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Abstract
Streams and rivers have been extensively altered by humans. Channelization and land use have
changed stream habitats and water quality with adverse effects on biota and ecosystem functions.
Impacted streams have been targets for restoration, but there is considerable lack of understanding
how streams should be restored in an ecologically effective way. In this doctoral thesis, I studied
the impacts of channelization (for timber floating) and agricultural diffuse pollution on stream
biota. I also studied the effectiveness of restorations of forestry impacted streams stressed by
excessive sand sedimentation from catchment drainage. Finally, I also studied the effects of
mosses, fine sediment and enhanced dispersal on stream macroinvertebrate communities and
ecosystem functions. I found that channelization did not have effect on diatom, macrophyte,
macroinvertebrate and fish assemblages, whereas diffuse pollution had strong effects, with no
interactions between the two stressors. I showed that excessive sedimentation from forest drainage
was harmful for stream biota but had no effect on leaf decomposition and algal accrual rate.
Restoration with boulders reduced sand cover and was more beneficial for in-stream biodiversity,
whereas restoration with wood tended to increase hydrological retention of stream channels,
thereby altering riparian plant assemblages toward more natural composition. In a mesocosm
experiment, I found mosses to have a strong impact on macroinvertebrate communities and
ecosystem functions. Mosses increased organic matter retention and reduced algal accrual rate and
leaf decomposition. The effect of mosses on macroinvertebrates was stronger than that of sand
sedimentation, and mosses mitigated some of the negative effects of sand. Extensive dispersal had
a distinct imprint on invertebrate community composition but did not blur the effect of mosses and
sand on communities, suggesting strong local-scale environmental control of composition. My
thesis emphasizes that priority in stream restoration should be in the mitigation of diffuse pollution
rather than restoration of channel morphology, especially in streams where channel alteration has
been fairly modest, as in the case of timber floating. Addition of both boulders and large wood
likely yields the best biodiversity response in the restoration of forestry impacted streams. Mosses
are a key component of boreal lotic ecosystems; therefore, the recovery of mosses may be a
prerequisite for the full recovery of biodiversity and ecosystem integrity of boreal streams.

Keywords: algal production, benthic macroinvertebrates, bryophytes, channelization,
diffuse pollution, dispersal, hydromorphology, leaf decomposition, microbes, nutrients,
sedimentation, stream restoration

Turunen, Jarno, Boreaalisten virtavesien biodiversiteetin ja ekosysteemin
toimintojen vasteet maankäytöstä johtuviin muutoksiin ja kunnostukseen.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta; Suomen
ympäristökeskus
Acta Univ. Oul. A 708, 2018
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Ihmisen toiminta on laajasti muokannut virtavesiä. Uomien kanavointi ja maankäyttö ovat muuttaneet virtavesien elinympäristöjä ja veden laatua, millä on ollut haitallisia vaikutuksia virtavesien luonnon monimuotoisuuteen ja ekosysteemin toimintaan. Huonokuntoisia virtavesiä on kunnostettu paljon, mutta ymmärrys siitä, kuinka virtavesiä tulisi kunnostaa parhaan ekologisen lopputuloksen saavuttamiseksi, on edelleen vajaata. Tutkin tässä väitöskirjassa uittoperkausten ja
maatalouden hajakuormituksen merkitystä ja yhteisvaikutusta virtavesien eliöyhteisöihin. Tutkin myös kunnostusten vaikutusta hiekasta kärsivissä metsätalouden muokkaamissa puroissa,
sekä vesisammalten, hiekan ja eliöiden levittäytymisen merkitystä purojen pohjaeläinyhteisöjen
ja ekosysteemin toimintojen muovautumisessa. Havaitsin, että uoman perkauksilla ei ollut vaikutusta virtavesien eliöyhteisöihin, mutta hajakuormituksen vaikutus oli voimakas. Perkauksella
ja hajakuormituksella ei ollut yhteisvaikutuksia eliöyhteisöihin. Osoitin, että metsäojituksista
aiheutuva ylimääräinen hiekan sedimentaatio on haitallista virtavesien eliöille, mutta sillä ei
ollut vaikutusta lehtikarikkeen hajotukseen tai päällyslevien tuotantoon. Kunnostukset joissa
käytettiin kiveä vähensivät hiekan peittävyyttä ja olivat hyödyllisempiä uoman eliöstölle kuin
kunnostukset, joissa tehtiin puurakennelmia. Puukunnostukset kuitenkin lisäsivät uoman vedenpidätyskykyä ja siten muokkasivat rantavyöhykkeen kasvillisuutta luonnontilaisemmaksi.
Havaitsin, että vesisammalilla on voimakas vaikutus pohjaeläinyhteisöjen koostumukseen. Sammalet vaikuttivat ekosysteemin toimintoihin lisäämällä eloperäisen aineksen pidättymistä ja
vähentämällä lehtikarikkeen hajotusta ja päällyslevien tuotantoa. Sammalten vaikutus pohjaeläimiin oli voimakkaampi kuin hiekan, ja sammalet kykenivät jopa lieventämään joitakin hiekan
negatiivisia vaikutuksia. Eliöiden levittäytymisellä oli selvä vaikutus yhteisöjen koostumukseen, mutta se ei hävittänyt hiekan ja sammalen vaikutusta, mikä viittaa korkeaan ympäristötekijöiden merkitykseen yhteisöjen rakentumisessa. Tutkielmani korostaa, että maatalousjokien tilan
parantamisessa hajakuormituksen hallinta tulisi olla ensisijainen kunnostustavoite uoman rakenteen kunnostamisen sijaan. Metsätalouden vaikutuksista kärsivissä puroissa kivi- ja puumateriaalin käyttö samanaikaisesti tuottaa luultavimmin laajimman vaikutuksen purojen monimuotoisuuteen. Sammalilla on merkittävä vaikutus muiden eliöiden yhteisökoostumukseen ja ekosysteemin toimintoihin, joten sammalten palautuminen on tärkeä kunnostustavoite virtavesissä,
joissa on luonnostaan paljon sammalkasvustoa.

