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Abstract. The effects of anthropogenic stressors on community structure and ecosystem function-
ing can be strongly influenced by local habitat structure and dispersal from source communities.
Catchment land uses increase the input of fine sediments into stream channels, clogging the interstitial
spaces of benthic habitats. Aquatic macrophytes enhance habitat heterogeneity and mediate important
ecosystem functions, being thus a key component of habitat structure in many streams. Therefore, the
recovery of macrophytes following in-stream habitat modification may be prerequisite for successful
stream restoration. Restoration success is also affected by dispersal of organisms from the source com-
munity, with potentially the strongest responses in relatively isolated headwater sites that receive a lim-
ited amount of dispersing individuals. We used a factorial design in a set of stream mesocosms to
study the independent and combined effects of an anthropogenic stressor (sand sedimentation), local
habitat (macrophytes, i.e., moss transplants), and enhanced dispersal (two levels: high vs. low) on
organic matter retention, algal accrual rate, leaf decomposition, and macroinvertebrate community
structure. Overall, all responses were simple additive effects with no interactions between treatments.
Sand reduced algal accumulation, total invertebrate density, and density of a few individual taxa.
Mosses reduced algal accrual rate and algae-grazing invertebrates, but enhanced organic matter reten-
tion and the number of detritus and filter feeders. Mosses also reduced macroinvertebrate diversity by
increasing the dominance by a few taxa. Mosses reduced leaf mass loss, possibly because the organic
matter retained by mosses provided an additional food source for leaf-shredding invertebrates and
thus reduced shredder aggregation into leaf packs. The effect of mosses on macroinvertebrate commu-
nities and ecosystem functioning was distinct irrespective of the level of dispersal, suggesting strong
environmental control of community structure. The strong environmental control of macroinverte-
brate community composition even under enhanced dispersal suggests that re-establishing key habitat
features, such as natural stream vegetation, could aid ecosystem recovery in boreal streams.
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INTRODUCTION

Anthropogenic influences, such as land use and climate
change, induce multiple stressors on ecosystems and result
in changes in biodiversity and ecosystem functioning (Dirzo
et al. 2014). However, the prediction of stressor effects is
often difficult because stressor interactions have not been
studied as thoroughly as individual stressors in isolation
(Darling and Côt�e 2008, Jackson et al. 2016). Recently,
many experimental studies have explored multiple-stressor
effects of fine sediments, nutrients, pesticides, water temper-
ature, and flow variability on stream biodiversity and
ecosystem functioning (e.g., Matthaei et al. 2010, Mag-
banua et al. 2013, Mustonen et al. 2016). Such studies
mostly focus on local, reach-scale factors, largely neglecting
the regional control of diversity and community composi-
tion (Ricklefs 1987, Harrison and Cornell 2008). However,
local habitat structure and connectivity within and among
river networks may interact to modify ecological responses

to anthropogenic stressors, making prediction of stressor
effects even more challenging (Hawkins et al. 1983, Sar-
remejane et al. 2017).
Land use for agriculture, forestry, and urbanization has

vastly increased the erosion of sediments into stream chan-
nels (Waters 1995, Syvitski et al. 2005), with wide-ranging
impacts on the ecological condition of streams (Matthaei
et al. 2010, Piggot et al. 2015). Fine sediments fill the inter-
stitial spaces of benthic habitats, thus reducing habitat avail-
ability for invertebrates and impairing the spawning success
of gravel-spawning fishes (Kemp et al. 2011, Jones et al.
2012). Instable substrate also hinders the establishment of
aquatic plants and sedentary invertebrates and scours peri-
phytic algae (Wood and Armitage 1997, Jones et al. 2014,
Turunen et al. 2017). Sedimentation may also alter ecosys-
tem processes such as primary production (Louhi et al.
2017) and organic matter decomposition (Lecerf and
Richardson 2010, Mustonen et al. 2016).
The positive effect of habitat heterogeneity on species

