, most notably during the final
sampling occasion (Fig. 12a). Nonetheless, 6.35 mg/L dissolved oxygen which was the lowest
measured value is still within a range which salmon may tolerate for shorter periods of time
(Lavery & Cunjak 2019, Smialek et al. 2021). Salmon embryos have the highest oxygen
demand just before hatching (Smialek et al. 2021), but the dissolved oxygen levels during
hatching in this study are unknown since no measurements were made after April 14", The
individual MVWBs which had the lowest hatching rates (Kb3b3 80 %, R3b1 83 % & Nr3b2 85
%) were not affected by prolonged periods of dissolved oxygen levels below 7 mg/L
(Appendices B & C). Only prolonged periods (>30 days) of oxygen deficiency have been shown
to be harmful for salmon (Lavery & Cunjak 2019). Lavery & Cunjak (2019) used sensors over
a period of two years to collect automated high frequency data of water temperature, dissolved
oxygen and other abiotic variables which they then used to correlate embryo mortality and
abiotic factors. They were able to relate prolonged periods (>30 days) of low concentrations of
dissolved oxygen to increased embryo mortality, while shorter periods (2-5 days) had no effect
on mortality rates (Lavery & Cunjak 2019).

Even if this present study didn’t investigate the relationships between abiotic factors and egg
hatching rate, Lavery & Cunjak (2019) showed that the ecology of salmon embryos is highly
complex. Their model could only account for 38 % of the mortality variation in salmonid
embryos, even though they used 22 carefully selected explanatory variables in their model
(Lavery & Cunjak 2019). This indicates that it might be more difficult to identify ideal
conditions for incubating salmonid eggs than initially hypothesized.

The apparent lack of response in physicochemical habitat variables and hatching rate following
restoration in Gysinge could partly be explained by a biased site selection and habitat
similarities between restored and non-restored sections. Particularly when considering the fact
that both restored and non-restored sections are located in areas which previously have been
assessed to be suitable for spawning (Hagelin et al. 2018). A study similar to this present study
was performed by Sternecker et al. (2013b) who also used physicochemical habitat variables
and hatching rate to evaluate restoration success. They were only able to identify higher
hatching rates and more favorable conditions at restored sections when comparing observations
pre- and post-restoration. However, Sternecker et al. (2013b) had a different study design which
included before vs. after observations. This was not possible in this present study as the
restoration efforts in Gysinge were made in 2016 and 2018. Also, the sampling frequency
differed as Sternecker et al. (2013b) only collected data at two occasions post-restoration, 100
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days apart. In contrast, data was collected at four occasions over a period of 18 days in this
study. The temporal resolution in this present study is low overall, as only a small portion of
the egg life stage was observed. A lack of response in the variables of interest in this study
could partly be explained by the low sampling frequency (Rose et al. 2022), while the apparent
response in physicochemical variables in the study by Sternecker et al. (2013b) could be an
effect of natural variation in physicochemical variables between the sampling occasions. Since
Sternecker et al. (2013b) performed sampling 100 days apart when autumn had turned to spring,
one should expect seasonal variations in water temperature and flow conditions, which in turn
also affect other physicochemical variables. Temporal trends in physicochemical habitat
variables from Gysinge were easily observed, highlighting the necessity of frequent sampling
to detect variation of measured variables. Especially in a heavily regulated river such as Nedre
Dalalven where discharge may vary by the hour.

Additionally, the study by Sternecker et al. (2013b) was performed in a much smaller single-
channel river with less spatial variation, compared to a large river such as lower Dalélven. The
results from this present study did reveal spatial differences in hatching rates (Fig. 17) and
habitat variables (Fig. 12ab & Fig. 15ab). The findings are in agreement with other studies
which have shown that spatial factors exert considerable control on the functionality of
spawning sites (Sternecker et al. 2013a, Sternecker et al. 2013b, Lavery & Cunjak 2019).
According to Sternecker et al. (2013), this is because of the highly variable hyporheic
conditions within rivers. In this present study, hatching rate was lower at site 3 compared to
sites 1 and 2 (Fig. 17), but besides of conductivity, habitat variables at site 3 did not differ
significantly from the other sites. Moreover, the results from the Chi-Square test revealed that
the frequency of dissolved oxygen levels below the lower critical limit of 7 mg/L did not differ
between sites. So even if hatching rate varied spatially, it seems that this variation cannot be
explained by spatial variation of the measured habitat variables which are critical to the survival
and development of salmon embryos.

