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Abstract

In-stream restoration often aims at increasing the avail-
ability of the stream habitat suitable for salmonid fishes,
thus creating potential for increased fish abundance. We
assessed the success of in-stream restoration of River
Kiiminkijoki, northern Finland, by combining River2D
habitat hydraulic modeling and fish density monitoring at
the same sites, with data from multiple restored and refer-
ence reaches for 3 years both before and after restoration.
We modeled the effects of restoration on the area suit-
able (weighted usable area, WUA) for juvenile Atlantic
salmon from post-hatching to age-1 fish. Wetted width in
the restored reaches increased by 8.1% on average com-
pared with only —0.2% change in the reference reaches.
Habitat time series across 10 years showed significant

increases in the amount of suitable habitat under sum-
mer conditions for both age-0 and age-1 salmon. However,
improvement of overwintering habitats was marginal or
nonexistent. Densities of age-1 salmon showed no response
to restoration. Low river discharge during the winter was
correlated with low salmon densities the following summer.
It thus appears that variability in wintertime discharge,
and associated high interannual variation of WUA values,
overrode the almost 20% increase in average post- ver-
sus pre-restoration summertime WUA. Our study shows
that the combination of hydraulic modeling and biological
monitoring is a promising approach to stream restoration
assessment.

Key words: habitat modeling, River2D, river restoration,
salmonid fishes, stream flow variation.

Introduction

Stream restoration has a diversity of purposes, but a common
goal in northern temperate streams is the enhancement of
salmonid fisheries. Restoration initiatives aim to increase
the amount of stream habitat suitable for the target species,
thus creating potential for increased fish abundance and
production. Evidence for the success, or lack of it, of habitat
enhancement projects is, however, inconclusive. A recent
systematic review concluded that there is no rigorous evi-
dence for the effectiveness of such constructions in increasing
salmonid abundance (Stewart et al. 2009), whereas another
meta-analysis reported that in-stream structures can increase
salmonid density and biomass, although the response varied
widely among species (Whiteway et al. 2010).
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In Fennoscandia, numerous streams have been channelized
to facilitate water transport of timber. In Finland alone, about
20,000 km of rivers were modified for timber floating. As float-
ing became economically unfeasible, projects were initiated
from the late 1980s onward to restore these rivers to their pre-
channelization state. Restoration is controlled, designed, and
implemented by regional environmental authorities, and it is
conducted using excavators to add boulders to the stream bed,
creating deflectors, boulder dams, weirs, and other enhance-
ment structures (Muotka & Syrjanen 2007). The aim of using
such structures is to modify flow patterns, resulting in a more
diversified in-stream habitat (Thompson 2006). Indeed, these
restoration structures do provide a wide array of habitat types
suitable for juvenile salmonids. For example, large salmonids
prefer deep, slowly flowing stream pools (e.g. Rosenfeld et al.
2000), and the size and number of such pools typically increase
after restoration (Whiteway et al. 2010; White et al. 2011).

The few projects monitoring the success of these measures
in Fennoscandian streams have used a rather rigorous Before-
After-Control-Impact design to show that biological responses
to restoration have been limited (Vehanen et al. 2010). More
generally, several recent studies have shown that enhanced
habitat diversity does not always translate to increased bio-
diversity, which may be regulated by other factors, such as
flow-related and/or anthropogenic disturbances (Palmer et al.
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2010; Louhi et al. 2011). These factors may also be respon-
sible for reduced salmonid populations rather than lack of
in-stream habitat diversity. Therefore, the process of priori-
tizing restoration measures to improve salmonid populations
may require the inclusion of other obstacles for successful
restoration.