diversity is one of the fundamental predictions of ecology
(MacArthur 1965, Tews et al. 2004, Stein et al. 2014),
although several recent studies have challenged the
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generality of this pattern (e.g., Bar-Massada and Wood
2014, Yang et al. 2015). Aquatic macrophytes are a key
component of habitat structure and heterogeneity in many
streams, as they increase diversity (Taniguchi et al. 2003,
Suurkuukka et al. 2014) and temporal stability (Huttunen
et al. 2017) of benthic communities, and modify ecosystem
functioning by retaining both coarse and fine organic matter
(Muotka and Laasonen 2002). Few invertebrates feed
directly on macrophytes but use instead the fine organic
matter retained by them, graze on epiphytic algae, or use
macrophytes as refugia from high-flow events or predation
(Suren and Winterbourn 1991, Rantala et al. 2004, Muotka
and Syrj€anen 2007). Excessive sedimentation can smother
and eradicate stream macrophytes (Brookes 1986), especially
mosses (Matthaei et al. 2006, Turunen et al. 2017). It is
unclear, however, how macrophytes and fine sediments inter-
act on community composition and ecosystem functioning
and whether the detrimental effect of fine sediments is
caused by sediments per se or as an indirect effect of macro-
phyte eradication (Turunen et al. 2017).
Dispersal can modify the responses of communities and

ecosystem functions to local environmental conditions by
increasing species diversity, stabilizing ecosystem functioning
(Loreau et al. 2003, Cottenie and De Meester 2004, Venail
et al. 2008), and facilitating the recovery of communities
from disturbance (Reed et al. 2000). Highly heterogeneous
habitats provide more niches for dispersing organism and
may thus retain more species from source communities
(Questad and Foster 2008, Matthiessen et al. 2010). Meta-
community models assume that if dispersal from the regional
species pool is sufficient, species will track environmental
conditions and become selected to localities based on inter-
specific fitness differences (“species sorting”) (Leibold et al.
2004). In highly connected systems, dispersal from source
communities provides a continuous supply of immigrants,
potentially overwhelming the effects of local factors on com-
munity structure (source–sink dynamics). As a result, species
may occur at environmentally non-optimal sites. Thus, high
connectivity and extensive dispersal can homogenize local
assemblages (Chase and Ryberg 2004, Lancaster and Dow-
nes 2017) and reduce the environmental control of commu-
nity structure (“mass effects”; Mouquet and Loreau 2003,
Cadotte and Fukami 2005). There is, however, also contrast-
ing evidence showing that dispersal can promote the diver-
gence of local assemblages by means of priority effects,
thereby increasing b-diversity rather than decreasing it (Van-
nette and Fukami 2017).
The majority of stream restoration projects focus on

reach-scale enhancement of habitat heterogeneity (Palmer
et al. 2014). Enhanced heterogeneity is, however, likely to
produce biodiversity benefits only if catchment scale stres-
sors are alleviated (Sundermann et al. 2013, Turunen et al.
2016). Even then, at least two other factors control restora-
tion success. First, full recovery of macrophyte beds may be
a prerequisite for the recovery of benthic biodiversity and
ecosystem functioning, particularly in regions where streams
support naturally abundant in-stream vegetation (Muotka
and Syrj€anen 2007, Louhi et al. 2011). Second, increased
habitat heterogeneity might not produce the desired out-
come if organisms are unable to reach the restored sites
because of dispersal constraints (Tonkin et al. 2014,

Winking et al. 2014). Conversely, very intensive dispersal
may obscure any positive effects of restoration (Brown and
Swan 2017). In this case, local communities are only weakly
structured by environmental conditions and restoration that
enhances habitat diversity may cause little observable effects
on community structure. This result suggests that siting
restoration measures appropriately is extremely relevant: a
similar investment might yield a better outcome in more iso-
lated headwater sites than in mainstem reaches (Brown and
Swan 2017, Tornwall et al. 2017).
We used stream mesocosms to study the effects of an

anthropogenic stressor (sand sedimentation), local habitat
structure (aquatic mosses), and enhanced dispersal on
organic matter retention, algal accrual rate, leaf decomposi-
tion, and macroinvertebrate communities. We asked (1) if
disturbance by fine sand reduces ecosystem process rates
and invertebrate diversity and abundance. Second, we asked
(2) if invertebrate communities and ecosystem functions in
moss-covered substrates differ from those in other substrate
types and, more specifically, if mosses ameliorate the nega-
tive effects of fine sediments on invertebrate communities
and ecosystem processes (antagonistic effect). Third, we
asked (3) if mosses and enhanced dispersal interact synergis-
tically to increase macroinvertebrate density or diversity
more than expected based on mere additivity. In addition,
we asked (4) if enhanced dispersal homogenizes communi-
ties and thereby masks the effects of local habitat factors
(mosses; sand) on community structure (mass effects) or (5)
whether macroinvertebrate community composition reflects
mainly local habitat filters even at relatively high dispersal
rates (species sorting).

