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SPECIAL SERIES: STRUCTURE AND FUNCTION
Macroinvertebrate taxonomic and trait-based responses
to large-wood reintroduction in lowland streams
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Abstract: In hydromorphologically-degraded lowland streams, large-wood reintroductions are often used to re-
establish instream physical structure, which might also increase biodiversity. However, the success rate of this
approach varies in terms of positive macroinvertebrate assemblage responses. To obtain better insight into
macroinvertebrate–wood relationships, we studied macroinvertebrate assemblage composition and its associated
ecological and functional traits in 3 lowland streams in The Netherlands where wood was reintroduced. We used a
before–after control–impact design in which we studied stream sections in 3 y: 1 y before and 2 y after large wood
was added to some stream sections but not others. We recorded changes in physical structure expressed as sub-
strate diversity, complexity, patchiness, and stability and then compared these parameters within and among the
control and treated sections in each stream.We also sampled macroinvertebrates to determine whether the assem-
blage composition changed because of the wood addition. Finally, we assessed whether changes in macroinver-
tebrate assemblage could be related to taxa preferences for substrate type and flow and to their functional traits
related to mode of locomotion and feeding type. Habitat heterogeneity increased after the wood additions and
was relatively stable between years. Macroinvertebrate assemblages changed relative to the control sections in the
2 y after introduction, with 50 to 58% of the taxa increasing or decreasing significantly in abundance. Despite the
changes in substrate composition and habitat heterogeneity, most of the functional relationships we expected be-
tween macroinvertebrates and large wood were either not apparent or site specific. The only characteristic shared
by the macroinvertebrates that consistently increased in response to wood additions was a high affinity for hard sub-
strates. In 1 stream we also observed an increase in taxa with a preference for high-flow velocity and a grazer–scraper
feeding mode. These findings suggest that an increase in the surface area of stable, hard substrate was the main un-
derlying ecological effect of reintroducing large wood to the stream channel of sand-bed lowland streams, at least
in the short term, and that this change only affected a specific part of the macroinvertebrate assemblage. Changes
in assemblage composition occurred primarily during the 1st y after the wood additions and decreased between the
1st and 2nd y, so colonization in this early successional stage seems to be limited to the species pool present in the
immediate surroundings.
Key words: stream restoration, benthic invertebrates, traits, habitat heterogeneity, colonization
Large wood in streams is a key hydromorphological compo-
nent that, to a large extent, shapes the instream environment
(Gerhard and Reich 2000, Gurnell et al. 2002). Large wood
can influence macroinvertebrate occurrence and abundance
by providing habitat substrate, food, and shelter, among other
E-mail addresses: 4j.debrouwer@accuralis.com; 5piet.verdonschot@wur.nl; 6jor
ralf.verdonschot@wur.nl

DOI: 10.1086/710710. Received 28 June 2019; Accepted 1 November 2019; Pu
Freshwater Science. 2020. 39(4):693–703. © 2020 by The Society for Freshwate
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Benke and Wallace 2003, Scealy et al. 2007). Therefore, it is
not surprising that the common practice of removing large
wood from streams, as well as reduced wood inputs due to
the clearing of riparian forests, negatively affects the structure
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and functioning of stream ecosystems (Angermeier and Karr
1984, Lepori et al. 2005, Schinegger et al. 2012).

During the last few decades, reintroduction of large wood
has become a widespread restoration measure used to re-
establish instream physical structure and improve biodiver-
sity (Kail et al. 2007, Lester et al. 2007, Roni et al. 2015,
Grabowski et al. 2019). Reintroducing large wood increases
hydraulic variation and contributes to a more-diverse phys-
ical substrate composition (Gippel et al. 1996) by trapping
coarse particulate organic matter (CPOM) in net-like wood
patches (Koljonen et al. 2012). The logs and branches cause
changes in streams’ physical structure and flow patterns by
forming pools, riffles, dams, and patches with particulate
organic matter or mineral material (Harmon et al. 1986,
Gerhard and Reich 2000). Furthermore, wood patches in-
crease resistance against high-flow velocities and thereby fa-
cilitate retention of water in upstream reaches, which leads
to less-frequent low flows and the leveling off of peak flows
in the downstream reaches (Gippel 1995).