Asiasanat: hajakuormitus, hydromorfologia, lajien levittäytyminen, lehtikarikkeen
hajotus, levän tuotanto, mikrobit, pohjaeläimet, ravinteet, sammalet, sedimentaatio,
virtavesikunnostukset
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1

Introduction

The last 200 years have been a period of daunting human impact on Earth (Crutzen,
2002). The size (7.5 billion in 2017) and growth of human population places
tremendous pressure on the use of natural resources. Energy, infrastructure, food
and secondary production demands are the main drivers of global warming, habitat
loss, over harvesting and environmental pollution. Together, these human pressures
are causing global change and reduction of biodiversity and functioning of
ecosystems (Dirzo et al., 2014). It has been estimated that the current extinction
rate is at least 100 times higher than the natural background rate (Ceballos et al.
2015), and the population sizes of many present species have collapsed (Ceballos,
Ehrlich, & Dirzo, 2017). The evident reasons for these devastating trends are
unsustainable use of natural resources and introduction of exotic species (Sala et
al., 2000; Butchart et al., 2010).
Among different ecosystem types, freshwater systems and their biodiversity
are especially heavily impacted by humans (Dudgeon et al., 2006; WWF 2016).
Particularly, streams and rivers have been altered extensively (Malmqvist & Rundle,
2002), due partly to the long history of human dependence on river channels. Rivers
have been channelized for navigation and flood protection, used as a sewage routes
and dammed for energy production and water withdrawal. It has been suggested
that 65% of global river discharge and associated aquatic habitats are under
moderate-to-high threat (Vörösmarty et al., 2010). Stream ecosystems are sensitive
to land use because the effects of human activities in their catchments are readily
seen in the small water volume of streams. The major impacts of land use
(agriculture, forestry, and urbanization) on stream habitats are changes in discharge
patterns, increased soil erosion and sediment supply, and increased nutrient and
other pollutant concentrations in water (Waters, 1995; Paul & Meyer, 2001; Allan,
2004).
The key land-use induced stressors to stream ecosystems are excessive nutrient
pollution and sedimentation due to fertilizer use and catchment erosion (Allan,
2004). Agricultural streams often have elevated water temperature, phosphorus,
nitrate, and suspended sediment concentrations which are the major constituents
of agricultural diffuse pollution in streams (Ekholm et al., 2000, Sponseller,
Benfield, & Valett, 2001; Buck, Niyogi, & Townsend 2004). These physical and
chemical changes in the stream habitat commonly cause changes in biodiversity
and ecosystem functioning (e.g. Greenwood, Harding, Niyogi, & McIntosh, 2012;
Tolkkinen et al., 2013, Rosemond et al., 2015). In addition to diffuse pollution,
15

streams are often channelized for navigation, flood protection and, especially in
boreal regions, for timber transportation (Malmqvist & Rundle, 2002, Nilsson et
al., 2005). Because these habitat changes frequently co-occur, understanding their
relative importance and combined effects on stream ecosystems is of high relevance
for effective resource management.
Together with agriculture, forestry practices are a major land use causing
erosion and excessive stream sedimentation (Waters, 1995, Allan, 2004).
Deforestation by clear-cutting and construction of forest roads commonly increase
sediment load to streams (Vuori & Joensuu, 1996, Sutherland, Meyer, & Gardiner,
2002; Dearing & Jones, 2003; Hassan et al., 2005). Tree removal reduces
interception, transpiration and roots’ stabilizing effect on soil, which all increase
the proneness to sediment erosion and flushing of fine sediments to receiving
streams (Hassan et al., 2005). Unpaved forest roads readily erode and adjacent road
ditches can carry large quantities of fine sediments to streams (Kreutzweiser &
Capell, 2001; Kreutzweiser, Capell, & Good, 2005). In certain regions, construction
of ditch networks to drain naturally wet forests has been a common practice
(Paavilainen & Päivänen, 1995). In Finland, for example, over half (55%) of the
peatlands have been drained to enhance forest growth (Turunen, 2008). The ditches
can be very prone to erosion, and as the ditches often drain directly into a stream
channel, they can carry a lot of sediment to receiving streams (Vuori & Joensuu,
1996; Vuori, Joensuu, Latvala, Jutila, & Ahvonen, 1998).
Sedimentation is considered to be one of the most severe land-use related
stressors to stream biota (Matthaei, Piggot, & Townsend, 2010; Wagenhoff,
Townsend, & Matthaei, 2012). Excess sediments fill the interstitial spaces of
coarser substrates and thus reduce habitat availability for crevice-dwelling
invertebrates, impair salmonid spawning success, and scour periphytic algae
(Kemp, Sear, Collins, Naden, & Jones, 2011; Jones, Duerdoth, Collins, Naden, &
Sear, 2014; Mustonen et al., 2016). Instability of fine-grained substrate hinders
establishment of aquatic plants and sedentary invertebrates. Sedimentation can
interfere with stream ecosystem processes, such as decomposition of leaf litter
(Lecerf & Richardson, 2010; Louhi, Richardson, & Muotka, 2017). Considering
the pervasiveness of fine sediments as a stressor (Waters, 1995) and the potential
future increase of sedimentation in streams due to climate change (Poff, Brinson,
& Day, 2002), there is clearly a need to further our understanding of its effects on
stream ecosystems.
Streams affected by anthropogenic stressors are obvious targets for restoration.
Restoration often focuses on increasing the physical habitat heterogeneity to
16