MATERIALS AND METHODS

We conducted the experiment in autumn 2014 in the Kai-
nuu Fisheries Research Station of the Natural Resources
Institute Finland (Luke; 64.24° N; 27.31° E). The station
houses six 25 9 1.5 m parallel outdoor channels with
concrete walls and bottom covered by a 15-cm layer of
gravel-to-pebble-sized particles (8–50 mm in diameter). The
channels are 1.5 m away from each other. Water drains into
the channels from a nearby lake; it then enters a 30 m long
stream section before draining into the experimental arena.
Thus, the channels receive a natural input of immigrating
invertebrates and the benthic fauna within the channels
resembles, with a few exceptions, that of nearby streams
(Mustonen et al. 2016).
The experiment ran for 48 d, from 14 August until 30

September 2014. Four 6 m long and 20 cm wide subflumes
with walls made of rustproof metal sheets were placed paral-
lel to each other within each of the six main channels
(Figs. 1 and 2). Thus, the total number of subflumes was 24.
Before the start of the experiment, the bottom of each sub-
flume was covered by a uniform 10-cm layer of gravel, which
was washed carefully to make sure that the experimental
arena did not harbor any macroinvertebrates before the
treatments were established. Water flow into the channels
was adjusted such that every channel had similar flow veloc-
ity (0.25–0.30 m/s) and water depth (10–15 cm). We manip-
ulated three factors, with two levels each, in a split-plot
factorial design (see Fig. 1). Habitat structure was simulated
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as the presence/absence of Fontinalis mosses, which are the
major (often only) macrophytes in streams of the region.
Most streams in our study area support dense moss growths
(Turunen et al. 2017) and streams that have lost mosses as a
result of human activities (channelization, sedimentation,
installation of in-stream restoration structures) have also
lost much of their organic matter retention capacity
(Muotka and Syrj€anen 2007). Therefore, the recovery of
mosses can be considered as a key indicator of in-stream
restoration success in boreal streams (Louhi et al. 2011).
Land-use induced sedimentation was mimicked by addition
of fine sand to predefined subflumes. Moss and sand treat-
ments were allocated randomly across the four subflumes
within each channel (Figs. 1 and 2). Connectivity to regional
species pool was mimicked by addition of benthic inverte-
brates (hereafter, “enhanced dispersal”); this experimental
factor was thus implemented at the whole-channel scale,
with all subflumes in three randomly selected channels
receiving extra loads of invertebrates, while the other set of
12 (3 9 4) subflumes only received invertebrates from the
upstream section of the experimental arena (Figs. 1 and 2).
The intention of our dispersal treatment was to remove dis-
persal limitation and thus mimic a mass-effects situation.
Mosses (Fontinalis antipyretica Hedw.) for the experiment

were collected from the stream reach upstream of the chan-
nels. Mosses were washed vigorously in the stream water and
then dried in open sunlight for a few hours to remove most
macroinvertebrates. Close examination of several moss tufts
showed that, following this treatment, very few invertebrates
were introduced into the experimental arena with the moss
transplants. Moss tufts were attached to cobble-sized stones
(80–120 mm diameter) with a cable tie. Four moss-covered
stones were added to predefined subflumes, resulting in
~40% coverage. This level of moss cover corresponds well
with that observed in natural streams in northern Finland
(Turunen et al. 2017). The same number of cobble-sized
stones without mosses was added to all other subflumes.
Sand of two different size classes, fine (<2 mm diameter)

and coarse (2–3 mm diameter), was transferred from a local
gravel mining pit. Ten liters of fine sand and 10 L of coarse
sand were introduced to each subflume designated to receive
the sedimentation treatment, resulting in ~60% cover of sand,
which corresponds well to the level observed in sediment-
impacted streams in our study region (Turunen et al. 2017).