The results from this study did not show significant gradients in physicochemical variables
between the surface environment and the HZ. The similarity in observations between surface
and hyporheic environments in Gysinge could indicate a well-defined HZ with high rates of
hyporheic exchange flows. It may also indicate a short residence time in the HZ, which should
be beneficial for salmon embryos, with a steady supply of oxygen rich water and removal of
clay particles and waste products. Any distinct gradients in physicochemical variables of the
HZ in Gysinge may be found deeper than 20 cm, which was the sample depth in this study, or
at sites which were not sampled. Additionally, the conditions in the egg planting containers did
not differ from the hyporheic environment and the thermal regime inside the egg planting
containers resembled the thermal regime of the HZ more than the surface environment (Fig.
13a). Therefore, the method of using egg planting containers could possibly mimic the
hyporheic environment in Gysinge where wild salmon would naturally deposit their eggs during
spawning. The warmer hyporheic environment (Fig. 13a) is unlikely to be explained by
upwelling of warmer groundwater since surface and hyporheic flow did not differ in
conductivity and other measured parameters which are known to separate the hyporheic and
surface environments. Inflow from the ice covered Farnebofjarden upstream of Gysinge is
likely to have supplied the study area with cold water, as lake ice substantially cools near-
surface water (Lepparanta et al. 2019). The low water temperatures observed at the second
sampling occasion (Fig. 13a) coincides with the ice melt at Farnebofjarden which started around
March 27" and the simultaneous peak in discharge during the same period (Fig. 6). The warmer
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water observed in the hyporheic environment was likely due to hyporheic heat flux. During
winter, riverbed heat flux is controlled by solar radiation and geothermal heating (Caissie 2006),
which may heat interstitial water through conductive heat transfer when the water flows through
the HZ (Evans et al. 1998, Caissie 2006). The above mentioned large-scale physical processes
mainly impact water temperature and could explain why no other physicochemical variables
differed between surface and hyporheic environments.

The levels of dissolved oxygen measured in both surface and hyporheic water were relatively
low, with means close to the critical threshold (7 mg/L) for salmon embryos (Fig. 12ab). The
low levels of dissolved oxygen might be explained by oxygen poor surface waters flowing to
the Gysinge area from Farnebofjarden. The ice cover most likely inhibited atmospheric gas
exchange (Terzhevik & Golosov 2012), and oxygen under the ice cover was at least partly
depleted during microbial degradation of organic matter (Davis et al. 2020). However, re-
oxygenation normally occurs around the time of ice breakup (Davis et al. 2020) and could
explain why the levels of dissolved oxygen were not even lower. Additionally, the snow melt
which was in full progress during the study period produced meltwater. Meltwater generally
infiltrate the ground and affects the hydrologic gradient of the groundwater (Williams et al.
2015, Barnhart et al. 2016), and could force inflow of long residence groundwater low in
oxygen. Meltwater normally produce an ionic pulse, if ions and solutes have accumulated in
the snowpack over winter (Lee & Jung 2022). In this study, conductivity increased
simultaneously as dissolved oxygen decreased during the third sampling occasion (Fig. 12 &
Fig. 15a), which should be expected with higher ground- and meltwater input (Youngson et al.
2004, Lee & Jung 2022). Nevertheless, it is unclear if potential inputs of long residence
groundwater or meltwater affected the results. Theoretically, pH values should have decreased
with higher inputs of ground- and meltwater (Brunke & Gonser 1997, Lee & Jung 2022), but
pH instead increased at the third sampling occasion (Fig. 14a). Additionally, NHz did increase
(Fig. 16a) with increasing pH (Fig. 14a) and water temperature (Fig. 13a), just as theory
suggests (Emerson et al. 1975), but NHs continued to increase (albeit at very low
concentrations) during the fourth sampling occasion (Fig. 16a) when pH levels decreased again
(Fig. 14a). The contradicting patterns in the results may be another consequence of insufficient
spatiotemporal resolution in the sampling.