improve the ecological state of degraded streams (Palmer, Menninger, & Bernhardt,
2010; Sundermann et al., 2011). The rationale behind this is that habitat
heterogeneity generally correlates positively with species diversity (Benton,
Vickery, & Wilson, 2003; Tews et al., 2004), and this relationship has also been
detected in streams (Beisel, Usseglio-Polatera, & Moreteau 2000; Brown, 2003;
Pedersen, Kristensen, & Friberg, 2014). This has led to the perhaps naïve
assumption that by restoring the natural complexity of physical habitat, biodiversity
will eventually become indistinguishable from that in unaltered systems (‘Field of
Dreams’ principle) (Palmer, Ambrose, & Poff, 1997; Hilderbrand, Watts, & Randle,
2005).
Despite extensive restoration efforts (Bernhardt et al., 2005), the ecological
responses to habitat restoration have been highly variable, from low effects (Lepori,
Palm, Brännäs, & Malmqvist, 2005; Palmer et al., 2010; Louhi et al., 2011; Stranko,
Hilderbrand, & Palmer, 2011) to at least partial success (Jähnig, Brunzel, Gacek,
Lorenz, & Hering, 2009; Whiteway, Biron, Zimmermann, Venter, & Grant, 2010;
Lorenz, Korte, Sundermann, Januscke, & Haase, 2012). Often suggested
explanations for the lack of positive responses are that (i) restoration has been
conducted at an inappropriate scale, (ii) it has treated the symptoms rather than the
actual causes for the deteriorated conditions, and (iii) restoration has used too
narrow a range of measures (‘one technique fits everywhere’) (Bond & Lake, 2003;
Hilderbrand et al., 2005; Palmer et al., 2010). Clearly, in at least some instances,
other factors, such as poor catchment management and associated stressors, might
be more critical than the loss of habitat heterogeneity per se (Palmer et al., 2010;
Stranko et al., 2011; Sundermann et al., 2011). Whether increased variability of
habitat structure has a noticeable effect on stream communities and ecosystem
functions can largely depend on the extent of dispersal in a metacommunity (Venail
et al., 2008; Brown & Swan, 2010; Tornwall, Swan, Brown, 2017). Recently, some
studies have applied metacommunity theory to explain variable restoration
outcomes. Generally, these studies have highlighted that dispersal and connectivity
of source populations to restored sites may be crucial for the ecological success of
stream restoration (Tonkin, Stoll, Sundermann, & Haase, 2014; Winking, Lorenz,
Sures, & Hering, 2014). In this respect, restoration of habitat heterogeneity might
not produce the desired restoration outcome if communities are dispersal limited.
On the other hand, increased habitat heterogeneity might not produce the desired
community structure if the restored site is under extensive dispersal and thus not
strongly structured by environmental factors (i. e. mass effects) (Leibold, et al.
2004, Tornwall et al., 2017). Thus, more isolated communities could be more
17

responsive to habitat manipulations (Brown & Swan, 2010; Brown & Swan, 2017;
Tornwall et al., 2017).
Mosses are an important habitat component structuring boreal stream
communities, and they may also affect ecosystem functions such as organic matter
retention. Their recovery may therefore be a prerequisite of the full recovery of
stream ecosystems after restoration (Muotka & Syrjänen, 2007; Louhi et al., 2011;
Koljonen, Louhi, Mäki-Petäys, Huusko, & Muotka, 2012). The presence of mosses
can also reduce the temporal variation of macroinvertebrate communities
(Huttunen et al., 2017), suggesting a refugial effect during harsh environmental
conditions. However, the interactive effects of mosses with anthropogenic stressors,
such as excessive sedimentation, are poorly understood.
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2

Aims of the thesis

The overall objective of this thesis was to study factors that are important for
successful management, conservation and restoration of boreal stream biodiversity
and ecosystem functions. The subprojects gave insight to several aspects of high
importance to stream restoration. In the first study (I), the aim was to disentangle
the response of stream communities to channelization and agricultural diffuse
pollution to explore the relative importance and combined effects of these stressors
on stream communities. In the second subproject (II), the aim was to study the
effectiveness of boulder and wood based stream restoration methods in mitigating
excessive sedimentation impacts on stream habitat, communities and ecosystem
functions in forestry impacted streams. In the third paper (III), the aim was to
experimentally study the effects of stream mosses, fine sediments and enhanced
dispersal on stream communities and ecosystem functions. The emphasis in the
third paper was to get understanding on dispersal and environmental factors in
structuring macroinvertebrates communities and how the presence of moss and fine
sediments interact and influence community structure and ecosystem functions.
In the following sections, I summarize the main study approaches and findings
of the original articles of this thesis. Further details are given in the original articles.
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3

Materials & Methods

3.1

Study area

The relative importance and interactive effects of stream channelization and
agricultural diffuse pollution (I) were studied in 91 streams located in hemiboreal,
south boreal and midboreal ecoregions in southern and central Finland (60–65 °N
and 21–31°E). Streams in the area are typically slightly acidic and colored by
dissolved organic carbon due mostly to acidic bedrocks and large peatland areas.
The main anthropogenic pressures to the streams are diffuse pollution, due to
agricultural and forestry land use, and modification of channel conditions mainly
for the historical needs of timber transport. We selected the sites from the national
monitoring network to represent the least impacted sites (‘reference’ sites, sensu
Stoddard, Larsen, Hawkins, Johnson, & Norris, 2006) and sites impacted by
agriculture and/or alteration of channel morphology.
The effectiveness of different stream restoration methods in the restoration of
forestry impacted and sediment degraded streams (II) was studied in the headwaters
of River Iijoki basin (area 14 191 km2), northern Finland, where the main
anthropogenic stressor is excessive inorganic fine sediment loading from peatland
drainage. We selected nine streams that were initially impacted by fine sediment
accumulation, and were restored 3–7 years (median: 6 years) prior to our sampling.
We also sampled two types of control streams: nine near-natural reference and ten
impacted streams.
The effects of stream mosses, sand sedimentation and enhanced dispersal on
stream communities and ecosystem functions (III) were studied in a mesocosm
experiment. We conducted our experiment in the Kainuu Fisheries Research Station
of Natural Resources Institute Finland (LUKE) (64.24 °N and 27.31 °E) that houses
six 25 x 1.5 m parallel outdoor stream channels designed for experimental research.
The extent of land use, fine sediment and especially nutrient pollution levels in
the streams in the Nordic boreal region are overall rather low compared to the
situation in, for example, Central Europe (e.g. Hering et al., 2006; Elbrecht et al.,
2016). Thus, the field studies reflect the responses stream biota and ecosystem
functions to low-to-moderate land use impact scenarios.
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3.2