After the moss and sand treatments were established, an
extra load of invertebrates was added to each subflume of
the three predefined (randomly selected) channels, indicat-
ing the start (day 1) of the experiment (Fig. 1). Each sub-
flume received a 1-min kick net sample of invertebrates from
a nearby stream. A 3-min kick net sample was added to the
same subflumes three weeks after the onset of the experi-
ment (day 22) and another 1-min sample again on day 41.
To estimate the assemblage composition of the added sam-
ples, we also collected three 1-min kick net samples (day 22)
from the same stream and identified invertebrates in the lab-
oratory (Appendix S1).
Algal accrual rate was measured by incubating four 25-

cm2 ceramic tiles in each subflume for the duration of the

FIG. 1. Schematic presentation of the experimental design.

FIG. 2. A picture showing one of the six main channels and the
four subflumes to which the treatments were allocated. Treatments,
from left to right, are sand, moss 9 sand, moss, control.
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experiment. At the end of the experiment, the tiles were col-
lected, sealed with aluminum foil, and frozen. In the labora-
tory, periphyton was brushed off the tiles and its biomass
(chlorophyll a) was measured spectrophotometrically by
using national standards (National Board of Waters 1981).
To measure leaf breakdown, we collected alder (Alnus

incana L.) leaves prior to abscission and dried them in room
temperature (22°C) for three weeks. We then fastened 2 g of
leaf material with paper clips to create leaf packs. Four leaf
packs were placed in each subflume on the third week of the
experiment (day 22) so that total incubation period was 27 d.
By the end of the incubation period, leaf packs were collected
and immediately frozen. In the laboratory, invertebrates were
collected and identified and other material was removed
from the samples. The remaining leaf material was dried for
24 h at 60°C and weighed. The samples were then ashed for
4 h at 550°C to convert dry mass to ash-free dry mass and
the percentage of leaf mass loss was then calculated.
Macroinvertebrates were sampled in each subflume by

taking four Surber samples (mesh size 0.5 mm, sampling
area 290 cm2) by disturbing the bottom sediment with hand
for 30 s. Samples were positioned at regular intervals in each
subflume (0.5, 2.0, 3.5, and 5.0 m from the downstream end
of a subflume). Samples were preserved in 70% ethanol and
all specimens were identified in the laboratory to species or
genus level, except Chironomidae, which were identified to
subfamily. Simuliidae and Oligochaeta were not identified
further.
After invertebrates were collected, the remaining material

was filtered through two filters with mesh sizes of 1.0 and
0.2 mm. Thus, organic matter was sorted in two size classes,
coarse (CPOM; >1.0 mm) and fine particulate organic mat-
ter (FPOM; 0.2–1.0 mm). Samples were then dried, ashed
and weighed following the same protocol as for the leaf
material. All response variables were sampled only once on
the last day of the experiment.

Statistical analyses

We analyzed differences among treatments in algal
accrual rate (lg�cm�2�d�1), leaf mass loss (%; logit-trans-
formed), organic matter standing stock (g/m2), and macroin-
vertebrate responses (total density, species richness, and
diversity) using linear mixed effects models (LMM; function
lme in R package nlme; Pinheiro et al. 2017), following top-
down strategy (Zuur et al. 2009). Thus, our initial “full
model” included the main effects of moss, sand, and
enhanced dispersal as fixed factors and channels and sub-
flumes nested within channels as random variables. For
model selection, we used compared AICc (Akaike’s infor-
mation criterion, corrected for small sample sizes) values
between proceeding models and selected the model with the
lowest AIC value. As our initial random effects (channels,
subflumes nested within channels, and samples nested within
effects) were all non-significant (i.e., did not improve model
fit significantly), they were removed from the models (Zuur
et al. 2009). Following the same logic, all non-significant
three- and two-way interactions were excluded. Thus, our
final analysis consisted of generalized least square models
(GLS in R package nlme; Pinheiro et al. 2017) with only
main effects and significant interactions included. Variance

structure (VarIdent) was included to allow for heterogeneity
in variance among moss treatments. Total species richness
was analysed using the same procedure, but with the glm
function and Poisson error distribution.
We explored the effect of each main treatment on macro-

invertebrate community composition by using nonmetric
multidimensional scaling (NMS) ordination based on Bray-
Curtis distances. Densities were ln(x + 1)-transformed prior
to the analysis. A three-dimensional solution for NMS was
used as subsequent dimensions did not decrease stress appre-
ciably. The effects of treatments on assemblage composition
were tested with Permutational Multivariate Analysis of
Variance (PERMANOVA; Anderson 2001) using the func-
tion adonis in vegan (Oksanen et al. 2015). Prior to PER-
MANOVA, we tested for homogeneity of multivariate
dispersion within treatments with Permutational Analysis of
Multivariate Dispersions (PERMDISP; Anderson 2006)
using the function betadisper in vegan (Oksanen et al. 2015).
In case of significant main effects in PERMANOVA, we