Physical habitat models are powerful tools for assessing
changes in stream habitat at scales relevant to fish (e.g.
Boavida et al. 2012). These models usually combine data
on hydromorphological channel structure with habitat suit-
ability indices to obtain the area of the stream habitat suit-
able (weighted usable area, WUA) for the target organism
at a range of discharges. In restoration assessments, habi-
tat models have focused on post-restoration evaluations or
comparison of WUAs before versus after restoration (Gard
2009; Korsu et al. 2010). Most previous applications of habi-
tat modeling to restoration have used the Physical Habitat
Simulation system (PHABSIM) or related approaches, but
recently more developed techniques, such as the River2D
model (Steffler & Blackburn 2002), have gained growing inter-
est. Two-dimensional models are considered superior to classi-
cal one-dimensional techniques (e.g. PHABSIM) because they
take better into account local bed topography and substrate
roughness and can therefore be used to model complex flow
patterns (Gard 2009).

We assessed the success of in-stream restoration of
River Kiiminkijoki, northern Finland, by combining habitat
hydraulic modeling and salmon density monitoring at the
same sites, with data from multiple restored and reference
reaches both before and after restoration. The goal of the
restoration was to increase the availability of in-stream
habitats for young (age-O and age-1) Atlantic salmon (Salmo
salar L.) and thereby support the recovery of salmon in
River Kiiminkijoki. We modeled the effects of restoration
on the habitat suitable (WUA) for juvenile Atlantic salmon
at different life stages from post-hatching to age-1 fish. We
hypothesized that (1) the addition of in-stream structures
should increase the availability of suitable microhabitats and,
therefore, WUA for all phases of the early life of salmon
and (2) if WUA increases, then so do densities of juvenile
salmon; that is, the hydrological and biological improvements
of restoration should go hand in hand.

Methods

Study Species

Atlantic salmon spend their juvenile phase in rivers before
migrating to sea. After 1—4 years at sea, they return to their
river of origin to spawn. In Finland, spawning occurs in late
autumn (October). Fertilized eggs are covered with gravel,
where they develop during the winter, until hatching in April
to May. When most of the yolk sac has been consumed, the
alevins emerge from the gravel into the open water. At that
stage, they establish territories and start feeding on invertebrate
prey. Before their first winter, age-O salmon, also known as
fry, have reached the length of 5-8 cm.

Study River and Restoration Measures

We conducted the study in River Kiiminkijoki, a 170-km
long, free-flowing river in northern Finland with mean annual
flow of 44m3/s (see Fig. S1, Supporting Information). The
mean of the lowest annual daily discharge is 6.25m3/s and
the mean highest daily discharge is 367 m%/s. One-third of
the peatland-dominated catchment (total of 3,845 km?) is
drained for forestry purposes. The river water is slightly
acidic (pH range: 5-7) with high concentrations of humic
substances (mean total organic carbon [TOC]: 14 [5-28]
mg/L; mean water color: 155 [33-682] mgPt/L). Nutrient
concentrations are moderate and highly variable (total P: 35
[6-100] wug/L; total N: 531 [40—1,600] ng/L) (Environmental
Information System HERTTA, Finnish Environment Institute).
The river is permanently ice-covered for approximately 4
months (December to April) and the spring flood peaks soon
after the ice break-up in late April. The mean discharge is 12
m?3/s during the ice-covered period, whereas in summer (June
to September) it is 28 m’/s.

River Kiiminkijoki was channelized for timber floating by
the early 1950s. Some rapids, however, were left unmodified,
remaining in a hydromorphologically natural state. Timber
floating ceased by the end of the 1960s, and a comprehen-
sive restoration project in 2003 aimed to enhance fish habitat
availability, with the goal of reestablishing naturally spawning
Atlantic salmon populations. Historically, the river supported
moderately high stocks of Atlantic salmon: in the beginning
of the twentieth century, more than 3,000 kg of salmon were
annually harvested from the river. Loss of natural heterogene-
ity and increased amount of humic substances, together with
over-fishing, extirpated the native salmon population of River
Kiiminkijoki by the end of the 1970s. By the late 1990s, the
water quality of River Kiiminkijoki could be considered ade-
quate for the reestablishment of salmon.

