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Restoring aquatic ecosystems is still at an early stage and the outcomes of the remediation techniques used are often not
reported, which limit opportunities to learn and further improve these methods. One common remediation technique in urban
areas is daylighting, which involves the re-opening of once buried streams with the aim of restoring ecosystem functions and
services. In this study, we monitored the colonization of two important aquatic communities, benthic algae and macroinverte-
brates, and assessed the nutrient retention capacity of a recently daylighted urban stream in the city of Oslo, Norway. The
approach used involved transforming a buried channel into an open stream consisting of interconnected riffles and ponds
seeded with aquatic and terrestrial plants. Benthic algal and macroinvertebrate communities begun to colonize the restored
stretch within a relatively short time, 9 months following daylighting. The dynamics of the two aquatic communities differed,
indicating that spatial processes are influential in determining the establishment of benthic algae, whereas time is more impor-
tant for macroinvertebrate communities. The observed net nutrient retention from the daylighted stretch for phosphate, total
nitrogen, total phosphorus, and calcium were 226, 128, 38 and 14 %, respectively. However, the efficiency of the daylighted
stretch to sequester nutrients was limited by the lack of controlling nutrient inputs from diffuse sources. This highlights the
importance of addressing the influence of broader-scale processes, extending beyond the boundaries of the restored reach,
which can otherwise demise the success of daylighting.
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through completely enclosed man-made channels built from
impermeable material, and these culverts were then buried to
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e In our study, benthic algal and macroinvertebrate com- . . . .
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munities were shown to colonize the restored stretch . . . .
with urban streams has in recent years led to an increase in

within a relatively short time, 9 months following day- N
.. . . efforts to re-open these streams. Such initiatives were supported
lighting. The restored stretch retained nutrients; how-
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Introduction This is an open access article under the terms of the Creative Commons Attribution

. . . License, which permits use, distribution and reproduction in any medium, provided the
Streams and rivers were previously considered as obstacles for original work is properly cited.
urban development and were subsequently culverted (Paul & doi: 10.1111/rec. 13394

. . . . . Supporting information at:
Meyer 2001). Culverting entails the redirection of waterbodies http://onlinelibrary.wiley.com/doi/10.1111/rec.13394/suppinfo
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by policies such as the Habitats Directive (92/43/EEC) and the
Water Framework Directive (2000/60/EC), which encouraged
the use of various rehabilitation techniques (Clarke et al. 2003;
Smith et al. 2014). The primary objectives of these restoration
and rehabilitation measures were to improve in-stream habitats
and reestablish desired ecosystem functions, such as reducing
the amount of nutrients moving downstream (Bernhardt
et al. 2005; Bernhardt & Palmer 2007; Schwartz et al. 2015;
Friberg et al. 2017). It has, for example, been shown that mea-
sures that increased streams’ surface-area to volume ratios and
water residence time improved nutrient uptake and retention
by enhancing interactions with benthic communities within
the stream corridor (Craig et al. 2008; Kaushal et al. 2008;
Bernhardt & Palmer 2011). However, the success of restora-
tion and rehabilitation measures varied. Some studies have,
for example, shown negligible effects on biodiversity (Feld
et al. 2011; Haase et al. 2013; Friberg et al. 2014), whereas
others demonstrated encouraging results (Hering et al. 2015;
Kail et al. 2015; Neale & Moffett 2016). A lack of success
can generally be attributed to four factors: (1) limited spatial
extent of the restored areas; (2) insufficient recolonization
opportunities from species pools; (3) disproportionate influ-
ence of complex large-scale processes occurring at the catch-
ment level; and/or (4) time-lag responses where positive
effects only became apparent after a relatively long time
(Craig et al. 2008; Schmutz et al. 2016; Lorenz et al. 2018).
However, empirical evaluations of daylighting (i.e. de-culvert-
ing; (Wild et al. 2011) of urban streams are still scarce, in par-
ticular during the early (re)colonization of aquatic
communities (Neale & Moffett 2016; Lorenz et al. 2018).

The present case study addresses the early colonization of
aquatic communities and evaluates the nutrient retention capac-
ity after daylighting an urban stream reach of Hovinbekken in
Oslo, Norway. The previously culverted channel was trans-
formed into an open stream with low flow velocities and inter-
connected riffles and ponds, each seeded with aquatic and
terrestrial plants. Such morphological transformations have pre-
viously been shown to increase heterogeneity, reestablish terres-
trial and aquatic interactions mediated by the riparian
vegetation, and stimulate in-stream productivity and nutrient
retention (Pinkham 2000; Neale & Moffett 2016).