used indicator species analysis (IndVal; Dufrêne and Legen-
dre1997) in the R package labdsv (Roberts 2012) to identify
potential indicator taxa for each main effect. IndVal analysis
yields an indicator value (IV) for a species in each a priori
defined site group. IV 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. Significance of the indica-
tor value for each taxon was tested by a Monte Carlo ran-
domization test with 1,000 permutations. We considered
species with IV > 60 (and significant at a = 0.05) to be
strong indicators.

RESULTS

Organic matter standing stock, algal accrual rate, and leaf
decomposition

All ecosystem functions exhibited only simple additive
effects with no interactions. Both mosses (t = 6.67,
P < 0.001) and sand (t = 3.18, P = 0.002) increased FPOM
retention (Fig. 3a) but only mosses increased retention of
CPOM (t = 2.88, P = 0.005; Fig. 3b).
Algal accrual was negatively affected by both mosses

(t = �4.09, P < 0.001), sand (t = �2.40, P = 0.018) and dis-
persal (t = �4.87, P < 0.001; Fig 3c). Mosses also reduced
leaf mass loss (t = �3.55, P < 0.001) while enhanced dispersal
increased decomposition rate (t = 2.73, P = 0.008; Fig. 3d).

Macroinvertebrate responses: density and diversity

Mosses (t = 3.56, P < 0.001) and dispersal (t = 3.66,
P < 0.001) increased invertebrate density, while sand
reduced it (t = �2.12, P = 0.037; Fig. 4a). Mosses had a
negative (t = �2.14, P = 0.032) and enhanced dispersal pos-
itive (t = 2.00, P = 0.0045) effect on invertebrate taxon rich-
ness. Simpson diversity was reduced by mosses (t = �7.98,
P < 0.001; Fig. 4c).
Shredder abundance in leaf packs was positively related to

leaf mass loss (linear regression, F1,22 = 22.51, R2 = 0.48,
P < 0.001). Mosses reduced abundance of shredders in leaf
packs (t = �3.86, P < 0.001) but not in benthic samples
(t = �1.22, P = 0.226).
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Macroinvertebrate responses: community composition

Mosses (PERMANOVA, F1,23 = 5.74, R2 = 0.16,
P < 0.001; Fig. 5a) and dispersal (F1,23 = 7.47, R2 = 0.20,
P < 0.001; Fig. 5c) had a significant main effect on inverte-
brate community composition, as did sand, albeit less so
(F1,23 = 2.93, R2 = 0.08, P = 0.004; Fig. 5b). No significant
interactions were detected. Within-treatment community
variability was negligible for all main effects (PERMDISP,
all P > 0.50).
Indicator value analysis identified several taxa associated

with each main effect (Table 1). Heptagenidae and Baetidae

mayflies indicated the absence of mosses, suggesting that the
grazing feeding mode and preference for high water velocity
were favored in subflumes lacking mosses (Table 1). Lep-
tophlebia sp. mayflies, chironomid dipterans, Nemoura sp.
stoneflies, and the caddis larva Hydropsyche siltalai were
indicators for the presence of mosses, suggesting that detri-
tivory was a favored feeding trait in moss treatments
(Table 1). Chironominae, Heptagenia sulphurea, Lep-
tophlebia sp., and Polycentropus flavomaculatus, a net-spin-
ning caddisfly, were sensitive to sand sedimentation,
whereas the mayfly Caenis rivulorum was the only species
that seemed to benefit from sand (Table 1). Treatments

FIG. 3. Variation of ash-free dry mass (AFDM) of (a) fine and (b) coarse particulate organic matter, (c) algal accrual rate, and (d) leaf
mass loss in each treatment. The boxes display first and third quartiles, thick lines are medians, whiskers are range, and open circles are
outliers. Co, control (gravel/pebble); Mo, moss; and Sa, sand.