Field Measurements and Ecohydraulic Modeling

We selected three channelized reaches (60—115m long;
37-70m wide) to assess in-stream restoration effects and,
correspondingly, three unmodified reaches (60—110m long;
30-80m wide) for reference. Within each study reach, we
quantified geographically referenced river bed topography
before (July 2003) and after restoration (July 2004/2005)
with a total station (SOKKIA Set 4010, Sokkia Topcon
Co., Kanagawa, Japan) during minimum summer flows. In
deep, non-wadable areas, we used an inflatable boat. We
divided each study reach into regularly (by every 3 m) spaced
cross-sections, taking measurements at 3-m intervals along
each section. We measured additional points where distinct
transitions appeared in the river bed, such as large boulders
or abrupt alterations in bed elevation, resulting in high point
density in areas of topographic complexity and lower density
in topographically simpler areas (Wheaton et al. 2010). The
total amount of points per reach ranged from 700 to 1,700,
depending on reach length and width, and river bed complex-
ity. To specify local bottom roughness for hydraulic modeling,
we estimated dominant substrate size at each measurement
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point using a modified Wentworth scale (Vehanen et al.
2010).

We entered the field data into River2D (Steffler & Blackburn
2002) to create a hydraulic model for each reach. River2D
is a depth-averaged finite-element procedure for hydraulic
modeling of natural streams. First, we entered the geo-
referenced topographic data into River2D to construct a terrain
model over each restored and reference reach, both before and
after restoration. The terrain model was based on a triangular
network of elements, with elements (cells) ranging from 0.13
to 1.21 m2, yielding a total of 4,400-20,800 elements per
reach. We interpolated field-measured substrate sizes to obtain
a substrate index for every grid element of the model. Then, we
used a two-dimensional hydraulic model available in River2D
to calculate local water depths and velocities (0.6 x depth)
over the study reach at six flow conditions: 2, 10, 20, 40, 60,
and 100 m%s.

We then applied life stage-specific (age-1) habitat preference
criteria (HPC) for depth, velocity, and substrate preference by
Atlantic salmon (Miki-Petédys et al. 2002, 2004) to translate
values of the modeled habitat variables in each cell into pref-
erence values, ranging between O and 1, separately for each
variable. These were then converted to combined suitability
indices, calculated as the geometric mean of variable-specific
values. Finally, we computed WUA, an index of habitat value,
as a product of the combined suitability indices and the area
associated with each cell of the River2D grid, summed over the
entire reach. WUA values at flow levels other than the mod-
eled ones were determined by linear interpolation from the six
calibrated flow models. Thus, the end product of the modeling
procedure was a quantitative estimate of the potential suitabil-
ity of habitat for age-1 salmon before and after restoration.

To assess restoration success through time, we selected a
10-year period (1997-2006) of discharge monitoring in River
Kiiminkijoki (Environmental Information System HERTTA,
Finnish Environment Institute) and estimated WUAs for differ-
ent life stages of juvenile (age-0 and age-1) salmon using aver-
age weekly discharges under both channelized and restored
conditions. We started our assessment from early June when
alevins emerge from the gravel and start their active life. The
weekly mean discharge and the corresponding WUA values
were calculated from this point onward for the next 16 months.
We used the summer HPCs of age-0 salmon from early June
to late October (first-summer life stage) (Miki-Petiys et al.
2002), thereafter the winter HPCs, until the onset of spring
flood in May (first-winter life stage) (Miki-Petdys et al. 2004).
To continue following the same cohort, we then applied the
HPCs of age-1 Atlantic salmon from early June to late October
of the subsequent year (second-summer life stage). We did not
perform modeling for the spring floods as no published infor-
mation on the HPCs of juvenile salmon under such conditions
is available.