The response of macroinvertebrate density and diversity
to the addition of large wood varies andmay depend on site-
specific environmental conditions, time since introduction,
and characteristics of the wood (e.g., Gerhard and Reich
2000, Benke and Wallace 2003, Johnson et al. 2003, Scealy
et al. 2007). For example, in their review on the effects
of introduced large wood, Roni et al. (2015) found that ~½
of 21 studies that measured macroinvertebrate responses
found no change or negative changes in density or diversity.
To optimize future restoration efforts, it is important to pin-
point the factors that underlie these contrasting responses.

This study focuses on determining the relationship be-
tweenwood-patch physical structure andmacroinvertebrate
taxonomic and functional composition in terms of diversity,
complexity, the level of patchiness, and patch stability. We
studied macroinvertebrate assemblages in stream sections
before and after the introduction of large wood in 3 lowland
streams in The Netherlands. We compared the temporal
changes in stream sections with large-wood additions to
temporal changes in unrestored control sections to evaluate
the effects of wood additions on stream and macroinverte-
brate characteristics.

We hypothesized that large-wood additions would im-
prove instream physical structure in all 3 streams by increas-
ing the substrate diversity, the degree of habitat complexity,
and the number of different habitat patches present in a given
stream section (Fig. 1A, B). The presence of large wood in
streams offers additional attachment and feeding opportuni-
ties for macroinvertebrates, so these additions should influ-
ence the ecological and functional traits of themacroinverte-
brate assemblages that occur in the streams (Benke and
Wallace 2003, Lester et al. 2007). Therefore, we expected
large-wood additions to result in an increase in taxa with
an affinity for hard substrate types, fast flowing conditions,
passive filter-feeder and scraper–grazer feeding modes, or a
semi-sessile mode of locomotion. Besides the wood-patch
structures themselves, increased CPOM retention within
the wood patches should provide additional habitat for detri-
tivores, which we expected to result in an increase in the
shredder feeding mode and a preference for patches of par-
ticulate organic matter (detritus). Finally, we expected that
the increased complexity of substrate would result in a higher
number of predators.

METHODS
Study design

We examined the effects of physical structures onmacro-
invertebrate assemblages in 3 lowland streams in The Neth-
erlands. Watershed managers had already planned large-
wood introductions as part of larger watershed restoration
projects in streamsHierden, Tongelreep, andTungelroy (Ta-
ble 1). All of these streams had experienced eutrophication,
increases in peak discharge, degradation of the riparian zone,
and excessive maintenance of the stream channel (e.g., re-
moval of large wood and vegetation). Large-wood additions
were carried out as an instream restoration measure aimed
at increasing habitat availability for biota. Among-stream
comparisons were facilitated by applying a large-wood intro-
duction protocol to guide the watershed managers responsi-
ble for the implementation, resulting in a similar layout of
the large-wood patches in the different streams.

These streams also had similar environmental conditions
including bankfull width, stream-valley land use and dis-
charge, andstreamtype.Theyall belonged to the low-gradient
sand-bed stream type, according to the DutchWater Frame-
workDirectivestreamtypologycategorization (vanderMolen
et al. 2019). This consistency indicates that the variation in
biotic and abiotic conditions among streams falls within the
environmental boundaries established for this stream type
and was distinctive from that of other stream types (Hering
et al. 2004), facilitating comparisons among streams. None-
theless, we analyzed the 3 streams separately to account for
potential effects of differences in environmental conditions.
For example, the more-open canopy of stream Tungelroy
resulted in extensive macrophyte growth, which was absent
in the heavily shaded streamHierden. This differencemight
influence physical structure and associated macroinvertebrate
assemblages.

