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ABSTRACT
Freshwater habitats and species have been lost because of river constructions, particularly regarding
hydropower plants. Such losses may be mitigated, for example, by providing compensatory habi-
tats. We present a case which had the objective to promote reproduction of a key species. Imatra
City Brook in Finland was constructed in 2014 at a hydropower dam as a new reproduction area for
brown trout (Salmo trutta L.). In the planning phase, the objective was to maximize suitable habitat
types and areas with limited discharge. Monitoring shows promising densities of brown trout juve-
niles within only three years, inspiring hope for high smolt production in themain river. The increase
in total macroinvertebrate abundances and taxa numbers in the second year of monitoring showed
that species richness was comparable to that in natural rivers, and the brook was in a good eco-
logical state. This case confirms the expected high potential of spawning and rearing channels to
improvemigratory fish stocks and compensate for lost habitats in constructed rivers.
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1. Compensatory spawning and rearing areas
for improving fish stocks

River management worldwide faces conflicting interests,
such as the use of hydropower, fisheries, and tourism. In
many countries with constructed rivers, improving
reduced migratory fish stocks has attracted considerable
attention, and actions to remove dams and restore rapids
for fisheries and recreation are ongoing. In rivers with
power plants, adverse impacts on fish stocks can be miti-
gated by fish passes, if suitable reproduction areas are
available. Furthermore, restoration of river sections can
be achieved by defining environmental flows. However,
in many rivers original reproduction sites remain under
damming or have been dredged. Destruction of habitats
may thus be compensated for by creating new habitats,
preferably on-site or nearby. Artificial waterbodies that
substitute natural or semi-natural ecosystems are a
means of replacing destroyed habitats (Katopodis and
Kemp 2018). The construction of bypass channels is one
such option for habitat compensation, which is fre-
quently underestimated. Bypass channels can provide
key habitats for rheophilic species in constructed rivers
(Pander et al. 2013). From a population perspective, the
overall functioning of compensatory habitats benefits
from the addition of rearing and overwintering habitats
(Clarke 2016).

In Finland, the policy of maintaining migratory fish
stocks in permission process of hydropower plants has
been based mainly on stocking with Atlantic salmon
(Salmo salar L.) and brown trout (Salmo trutta L.); how-
ever, their stocking performance has declined in the
recent decades (Romakkaniemi 2008). In the Finnish fish
pass strategy of 2012, a new policy for reviving valuable
fish stocks by natural reproduction was presented
(Ministry of Agriculture and Forestry 2012). Near-nat-
ural fish passes which can be suitable habitats were a pre-
ferred strategy. Planning guidelines for spawning and
rearing habitat recreation have been published with esti-
mations of reproduction rates (e.g. J€arvenp€a€a et al. 2010).
In practice, however, the possibility of creating new habi-
tats has rarely been considered in fish pass projects where
facilitating migration is the main target. The objective of
this study was to determine the possibilities of promoting
juvenile production and to assess the ecological value of a
channel specifically designed to produce habitats.

2. Reproduction channels in Canada
and Europe

2.1. Canada

In Canada, spawning and rearing channels for salmo-
nids were already established in the 1950s (Roos 1991),
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with the objective to mitigate adverse impacts of hydro-
power plants and log floating. Spawning channels have
been constructed to enhance the stocks of Pacific sal-
mon species such as pink salmon (Oncorhynchus gor-
buscha) and red salmon (Oncorhynchus nerka). Their
fry migrate from the spawning site to the sea or a
nearby lake soon after hatching (National Park Service
2019). Because of this behaviour, the main target of
spawning channels was to increase the incubation rate
of eggs, compared to that in natural rivers, which was
beneficial for fish stocks. In the Seton River spawning
channel (3.6 km length), the total production of pink
salmon was enhanced beyond the original capacity of
the natural spawning grounds prior to hydropower
plant construction (Roos 1991). The channel was
modified in 2003 to function as a rearing channel for
silver salmon (Oncorhynchus kisutch) and king salmon
(Oncorhynchus tshawytscha), which spend two to three
years in the channel, similar to Atlantic salmon and
brown trout. The term “rearing channel” is typically
used for channels where juveniles spend extended peri-
ods of time after hatching (Adolph 2003). The slope in
the Seton River channel was 0.1%–0.7%, and its mean
depth was 0.38m. Rearing channels in Canada fre-
quently include wetland habitats, which are considered
important for benthic macroinvertebrates and are feed-
ing habitats for Pacific salmon species (Adolph 2003).