We tested the change in the WUAs for different life stages
of salmon using a generalized linear mixed model (GLMM),
which allows incorporation of fixed factors and random
effects that control for correlation in data arising from grouped
observations (Pinheiro & Bates 2000). We included treatment

(restored vs. reference) as a fixed factor and reaches as random
effect (i.e. random reaches within larger restored reaches)
to deal with the spatial nonindependence of the reaches.
We included a first-order temporal autocorrelation across
times to exclude any possible effect of year on within-reach
measurements. All data were logarithmic transformed prior to
analysis. Statistical significance was tested using F-statistics
in Ime function (nlme library) in the free software R 2.9.2 (R
Development Core Team 2009). In this design, a significant
period x treatment interaction indicates a difference between
treatments in how they vary from before to after restoration.
We used the same GLMM design to test for the effects of
restoration on the wetted width of the river. For this purpose,
channel width was measured to the accuracy of 1 m at 10
cross-channel transects in each study site, both before and after
restoration, at a range of discharges from the wintertime-low
(about 2m?>) to summertime-high (40 m?) flows.

To provide a visual summary of the changes to in-stream
habitat structure, we performed a principal component anal-
ysis (PCA) on the measured habitat variables (depth, water
velocity, and substrate size) and their coefficients of variation.
We ran separate analysis for wadable stream areas and the
main channel to examine whether the structural shifts follow-
ing restoration were similar in these two main habitat types.
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Figure 1. Spatial distribution of water depth, modeled by River2D, in
one of the restored reaches before and after restoration at 20 m3/s.
Corresponding maps are also shown for the nearest reference reach
before and after restoration of the target reach. Arrow indicates direction
of the flow.
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Monitoring Densities of Juvenile Atlantic Salmon

As the Atlantic salmon population in River Kiiminkijoki was
initially nonexistent, each study reach was stocked with age-0
salmon (64—80 mm, 2—5 g) at equal density (10 fish 100 m~>
amounting to 2,500—-7,000 fish per reach, depending on reach
area) every September, starting in 2000 and continuing until
2005. This stocking density is well within the range of

densities of age-0 salmon in Finnish streams (Romakkaniemi
2008). The stocked fish originated from Kainuu Fisheries
Station, northeastern Finland, and they represented the original
stock of the nearby River Simojoki. From 2001 to 2006, we
estimated salmon densities by three-pass electrofishing trials
in late summer (August; i.e. 1 month prior to stocking) each
year in three sampling sites (60—100 m?) per reach. Densities
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Figure 2. PCA on in-stream habitat variables of the study reaches at 20 m3/s. Mean PCA scores (£1 SD) are presented for channelized (Ch), restored
(Re), and reference sites (R,—reference before restoration; R, —after restoration). All data points included (a), only wadable areas (mainly less than
70 cm deep) included (b), and only main channel areas included (c). Key habitat variables with their loadings are given below each axis.
Subs—dominant substrate size; cvSubs—coefficient of variation for substrate size; Velocity—mean water velocity; cvVelocity—coefficient of variation
for water velocity; cvDepth—coefficient of variation for water depth. Eigenvalues for each axis in all ordinations exceeded 1.0. Percent variation

explained is given below each axis (in parentheses).
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were estimated using the removal method (Bohlin et al. 1989).
We then used the mean across the three sites as an estimate of
the reach-scale density of juvenile salmon in restored versus
reference reaches.

We tested the impact of restoration on Atlantic salmon
density using GLMM. We included three independent cat-
egorical variables as fixed factors: (1) period (B), “before”
(temporal control) versus ‘“after” restoration; (2) treatment
(TR), defining “restored” versus “reference” (spatial control);
and (3) sampling times (T) nested within periods (T(B)),
allowing the time series structure of the data to be taken into
account (3-year data for each “before” and “after” period).
We fitted sampling sites as random effects to control for the
nonindependence of observations within sites. In this design,
interest lies mainly in the interaction (B x TR), which, if
significant, implies a long-lasting pulse impact of restoration.
All data were logarithmic transformed prior to analysis.
We tested the statistical significance of period, treatment,
sampling times, and period x treatment interaction using
F -statistics in Ime function (nlme library) in the free software
R 2.9.2. (R Development Core Team 2009).