We used a before–after control–impact (BACI) design to
study the effects of the large-wood additions. We compared
500-m reaches (1 reach/stream) where wood patches were
introduced with adjacent upstream 500-m-control reaches
(1 reach/stream) with similar environmental conditions.
Inter-reach distance was ~100 m. Although downstream
reaches were not fully independent from upstream reaches,
this design maximized similarity of macroinvertebrate as-
semblages and environmental conditions in the sampled
reaches, which aided in determining the impact of the wood
additions.

In autumn2010, we sampled both the control and the im-
pact reaches at each site (before treatment). We randomly
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selected three 20-m sections within each reach, determined
their physical structure, and collected macroinvertebrate
samples in each section (see Sampling for methods). After
the introduction of large wood in winter (Tongelreep: De-
cember 2010, Hierden and Tungelroy: February 2011), we
sampled in autumn to early winter in 2011 (1 y after treat-
ment) and 2012 (2 y after treatment). After the wood addi-
tions, all sampled impact sections contained a large-wood
patch. These wood patches covered areas of 25 to 50 m2

(patch length 10–15 m) and consisted of interwoven logs
Table 1. Site characteristics for the 3 stream reaches used in the study. Land use, the reach length with wood patches, and the num-
ber of wood patches/reach are given. Hydromorphological characteristics include the minimum and maximum bankfull width of the
reach, the average (±SD) maximum water depth, the reach gradient, average (±SD) flow velocity, and average annual discharge.
Chemical characteristics include the yearly average total nitrogen (TN) concentration and the yearly average total phosphorous (TP)
concentration.

Site Coordinates Land use

Reach
length
(km)

Patches
(no.)

Width
(m)

Depth
(m)

Gradient
(m/km)

Flow
velocity
(m/s)

Discharge
(m3/s)

TN
(mg/L)

TP
(mg/L)

Hierden 51719051.6400N Forest 0.9 15 5–7 0.6 (0.2) 1.9 0.19 (0.10) 0.3 5.97 0.11

5742041.4500E
Tongelreep 51722027.0100N Forest 0.7 6 6–7 0.6 (0.2) 0.4 0.24 (0.10) 1 3.27 0.25

5729033.0300E
Tungelroy 51714027.6700N Grassland

and forest
0.5 9 7–9 1.0 (0.4) 0.5 0.19 (0.13) 1.1 2.46 0.27

5754057.3300E
Figure 1. Conceptual diagram illustrating the predicted changes in streambed substrate physical structure (A) and trait-based re-
sponse (B) of the macroinvertebrate assemblages after large wood was added to the stream channel. 1 indicates an increase.
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(diameter >20 cm) and branches (diameter >5 cm) that
covered the full width of the stream (Fig. S1). The internal
structure of wood patches was open, allowing water to flow
through the patches at median discharge and over the
patches during spates. In terms of substrate cover, the large
wood covered~20 to 25%of the streambed immediately after
introduction. Inter-patch distance ranged from 25 to 40 m.
Sampling
Physical structure For each 20-m section, we visually esti-
mated the proportional cover of the dominant (>5% cover-
age in a given section) streambed substrates. We classified
the substrates following Hering et al. (2003): sand (including
sand and mineral mud with a grain size of 6 lm–2 mm),
wood (including large wood, branches, twigs), leaves (freshly
fallen), CPOM (e.g., leaf fragments), fine particulate organic
matter (FPOM), macrophytes, filamentous algae, and gravel
(fine–medium with grain size of 0.2–2 cm).

Macroinvertebrates Macroinvertebrate sampling was car-
ried out in the same 3 impact and control sections/stream
surveyed for substrate cover before and after large-wood ad-
ditions.We collectedmacroinvertebrates with a Surber sam-
pler (25� 25 cm, 1-mmmesh) by taking 5 subsamples from
the dominant substrates present in each 20-m section, which
we pooled to form 1 representative multi-habitat sample of
0.3 m2 for each section. We sampled large wood by lightly
brushing the wood surface with a stiff-bristle brush (area
sampled similar to the surface area of the Surber sampler).
Macroinvertebrate samples were taken to the laboratory
and sorted alive.We identified specimens to the lowest prac-
tical taxonomic level, generally species or genus.