We monitored the responses of two key aquatic communities,
benthic algae and macroinvertebrates, to daylighting along different
sections within the restored stream reach during the ice-free season.
Due to the lack of monitoring data prior to daylighting we used a
space-for-time substitution approach, a commonly used technique
to evaluate ecosystem responses to environmental changes (Layer
et al. 2010; Rawcliffe et al. 2010), where benthic algal and macroin-
vertebrate communities from the daylighted stretch were compared
to an upstream (not culverted) reference site. We hypothesized that:

(1) Colonization should result in similar benthic algal and
macroinvertebrate communities in the daylighted sections
as those present at the upstream reference site.

(2) The implemented morphological changes—slow flow,
increased habitat heterogeneity, and re-establishment of
riparian-benthic interactions—should increase nutrient retention.

Methods

The Daylighted Stream Reach

A reach of approximately 650 m in the Hovinbekken stream,
located within the city of Oslo, Norway, was de-culverted in
2015. The restored stretch (hereafter referred as “daylighted
reach”) consists of a flow-controlled channeling system, where
water passes through a series of ponds connected by riffles
(Fig. 1). The daylighted reach receives water from an 800-m,
still-existing culvert, with a maximum discharge of 0.15 m/s
(measured continuously at the inlet by the Agency for Water
and Sewage in Oslo; Oslo VAV). The excess water is diverted
to the original culvert to avoid overflow of the opened stream
reach. Aquatic plants originating from other waterbodies around
the city were translocated and placed in (ca. 45% Phragmites
australis, 45% Typha latifolia, and 10% Iris pseudacorus) and
around (a mix, but mainly Carex species) the daylighted reach,
mimicking what is normally encountered in lowland streams in
Norway. The substrate used for the daylighted reach bed con-
sisted mainly of a mixture of gravel (2—-16 mm) and small stones
(1664 mm; Table S1). The system became operational on
20 August 2015, which corresponds to early autumn in Norway.

Sampling Sites

Water chemistry, benthic algae, and macroinvertebrates were
sampled from the first spring season (May 2016), that is approx-
imately 9 months after the system was operational, correspond-
ing to the early colonization phase of the daylighted reach.
Benthic algae and macroinvertebrates were sampled at six dif-
ferent locations (L1-L6 in Fig. 1) within the daylighted reach.
In addition, a reference site (LO) located about 850 m upstream
the daylighted reach was sampled (see Fig. S1). The reference
site was separated from the daylighted reach by a culvert of
approximately 800 m, which leads the stream underneath an
area of dense urban infrastructure. Site L1 was adjacent to the
inlet pond (i.e. the culvert’s exit) and positioned within the first
riffle section, whereas site L2 was located at the lower end of this
riffle section, right before the second pond. After the second
pond, a pipe of approximately 10 m connected the reach with
the next sites. The pipe was installed at the bottom of the pond
to reduce the potential transport of oil further downstream. This
simple pipe installation targets the fact that oil is less dense than
water to sequester and keeps any light oil contaminants floating
on the surface of the second pond, thus from spreading down-
stream. Sites L3, L4, and L5 followed along the downstream riffles
and were interconnected by small ponds. These interconnected rif-
fles fed water to the largest pond (Teglverksdammen, max depth
3 m). Site L6 was located at the outlet of the largest pond (Fig. 1).

Sampling Design and Species Identification

Water and aquatic communities were sampled from riffles. Each
sampling location (LO-L6) consisted of a 1-2 m long homoge-
neous stretch with a water depth ranging between 5 and
15 cm. The riffles were chosen to facilitate cross-comparisons
between the daylighted reach (L1-L6) and the reference site
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Figure 1. Location and pictures of the sampling sites: L1-L6, from the daylighted reach. The sampling locations in the map (upper panel) are represented by
triangles (). The upstream reference site (L0, not shown on this map) is located about 850 m upstream L 1. The respective distance between sites: L1-L2 was ca.
21 m, L2-1.3 was ca. 70 m, L3-L4 was ca. 76 m, L4-L5 was ca. 48 m, and L5-L6 was ca. 335 m. The map was downloaded (9 May 2020) from the Norwegian

Mapping Authority (https://www.norgeskart.no).

(LO), as the latter is a small (1-2 order) and shallow stream with-
out deeper ponds.

Benthic algae were collected in 2016 and 2017, following
standard guidelines NS-EN 15708:2009 (2010) (see Supple-
mentS1 for details). During 2016, monthly samples were

collected between May and November. Benthic algae were
also collected during May and June 2017 from each site (LO-
L6), thereby collectively representing a total of 9 time points
over 2 years.
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In 2016, macroinvertebrates were sampled at the same inter-
vals (May to November) as the benthic algae, using a Surber
sampler and a protocol described by Stark et al. (2001; see
Supplement S2 for more details).