There is also an example of Atlantic salmon rear-
ing channels in Canada, which is located at the
Granite Canal power plant in Newfoundland
(McCarthy and Sellars 2009). The rearing channel
was constructed to compensate for the loss of repro-
duction habitats by constructing 4.5 hectares of
reproduction area in a channel of 2.5 km length. This
constituted compensation of the lost area in a ratio
of 1:1, which was required for obtaining the hydro-
power license. Juvenile densities ranged from 50 to
155 individuals/100 m2, which was higher than those
in natural rivers (McCarthy and Sellars 2009). This
case represents ideal policy implementation: the
requirement for full compensation of the lost habitat
facilitated fish reproduction was equal to or even
exceeding natural juvenile production. This channel
provided spawning habitats for a large proportion of
landlocked salmonid populations. Moreover, inverte-
brate colonization of newly constructed diversion
channels has shown that such channels can become
productive small-stream habitats within a relatively
short period of time (Chapelsky et al. 2020).

2.2. Europe

In Europe, the requirement to mitigate adverse
impacts of water construction on the migration,
spawning, and reproduction of fish is included in
the Water Framework Directive (WFD), i.e. in the

requirements for heavily modified water bodies
(European Parliament 2000). Mitigation of damage
and compensation of ecologically valuable areas in
construction projects have been included in the
environmental legislation of many European coun-
tries, e.g. in Germany since the 1980s (ELAW 2002).
One good example of the establishment of new hab-
itats is the reproduction channel of the Rheinfelden
power plant at the Rhine River upstream of Basel,
Switzerland. The channel was constructed as a com-
pensatory measure when the power plant was reno-
vated and dam height was increased (Ulrich 2013).
The channel is 1 km long, 50m wide, and has a dis-
charge of 10–35m3 s�1. A total of 34,000 fish
belonging to 33 species were observed in the chan-
nel in 2012 (Ulrich 2013).

Near-natural fish bypass channels have proven valu-
able for ecological continuity and as habitats.
Monitoring of three bypass channels at two tributaries
of the Main river, Germany, showed that bypass chan-
nels provided migration corridors and key habitats for
juvenile and small rheophilic fish in a constructed river,
compared to the sections of the upstream and down-
stream main channel (Pander et al. 2013). This seemed
to be due to the high variability of flow velocity and
water depth (Pander et al. 2013).

In Scotland, the Dunglass side channel was con-
structed in 2003 through an island of the river Conon
(Wallace 2013). The channel is approximately 1 km
long, and the minimum discharge is 0.5m3 s�1. Atlantic
salmon entered the channel soon after construction and
began to use it as the lowest spawning site of the river.
Juvenile densities were as high as 160 yearling juveniles/
100 m2 in the first summer and 70 juveniles/100 m2 in
the second summer (McKelvey 2008).

In Sweden, Nyqvist et al. (2017) noted that
when a technical fish pass was replaced by a near-
natural bypass channel, the migration of adult
salmon increased in upstream and downstream
directions. In a study on 23 Swedish bypass chan-
nels, the channels were found to host the same fish
communities as natural river sections, indicating
their potential as compensatory habitats (Tamario
et al. 2018). The nature-like fishway at the
Eldforsen Power Plant, Sweden, was constructed
with an emphasis on creating diverse aquatic habi-
tats (Gustafsson 2017). Within two years, the chan-
nel contained macroinvertebrates with a functional
feeding group (FFG) composition similar to that of
natural brooks. The ratio of different groups
showed that, rather than resembling a small forest
brook, the channel was more similar to the main
stem of a large river. Large woody debris was pre-
ferred in the habitat selection of introduced brown
trout, which indicated that new channels benefit
from added wood material.
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3. Materials and methods

3.1. Imatra City Brook at the Vuoksi river

The Imatra City Brook in south-eastern Finland was
constructed in autumn 2014 to establish a new
spawning and rearing area for brown trout of the
Vuoksi river (Figure 1). Here, the results of develop-
ment and performance during the first years of its
existence are presented. The main questions included
a) what is the density of different age classes (0þ and
1þ) of brown trout juveniles in the brook, and b)
how did the macroinvertebrate diversity in this artifi-
cial stream develop during its first years.

The Vuoksi river flows from Lake Saimaa, the
largest lake system in Finland, to the Russian Lake
Ladoga. The height of the Imatra power plant dam
is 24m. After the construction of the Imatra power
plant in 1929, the Imatra rapids, a famous tourist
attraction since the 19th century, have mostly been
dry, except when water is released for short shows.
The Imatra rapids served as an important spawning
site in this river. Upstream of Lake Saimaa, there is
a vulnerable stock population of landlocked salmon
(Salmo salar sebago) which occurred there since the
last ice age (Seppovaara 1962). Due to the construc-
tion of power plant dams, most natural reproduc-
tion sites in the upper part of the river were no
longer available. A brown trout stock which inhabits
the dammed sections of the river is mainly managed
by regular restocking.

In southern Finland, where the Vuoksi river is
located, the spawning season of brown trout is from
October to November. Suitable spawning sites and
habitats for juveniles regarding water depth, sub-
strate type (gravel), and flow velocity (M€aki-Pet€ays
et al. 1997, Louhi et al. 2008) are found mainly in
tributaries and at only a few restoration sites of the
main stream between power plants. Fry hatch from
eggs deposited in gravel substrate in May and move
to nearby sites which offer rocks and small cobbles
for shelter.