Results

Habitat Structure

Wetted width of the restored reaches increased by 8.1% on
average (compared to only —0.2% change in the reference
reaches). This change was also indicated by a significant inter-
action term (Treatment [restored vs. control] x Period [before
vs. after restoration]) in GLMM (F[1469) =12.27, p < 0.001).
A visual inspection of the spatial distribution of habitat vari-
ables indicated that the restored reaches were structurally more
similar to the reference than channelized reaches (Fig. 1).
Reference reaches remained practically unmodified between
the two sampling occasions. These results are summarized in
the PCA ordination demonstrating restoration-induced changes
to habitat structure (Fig. 2). Changes in the deeper, main
channel areas were insubstantial, whereas the shallower areas
along river margins resembled the reference reaches following
restoration (see also changes to individual habitat variables,
Fig. S1).

Habitat Suitability for Juvenile Salmon

The estimated amount of suitable habitat (WUA; m? per
100m river length) peaked in all study reaches and salmon
life stages at below 20m3/s. Most of the areas with high
WUA scores were located along the river margins, both
before and after restoration, whereas restoration measures
had only limited impact in the mid-channel sections of the
river (Fig. 3). Restoration increased WUA almost consistently,
whereas reference reaches exhibited similar WUA values
between the two surveys (Fig. 4). Habitat time series across
10 years, summarized as net WUA benefit of restoration,
exhibited significant increases in the amount of summertime
rearing habitat for both age-0 (F[;4;=27.53, p=0.006) and

Age-0 summer Age-0 winter

Before

Before

Age-1 summer
Before After .

il;ﬂ
.

9

. Avorded
CSI

Figure 3. Combined habitat suitability (CSI: depth, velocity, and
substrate; red = preferred, blue = avoided habitat) maps for age-0 salmon
in summer, age-0 salmon in winter, and age-1 salmon in summer in one
of the restored reaches (same reach as in Fig. 1) modeled by River2D at
20m’/s.

age-1 (F1.41=37.88, p=0.004) salmon. The life stage-specific
increase in suitable habitat varied on average from 300 to
1,000 m? per 100 m river length (Fig. 5). However, restoration-
induced benefits to winter habitats of age-0 salmon were
nonsignificant (F;4;=0.78, p =0.428), with one study reach
indicating even negative wintertime net (before vs. after
restoration) WUA values (Figs. 4 & 5).

Densities of Juvenile Salmon

The annual fish catch was dominated (ca. 75%) by age-1
salmon (mean size: 116 mm, range: 86—134 mm) stocked
the previous year. However, about 20% (180 individuals)
represented natural reproduction. The average size of these
age-0 fish was 55mm (range: 42—-64mm). Only 25 fish
older than age-1 (up to 178 mm) were captured during the
monitoring period.

Densities of age-1 salmon showed no response to restora-
tion, but followed the same trajectory in the reference and
restored reaches, both before and after restoration (see
nonsignificant interaction term in Table 1). Salmon densities
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Figure 4. Before—after restoration differences (means £ 1 SD) in the WUAs (net WUA benefit % =percent change in WUAger — WUARBefore VS.
WUAGBefore) for the early life stages of salmon in the restored (continuous line) and reference reaches (broken line). Values of WUA were calculated for
each life stage and reach (n =3 for each treatment by year combination) by using weekly discharge values over 10 water years (1997-2006) of River

Kiiminkijoki.

appeared to track stream discharge during the preceding
winter (October—March/early April); low flows during the
winter were reflected as low fish densities the following
summer (Fig. 6). Correlation between the average wintertime
discharge and late-summer population density (annual mean
across six study sites) was relatively high (ry=0.62), albeit
nonsignificant (p =0.18, n =6 years).