Statistical analyses
Physical structure We defined the spatial component of
physical structure by 3 parameters: habitat diversity, com-
plexity, and patchiness. We calculated habitat diversity with
Simpson’s diversity index (Hill 1973), habitat diversity5 1 /
∑(Pi)

2, where Pi is the proportion of the i th substrate type.
We calculated habitat complexity by substituting the relative
proportion of each substrate type with a habitat-complexity
class in the equation of habitat diversity. Habitat-complexity
classes ranged from 1 for simple structures to 3 for complex
structures. We defined sand, gravel, and FPOM as class 1;
leaves, CPOM, and algae as class 2; and wood and macro-
phytes as class 3. We calculated habitat patchiness as the
standard deviance of the percentage of each substrate cover
divided by its mean percentage and multiplied by the total
number of patches recorded (Eadie and Keast 1984).We de-
termined habitat stability, the temporal component of phys-
ical structure, by calculating the Bray–Curtis dissimilarity of
the average substrate cover between the control and impact
sections before, 1 y after, and 2 y after wood additions. We
averaged the results of the 3 randomly selected sections sam-
pled/reach for further analyses. We tested changes in the
spatial components of habitat structure by applying ran-
domized intervention analysis (Carpenter et al. 1989) with
Canoco (version 5.12;WageningenUniversity and Research,
Wageningen, The Netherlands). We evaluated whether
changes in physical structure occurred in impact reaches
and compared these physical structure changes with those
in the control reaches. We used 9999 Monte Carlo random
permutations restricted to the temporal structure of the data
(cyclic shifts) to calculate significance of the randomized in-
tervention analysis.We tested the parameters with andwith-
out the large wood to determine if changes in physical struc-
ture in impact reaches were attributable to the presence of
wood rather than to the presence of other substrate types.

Macroinvertebrates We used non-metric multidimen-
sional scaling (NMDS) to visualize the changes in macroin-
vertebrate assemblages before and after the large-wood addi-
tions. To reduce distortion of assemblage differences by rare
or highly abundant taxa, we only included taxa that were
foundmore than once in these analyses, andwe transformed
abundances by log2(x1 1) in each sample.We based NMDS
ordination on a Bray–Curtis dissimilarity matrix, and we
used PC-ORD forWindows (version 4.25;MjMSoftwareDe-
sign, Gleneden Beach, Oregon) with slow and thorough auto-
pilot mode, 400 iterations, instability criterion of 0.00001,
6 starting axes, 40 real runs, and 50 runs with randomized
data (following manufacturer’s instructions).

To obtain further insight into the changes in macroin-
vertebrate assemblages after wood additions, we used princi-
pal response curve (PRC) analysis in Canoco to analyze the
macroinvertebrate data. This technique is based on redun-
dancy analysis ordination, which is the constrained form of
principal component analysis (van den Brink and ter Braak
1999). This technique results in a diagram in which time is
displayed on the x-axis, and the 1st principal component
(PRC-axis 1), which shows the treatment’s effect on assem-
blage composition, is displayed on the y-axis. The diagram
displays the deviations in assemblage composition over time
in the impact sections compared with those in the control
sections. The resulting taxon weights (bk) indicate the fit be-
tween the response of the taxon and the overall assemblage
response.

To obtain insight into the relationships between the addi-
tion of large wood and selected trait responses, we computed
correlations between taxon functional and ecological trait
scores with the PRC-derived taxon weights (bk). Trait scores
were fuzzy coded, whereby the scores ranged from 0 (avoid-
ance) to 10 (strong preference) in each taxon.We calculated
Spearman rank correlations for the mode-of-locomotion
(semi-sessile) and feeding-type (passivefilter feeder, shredder,
predator, and scraper–grazer) categories (Schmidt-Kloiber
and Hering 2015) and for the ecological trait scores for flow
preference (high-flowvelocity)andsubstratepreference (hard
substrate and detritus) categories (Verberk et al. 2012). We



Volume 39 December 2020 | 697
included additional Chironomidae substrate preference data
based onMoller Pillot (2009, 2013).