Data

The subprojects of this thesis included a wide variety of data: measurements of
physical and chemical habitat characteristics (I, II) samples of leaf-decaying
bacteria and fungi (II), diatoms (I), macrophytes (I, II), riparian plants (II), benthic
macroinvertebrates (I, II, III) and fish (I). Ecosystem functioning was measured as
leaf decomposition (II, III) and periphyton accrual rate (II, III).
3.2.1 Habitat measurements
In paper I, we used water chemistry variables and land use information to quantify
the degree of diffuse pollution at each site. For papers I and II, we obtained water
chemistry data from a national database (I) (OIVA, http://www.ymparisto.fi/oiva)
or collected water samples by using national standards (National Board of Waters
1981) (II). A geographical information system (GIS) was used to delineate
catchments, and land use was quantified by Corine Land Cover data (CLC) (I, II).
Water pH was measured from water samples (I) or in situ with YSI Professional
Plus -meter (YSI Inc., Yellowsprings, Ohio, USA) (II).
In paper I, we quantified hydromorphological alteration by conducting River
Habitat Survey (RHS; Raven, Holmes, Dawson, & Everard, 1998) and
complemented it by an additional evaluation of the degree of channelization for
timber transport. Both surveys were conducted at the 500-m standard length for a
RHS survey to capture potential modifications of a stream reach. Because RHS
does not take into account channelization for timber transport, the degree of
channelization was estimated at ten evenly distributed RHS points on a 3-point
scale: 0 - no modification, 1 - moderate alteration and 2 - intense alteration. The
sum of these values was then used as a channelization score (CS), ranging from 0
to 20. Because all biological sampling focused on riffles, we further calculated a
channelization intensity score (CI) by the mean value across those CS estimates
that represented riffle habitats (values from 0 to 2). CI thus describes the intensity
of morphological alteration at a sampling site and CS in the whole reach.
In paper II, substrate size distribution was estimated in 15 randomly placed
0.25 m2 quadrates as percentage cover of ten size classes from fine sediments (ø <
0.2 cm) to large boulders (ø > 25 cm) (modified Wentworth scale). Volume of large
woody debris (LWD, dm3 m-2) was quantified by measuring (length x width) all
wood particles > 5 cm in diameter within bank full channel width. Hydraulic
conditions were measured by adding a tracer injection pulse (NaCl, 10 min pulse)
22

(Stofleth, Shields, & Fox, 2008) and then applying OTIS-P modelling (Runkel,
1998) to estimate transient storage of a reach. OTIS-P modelling was also used to
calculate the hydraulic retention factor (Rh; Morrice, Valett, Dahm, & Campana
1997).
3.2.2 Biological sampling
Diatoms (I) were sampled from five randomly selected stones at each site. The
upper surface of stones was washed with water into a jar using a tooth brush, and
the dislodged material was preserved in ethanol. From each sample, 400 diatom
valves were counted and identified to species level, and the relative abundance of
species was used in data analyses.
In paper I, macrophytes (both vascular plants with underwater roots and
bryophytes) were surveyed in five 20-m sections at each site. Abundance of
vascular plants was estimated as percentage cover of each species at each section;
abundance of bryophyte species was estimated as percentage cover in two 1 x 2 m
plots per section. Frequency of vascular plants was estimated by dividing the
section into 100 equally-sized quadrats and then counting how many of these were
occupied by each species. For bryophytes, the frequency was calculated as the
number of occurrence in the ten plots per the five 20-m sections. Mean values
across sections were then calculated for each site. For data analyses, we combined
the estimates of abundance and frequency to a Vegetation Index (VI):
2(abundance+frequency-1) (Ilmavirta & Toivonen, 1986). To calculate VI, estimates were
ranked to seven classes (0%=0, <0.5%=1, 0.5–1%=2, 1–5%=3, 5–25%=4, 25–
50%=5, 50–75%=6, 75–100%=7; bryophyte frequency: 0%=0, 10%=1, 20%=2,
30%=3, 40–50%=4, 60–70%=5, 80–90%=6, 100%=7). In paper II, only
bryophytes were sampled from 15 randomly placed 0.25 m2 quadrates across a
reach, and species’ coverages were recorded at each quadrate.
In papers I and II, benthic macroinvertebrates were sampled by taking four 30s kick-net samples covering most microhabitats present at a site. This method is
known to capture about 75% of taxa present in a given reach, mainly missing
species with sporadic occurrence in streams (Mykrä, Ruokonen, Muotka, 2006). In
the experimental study (III), macroinvertebrates were sampled by taking four
Surber samples (mesh size: 0.5 mm, sampling area: 290 cm2) by disturbing the
bottom sediment with hand for 30 s. Invertebrates were preserved in 70% ethanol
in the field, and samples were later sorted in the laboratory. All invertebrates were
23