Discussion

The goal of in-stream restoration of River Kiiminkijoki was
to improve the in-stream habitat for juvenile Atlantic salmon.
Most corresponding attempts use in-stream structures to add
complexity to channelized stream bed and thereby increase
the availability of microhabitats for juvenile fish. In the case
of River Kiiminkijoki, these measures had a distinct, though
relatively modest, effect on the amount of habitat suitable
for salmon. This was mainly caused by restoration measures
being effective at river margins, thereby increasing the area
where water depth and velocity remained suitable for salmon
at most flow conditions.

Intuitively, an increase in WUA should result in increased
salmonid abundance, but we did not observe this in our
electrofishing surveys. It is possible that our monitoring period,
with 3 years before and 3 after restoration, was too short
to detect an impact. It has been suggested that the post-
restoration time frame for detecting salmonid response should
span several fish generations, amounting to at least 5 (and
preferably more) years (Johnson et al. 2005). Nevertheless,
our results correspond well with the recent meta-analysis
by Stewart et al. (2009) who showed that the use of in-
stream structures for salmonid enhancement is not supported
by scientific evidence. Interestingly, Whiteway et al. (2010)
reached a very different conclusion in their meta-analysis,
showing a significant increase in salmonid density and biomass
following the in-stream restoration. The effect varied between

species, but one of the strongest positive responses was
detected for Atlantic salmon. However, despite a positive
overall response to restoration, no habitat variable emerged
as a significant correlate of fish density. Thus, the habitat
factors limiting salmonid density are likely to be site specific,
rendering the search for generally important causal factors
potentially unrewarding.

Restoration structures used in Fennoscandia seem to provide
scope for salmonid population enhancement, but this potential
is frequently obscured by variability, natural or human-
induced, in landscape-level or regional factors that overwhelm
local restoration efforts (Vehanen et al. 2010). Lack of suitable
spawning habitat has been raised as one of the reasons for the
weak response by salmonids to management actions. Stream
channels in Fennoscandia have naturally low sediment supply
rates, causing these streams to have initially limited amount of
spawning gravel (Rosenfeld et al. 2011). Indeed, Palm et al.
(2007) demonstrated that adding gravel enhanced densities of
age-0 brown trout in Swedish streams (Pedersen et al. 2009).
However, the effects of gravel additions may be more complex
than that because they may induce increased density-dependent
mortality at later life stages (Einum et al. 2008).

Several studies have identified stream discharge as a key
factor regulating salmonid populations (e.g. Lobon-Cervia
2007), and a positive relationship between winter discharge
and densities of Atlantic salmon has been detected in other
boreal rivers as well (Gibson & Myers 1988; Hvidsten 1993).
During low discharges, most of the habitat along stream
margins remains unavailable, decreasing the overall availabil-
ity of overwintering habitats. It thus appears that variability
in discharge, and associated high interannual variation in
WUA values, overrode the almost 20% average increase in
post- versus pre-restoration WUA. Alternatively, restoration
measures focusing on stream edges may have been poorly
targeted and adding in-stream structures to mid-channel
sections might produce greater benefits. Nevertheless, adding
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Figure 5. After versus before restoration differences in WUAs (net WUA benefit [m?] = WUAAfer — WUARBefore) for the early life stages of salmon in
the three restored reaches of River Kiiminkijoki. Values of WUA are expressed for each week (means £ 1 SD) from hatching until age-14 autumn,
modeled using weekly discharge values over 10 years (1997-2006) of River Kiiminkijoki. Gray shading indicates winter.

large boulders to mid-channel sections would have increased
suitable (deep, fast-flowing) area mainly for large fish,
whereas closer to stream edges they created suitable rearing
habitat for juvenile salmon.