RESULTS
Physical structure

Before introduction of the large wood, stream beds were
dominated by sand (Fig. 2). In the 1st y after the wood ad-
ditions, mean proportional cover of the different substrate
types changed in the treatment sections compared with the
control sections in all streams. When we included the pro-
portion of wood in this analysis, the proportion of wood in-
creased, and the proportional cover of the other substrate
types also changed relative to each other. In streamsHierden
andTongelreep, the habitat diversity, complexity, and patch-
iness scores of the impact sections increased significantly
after the large-wood introductions (Fig. 3A, B, Table 2). In
stream Tungelroy the patchiness increased, but the other
measures did not change in the treatment sections (Fig. 3C,
Table 2). Excluding wood substrate from this analysis did
not affect the outcome in stream Tongelreep, but in streams
Hierden and Tungelroy the degree of patchiness became
insignificant relative to the control reach. It appears that
in stream Tungelroy, patchiness was primarily generated by
the presence of the large wood and not by the other substrate
types, as mean patchiness was similar to the control when
large wood was excluded from the analysis. In contrast, the
reason that we could not detect a difference in stream Hier-
den’s patchiness, despite a mean that appeared to be differ-
ent from the control, was because of a large amount of var-
iability in the degree of patchiness of the other substrate
types after excluding the large wood.

The initial similarity of proportional cover of streambed
substrate types in the control and impact sections decreased
(i.e., the Bray–Curtis dissimilarity increased) after the large-
wood additions, indicating an increase in substrate heteroge-
neity during the 1st y after the addition (Fig. 4). However, the
difference in substrate heterogeneity between 1 y and 2 y
after the wood additions was much smaller, indicating the
proportional cover of the different substrate types had stabi-
lized. Substrate coverage dissimilarity in stream Tungelroy
was likely the result of the presence of large wood because
excluding wood from the calculations led to an increase in
similarity between the control and impact sections over time.
Macroinvertebrates
The optimal solution forNMDSof themacroinvertebrate

assemblage composition resulted in 3 axes for all streams
(Fig. 5A–C). Macroinvertebrate assemblages were distinct
relative to the controls after the wood additions. Dissimilar-
ity differed among streams, and stream Tongelreep had the
largest deviation in assemblage composition between con-
trol and treatment sections. Additionally, the different sam-
pling years were clearly separated in the diagram, especially
in stream Hierden, indicating that time had a large effect on
assemblage composition.

PRC showed that before the introduction of the large
wood, control–impact differences in macroinvertebrate as-
semblage composition were relatively small (Fig. 6). After
the large-wood additions, assemblage composition changed
more in the treatment sections than in the control sections
(Monte Carlo permutation tests, PRC-axis 1: Hierden—
14.8% of the variation in assemblage composition explained
by treatment, F5 0.7, p5 0.03; Tongelreep—25.3%, F5 1.4,
p5 0.002; Tungelroy—16.3%,F5 0.8, p5 0.01). The smaller
differences between treatments and controls in streams
Hierden and Tungelroy in the 2nd y relative to the 1st y after
treatment indicates that the effect of wood introduction in
these streams decreased over time. In stream Tongelreep,
however, a further increase was observed, indicating an even
Figure 2. Mean substrate cover (n 5 3) on a proportional
cover scale (0–1) in the control and impact stream sections be-
fore, 1 y after, and 2 y after large-wood additions in streams
Hierden, Tongelreep, and Tungelroy.
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larger effect of large-wood additions in the 2nd y as compared
with the 1st y.

PRC taxon weights indicate the fit between the response
of the observed taxa and the overall assemblage response
(Table S1). In total, ~½ of the taxa (51–58%) displayed
an increase (bk > 0.5) or decrease (bk < –0.5) in abundance
after the wood addition. In stream Hierden (41 total taxa),
16 taxa increased in abundance and 5 taxa decreased. In
stream Tongelreep (54 total taxa), 26 taxa increased and
only 2 taxa decreased. In stream Tungelroy (55 total taxa),
16 taxa increased and 16 taxa decreased after the large-
wood additions.