The implementation of the European WFD is
based on typification and classification of the

ecological status of all inland water bodies. The
main channel of the Vuoksi is a very large river in
regions with mineral soils, i.e. a very large clear-
water river, according to the Finnish river typology
classification. It has been defined as a heavily modi-
fied water body but has been attributed with good
ecological potential in the Vuoksi River Basin
Management Plan (RBMP) for the future period of
2022–2027. Measures to increase natural brown
trout reproduction are promoted, and compensatory
habitats are supported by the RBMP.

The construction of the brook was an initiative of
the city of Imatra in order to promote fishing in the
river and to create a new water feature for tourism.
The new brook enables residents and tourists to
experience flowing water in this particular area at
any time in the year.

3.2. Characteristics of the Imatra City Brook

The length of the brook is 1 km, with an average
slope of 2.5%. Water flows through two pipes into
two ponds in the upstream section of the brook
(Figure 2). A subsequent section of 400m follows a
rather straight course of a former log-floating chute.
The brook flows in a tunnel under the main street
with a pier for pedestrians. As a memorial of the
former log floating chute, a 30-m long wooden
aqueduct was constructed to lead the brook over a
valley containing a seepage brook, which is also the
emergency spillway of the power plant. The down-
stream section was designed with small gradients to
increase the length of the channel and to provide
suitable habitats (Figure 3). The wetted width of the
brook varies from 1 to 5m, and the widths of the

Figure 1. Location of Imatra City Brook in south-eastern
Finland at the Vuoksi river.

Figure 2. Imatra City Brook with its characteristic areas
(study sites shown in Figure 4.).
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first two ponds and the original wetland are up
to 10m.

Following an open tender, planning of the brook
was performed by a consortium that included the
landscape architecture bureau MA-arkkitehdit, the
Finnish Environment Institute SYKE, Ecoriver Ltd
and other specialists. The construction agency was
VRJ South Finland, and the channel was finalized
by the Southeast Finland ELY Centre. The brook
provided an opportunity to compare the goals of
the plan with the constructed situation, hydraulics,
and later, the performance of the new channel as a
suitable spawning and rearing habitat for fish.

This case serves as an example of how compensa-
tive reproduction can be achieved through design
and construction. The habitats were planned accord-
ing to optimal habitat preferences of brown trout
and Atlantic salmon in natural rivers, with respect
to water velocity, depth, and substrate types (M€aki-
Pet€ays et al. 1997, 2002 Louhi et al. 2008). As suit-
able reproduction habitats are rare in the con-
structed Vuoksi river, special attention was paid to
spawning sites with gravel and habitats with gentle
slopes that are suitable especially for yearlings (0þ)
juveniles (Jormola et al. 2016; Figure 3). Steeper sec-
tions and deeper pools were designed for larger fish
and for overwintering. Flow and habitat models
were created during planning, and they showed a
vast extent of suitable brown trout habitats. The tar-
get flow gradients were 0.25%–1%, with pools and

steeper sections of up to 5% slope. The slope of the
straight upstream section was, on average, 2%– 3%
and contained mostly riffles and small pools. As
the downstream section flowing to the Vuoksi river
was very steep with partly up to 16%, the ability
of fish to migrate upstream was a concern in
the beginning.

Trees, especially alder (Alnus sp.) and birch
(Betula sp.), have also started to grow on the banks
of the downstream section through natural seeding,
however, they have not yet had a marked effect on
the brook. Shade and shelter for fish are provided
by coarse woody debris, such as tree trunks and
stumps that were placed in the brook. The amount
of leaf litter entering the brook or the amount of
coarse particulate organic matter in macroinverte-
brate samples were not evaluated.

We identified 11 taxa of submerged plants, and
Potamogeton, Callitriche, and Myriophyllym were
among the most common ones. Most aquatic plants
originated from the upstream river basin and were
most abundant in the two ponds with inlet pipes.
We found dense growth of Potamogeton alpinus in
the old wetland of the seepage brook, which
appeared to provide protection to juvenile brown
trout. Elodea canadensis started to form dense
growths at downstream site B (Figure 4), where it is
currently the most common submerged plant. By
contrast, the aquatic moss Fontinalis antipyretica,
which is known to host macroinvertebrates and

Figure 3. The habitat section was designed with a winding channel and small gradients, with deeper pools in between.
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provide shelter to juvenile fish, established very
slowly and occurred only at sites where it was intro-
duced in 2016.