identified and counted, mainly to species or genus (except dipterans and
oligochaetes which were identified at a coarser level).
In paper I, fish were sampled by electric fishing with one to three passes. Fish
species and their densities (fish per 100 m2) were recorded at each site. To maintain
comparability between sites, only data from the first pass were used in the data
analysis.
3.2.3 Ecosystem functions
In papers II and III, we measured periphyton accrual rate and leaf decomposition.
Periphyton accrual rate was measured by incubating five 25 cm2 ceramic tiles in
each reach for 21 days (II) or four tiles for 48 days (III). Chlorophyll a was
measured by spectrophotometry in the laboratory. To measure leaf decomposition,
(II) we collected alder (Alnus incana L.) leaves prior to abscission and air-dried
them at +23 °C for three weeks and then incubated 6 g of leaves in the stream in
mesh bags for 21 days. The samples were then ashed and converted to ash-free dry
mass, and the percentage of leaf mass loss was calculated. In paper III, we fastened
2 g of leaf material with paper clips to create leaf packs. Four leaf packs were placed
in each flume on the third week of the experiment (day 22) so that the total
incubation period was 27 days.
3.2.4 DNA analyses
In paper II, we extracted bacterial and fungal DNA from the incubated leaf samples.
The 16S rDNA region of bacteria was amplified with primers 519F 5′CAGCMGCCGCGGTAATWC-3′
and
926trP1
5′CCTCTCTATGGGCAGTCGGTGATCCGT CAATTCCTTTRAGTTT-3. The 18S
rDNA region of fungi was amplified with primers ITS1F 5´CTTGGTCATTTAGAGGAAGTAA-3´
and
58A2R-P15´CCTCTCTATGGGCAGTCGGTGATCTGCGTTCTTCATCGAT-3´.
The
TM
amplicons were sequenced using the Ion Torrent semiconductor system (Thermo
Fisher Scientific Inc., Waltham, USA). Sequences were analyzed using
Quantitative Insights Into Microbial Ecology (QIIME) version 1.8.0 (Caporaso et
al., 2010). The sequence library was split by samples and quality filtered for each
sequence using default settings in QIIME. A total of 1 464 869 and 1 122 516
sequences were retained for bacteria and fungi, respectively. The sequences were
24

clustered as operational taxonomic units (OTUs, 97% similarity) using the Usearch
algorithm (Edgar, 2010).
3.3

Study design

In paper I, we explored the independent and interactive effects of
hydromorphological channel alteration (mainly channelization for water transport
of timber) and diffuse pollution on species assemblages. For this purpose, we
grouped our study sites based on their deviation from reference conditions for
diffuse pollution and hydromorphological alteration. The sites were classified as
unimpacted by diffuse pollution from agriculture if total phosphorus concentration
was at the reference, or only slightly elevated, level of that defined for Finnish
streams (< 35 μg L-1 for streams draining mineral lands, < 40 μg L-1 for streams
draining peatlands, < 60 μg L-1 for streams draining clay catchments, Vuori,
Mitikka, Vuoristo, 2009). Sites were classified as impacted by diffuse pollution if
nutrient concentrations were clearly elevated (phosphorus values > 60 µg L-1,
corresponding to the ‘moderate-or-poorer’ nutrient status, Vuori et al., 2009). We
classified sites as hydromorphologically unaltered if the CI index was ≤ 0.1,
corresponding to < 10% of the section length channelized moderately or < 5%
severely. The sites classified as impacted by channelization had CI ≥ 0.2,
corresponding to ≥ 20% of section length channelized moderately or > 10%
severely. This classification scheme resulted in four treatment groups: (i) least
impacted sites with both stressors absent (or present at very low levels) (N = 20),
(ii) hydromorphologically altered, channelized sites with minor or no diffuse
pollution (N = 25), (iii) sites with clear diffuse pollution but with no or only minor
hydromorphological alteration (N = 25), and (iv) sites altered by both diffuse
pollution and altered hydromorphology (N = 21).
In paper II, we allocated streams to different treatment groups based on
restoration methods and forestry (drainage) impact. This resulted in four treatment
groups: streams restored mostly with boulders (n=5), streams restored with wood
(n=4), near-natural streams (n=9) and forestry impacted streams (n=10). The nearnatural references resembled the impacted streams in all other characteristics but
the near-absence of drainage activities in their watersheds. The impacted streams
were affected by drainage to the same extent as were the restored streams prior to
restoration.
In paper III, the experiment ran for 48 days, in August to September 2014. Four
5.8 m long and 20 cm wide rustproof plate subflumes were placed parallel to each
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other in each of the six channels. Thus, the total number of subflumes was 24.
Before the start of the experiment, the bottom of each subflume was covered by a
uniform 10-cm layer of gravel which was washed carefully to make sure that the
subflumes did not harbor any macroinvertebrates before the experimental
treatments were implemented. Water flow into the channels was adjusted such that
every channel had similar mean flow velocity (0.25–0.30 m s-1) and mean water
depth (10–15 cm). The experimental treatments were (i) addition of habitat
architecture (Fontinalis antipyretica mosses), (ii) sand (to mimic land-use induced
sedimentation) and (iii) addition of benthic invertebrates (to mimic enhanced
connectivity/dispersal). Mosses and sand were allocated randomly across the four
subflumes in each channel using a fully crossed factorial design. The aideddispersal treatment was implemented at the whole-channel level, with all subflumes
in three randomly selected channels receiving extra loads of invertebrates, while
the other set of 3x4 subflumes only received invertebrates from the upstream
sections of the experimental arena.
3.4