The species that increased markedly in response to the
wood additions in all streams were caddisflies Hydropsyche
pellucidula and Lype reducta/phaeopa as well as blackflies
Simulium spp. (bk > 2). In stream Hierden the caddisfly
Polycentropus irroratus and the whirligig beetle Orectochi-
lus villosus also increased markedly. In stream Tongelreep
the amphipod Echinogammarus berilloni and the damselfly
Calopteryx splendens increased markedly. More taxa de-
creased in abundance in stream Tungelroy than in the other
2 streams, and these ranged from the caddisfliesNeureclipsis
bimaculata and Mystacides spp., the mayfly Cloeon dip-
terum, the chironomid Microtendipes spp., and the bivalve
Corbicula fluminea.
We correlated the ecological and functional trait param-
eters to the taxon weights derived from the PRC analyses,
which showed that the responses of the macroinvertebrate
assemblages were related to their affinity for hard substrate
in all streams (Table3).No further relationshipswith the func-
tional traits were found in streamsHierden andTungelroy. In
stream Tongelreep the addition of large wood matched an
increase in the affinity for high-flow velocity and a scraper–
grazer feeding type.
DISCUSSION
Habitat heterogeneity has been shown to increase after

the introduction of large wood in various stream types
(Gerhard and Reich 2000, Lester and Boulton 2008, Pilotto
et al. 2014, 2016), and our study is no exception. Here,
large-wood introductions resulted in an increase in habitat
heterogeneity because the degree of streambed substrate
patchiness increased overall, and, in Hierden and Ton-
gelreep, we observed a subsequent increase in substrate di-
versity and complexity. Furthermore, the degree of change
in proportional cover of the different substrate types was
smaller in the 2nd y after the wood introduction, so the in-
creased diversity of streambed substrates appeared rela-
tively stable. Microscale macroinvertebrate distribution is
closely related to streambed substrate patterns and is largely
determined by the functions the patches provide, such as
flow refugium, aggregation of food resources, or oviposi-
tion/pupation sites (Tolkamp 1982, Lancaster 1999). Our
results support the idea that habitat heterogeneity could
be an important step toward restoration of degraded stream
ecosystems through promoting species diversity via niche
and resource availability (Tews et al. 2004) as well as via eco-
system functioning and service provisioning (Frainer et al.
2018).
Figure 3. Mean (±SD) diversity, complexity, and patchiness
scores in the control and impact reaches before, 1 y after,
and 2 y after the large-wood additions in streams Hierden (A),
Tongelreep (B), and Tungelroy (C). To make clear which
changes occurred because of the added wood, both the results
including (1) and excluding (–) the large wood as 1 of the
components of physical structure are shown.
Table 2. Before–after control–impact (BACI) analyses on physical-
structure spatial components with Monte Carlo permutation tests
(9999 permutations) based on dependent random shifts of the
time series. Tests of the structural metrics in the reaches where
wood patches were introduced were computed both with (1) and
without (–) the large wood (LW) to detect whether changes were
caused by the other substrate types. Reported values are F-statistics
and p-values.