Furthermore, the accumulation of clay particles did not differ significantly between treatments
or sites. Salmon is known to alter substrate composition during spawning, thus improving the
conditions within the redd by removing the fine particles which might be harmful for incubating
salmon eggs (Field-Dodgson 1987, Kondolf et al. 1993). Similar effects were observed by
Sternecker et al. (2013a) when the construction of artificial redds caused a well-mixed zone
without fines around the sampling units. It is likely that the construction of artificial redds in
this present study had a similar effect and could be a reason why the accumulation of clay didn’t
differ between treatments or sites. Additionally, the incubating eggs were not likely to have
been affected by accumulated clay particles, as the hatching rates were close to 100 % in most
cases (Fig. 17). This is in agreement with the observations of accumulated clay in this study,
which ranged between 1.3 to 2.8 % (Fig. 18). It is possible that the accumulation of clay
particles would have differed if the MWVBs would have been buried earlier to be left
undisturbed for a longer period. According to Sternecker et al. (2013a), the positive effects of
redd construction diminished over time as fine particles began to accumulate after weeks to
months. In contrast, Hauer et al. (2020) showed that artificially constructed spawning sites did
not accumulate fine sediment over time but were rather reshaped or lost material due to scouring
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and sediment transportation. In this study, two MWVBs were lost at locations where gravel had
been added as a restoration measure. During the time between the burial of the MWVBs and
the first sampling occasion there were two peaks in discharge (Fig. 6) which could have exposed
and displaced the boxes due to scouring. The loss of the two sampling units in this study was
not ideal. The locations where they were initially buried seems to be easily scoured and are
therefore suboptimal spawning sites. The method of using MWVBs to assess the functionality
of restored spawning grounds was successful, even if the two units were lost.

6. Conclusions

The results of this study indicate that the functionality of available spawning habitats in Gysinge
is adequate in both restored and non-restored sections. Physicochemical habitat variables of
importance for embryonic development and survival were within an acceptable range and
hatching rates were high. Spatial variation in physicochemical habitat variables and hatching
rate outweighed any differences between restored and non-restored sections, but the spatial
variations are however negligible. The apparent lack of response to the restoration efforts in
Gysinge is likely due to a combination of factors such as biased site selection, limited sampling
period and a lack of comparable pre-restoration values. This highlights the need of defined
restoration goals, a robust monitoring plan and criteria for evaluation of restoration success
early in the planning stage of restoration projects. It is crucial to monitor ecosystem responses
to restoration efforts in order to fully understand the outcome. When efforts are made to restore
a river, it is important to do it thoroughly. There might be only one chance for it because of
high costs in terms of administration and funding the actual restoration measures. One might
argue that the investments in restoring nature could be at risk if restoration projects continue to
provide inconclusive results of restoration success or base the evaluations on gut-feeling.
Besides standardized procedures, practitioners in river restoration need a toolbox which enables
them to monitor the habitat variables of interest. The Whitlock-Vibert box which was modified
and used in this study is already a well-established piece of equipment in river management.
Modifications to the Whitlock-Vibert box can produce a multi-purpose sampling unit which is
both accessible and user-friendly. The unit should be developed further and combined with
sensors that are able to produce long-term automated high frequency data. Assessment of
restoration success should be more complete if data of habitat variables with high
spatiotemporal resolution is included in monitoring. Monitoring of fish or other freshwater
biota, which is the common practice today, is not sufficient on its own to fully assess restoration
success, unless the only goal is to increase fish production. If biota is used as an ecological
indicator it should be monitored long-term and combined with high frequency data of habitat
variables.
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Appendices