3.3. Hydraulics and physicochemical
water quality

The discharge of the brook was planned to be 300 l
s�1 in summer and 180 l s�1 in winter, as released
by Fortum Power Company. A total of 30 l s�1

drained into the seepage brook. Owing to reparation
works of the power plant, the discharge was limited
to < 250 l s�1 during this study. Laser scanning of
channel topography and water levels was performed
after construction. The longitudinal flow gradients
were close to those initially planned. The hydraulic
parameters were compared with the goals of the
plan and the model. Walter velocities and depths of
the constructed channels were measured in 2015.
The velocities at the respective habitats showed val-
ues between 0.1 and 0.7m s�1, which was in accord-
ance with the plan and habitat preferences of
juvenile brown trout (M€aki-Pet€ays et al. 2002).
These measurements suggested that the constructed
channel offered suitable habitats, as there were sta-
ble hydraulics without extreme discharges, com-
pared to natural streams (Koljonen et al. 2016).
Water velocity in the steep downstream section was
0.7–2.0 m s�1.

According to the WFD physico-chemical status
classification, water quality in the Vuoksi river was
excellent. Water colouration ranged from oligo- to
mesohumic (median water colouration was 35, rang-
ing from 25 to 40 MgPt l�1, in the years 2012–2017;
N¼ 47). The trophic status in Lake Saimaa was

oligotrophy, whereas Vuoksi river was oligo-meso-
trophic. The median total phosphorous concentra-
tion during the past five years was 7 mg l�1, and the
median total nitrogen concentration was 420 mg l�1.
There was very little annual variation in pH levels
for an outlet stream of this size: the range during
the past five years was 7.0 to 7.3, with alkalinity of
0.19–0.24mmol l�1. The low concentration of
ammonia (median 2 mg l�1and maximum 18 mg l�1)
and very small amounts of suspended solids
(median 1.0; maximum 1.7mg l�1; N¼ 47;
2012–2017) indicated good water quality. The lowest
concentration of oxygen during this same period
was 8.5mg l�1 which was observed during late sum-
mer 2014, when also the highest water temperature
of 19.8 �C was recorded. The median values of
11.7mg l�1 for oxygen and 7.6 �C for water tem-
perature were ideal for salmonid fish. These data
were collected at the nearest water quality station at
the Vuoksi river main channel, situated 3 km
upstream of the inlet into the Imatra City Brook
(source: Hertta Environment database of the Finnish
Environmental Institute). As only minor amounts of
urban storm water and no sewage water were
released into the river between the station and the
brook and the discharge of the Vuoksi river was
large (mean annual flow 684m3 s�1), the water
quality parameters were assumed to reflect those in
the brook.

3.4. Monitoring of fish and macroinvertebrates

The brook was included in the electrofishing moni-
toring program of the Vuoksi river in 2016, when
the first generation of brown trout from natural
spawning was observed. Initial electrofishing was
conducted in August 2015 to determine the species
which had been visually observed first. Combined
monitoring of fish and macroinvertebrates was con-
ducted in October 2016 and September 2017. Five
monitoring sites with different habitat structures
were used for electrofishing and four for surveying
benthic macroinvertebrates; two of these sites were
identical sites (Figure 4). Downstream site A for
surveying macroinvertebrates was in the steep sec-
tion of the brook flowing to the Vuoksi river.
Electrofishing site 1 included part of the original
wetland of the seepage brook, which existed before
the construction of the Imatra City Brook. Site 2 for
electrofishing and site B for macroinvertebrate mon-
itoring represented a special habitat section with a
gentle slope of approximately 0.5%. Sites 3 and 4 for
electrofishing and site C for macroinvertebrate mon-
itoring were located in the straight section with a
slope of approximately 2% and with a diversified
mix of riffles, pools, and some sections with low

Figure 4. Electrofishing sites 1–5 and macroinvertebrate
sites A–D.
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gradients. The uppermost sites (5 and D) were in
the upstream section of the brook, under the lower
pond, with mostly riffles with approximately 3%
slope. We calculated the data of electrofishing col-
lected by one-time fishing and estimated the popula-
tion densities (according to Junge and Libosvarsky
1965) using the average catchability of brown trout
(catchability ¼ 0.6) and averaged the densities as
individuals/100 m2. The average catchability was
estimated by repeated three-time fishing at Imatra
City Brook in several sampling sites in three conse-
quent years (Syrj€anen et al. 2021, unpublished).

Macroinvertebrates were monitored using kick-
net sampling (net mesh size 0.5mm). We collected
four subsamples (for 30 sec, each, over an area of ca.
0.3m2) covering only riffle habitats (according to
the monitoring scheme of the WFD) from each
inventory site A–D (Figure 4) and placed macroin-
vertebrates and associated bottom material in 70%
ethanol for preservation in the field. We processed
the samples in the laboratory and identified macro-
invertebrates at the species or genus level in 2016
and 2017. We identified the FFG (Merritt et al.
2008) of each taxon according to the latest know-
ledge of species with different feeding types; macro-
invertebrates were thus divided into gatherers/
collectors, scrapers, and filter feeders (including
active and passive filter feeders), shredders preda-
tors, and others.