Statistical methods

In paper I, we used three complementary approaches to assess multiple-stressor
impacts on stream communities: (i) taxonomic richness, (ii) community ordinations,
and (iii) assessment metrics. We assessed the ecological status of each study site by
using Ecological Quality Ratios (EQR, or Observed-to-Expected value [O/E-ratio])
from the national EU Water Framework Directive (WFD) assessment which is
based on the reference condition approach. For diatoms, macroinvertebrates and
macrophytes, we used the number of expected taxa (O/E-taxa; Moss, Furse, Wright,
& Armitage, 1987), or taxonomic completeness, which is widely used as a measure
of biological condition in freshwater bioassessment (e.g. Hawkins, 2006). Fish
assemblages were assessed using the Fish Index for WFD assessment in Finland
(FiFI; Vehanen, Sutela, Korhonen, 2010). The EQRs indicate a range in biological
condition from values around 1 (undisturbed reference condition) to 0 (poor status
with the largest deviation from reference conditions).
We used Non-metric Multidimensional Scaling (NMS) ordination to visualize
the effect of hydromorphological alteration and diffuse pollution (I), restoration (II)
and experimental treatments (III) on community composition of different organism
groups. Bray-Curtis dissimilarity was used as the distance measure. Two-way
factorial permutational multivariate analysis of variance (PERMANOVA)
(Anderson, 2001) was used to test the significance of the main effects of and
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interaction between diffuse pollution and hydromorphological alteration on
community structure (I), the effect of stream restoration (II) and the main effects
and interactions of mosses, sand sedimentation and enhanced dispersal on
macroinvertebrate community composition (III). Homogeneity of multivariate
dispersion between treatment combinations was tested prior to PERMANOVA
(Anderson, 2001).
We performed two-way ANOVAs separately for each organism group to test
whether hydromorphological alteration or diffuse pollution have significant
independent and/or interactive effects on taxon richness and ecological status (I).
To deal with the potential problems of higher-than-possible additive effects of
stressors on response variables, we used the multiplicative risk model (Sih,
Englund, & Wooster, 1998), and thus the response variables were log10(x+1)transformed prior to analysis. The effect of diffuse pollution and
hydromorphological alteration on trout density was only visually explored because
no trout occurred in any of the sites in two of the stream groups
In paper II, we tested for differences between treatments in the physical stream
habitat and microbial responses by using generalized linear models (GLM); for
other biological response variables, we used linear mixed-effects models (LMM;
function lme in R-package nlme; Pinheiro et al., 2015). In LMM, treatments were
fixed effect, and samples nested within streams were treated as random effects. We
also included VarIdent function in the model to allow heterogeneity in variance
structure among treatments. Proportional response variables were logit transformed
prior to analysis (Warton & Hui, 2011). The fit of models was inspected using
residual plots and were found to satisfy the assumptions of normality and
heterogeneity of residuals for parametric analysis. The results are given as
treatment contrasts.
In paper III, we analyzed differences among treatments in algal accrual (µg m2 -1
d ), leaf mass loss (%), organic matter standing stock (g) and macroinvertebrate
response variables using linear mixed effects models (LMM; function lme in Rpackage nlme; Pinheiro & Bates, 2000; Pinheiro et al., 2017), following the topdown strategy recommended by Zuur, Ieno, Walker, Saveliev & Smith (2009). Thus,
our initial ‘full model’ included the main effects of moss, sand and dispersal as
fixed factors, and channels and both samples and flumes nested within channels as
random variables. We used the comparisons of log-likelihoods of preceding models
based on the restricted maximum likelihood estimation. As our initial random
effects (channels, subflumes nested within channels, and samples nested within the
effects) were all found to be non-significant (i.e. they did not improve the model fit
27

significantly), they were removed from all models (Zuur et al., 2009). Following
the same logic, all non-significant three- and two-way interactions were dropped.
Thus, our final analysis consisted of generalized least square models (GLS in Rpackage nlme; Pinheiro & Bates, 2000) with only significant interactions and all
main effects included. A variance structure (VarIdent) was included in the models
to allow for heterogeneity in variance among moss treatments; species richness and
algal accrual rate were loge(x+1), and leaf mass loss percentage arcsinetransformed.
In paper III, we used indicator species analysis (IndVal; Dufrêne & Legendre,
1997) in the R package labdsv (Roberts, 2012) to identify potential indicator taxa
for each treatment. IndVal analysis determines an indicator value (IV) for a species
in each a priori defined site group (in our case, treatment). The indicator value for
a taxon varies from 0 to 100, and it attains its maximum value when all individuals
of a taxon occur at all sites of a single group. The significance of the indicator value
for each taxon was tested by a Monte Carlo randomization test with 1000
permutations. We considered species with IV > 60 (and significant at α = 0.05) as
strong indicator taxa.
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4

Results & Discussion

4.1

Disentangling the effects of diffuse pollution and
morphological channel alteration (I)

Diffuse pollution had a negative effect on macroinvertebrate taxonomic richness,
but not on richness of diatoms, macrophytes or fish. Taxonomic richness was not
affected by hydromorphological alteration in any of the four groups, and neither
did hydromorphological alteration and diffuse pollution have any significant
interactive effects.
The assemblage structure of each organism group was strongly affected by
diffuse pollution, but not by hydromorphological alteration. Trout density was
highest at the reference sites with an average of 6.1 individuals 100 m-2. By contrast,
sites with only diffuse pollution or both stressors present had no trout. In
hydromorphologically altered sites, trout density was on average 4.1 individuals
100 m-2.
Diffuse pollution reduced the EQR of diatoms, macroinvertebrates and fish,
but not of macrophytes. Hydromorphological alteration had no effect on the EQRs.
There were no significant interactive effects on EQRs.
The low effect of hydromorphological alteration to stream communities is
likely related to the nature of the alteration. Channelization for timber transport was
typically conducted by removing the largest boulders and bole wood from the
channel to facilitate timber floating (Nilsson et al., 2005). This practice causes
distinctive changes to reach-scale stream habitat structure (Helfield, Capon,
Nilsson, Jansson, & Palm, 2007; Marttila et al., 2016), but the near-bed habitat
characteristics often remain largely unmodified (Muotka & Syrjänen, 2007). Thus,
the habitat characteristics that change due to the channelization might be irrelevant
at the scale of benthic biota (Lepori et al., 2005). Our results do not suggest that
hydromorphological conditions are generally unimportant for the stream biota, but
that for ecological responses to become detectable, the severity of alteration needs
to be more substantial than is typically the case in boreal streams channelized for
timber transport. Diffuse pollution had a clear effect on community composition
and assessment metrics, suggesting that stream communities adapted to
oligotrophic conditions change readily at rather low levels of diffuse pollution. At
the studied degradation levels, the combination of these two stressors did not
produce a response that would have differed significantly from that expected based
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on single stressor effects. On a continental-scale comparison (e.g. Hering et al.,
2006, Elbrecht et al., 2016), however, both stressors were at low-to-moderate levels
in our study sites, thus representing a low-impact scenario for European running
waters. Morphological stream restoration is unlikely to be ecologically beneficial
if the detrimental effects of diffuse pollution and associated water quality problems
cannot be alleviated (Palmer et al., 2010, Sundermann et al., 2011, Stranko et al.,
2011). In streams affected by stressors related to agricultural diffuse pollution,
stream management should focus on reducing land-use impacts, particularly at the
land-water interface between the stream and its riparian forest (Gregory, Swanson,
McKee, & Cummins 1991; Lammert & Allan, 1999; Sponseller et al., 2001). Lack
of interactions between the stressors suggests that mitigation of these two stressors
separately in a multiple-stressor environment should not produce unexpected
ecological outcomes, at least not under the degradation gradients encompassed by
our study. To conclude, our results emphasize that to cost-efficiently improve
ecological condition of boreal streams, reducing diffuse pollution from agriculture
should be a priority over local scale restoration of in-stream habitat.
4.2