Appendix A
Output from the mixed effect models
Dependent variable Effect Comparisons Estimate DF P-value
Dissolved oxygen Treatment EC MR 0.023 98 0.784
Treatment EC R -0.090 98 0.331
Treatment EC C -0.021 98 0.864
Treatment MR R -0.113 98 0.221
Treatment MR C -0.044 98 0.716
Treatment R C 0.069 98 0.582
Site 2 3 -0.024 98 0.798
Site 2 1 -0.190 98 0.047
Site 3 1 -0.166 98 0.075
Water temperature Treatment EC NR -0.027 98 0.891
Treatment EC R 0.108 98 0.617
Treatment EC C 0.404 98 0.153
Treatment MR R 0.135 98 0.530
Treatment MR C 0.431 98 0.128
Treatment R C 0.296 98 0.313
Site 2 3 -0.138 98 0.521
Site 2 1 0.029 98 0.895
Site 3 1 0.167 98 0438
pH Treatment EC NR -0.002 98 0.784
Treatment EC R 0.003 98 0.757
Treatment EC C -0.004 98 0.718
Treatment MR R 0.005 98 0.574
Treatment MR C -0.002 98 0.866
Treatment R C -0.007 98 0.566
Site 2 3 0.004 98 0.695
Site 2 1 0.000 98 0.964
Site 3 1 -0.004 98 0.662
Conductivity Treatment EC MR -0.026 98 0.902
Treatment EC R -0.071 98 0.755
Treatment EC C 0.057 98 0.847
Treatment MR R -0.045 98 0.843
Treatment MR C 0.083 98 0.780
Treatment R c 0128 98 0.679
Site 2 3 0114 98 0.619
Site 2 1 -0.684 98 0.004
Site 3 1 -0.798 98 0.001
NH3 (sqrt transformed) Treatment EC NR -0.002 98 0.747
Treatment EC R -0.010 98 0.233
Treatment EC C -0.011 98 0.308
Treatment MR R -0.007 98 0.370
Treatment MR C -0.008 98 0427
Treatment R C -0.001 98 0.916
Site 2 3 0.003 98 0.694
Site 2 1 -0.005 98 0.583
Site 3 1 -0.008 98 0.341
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Appendix B
Physicochemical variables full data set