We recorded the average number of individuals
per sample at each sampling site and the total num-
ber of taxa per sampling site. Furthermore, the fol-
lowing indices were produced to describe the overall
ecological quality: occurrence of type-specific (EPT;
Ephemeroptera, Plecoptera, and Trichoptera; Lenat
and Crawford 1994) families for small clearwater
rivers (catchment area less than 100 km2) and very
large clearwater rivers (catchment area more than
10 000 km2), and, according to Aroviita et al.
(2012), the occurrence of stream type-specific taxa
(TT) for the two river types above; the percent
model affinity (PMA) for these river types was also
produced. PMA compares the observed taxonomic
composition (measured as the relative abundances
of taxa) at a site to the taxonomic composition of a
reference model assemblage (Aroviita et al. 2012).

The indices were determined for small and large
clearwater rivers as the Imatra City Brook is,
according to its width, a small brook; however, its
waters originate from the Vuoksi river, thus it may
be considered a side channel of a very large river.
The EPT, TT, and PMA indices were compared to
the respective values representative for south
Finland. These indices are typically used in river
basin management for the classification of water
bodies (European Commission 2008, Vuori et al.
2009, Aroviita et al. 2012) and facilitate a compari-
son of existing diversity in the Imatra City Brook to
that in natural rivers. To estimate diversity at differ-
ent sampling sites and years, we calculated the
Shannon diversity index (Shannon 1948).
Additionally, we produced an overview of the
stream bank and aquatic vegetation coverage in
2017 to evaluate the correlation of vegetation with
macroinvertebrates and fish. Figures 2 and 3 show
the overall dominance of large trees near the brook
in the upper section and the openness of the down-
stream habitat section. As the development of
aquatic vegetation was in its initial stage, we pro-
duced only a qualitative inventory.

4 Results

4.1. Fish in the brook

The initial brown trout population was introduced
in the Imatra City Brook in the summer of 2015,
and it originated from a small brook hosting a nat-
ural population (transfer from the other side of the
power plant, distance 0,5 km). This introduced
population comprised 88 individuals aged 1þ to 2þ
years. Of these, 20 individuals were PIT-tagged for
monitoring, however, none of the marked fish were
caught from the brook during subsequent
electrofishing.

The predominant fish caught by electrofishing in
2016 and 2017 were juvenile brown trout. Based on
the electrofishing results, we calculated the age
group densities of juvenile brown trout (0þ and
1þ) separately for each of the five sampling sites
(Figure 4 and Table 1). The yearling 0þ average
was 40 and 43 individuals/100 m2 in 2016 and 2017,
respectively, resulting in a mean 0þ brown trout
density of 41.5 individuals/100 m2.

With an average density of 30.6 for age class 1þ
in 2017, the calculated average survival rate of the
year class 2016 was 76.5%. The average total density
of two year classes (0þ and 1þ) in 2017 varied
between sites (1–5) from 34 to 150 individuals/
100 m2.

The electrofishing catch in 2017 contained one
burbot individual (Lota lota; weight 266 g) caught at
the highest site. Some individuals of small rheophilic

Table 1. Brown trout density estimations for age groups
0þ and 1þ juvenile densities (per 100m2), according to
electrofishing results.

2016 2017 2017
Site 0þ 1þ 0þ
1 63 13 64
2 76 42 3
3 17 62 0
4 41 19 131
5 3 17 17
Average 40 31 43
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fish such as European bullhead (Cottus gobio) and
ninespine stickleback (Pungitius pungitius) were
caught in 2016, and stone loach (Barbatula barba-
tula) were caught in 2017. In the first year (2015),
hundreds of bleak (Alburnus alburnus) and common
roach (Rutilus rutilus) were visually observed, which
migrated into the brook, showing rapid fish colon-
ization. Juvenile bleaks and roaches and one perch
(Perca fluviatilis) were caught during initial electrof-
ishing in August 2015.

4.2. Macroinvertebrates

In 2016 1,711 macroinvertebrate individuals were
collected, whereas in 2017, 8,601 individuals were
collected (Table 2); the total number had thus
increased markedly over the two years. The total
number of taxa at all sampling sites increased from
26 to 47.

In 2016, the most abundant species was the cad-
disfly Neureclipsis bimaculata, which was predomin-
ant at the highest site D and represented almost
one-third of all collected individuals. In 2017, the
number of mayflies Baetis rhodani and B. niger
increased considerably. Stoneflies (Plecoptera)
clearly increased in number in 2017, as their taxa
number tripled and the average number of individu-
als per sample doubled. Leuctra and Isoperla were
new genera in 2017, and there were also new species
of Trichoptera caddisflies, such as Ceraclea dissi-
milis, Hydropsyche newae, and Psychomyia pusilla.