Site LW

Diversity Complexity Patchiness

F p F p F p

Hierden 1 46.9 0.026 84.7 0.021 44.8 0.033

– 29.5 0.019 186.0 0.017 3.8 0.137

Tongelreep 1 9.4 0.047 11.6 0.015 19.3 0.003

– 8.0 0.044 13.1 0.024 35.0 0.003

Tungelroy 1 0.6 0.449 2.9 0.127 8.9 0.014

– 2.8 0.070 2.8 0.070 1.4 0.323
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The differential responses in substrate diversity and
complexity we observed among the 3 streams were proba-
bly because of large site-specific or regional factors. Stream
Hierden has a large amount of gravel in the stream subsur-
face, which leads to faster formation of gravel beds when
wood is introduced because sand is washed away by in-
creased flow. Gravel substrate was not present in this
stream before restoration, so addition of this new substrate
type likely led to the increase in substrate diversity. In addi-
tion, Tungelroy, which did not increase in substrate diver-
sity or complexity, runs through a more-open, grassland-
dominated landscape than Hierden and Tongelreep, both
of which run through forested watersheds. Leaf retention di-
versifies the substrate composition of streams (Muotka and
Figure 4. Stability of the streambed substrate coverage, expressed as Bray–Curtis dissimilarity of the mean (±SD) substrate compo-
sition between control and impact stream sections before, 1 y after, and 2 y after introduction of large wood. To make clear which
changes occurred because of the added wood, both the results including (1) and excluding (–) the large wood as 1 of the components
of physical structure are shown.
Figure 5. Non-metric multidimensional scaling plots of macroinvertebrate assemblages in the control and impact sections of
streams Hierden (A), Tongelreep (B), and Tungelroy (C) before and after the introduction of large wood (n 5 3/y) based on Bray–
Curtis dissimilarities.
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Laasonen 2002), so the allochthonous inputs of large quan-
tities of CPOM (especially leaves) into stream Hierden, and
to a lesser extent into stream Tongelreep, may have acted as
a catalyst for streambed diversification in and around the
large-wood patches. These allochthonous inputs were prob-
ably smaller in streamTungelroy, where the density of ripar-
ian trees was much lower. Additionally, stream Tungelroy’s
larger channel width and depth may have decreased the
trapping efficiency of allochthonous organic matter inputs
(Raikow et al. 1995, Larrañaga et al. 2003). Finally, stream
Tungelroy has steep banks and high turbidity, which might
not allow for the macrophyte development that is common
in unshaded streams. If present, these macrophyte stands
could have acted as an autochthonous source of organic
material, especially during autumn senescence, contributing
to an increase in patch substrate diversity and structural
complexity.

Rapid recolonization of macroinvertebrates from local
habitat sources has been found in other lowland streams
(Westveer et al. 2018), which is consistent with our results.
Macroinvertebrate assemblages changed in all streams, es-
pecially in the 1st y after the wood additions when many
taxa increased in abundance. Taxa that increased after the
wood additions showed a strong affinity for hard substrates.
Prior to the wood reintroduction, hard substrates were
sparse and mostly consisted of tree roots protruding into
the stream channel. We expect that these local structures
were the primary source ofmacroinvertebrate colonists that
settled on the introduced large wood.

Temporal differences in macroinvertebrate assemblages
could be a function of regional species pools. In streams
Hierden and Tungelroy, differences in macroinvertebrate
assemblage composition in sections with woody additions
compared with control sections did not change significantly
between the 1st and 2nd y, but in stream Tongelreep the dif-
ference further increased in the 2nd y. Limited availability of
species within the regional species pool (Spänhoff and Arle
2007, Tonkin et al. 2014) might explain the lack of response
in the 2nd y because if all species present in a stream section
colonized thewood during the 1st y, no new species would be
available to colonize the wood during the 2nd y. If regional
colonization is the main mechanism of assemblage on large
wood in the lowland streams we studied, it would suggest
that the potential number of colonists is higher in stream
Tongelreep in comparison to the other 2 streams. This po-
tential effect of existing assemblage diversity on temporal
colonization patterns would be an interesting question for
future research.

Associations between the addition of large wood and
functional and ecological traits of macroinvertebrates may
offer additional insight into the potential for stream restora-
tion to influence macroinvertebrate assemblage composi-
tion. In streamTongelreep, a preference for high-flow veloc-
ity and a grazer–scraper feeding mode were associated with
largewoodor the presence of hard surfaces in general. Pieces
of wood that protrude into the water column are exposed to
higher flow velocities than the wood pieces or leaf packs that
sit on the stream bottom (Schoen et al. 2013, Pilotto et al.
2016) and provide hydraulic conditions suitable for coloni-
zation by invertebrates preferring high-flow areas. In addi-
tion, scrapers feed on the epixylic biofilm present on the sur-
faces of submerged wood (Benke and Wallace 2003). The
Table 3. Spearman rank correlations (q) between the taxon weights of the macroinvertebrate assemblages recorded in the streams,
which indicate the response of the individual taxa to the introduction of large wood and the ecological- and functional-trait-category
affinities for these taxa. p-values in bold are <0.05.