Sampling Dissolved  Conductivity Water NH4+
ID  Site Treatment date oxygen (mg/L) (mS/s) temperature (°C) pH (ug/L)
r1b2 1R 2022-03-28 8.26 427 32 634 4
r1b3 1R 2022-03-28 7.79 42,9 32 63 5
bl 1NR 2022-03-28 7.54 422 33 63 4
b2 1NR 2022-03-28 7.51 426 32 6.32 1
b3 1NR 2022-03-28 7.8 425 3 63 2
kblbl  1EC 2022-03-28 813 425 2.9 6.34 1
kblb2 1 EC 2022-03-28 7.79 424 3.2 6.36 1
kblb3 1 EC 2022-03-28 7.78 42.6 32 6.34 4
12b1 2R 2022-03-28 6.87 416 31 6.33 3
12b2 2R 2022-03-28 6.96 412 32 6.32 4
n2bl 2 NR 2022-03-28 7.21 a7 3 6.45 2
n2b2 2 NR 2022-03-28 7.55 418 3.2 6.35 9
n2b3 2 NR 2022-03-28 7.22 416 36 637 3
kb2bl 2 EC 2022-03-28 7.19 412 34 634 0
kb2b2 2 EC 2022-03-28 7.15 414 32 6.34 0
kb2b3 2 EC 2022-03-28 7.13 414 31 6.34 1
3bl 3R 2022-03-28 7 413 3.3 6.26 3
1362 3R 2022-03-28 7.59 415 31 6.38 1
3b3 3R 2022-03-28 7.45 41.8 3 6.39 3
n3bl 3 NR 2022-03-28 7.43 414 33 634 3
nr3b2 3NR 2022-03-28 7.3 41.3 3.2 635 1
n3b3 3 NR 2022-03-28 7.24 415 31 637 0
kb3bl 3 EC 2022-03-28 6.85 417 31 634 3
kb3b2 3 EC 2022-03-28 7.29 418 32 63 2
kb3b3 3 EC 2022-03-28 7.23 417 33 6.37 1
s1 1ic 2022-03-28 8.17 425 2.8 635 13
s2 2¢C 2022-03-28 7.02 417 2.7 6.29 17
s3 3C 2022-03-28 7.2 414 2.9 633 5
r1b2 1R 2022-03-30 7.02 43.9 21 643 3
r1b3 1R 2022-03-30 7.4 44 2.3 6.39 3
bl 1NR 2022-03-30 7.19 438 2.3 6.35 2
b2 1NR 2022-03-30 7.1 43.9 2.4 636 2
b3 1NR 2022-03-30 7.47 44 24 635 1
kblbl  1EC 2022-03-30 7.12 44 2.2 6.36 2
kblb2 ~ 1EC 2022-03-30 7.59 439 22 634 4
kblb3  1EC 2022-03-30 7.38 43.9 2.7 634 2
12b1 2R 2022-03-30 7.48 431 2 6.35 2
12b2 2R 2022-03-30 7.33 432 21 6.34 0
n2bl 2 NR 2022-03-30 7.55 43 21 6.42 2
22 2 NR 2022-03-30 7.32 429 2.1 6.37 3
23 2 NR 2022-03-30 7.36 425 2.3 6.37 1
kb2bl 2 EC 2022-03-30 6.8 423 2.9 6.34 2
kb2b2 2 EC 2022-03-30 7.67 424 2.8 6.39 1
kb2b3 2 EC 2022-03-30 7.18 425 2.5 6.35 1
r3b1 3R 2022-03-30 6.67 426 22 631 2
r3b2 3R 2022-03-30 6.99 425 24 632 3
r3b3 3R 2022-03-30 7.12 42 3 6.33 0
bl 3NR 2022-03-30 6.36 424 2 6.28 2
b2 3NR 2022-03-30 6.44 426 2.3 631 2
n3b3 3 NR 2022-03-30 6.56 424 2 6.32 2
kb3b1 3EC 2022-03-30 6.92 429 23 6.33 3
kb3b2 3 EC 2022-03-30 6.69 428 2.2 6.33 2
kb3b3 3EC 2022-03-30 7.02 42.8 21 635 2
sl ic 2022-03-30 6.88 43.6 22 6.36 3
s2 2C 2022-03-30 75 429 19 6.35 3
s3 3C 2022-03-30 6.87 425 1.7 6.36 1
r1b2 1R 2022-04-06 6.97 44.6 2.6 6.48 11
r1b3 1R 2022-04-06 6.77 44.9 2.6 6.44 2
nribl  1NR 2022-04-06 6.55 4.4 3 6.44 12
nib2  1NR 2022-04-06 6.43 4.4 31 643 8
b3 1NR 2022-04-06 6.42 44.4 31 6.42 12
kblbl  1EC 2022-04-06 6.98 44.7 31 6.43 14
kblb2 ~ 1EC 2022-04-06 6.89 44.6 31 6.43 8
kblb3  1EC 2022-04-06 6.94 445 3.1 6.46 10
r2b1 2R 2022-04-06 6.7 441 2.8 6.39 15
12b2 2R 2022-04-06 6.87 44 27 64 15
n2bl 2 NR 2022-04-06 7.2 44 3 6.42 16
n2b2 2 NR 2022-04-06 6.81 44 2.9 6.42 10
n2b3 2 NR 2022-04-06 6.69 438 31 6.43 4
kb2bl 2 EC 2022-04-06 6.75 441 3 6.41 5
kb2b2 2 EC 2022-04-06 6.66 439 3 6.43 12
kb2b3 2 EC 2022-04-06 6.7 44 2.9 6.42 7
r3b1 3R 2022-04-06 8.03 439 2.8 6.42 12
13b2 3R 2022-04-06 8.1 43.9 2.8 6.44 14
13b3 3R 2022-04-06 7.51 441 32 6.39 5
n3bl 3 NR 2022-04-06 7.33 438 31 6.42 5
b2 3NR 2022-04-06 7.58 438 3 6.43 8
nm3b3 3 NR 2022-04-06 7.35 44.9 3 6.43 12
kb3bl 3 EC 2022-04-06 7.4 4 2.9 6.43 5
kb3b2 3 EC 2022-04-06 7.54 a4 2.8 6.43 8
kb3b3 3 EC 2022-04-06 7.25 441 3 6.42 8
s1 ic 2022-04-06 6.76 44.4 2.5 6.45 10
s2 2¢c 2022-04-06 6.86 a4 2.6 6.43 8
s3 3c 2022-04-06 6.77 438 2.8 6.45 6
rib2 1R 2022-04-14 7.06 428 3.9 6.26 34
r1b3 1R 2022-04-14 7.66 431 3.7 6.25 30
bl 1NR 2022-04-14 6.96 425 39 6.24 28
b2 1NR 2022-04-14 7.01 427 43 6.28 20
b3 1NR 2022-04-14 6.97 435 39 6.31 16
kblbl 1 EC 2022-04-14 6.39 423 4 6.28 15
kblb2  1EC 2022-04-14 6.9 425 41 631 21
kblb3  1EC 2022-04-14 6.76 423 4 63 14
r2bl 2R 2022-04-14 6.46 424 4 63 23
12b2 2R 2022-04-14 6.67 426 3.9 6.31 24
nr2bl 2NR 2022-04-14 6.99 42.5 3.9 6.36 11
n2b2 - 2 NR 2022-04-14 6.76 426 42 6.34 12
nr2b3 2NR 2022-04-14 6.94 42.3 4.4 633 16
kb2bl 2 EC 2022-04-14 6.65 422 42 631 14
kb2b2 2 EC 2022-04-14 6.56 427 4 6.32 16
kb2b3 2 EC 2022-04-14 6.64 431 41 633 13
13b1 3R 2022-04-14 6.35 422 43 634 27
13b2 3R 2022-04-14 6.89 426 42 635 20
13b3 3R 2022-04-14 7.02 418 5 6.34 19
n3bl 3 NR 2022-04-14 6.85 426 48 6.33 5
n3b2 3 NR 2022-04-14 6.48 424 48 6.34 14
n3b3 3 NR 2022-04-14 6.38 426 49 6.32 9
kb3bl 3 EC 2022-04-14 6.93 423 43 631 12
kb3b2 3 EC 2022-04-14 6.73 425 42 632 14
kb3b3 3 EC 2022-04-14 6.87 423 42 632 12
sl ic 2022-04-14 7.38 424 34 63 21
s2 2¢c 2022-04-14 6.93 425 36 6.33 9
s3 3c 2022-04-14 6.9 424 42 6.32 16
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Hatching rate, accumulation of clay and others full data set