In the upstream part of stream site D, where the
water comes from the Vuoksi river (Figure 4), mac-
roinvertebrate samples showed the richest taxo-
nomic composition. Site D produced 31 taxa from
2017, with a large number of Neureclipsis bimacu-
lata, mayfly Heptagenia sulphurea, Isopod Asellus
aquaticus, and Chironomidae midges. It produced
some taxa which were only present on this site of
the stream, such as the amphipod Pallaseopsis quad-
rispinosa, which typically occurs in deep lakes and,
in this case, moved upstream from larger
water bodies.

Site C produced 21 taxa in 2017, with high num-
bers of B. rhodani, Hydropsyche siltalai,
Polycentropus flavomaculatus, and Chironomidae.
Site B produced 17 taxa, mainly B. rhodani,
Paraleptophlebia sp., and Polycentropus flavomacula-
tus. Site A in the steep downstream section pro-
duced 26 taxa, and B. rhodani represented the
largest number (1,799 individuals); many other taxa
were represented by only one or two individuals.
The abundances of taxa and individuals divided into
FFG’s are presented in Table 2 and Figure 5.

In 2016, the largest group was predators, accord-
ing to the large number of Neureclipsis bimaculata
and Rhyacophila nubila at the highest site D. The
proportion of scrapers in total individual numbers
increased from 28% in 2016 to almost two thirds
(64%) of the total numbers in 2017. Baetis rhodani
was the most common taxon in this group. At the
same time, the proportion of predators which were
predominant in 2016, decreased from 44% to 15%
in 2017, even though the numbers of individuals
and taxa doubled. The relative number of filter
feeders, shredders, and gatherers showed a minor
decrease. There were three to four times more scra-
pers in the completely open downstream sections A
and B than at the partly shaded upstream site D in
2017. The species inhabiting numerously the
upstream site D were N. bimaculata and Heptagenia
sulphurea, and in 2016 also R. nubila; of these, N.
bimaculata was either missing or very rare at sites
other than site D.

The calculated indices representing the ecological
diversity of Imatra City Brook are shown in Table 3.
In 2016, the number of EPT families for both small
and large rivers was moderate at sites A, B, and C,
and it was good at site D. In 2017, EPT families for
both river types increased by one category so that
site D showed high ecological quality; however,
there were three more taxa in the index for large
rivers at sites A, B, and D than for small rivers.

The TT index for small rivers, which was still
poor in 2016 at all sites, increased in 2017 to
“moderate” at sites B and C, and to “good” at sites
A and D. For large rivers, the TT index in 2016 was
“moderate” at site D. In 2017, the TT index for
large rivers increased to “moderate” at sites B and
C, to “good” at site A, and to “high” at site D. As a
general conclusion according to the EPT index, the
Imatra City Brook reached a good or even high eco-
logical status in 2017 and at the highest site D
already in 2016. Similarly, according to the TT
index, the brook partly reached a good or high eco-
logical status in 2017. The values showed high diver-
sity at the highest site D at the origin of the brook
near the water inflow, with influences from the
main watercourse.

Table 2. Number of macroinvertebrate taxa and individuals
in 2016 and 2017, divided in FFG.

Number of taxa Number of individuals

2016 2017 2016 2017

FIL 4 6 135 463
GAT 4 6 239 911
SCR 6 13 469 5511
SHR 2 6 106 355
PRE 6 12 758 1325
OTHERS 2 4 4 36
TOTAL 24 47 1711 8601

Abbreviations for FFGs are: FIL¼ filter feeders, GAT¼ gathering collec-
tors, SCR¼ scrapers, SHR¼ shredders, and PRE¼ predators. The group
OTHERS comprises only parasites.
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The PMA index showed moderate values only for
small rivers at downstream sites A–C and, accord-
ingly, only for large rivers at the highest site D,
indicating differences in the composition of taxa
near the entrance pipe and the rest of the brook.
The overall PMA values did not increase between
study years, apart from site C, where the community
composition in 2017 approached a good status and
that of the model community category of
small rivers.

The Shannon diversity index, which indicates
overall diversity, was comparably low at the down-
stream sites A and B, and it was slightly higher at
the upstream sites C and D in both years. Diversity
varied slightly between the two years. The Shannon
diversity index values were comparable to those
observed at Eldforsen (Gustafsson 2017).

5. Discussion

The Imatra City Brook is an example of an artificial
stream, designed according to preference conditions
of a key species, the brown trout. The brook repre-
sents one solution of ecohydraulics (Katopodis and
Kemp 2018). Our key finding was that a new brook
can be colonized rapidly by species originating from

the surrounding watercourse and, thus representing
a new habitat with ecological value.

The spawning migration of brown trout into the
Imatra City Brook began during the first autumn
after construction of the brook (2015); however,
only mature brown trout individuals were caught by
the preliminary electrofishing. During the study
years only few three-year-old or older fish were
caught from the study sites.