Restoration of forestry impacted streams (II)

We found that restoration had a significant effect on the physical stream habitat,
with contrasting responses between boulder- and wood-restorations. Boulderrestored streams had less fine sediments than did the impacted or wood-restored
streams, whereas difference to near-natural streams was negligible, suggesting that
boulder restoration was more effective at restoring natural habitat structure.
The volume of large woody debris (LWD) was lower in the impacted and
boulder-restored than in near-natural channels, but wood-restored streams had
more LWD than the impacted streams. Wood-restoration tended to enhance
hydraulic retention, whereas boulder-restoration did not. This result suggests that
wood is more effective at restoring hydrological retention and water residence time,
thus promoting the tendency of the channel to flood.
Bryophyte cover was higher in near-natural streams than in any other treatment.
Bryophytes were also more abundant in the boulder-restored than in the impacted
streams, suggesting positive effect of boulder-restoration on bryophytes. Bryophyte
richness was similar in the boulder-restored and near-natural streams, whereas
wood-restored streams supported less bryophyte species than did either nearnatural or boulder-restored streams. The composition of bryophyte assemblages in
the impacted and wood-restored streams differed from the near-natural
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assemblages, but the restored streams did not differ from the impacted streams.
Thus, the restoration signal on bryophyte community structure was not very strong,
suggesting that bryophyte assemblages were still on a trajectory towards recovery
which may take much longer than the 3–7 years post-restoration period of this study
(Louhi et al., 2011).
Benthic macroinvertebrates did not show clear signs of recovery. However,
EPT richness was lower in the impacted and wood-restored than in near-natural
streams but did not differ between boulder-restored and near-natural streams. The
composition of benthic macroinvertebrate assemblages in both types of restored
streams differed from the near-natural but not from the impacted streams. The low
responsiveness of macroinvertebrates may partly reflect the relatively short
recovery period of our restored streams. In more strongly modified landscapes,
stream macroinvertebrates have been unresponsive to restoration mainly because
of dispersal limitation (Tonkin et al., 2014). For example, in lowland streams in
Germany, benthic macroinvertebrates did not show any response even 20 years
post-restoration (Leps, Sundermann, Tonkin, Lorenz, & Haase, 2016). However, as
several headwater reaches in the River Iijoki basin remain in near-pristine condition
(Suurkuukka et al., 2014), availability of colonists should not limit post-restoration
recolonization in our streams. In fact, one could expect colonization of boulderrestored reaches by mosses to facilitate the establishment of benthic
macroinvertebrates, but there seems to be a considerable time lag between the
recovery of mosses and macroinvertebrate colonization.
Riparian plant richness did not differ between treatments. Total plant cover was
lowest in the wood-restored streams. The cover of ferns was higher in the woodrestored and near-natural streams than in the impacted streams. Graminoids were
more abundant in the impacted and boulder-restored than in the reference streams,
whereas they did not differ between the wood-restored streams and the near-natural
references. Riparian plant assemblages in the wood-restored streams differed from
those in the impacted streams, but resembled more the composition in the nearnatural streams. The observed responses of riparian plant assemblages to wood
restoration suggest that wood addition changes the tendency of the channel to flood
and thus causes changes in riparian moisture conditions, resulting in plant
assemblages that resemble the near-natural state.
There were no differences in bacterial or fungal OTU richness, evenness or
composition between the treatments. Similarly, periphyton accrual rate and leaf
decomposition were unaffected by sedimentation and, correspondingly, restoration.
The land use impact and restoration did not result in changes in water quality, which
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could be a major reason for low responsiveness of microbiota and ecosystem
functions (Gessner & Chauvet, 2002; Gulis & Suberkropp, 2002; Tolkkinen et al.,
2015). On the other hand, the leaf bags and periphyton tiles were not buried by
sediments because of the low flow period when the study was conducted (J.
Turunen, personal observation), which could also limit responses of these
ecosystem functions and microbiota to sedimentation (Danger, Cornut, Elger, &
Chauvet, 2012; Mustonen et al., 2016).
The results suggest that restoration success in forestry impacted headwater
streams may vary depending on whether boulder additions or wood are used for
restoration. Addition of stones has a direct influence on substrate quality, and it is
therefore more effective at restoring in-stream biodiversity, whereas addition of
large wood alters stream hydrology and may have strong effects on riparian
communities. Thus, it is likely that a combination of these methods will yield the
best ecological outcome. Our results thus emphasize the need to restore, protect
and manage streams and their riparian forests in an integrated effort because any
change to one of the two interlinked ecosystems will also affect the other one
(Hjälten, Nilsson, Jörgensen, & Bell, 2016).
4.3

Effects of mosses, sedimentation and dispersal (III)