FIG. 4. Variation of (a) total invertebrate density, (b) richness, and (c) Simpson diversity in each treatment. The boxes display first and
third quartiles, thick lines are medians, whiskers are range, and open circles are outliers. Co, control (gravel/pebble); Mo, moss; and Sa,
sand.
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receiving enhanced dispersal were indicated by hydropsychid
caddis larvae (Cheumatopsyche lepida, Hydropsyche ssp.),
shredding invertebrates (Lepidostoma hirtum, Asellus aquati-
cus), and sphearid mussels, whereas P. flavomacualtus and
the snail Radix peregra occurred mainly in flumes with no
added dispersal.

DISCUSSION

Variation in local habitat structure and dispersal intensity
can be expected to interact in how they influence the
responses of communities and ecosystem functions to
anthropogenic stressors (Venail et al. 2008, Sarremejane
et al. 2017). We manipulated the level of sedimentation
(stressor), presence of mosses (habitat structure), and dis-
persal to explore the relative importance of, and interac-
tions between, these local- vs. regional-scale determinants
of lotic communities. Multiple, simultaneously operating
factors often yield non-additive responses, and such antago-
nistic or synergistic responses may be more common in nat-
ure than simple additive effects of individual stressors
(Darling and Côt�e 2008, Jackson et al. 2016). In our experi-
ment, however, all effects of mosses, sand and enhanced dis-
persal were simple main effects, suggesting that each factor
acted mainly independently. We expected sedimentation to
have a negative effect on most response variables but this
was only observed for algal accrual rate, total invertebrate
density, and a few sensitive taxa. Our expectation that
mosses would ameliorate the negative effects of sand was
mainly not supported as these factors acted additively. Con-
versely, sand did not cancel the positive effects of mosses on
invertebrate density.

Ecosystem functions

Aquatic macrophytes are often a key retentive structure in
headwater streams and they also increase stream habitat
heterogeneity (Muotka and Laasonen 2002, Taniguchi et al.
2003). Fontinalis mosses in particular have such a key role in
boreal streams (Koljonen et al. 2012) and this was also
observed in our experiment where mosses enhanced greatly
the retention of both FPOM and CPOM. Thus, organic
matter standing stock in moss-containing streams may be
almost an order of magnitude higher than in streams lacking
mosses, highlighting the indirect importance of mosses, or
macrophytes in general, in fueling detritus-based stream
food webs.
Algal accrual rate was negatively impacted by all experi-

mental factors (mosses, sand, and dispersal). Negative
effects of mosses on algal accumulation were likely related
to shading, nutrient competition, and reduced current
velocity (Horner and Welch 1981). Reduced algal produc-
tion in treatments with sand reflects burial, scouring, and
shading of algae by sand (Jones et al. 2014, Mustonen
et al. 2016, Louhi et al. 2017). Enhanced dispersal also
reduced algal accrual rate, although it did not seem to ben-
efit grazing invertebrates. However, dispersal did increase
relative abundance of shredders (e.g., Lepidostoma hirtum,
Asellus aquaticus), which are known to consume periphy-
ton, sometimes even preferring periphyton over detritus as
their food source (Friberg and Jacobsen 1994, Ledger and
Hildrew 2005). It is thus possible that the negative effect of
dispersal on algal accrual was at least partly caused
by increased consumption of periphyton by shredding
invertebrates.

FIG. 5. Nonmetric multidimensional scaling (NMS) ordinations for the main effects of mosses (a), sand (b), dispersal (c), with 95%
confidence ellipses around centroids.
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Leaf decomposition was reduced in the presence of mosses
and increased by enhanced dispersal but was not affected by
sand. Lack of response to sand confirms the result of previ-
ous field (Turunen et al. 2017) and experimental (Mustonen
et al. 2016) studies in the same region and experimental
venue, respectively. Effects of sedimentation on leaf decompo-
sition seem to be strongly context dependent, as some studies
in North America have reported negative effects (Lecerf and
Richardson 2010, Louhi et al. 2017), while those in New
Zealand have commonly observed sedimentation to increase
decomposition rate (Matthaei et al. 2010, Piggott et al.
2015). In our experiment, sand did not reduce abundances of
shredding invertebrates, which was likely the reason for the
low effect of sand on leaf decomposition, as the rather strong
positive relationship between leaf mass loss and shredder
abundance suggested that shredders were largely responsible
for mediating this ecosystem process. The positive effect of
enhanced dispersal on decomposition likely reflected the
increased abundance of leaf-shredding invertebrates in disper-
sal treatments. Shredder abundance in leaf packs was lower
when mosses were present, although mosses did not reduce
shredder abundance at the whole-flume scale, suggesting

shredder aggregation in leaf packs when no moss-retained
organic matter was available. Thus, lower shredder aggrega-
tion was likely the mechanism causing the reduced decompo-
sition in the moss treatment.