The electrofishing results indicated high densities
of juvenile brown trout from 2016 onwards. The
brook flows freely into the river, thus a part of both
year groups, especially of the older more mobile
one, may have been able to migrate out of the brook
into the river. There were very few suitable spawn-
ing sites in the main river, and there was no evi-
dence that juveniles of both year classes migrated
into the brook, thereby increasing the number of
juveniles in the brook. We assume that comparing
the numbers of year classes provides a rough esti-
mate of the calculated survival rates. We did not
perform exact monitoring of individual movements,
but comparison of the age classes at each monitor-
ing site showed tendencies of probable changes in
the location of the fish from 2016 to 2017
more upstream.

Figure 5. Percentages of individuals attributed to FFGs in Imatra City Brook in 2016 (left) and 2017 (right).

Table 3. Ecological and diversity indices of the macroinvertebrate community in the City Brook in years 2016 and 2017.
2016 2017

Site A B C D A B C D Refe-rence

Average individuals/ sample 25 62 78 262 563 545 454 492 –
Total taxa site 8 12 14 17 27 19 22 32 –
EPT families, Small rivers 5 5 6 7 7 7 8 10 9.2
EPT families, Large rivers 6 6 7 9 10 10 9 13 13.3
TT, Small rivers 6 7 8 8 13 11 12 15 19.1
TT, Large rivers 6 10 10 14 16 12 13 21 22.4
PMA, Small rivers 0.295 0.287 0.275 0.142 0.291 0.284 0.338 0.144 0.497
PMA, Large rivers 0.121 0.132 0.217 0.265 0.162 0.112 0.211 0.290 0.549
Shannon index 1.06 1.32 1.87 1.58 0.96 1.47 1.69 1.83 –

Abbreviations of indices, see section 3.4. Sampling sites A–D are indicated in Figure 4. All ecological indices (EPT families, TT and PMA) are shown
separately for small clearwater rivers (catchment area < 100 km2) and for large and very large clearwater rivers (catchment area > 10 000 km2).
Colours indicate ecological classes: blue¼ high, green¼ good, yellow¼moderate, light brown¼ poor, and red¼ bad. Reference values in last col-
umn are Finnish WFD classification values of the two river types. Reference values are averages of streams in a natural state, and they are always
higher than the lower limit of high ecological quality (Aroviita et al. 2019).
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Estimated average survival rates of brown trout
yearlings to 1þ individuals was 76.5%, which was
considerably higher than normal survival under nat-
ural settings, indicating a suitable habitat, low pre-
dation-mediated mortality, and stable environmental
conditions. In addition, the average densities were
high, compared to the long-term monitoring of 28
natural rapids in Central Finland (Heinimaa et al.
2016, Syrj€anen et al. 2021); brown trout densities in
Imatra City Brook in 2016 and 2017 observed in the
current study were similar to the average densities
of the two sites with the highest densities between
1996 and 2017. The high density of first-summer
juveniles at one site downstream of the tunnel sug-
gested the influence of special channel characteris-
tics providing protection to spawning adults and
small juveniles. With a habitat area of 2,500m2, the
estimated brown trout population size of Imatra
City Brook comprised over 1,000 individuals of age
class 0þ and approximately 750 juveniles of class
1þ; this juvenile age class reached the age of smolti-
fication and migration to the main river, which is
the main purpose of the brook.

The fish community of the brook comprised
eight species after natural colonization during three
years since construction. The great majority of fish
were juvenile brown trout, which is considered an
endangered species in inland waters in Finland.
Three small species also colonized the brook,. i.e.
European bullhead, stone loach, and ninespine
stickleback. The steep section downstream did not
seem to be a hindrance to these species, which are
frequently considered weak swimmers. Apparently,
the nature-like channel structure, resembling natural
rapids with diverse vortexes, provided migration
routes for most species and facilitated a mixed com-
position of species in the brook. This result is in
line with the findings of Pander et al. (2013) show-
ing that bypass channels can be essential new habi-
tats for juvenile life stages and small rheophilic
species in heavily modified rivers.

Macroinvertebrate colonization tended to increase
during the two study years, as shown by increasing
total numbers of individuals and taxa. Overall, the
highest rates of colonization were observed regard-
ing Baetis rhodani, and at the upstream site, espe-
cially regarding Neureclipsis bimaculata. In general,
colonization rates differ between invertebrate
groups; for example, caddisflies (Trichoptera) and
mayflies (Ephemeroptera) disperse faster than
leaches and Mollusca.

Scrapers were the predominant group among
FFGs, however predators (in the first study year)
and filter feeders were also abundant. FFG categor-
ization has been criticized previously because it
neglects ontogenic changes, seasonality, and

omnivory (Friberg and Jacobsen 1994; Ledger and
Hildrew 2000); however, this categorization was also
accepted as a suitable approach to simplify high
taxonomic diversity to ecologically meaningful enti-
ties. The reason for the dramatic increase in scra-
pers in 2017 may be partly the result of their fast
rate of colonization (especially regarding mayflies).
The colonization process itself may play the most
prominent role in these changes as no differences in
physicochemical water quality or in the amount of
water in Imatra City Brook were observed.