Appendix C

Sampling  Water Dominating Subdominating Clay Hatching Living alevins
ID Site Treatment date depth (cm) substrate size (cm) substrate size (cm) particles (%) rate (%) (count)
rib2 1 R 2022-05-05 51 2-10 40 - 200 2.37 99 45
rib3 1 R 2022-05-05 42 2-10 40 - 200 1.38 97 59
nrlbl 1 NR 2022-05-05 43 2-10 40 - 200 2.49 99 9
nrib2 1 NR 2022-05-05 48 2-10 0.2-2 2.01 99 41
nrib3 1 NR 2022-05-05 54 2-10 1.95 100 39
kblbl 1 EC 2022-05-05 31 2-10 10-20 1.62 100 5
kblb2 1 EC 2022-05-05 31 2-10 2.28 99 42
kblb3 1 EC 2022-05-05 31 2-10 2.21 100 0
r2bl 2 R 2022-05-05 71 2-10 40 - 200 2.58 100 52
r2b2 2 R 2022-05-05 74 2-10 40 - 200 2.59 100 59
nr2bl 2 NR 2022-05-05 38 2-10 10-20 1.79 99 29
nr2b2 2 NR 2022-05-05 32 2-10 10-20 2.79 100 27
nr2b3 2 NR 2022-05-05 35 2-10 10-20 1.64 100 69
kb2bl 2 EC 2022-05-05 26 2-10 1.59 98 55
kb2b2 2 EC 2022-05-05 26 2-10 1.51 100 65
kb2b3 2 EC 2022-05-05 26 2-10 1.67 99 51
r3bl 3 R 2022-05-05 44 2-10 0.2-2 1.38 83 27
r3b2 3 R 2022-05-05 54 2-10 0.02-0.2 1.57 87 21
r3b3 3 R 2022-05-05 48 2-10 02-2 2.00 88 20
nr3bl 3 NR 2022-05-05 28 2-10 20-30 1.98 89 53
nr3b2 3 NR 2022-05-05 30 2-10 10-20 1.32 85 49
nr3b3 3 NR 2022-05-05 49 2-10 10-20 1.61 91 55
kb3bl 3 EC 2022-05-05 33 2-10 1.67 92 76
kb3b2 3 EC 2022-05-05 33 2-10 2.23 99 60
kb3b3 3 EC 2022-05-05 33 2-10 1.46 80 47
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