Macroinvertebrate responses

Total macroinvertebrate density increased, but richness
and diversity decreased, in moss-containing flumes. This
was because the dominance by certain taxa increased in
moss treatments. The presence of mosses was a stronger
habitat filter for macroinvertebrate communities than was
the presence of sand. Detritus feeders (Leptophlebia sp.,
Orthocladiinae, Chironominae), filter feeders (Hydropsyche
ssp.), and some predators (Tanypodinae) particularly bene-
fited from mosses. Moss tufts harbor abundant communities
of protozoans, microcrustaceans, and other microarthro-
pods that are major prey for Tanypodinae (Suren 1993, Lin-
hart et al. 2002), although they also frequently ingest
detritus (Armitage et al. 1995). When both mosses and sand
were present, communities were similar to treatments with
only moss, suggesting that mosses buffered the detrimental
effects of sand. For example, Chironominae and Lep-
tophlebia sp. were reduced by sand, but sand did not cancel
the positive effect of mosses. Mosses had a clearly negative
effect on grazing mayflies (Baetidea, Heptageniidae), likely
as a result of decreased algal biomass in moss-containing
flumes.
The role of mosses in shaping community composition

remained practically the same even under enhanced disper-
sal, again suggesting strong environmental control by
mosses on invertebrate community assembly. At first glance,
this result appears to be in conflict with the view that com-
munities in highly connected reaches receiving abundant dis-
persers should be controlled by mass effects rather than by
the local environment (Brown and Swan 2010). However,
while the extra loads of invertebrates introduced into the
experimental arena clearly removed dispersal limitation,
with flumes that received added invertebrates containing
several species that were completely absent or very rare in
other flumes (but present in the nearby river), we cannot be
sure if it was sufficient to produce mass effects in the recipi-
ent community. Indeed, as our current knowledge about dis-
persal rates and distances of aquatic invertebrates is highly
rudimentary, manipulating dispersal at realistic scales pre-
sents a major challenge to experimental stream ecology (but
see Lancaster and Downes 2017).
Sedimentation commonly reduces macroinvertebrate rich-

ness and diversity (Elbrecht et al. 2016, Louhi et al. 2017,
Turunen et al. 2017), especially those of EPT (Ephe-
meroptera, Trichoptera, Plecoptera) taxa (Townsend et al.
2008, Larsen et al. 2011, Wagenhoff et al. 2012). In our
experiment, sand reduced total invertebrate density and
altered their community composition but had no effect on
taxonomic richness, similar to an earlier study in the same
experimental venue (Mustonen et al. 2016). Our experimen-
tal channels had a 10-cm gravel layer that could have pro-
vided relatively stable substrate for invertebrates and thus
partly explain the rather weak responses to sedimentation
compared to many previous experiments (Shaw and
Richardson 2001, Wagenhoff et al. 2012). The negative

TABLE 1. Macroinvertebrate indicator taxa for each main effect,
together with their indicator values (IV) and associated P values.

Treatment and taxa Order IV P

No moss
Heptagenia sulphurea M€uller Ephemeroptera 0.81 0.002
Baetis rhodani Pictet Ephemeroptera 0.79 0.001
Baetis fuscatus Linnaeus Ephemeroptera 0.78 0.001
Baetis muticus Linnaeus Ephemeroptera 0.72 0.001
Rhyacophila nubila Zetterstedt Trichoptera 0.71 0.002
Kageronia fuscogrisea Retzius Ephemeroptera 0.70 0.030
Isoperla sp. Plecoptera 0.65 0.001

Moss
Tanypodinae (Chironomidae) Diptera 0.79 0.001
Leptophlebia sp. Ephemeroptera 0.78 0.001
Hydropsyche siltalaiDoehler Trichoptera 0.69 0.025
Nemoura sp. Plecoptera 0.69 0.014
Orthocladiinae (Chironomidae) Diptera 0.67 0.040
Chironominae (Chironomidae) Diptera 0.62 0.047

No sand
Chironominae (Chironomidae) Diptera 0.76 0.005
Polycentropus flavomaculatus
Pictet