Site

Trait category

Detritus
Hard

substrate
Semi-
sessile

Grazer/
scraper Shredder

Passive
filter feeder Predator

High flow
velocity

q p q p q p q p q p q p q p q p

Hierden 20.18 0.33 0.46 0.01 0.19 0.32 0.13 0.46 20.31 0.06 0.25 0.14 0.06 0.72 0.18 0.30

Tongelreep 20.23 0.12 0.33 0.02 0.10 0.53 0.32 0.02 0.17 0.23 0.26 0.07 20.06 0.71 0.42 <0.01

Tungelroy 0.10 0.50 0.32 0.02 20.09 0.56 0.25 0.08 0.13 0.37 0.04 0.77 20.18 0.21 0.21 0.13
Figure 6. Principal response curves of treatment effects
(Cdt, PRC-axis 1) on the macroinvertebrate assemblages for the
3 streams. The lines represent the effect of treatment over time,
and each point represents the mean of 3 sections/y. Zero
(vertical broken line) represents the time at which wood was
added to the streams.
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availability of both submerged-wood surfaces and habitat in
high-flow conditions was limited in these streams before in-
troduction of large wood. Thus, wood additions increased
the habitat and resource availability for macroinvertebrates
with these traits. Why this preference for high-flow velocity
and a grazer–scraper feeding mode was not found in the
other 2 streams, as well as an overall lack of response in
the other large-wood-related functional traits, passive filter-
feeder and predator feeding groups, and a semi-sessile mode
of locomotion, is unknown. In general, functional feeding
groups have shown variable responses to large-wood addi-
tions in different studies, probably because of site-specific en-
vironmental conditions (e.g., Johnson et al. 2003, Lester et al.
2007).

In addition to the presence of large wood in streams,
the age of large-wood patches might be important in influ-
encing both substrate characteristics and macroinverte-
brate assemblage composition (Benke and Wallace 2003).
We only studied large-wood patches that were submerged
for <2 y, and wood of this age might not provide the full
spectrum of resources and functions that come with time.
This lack of long-term data could be an explanation for
why we did not observe responses in taxa with a preference
for detritus patches or in the shredder functional feeding
group. Large-wood patches accumulate organic material
over time, including leaves, seeds, and small branches, be-
cause of their retention capacity and stability, but these ac-
cumulations may require years to develop (Jones 1997,
Tank et al. 2010). Over time these organic patches become
a mixture of organic particles at different stages of decom-
position or abrasion toward the center of the patch and,
thus, of different food and habitat quality for macroinver-
tebrates. Further, the surface texture of the wood changes
over time because of abrasion or decay, which could po-
tentially influence macroinvertebrate assemblage compo-
sition (Molokwu et al. 2014).

Our findings suggest that the main beneficial effect of
reintroducing large wood to the stream channel of sand-
bed lowland streams is the provisioning of stable habitat
substrate or surface but that this change may only affect
specific portions of the local macroinvertebrate assemblage.
However, we studied only the short-term effect of wood ad-
ditions at an early stage of development of wood structures
and their associated substrates. The relative contribution of
the wood patches in determining the taxonomic and func-
tional composition of the assemblage might change as the
wood patches age. At the same time, aging of the patches
may not lead to substantial assemblage changes if the num-
ber of potential colonists is limited by a degraded species
pool at the stream-to-catchment scale (Leps et al. 2016). Fu-
ture research should include long-term repeated sampling
of the macroinvertebrate assemblages that inhabit intro-
duced large-wood patches to disentangle the effects of envi-
ronmental conditions from those related to the size of the
regional species pool.
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