This may be partly associated with the overall
openness of the channel, which led to an increase in
algae from 2016 to 2017. The brook had mostly no
canopy cover at most of the sampling sites, which
resulted in very small amounts of terrestrial leaf lit-
ter entering the brook, thus keeping the abundance
of shredders low. However, lacking canopy cover
allows more solar radiation to penetrate the water,
thereby increasing algal production in the down-
stream parts of the brook and at site D, thus pro-
moting scrapers. We had no quantitative estimation
of dry mass of algae vs. that of leaf litter in any part
of the stream, thus prohibiting further conclusions
on the relationships between autotrophy and hetero-
trophy. During the first years after construction of
the brook, a bloom of the diatom Didymosphenia
geminata was observed at the beginning of the
brook and at the highest site D, indicating oligot-
rophy (see section 3.3). This bloom appeared to be
beneficial for several macroinvertebrate species (see
also Rost and Fritsen 2014, Fenoglio et al. 2020).
Trees provided shade and debris at most upstream
areas, however, there were also areas almost barren
of streamside vegetation, such as macroinvertebrate
sampling site D.

Colonization started at the highest sampling site
of the City Brook simply as the inlet pipe from the
Vuoksi mainstream was nearest to site D. Most
indices reflecting community composition, especially
those considering aquatic insects, supported this
phenomenon. The absolute number of taxa and
individuals as well as the overall ecological quality
(based on EPT, TT, and PMA indices of the large
river type) were highest at site D in both years.

Over less than three years, the average number of
taxa increased to 32, and the average number of
individuals was approximately 500 per sample. All
ecological quality indices improved in the upstream
site D, and the Shannon diversity index increased
slightly. The increase in the number of taxa was
two-fold from 2016 to 2017 at site D, indicating
high rates of drift and colonization from the inlet
pipe. Furthermore, there may be colonization by
crawling and other mechanisms (e.g. oviposition by
flying insects) at the downstream end, as the taxa
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number tripled from 2016 to 2017, notably raising
the EPT number and doubling the number of TT
(Table 3). The monitoring of macroinvertebrates has
been performed annually since 2017. The increase
in the number of individuals continued; however,
this was most evident at the upstream site D
(Haapala et al., unpublished). Colonization thus
continues as an ongoing process.

Overall, our results are in line with those of
Gustafsson (2017) regarding the rate of colonization
and the dominance of scrapers in the earlier phases
of brook colonization. Both the number of EPT
families and TT showed higher values for large and
very large river types, when compared to small riv-
ers. The PMA index corroborated these results in
the uppermost part; this phenomenon may explain
why colonization started there and why the commu-
nity at this site most closely resembled the model
community of a very large river. The findings that
the overall community composition better resembled
a model community of a very large clearwater river
than that of small rivers (despite the fact that the
average channel width in the City Brook is < 5m
and the discharge is 0.2–0.3 m3/sec) were also in
line with previous observations (Gustafsson 2017).

Microhabitat selection models for macroinverte-
brates, presented by Forcellini et al. (2022), could
suit well for predicting the development of con-
structed habitats. In our case, biological traits like
colonization and fast growth of algae seem to
explain most of the macroinvertebrate assemblage.
The role of hydrological parameters like velocity
and shear stress may become more important in the
future when the environmental conditions stabilize
– these factors were not monitored so far in
our study.

6. Conclusions

The fish densities of brown trout as a key fish spe-
cies in the Imatra City Brook are, despite its short
existence, comparable to the best natural streams in
Central Finland (Heinimaa et al. 2016). Survival
rates of the two age classes were also higher than
those in natural streams. This indicates that con-
structed reproduction channels have a high potential
as compensative reproduction areas for brown trout
near power plants where natural reproduction sites
are often destroyed.

The colonization of macroinvertebrates indicates
the rapid development of Imatra City Brook.
Scrapers were the predominant FFG, which may be
an indirect indication of high autochthonous pri-
mary production in the brook with very limited
streamside vegetation.

Drift from the main river may play a major role
in invertebrate colonization, as indicated by the
highest number of taxa and one lake species from
profundal zones, Pallaseopsis quadrispinosa, in the
uppermost sampling site in both study years, as well
as by the highest number of individuals in the first
year. Diversity indices (compared to values reported
by Gustafsson et al. 2013) showed good or even
high diversity at all three upstream sites after a short
time of existence of the brook. Presence of benthic
macroinvertebrates, together with colonization by
several fish species, shows that constructed repro-
duction channels can rapidly develop into diverse
ecosystems with considerable value as compensative
habitats (see also Huttunen et al. 2018, Chapelsky
et al. 2020).

This study shows that targeted planning and con-
struction of artificial channels according to the
requirements of key species can strongly support
natural fish production. It also shows that such
measures should be recommended for policies to
support river basin management and to revive fish
communities and increase the ecological value of
constructed rivers.
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