Trichoptera 0.76 0.001

Heptagenia sulphurea Ephemeroptera 0.73 0.021
Leptophlebia sp. Ephemeroptera 0.73 0.001

Sand
Caenis rivulorum Eaton Ephemeroptera 0.63 0.037

No dispersal
Radix peregraM€uller Gastropoda 0.71 0.038
Polycentropus flavomaculatus Trichoptera 0.66 0.032

Dispersal
Cheumatopsyche lepida Pictet Trichoptera 0.83 0.001
Hydropsyche siltalai Trichoptera 0.78 0.001
Pisidium sp. Bivalvia 0.75 0.001
Sphaerium sp. Bivalvia 0.75 0.002
Hydropsyche pellucidula Curtis Trichoptera 0.75 0.001
Orthocladiinae Diptera 0.67 0.040
Lepidostoma hirtum Fabricius Trichoptera 0.67 0.040
Asellus aquaticus Linnaeus Isopoda 0.67 0.010
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effects of sand were restricted to a few sensitive taxa (Chi-
ronominae, Leptophelebia sp., Heptagenia sulphurea, Poly-
centropus flavomaculatus). Reduction of chironomids due to
sedimentation is contrary to the notion that Chironomidae
are generally tolerant of anthropogenic stressors, including
sedimentation (e.g., Zweig and Rabeni 2001, Kreutzweiser
et al. 2005). It is likely, however, that species within this
diverse family vary greatly in sensitivity to sedimentation
(Elbrecht et al. 2016). In our experiment, indicator value
analysis identified the subfamily Chironominae as highly
sensitive to sedimentation. Algal grazers such as Heptagenia
sulphurea were also reduced by sand, due likely to sedimen-
tation-induced decrease of algal production and quality
(Broekhuizen et al. 2001, Peeters et al. 2006). Polycentropus
flavomaculatus, a net-spinning caddis larva, was also nega-
tively affected by sand, likely because moving sand particles
damaged their nets.
Enhanced dispersal increased total density and number of

invertebrate taxa, and this increase was mostly attributable
to hydropsychid caddis larvae, sphaeriids, and shredding
invertebrates (especially Lepidostoma hirtum and Asellus
aquaticus). The positive effect of dispersal on invertebrate
density and richness was similar when sand and moss were
present, as suggested by the lack of interactions. Enhanced
dispersal also affected some species, probably by intensify-
ing biological interactions. For example, the near lack of
Polycentropus flavomaculatus from treatments with
enhanced dispersal coincided with increased abundance of
another filter-feeding caddis, Hydropsyche spp., suggesting
intensified interspecific competition for net-building sites.
While enhanced dispersal did have an effect on community
structure, it did not blur the effects of mosses and sand, with
no indication of enhanced dispersal homogenizing inverte-
brate community structure across treatments.
Overall, our results highlight that local habitat structure,

anthropogenic stress, and enhanced dispersal acted mostly
independently and the responses to any combination of
these factors were mainly predictable based on their single-
factor effects. Local habitat factors had a distinct effect on
community composition and ecosystem functions even
under anthropogenic stress. Similarly, dispersal had a dis-
tinct imprint on community composition but the effects of
habitat structure remained the same even under enhanced
dispersal, suggesting strong environmental control of stream
benthic communities.

Implications for stream restoration

In-stream restoration typically uses heavy machinery to
conduct the restoration work, usually with the desired out-
come of increasing streambed heterogeneity (Marttila et al.
2016). On a negative side, restoration operations may eradi-
cate macrophytes, causing a massive reduction of macro-
phyte biomass across large spatial scales (Muotka and
Laasonen 2002, Louhi et al. 2011). Our results suggest that
the recovery of aquatic macrophytes is pivotal for the full
ecological recovery of streams that naturally support exten-
sive macrophyte growth. The strong effect of macrophytes
on community composition even under intensive dispersal
suggests that local habitat heterogeneity may alter stream
macroinvertebrate communities even in highly connected

sites that experience substantial immigration. This partly
contrasts with the contention that isolated headwater sites
are more environmentally controlled (Brown and Swan
2010) and should therefore be more responsive to habitat
manipulation than are midstream reaches (Brown and Swan
2017, Tornwall et al. 2017). Our results suggest that key
habitat features, such as mosses in boreal streams, may have
an overriding imprint on local community structure and
ecosystem functions and should therefore be the main target
of restoration efforts in boreal streams.
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