Mosses, sand sedimentation and enhanced dispersal had mainly simple main effects
on response variables. Mosses had a negative effect on leaf decomposition,
periphyton accrual rate and grazing invertebrates, but a positive effect on organic
matter retention and detritus feeders. Mosses reduced macroinvertebrate richness
and diversity but increased invertebrate density. Mosses also buffered some of the
effects of sand and had a stronger effect in structuring macroinvertebrate
communities than did sand sedimentation.
Sand reduced periphyton accrual because of scouring and shading (Mustonen
et al., 2016, Louhi et al., 2017) but had no effect on leaf decomposition. Sand
reduced invertebrate density but not richness or diversity. However, density of
some macroinvertebrate taxa, such as Leptophlebia sp., Heptagenia sulphurea and
Chironomidae, were negatively impacted by sand. Enhanced dispersal decreased
periphyton accrual rate and increased decomposition due to increased density of
invertebrate consumers. Dispersal increased invertebrate density and richness and
thus had strong effect on invertebrate community composition, but mosses and sand
retained a distinct imprint on community structure even under intensive dispersal,
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and the communities were not homogenized, suggesting a strong environmental
control over community composition.
Large Fontinalis mosses are known to retain effectively organic matter
(Muotka & Laasonen, 2002, Koljonen et al., 2012), and they thus increased
detrivore abundances, highlighting the indirect importance of mosses in fueling
detritus-based food webs in headwater streams. Negative effects of mosses on
periphyton accrual were likely related to shading and nutrient competition that
resulted in lower periphyton production rate in the presence of mosses. It is also
possible that reduction of current velocity by mosses played a role in reducing
periphyton accrual rate (Horner & Welch, 1981). Mosses may have reduced
decomposition rate because the organic matter retained by mosses provides an
additional food resource for shredders and thus reduced shredder aggregation to
leaf packs.
These results suggest that moss is an important habitat component structuring
boreal streams and also influences their ecosystem functions. Sedimentation clearly
had an impact on invertebrate community composition but less so than did mosses.
It is likely that a large part of the negative effects of excessive sedimentation is
caused by indirect effects of moss eradication due to sediments rather than fine
sediments per se. Thus, recovery of mosses after sedimentation (or restoration) is
of high importance for the full recovery of boreal stream ecosystems. Our results
suggest that local-scale factors (sedimentation, moss cover) does have an impact
on community composition even under extensive dispersal. Thus, restoration that
changes key habitat structures is likely to result in observable biodiversity
responses despite of the homogenizing forces of dispersal.
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5

Conclusions

Protecting ecosystems and their services is a major challenge for humanity. In
streams and rivers, hydropmorphological alteration (e.g. channelization, damming)
and land use -induced stressors (e.g. nutrient, sediment, pesticide and metal
pollution) rank at the top of the ecosystem changes that threat the biodiversity and
functioning of these systems (Malmqvist & Rundle, 2002; Vörösmarty et al, 2010).
The restoration of ecosystems from an impaired state to the desired “natural” state
is the main goal of the majority of restoration projects (Palmer, Hondula, Koch,
2014). Despite restoration ecology as a science has obviously advanced during the
past decades, there is still considerable lack of understanding how restoration
should be conducted to attain its goals, how ecological communities recover after
restoration, and what the trajectory towards the desired ecosystem functions and
community assembly is (Palmer, Falk, Zedler, 2006). In the context of stream
restoration, most restoration actions are commonly limited to reach scale habitat
enhancement, despite the acknowledged limitations of this approach (Palmer et al.,
2010, Louhi et al., 2011, Sundermann et al., 2011).
This thesis demonstrates that catchment level land use and the consequent
diffuse pollution (nutrients, fine sediments) is a major driver altering boreal stream
assemblages, overruling any effects of hydromorphological channel alteration,
such as channelization for timber transport. Thus, stream restoration is likely to be
more effective if mitigation of catchment level stressors is the priority in restoration
programs rather than reach scale habitat modifications.
Excessive sedimentation is a major stressor to boreal headwater streams that
results in biodiversity loss, although ecosystem functions do not necessarily change
from natural conditions. Once the sources of sediment erosion are controlled, reach
scale restoration methods, such as addition of boulders and wood, can improve both
stream and riparian biodiversity in sediment-stressed streams. However, the
improvement of in-stream habitat and biodiversity are specific to the restoration
measures applied. The results suggest that both addition of boulders and wood
should be applied for a better restoration outcome, highlighting the importance of
managing streams and their riparian zones in an integrated effort, as these
ecosystem are highly intertwined by reciprocal energy subsidies (Baxter, Fausch,
& Saunders, 2005; Wallace, Eggert, Meyer, & Webster, 2015). Recovery of stream
mosses is an important goal in restoration of boreal headwater streams, as they
retain organic matter, modify ecosystem functioning and have substantial effects
on community composition of stream biota.
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Management of streams should be done mainly at the catchment scale with
emphasis on mitigation of excessive erosion, loading of fine sediments and
nutrients and maintenance of natural hydrology. Conserving and restoring the
integrity of riparian forests will provide ecological benefits to streams by protecting
streams from solar heating, diffuse pollution, and by supplying streams with woody
debris and other organic matter that fuels stream food webs (Gregory et al., 1991;
Wallace et al., 1997; Johnson & Almlöf, 2016). The present restoration practices
often put large emphasis on restoring salmonid habitats in which they could be
successful (Palm, Brännäs, Lepori, Nilsson, & Stridsman 2007; Whiteway et al.,
2010; Louhi, Vehanen, Huusko, Mäki-Petäys, & Muotka, 2016). However, stream
ecosystems as a whole would likely benefit from more variable reach scale
restoration approaches that include, for example, restoration of natural hydrological
retentivity, flooding tendency in floodplain areas, debris accumulations and aided
re-colonization of key species, such as mosses. The present use of woody debris in
restoration programs is often very shy compared to volumes recorded in nearpristine boreal streams (Liljaniemi, Vuori, Ilyashuk, & Luotonen, 2002) and should
be increased. However, it is also important to take into account the socioeconomical values and needs for streams that can sometimes compromise the
application of ecologically optimal restoration programs.
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