There is ample evidence that lack of winter habitat may be
a critical bottleneck for salmonid populations (Cunjak 1996;
Huusko et al. 2007). In our earlier study, the paucity of
wintertime habitat caused temporary mass loss, followed by
fast catch-up growth in late spring, by age-O0 brown trout
(Koljonen et al. 2012). One might thus expect increased
habitat complexity through in-stream restoration to enhance
the overwintering success of juvenile salmon. Nonetheless, we

observed a dramatic shortage of wintertime WUA in River
Kiiminkijoki, irrespective of in-stream restoration. This sug-
gests that although restoration did improve the summertime
rearing conditions for salmon, it failed to improve the overwin-
tering habitat. As we did not directly monitor the movement of
salmon, we cannot be confident if they stayed within the same
reach throughout the winter. In one of the few studies follow-
ing individually tagged salmon through the winter, Linnansaari
and Cunjak (2010) documented considerable emigration at the
onset of winter but high site fidelity through the rest of the
winter. In another study, Palm et al. (2009) concluded that
while a majority of detected movements by brown trout in a
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Table 1. Generalized linear mixed model on the effects of in-stream
restoration on density of age-1 Atlantic salmon (no. individuals 100 m~2)
before versus after restoration of River Kiiminkijoki.

Density
Source of variation df F p
Before versus After=B 1,24 1.52 0.230
Among treatments =TR 1,4 0.02 0.894
Times (B)=T(B) 1,24 0.86 0.362
B x TR 1,24 1.11 0.302

Sites were included as a random variable (i.e. random sites within larger restored
reaches), and other factors were treated as fixed.
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Figure 6. Mean (+£95% CL) river discharge (a) and mean (£95% CL)
density of age-1 Atlantic salmon (b) in electrofishing surveys in the
restored (n =3) and reference (n =3) reaches. Arrow indicates the timing
of restoration in 2003.

north Swedish river were very short (11 &3 m, mean =+ SE),
most undetected individuals likely conducted stream scale
movements of up to several kilometers. The likelihood of long-
distance movements during the winter is also related to fish
size, such that larger fish are more likely to abandon their
summer habitats (Heggenes et al. 1993; Hiscock et al. 2002).
However, the large fish in these two studies were substan-
tially larger than age-1 salmon in River Kiiminkijoki, and we
believe that most of the age-0 fish stocked at our study reaches
in the autumn remained within the same reach until next sum-
mer. Moreover, even fish that might have abandoned the riffles

during the winter likely returned to the best feeding sites in
summer, so wintertime movements alone cannot explain the
lack of a positive density response by age-1 salmon.

Our study shows that the combination of two-dimensional
hydrodynamic modeling and biological monitoring bears
promise as a tool for in-stream restoration assessment. Mon-
itoring of fish densities, even when based on pre- versus
post-restoration design with multiple treatment and reference
sites, may not allow a reliable detection of restoration impacts
because of the inherently high variability of salmonid popula-
tions and typically short monitoring periods. Habitat hydraulic
modeling provides an important link between geomorpho-
logic change and its ecohydraulic implications (Wheaton et al.
2010). To this end, habitat modeling may provide a useful
device for post-evaluation of restoration projects (Gard 2006;
Korsu et al. 2010) or as a means of comparing alternative
restoration designs prior to the onset of a project.

Implications for Practice

e In-stream restoration aiming at the enhancement of
salmonid fisheries in northern boreal areas should focus
on increasing the availability of sheltering habitats for
overwintering fish.

e Broad-scale regional factors, such as low wintertime dis-
charge, may override any positive effects of local restora-
tion efforts, at least in a short temporal perspective.

o Long-term biological monitoring with data from multiple
restored and reference reaches for several years both
before and after restoration, combined with habitat
hydraulic modeling, provides a promising tool for the
assessment of stream restoration success.
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Supporting Information
Additional Supporting Information may be found in the online version of this
article:

Figure S1. Frequency distributions for dominant substratum size (Wentworth
scale), water depth, and water velocity in one restored (treatment) site and one
reference site (same sites as in Fig. 1) in River Kiiminkijoki. White bars represent
the before-restoration state, and gray bars represent the after-restoration state. Depth
and velocity are classified at 10 cm and 10 cm/s intervals, respectively. All data points
included.

Figure S2. Same as Figure S1, but only wadeable stream areas included.
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