Water (1 L) was sampled simultaneously as the aquatic com-
munities, and water quality parameters (total phosphorus, phos-
phate, total nitrogen, and calcium) were analyzed by the Agency
for Water and Sewage in Oslo (Oslo VAV), using standardized
procedures (NS-EN ISO 11905-1 1997; NS-EN ISO
6878-1 2004; NS-EN-ISO 15681-1 & 2 2015). Temperature
and conductivity were measured in situ using a portable meter
(Multi 3420, WTW™, Germany).

Due to maintenance work in the outlet of the daylighted
reach, the water flow was stopped during August and September
2016. This resulted in water stacking up in the ponds, whereas
the water flow through the riffles was severely reduced, leading
to partially dried-out patches. Consequently, benthic algae from
sites L3, L4, and L5 were not sampled in August whereas L6
was not sampled in September. The sampling of macroinverte-
brates was similarly discontinued: no samples were taken during
August (from all sites L1-L6) and from site L6 in September.
However, the sampling of water quality parameters was
maintained.

Benthic algae were identified using a light microscope (Leica
2000), adhering to procedures described in NS-EN
15708:2009 (2010). Macroinvertebrates were identified using
a stereo microscope (Optika Lab 20) and a quantification
method described in Eriksen et al. (2010). Details on the identi-
fication procedures are described in Supplement S3.

Statistical Analysis: Determining Nutrient Export and Assessing
the Effects of Daylighting on Aquatic Communities

The monthly monitored nutrient concentrations and the flow
measurements (when available, i.e. during May—November
2016; Fig. S2) were used to calculate nutrient fluxes. Net nutri-
ent retention (Tot P, Tot N, Ca, and PO,™) in the daylighted
reach was calculated as the difference in nutrient fluxes between
the outflow (L6) and the inflow (L1), normalized by the inflow
and expressed in percent, and calculated for each month and
cumulatively.

The effects of the daylighting on benthic algal and macroin-
vertebrate communities were assessed using principal response
curves, which is a constrained multivariate technique. The com-
munity compositions along the daylighted reach (L1-L6) were
systematically compared with the upstream reference site (LO).
The analysis is based on redundancy analysis, and effectively
disentangles time-dependent effects from the overall treatment
effects (i.e. daylighting), where the model significance is tested
through permutation (Van den Brink & Ter Braak 1999). In
addition, traits lists were derived from the two aquatic commu-
nities. The growth form (single celled, branched filamentous,
or unbranched filamentous) was assigned to identified taxa of
benthic algae. Macroinvertebrates were classified according to
their feeding guild (grazers, detritivores, filter feeders, predators,
or gatherers) using information compiled in the Freshwater

Ecology database (Schmidt-Kloiber & Hering 2015). These
traits matrices were used to calculate two measures of functional
diversity in multidimensional space, which is based on principal
coordinate analyses (Villéger et al. 2008). Firstly, we assess trait
richness, defined as the total area (measured as convex hull vol-
ume) occupied by all species’ traits in a multidimensional space
(Villéger et al. 2008; Mouillot et al. 2013). Secondly, we assess
trait evenness, which is a measure of the trait distribution that
accounts for the trait abundances within this multidimensional
space (Villéger et al. 2008; Mouillot et al. 2013).

The contributions of the environmental dataset (water quality
variables), spatial locations (sites), and temporal variations
(sampling points) on the benthic algal and macroinvertebrate
community structures were assessed using variance partitioning.
This technique is based on redundancy analysis and quantifies
the proportions of the variation explained by different explana-
tory variables both individually and combined, which are then
expressed as adjusted R* values (Borcard et al. 1992, 2011).
Prior to the analysis, the community data were Hellinger-
transformed and the environmental (water quality) variables
were scaled and centered by subtracting the standard deviation
from the mean. Hellinger-transformation is recommended for
community data, to account for the high heterogeneity present
in such datasets, before using linear ordination techniques to
assess the importance of environmental variables for community
structuring (Rao 1995; Legendre & Gallagher 2001; Leps &
Smilauer 2003).

All statistical analyses were performed using R (version
3.4.2) statistical software (R Core Team 2017) using the vegan
and FD packages.

Results

Water Physical and Chemical Parameters: Temperature,
Conductivity, and Nutrients

Monthly average water temperatures followed patterns associ-
ated with seasonal variations, with maximum (ca. 16°C) and
minimum (ca. 4°C) temperatures observed in August and
November, respectively (Fig. S3A). Conductivity varied among
months and appeared to be slightly lower during May—June
2017 (224-358 uS/cm) compared to May—-November 2016
(303-582 pS/cm, Fig. S3B). Most nutrients (total phosphorus
[0.01-0.18 mg/L], total nitrogen [0.52-2.3 mg/L], and phos-
phate [0.003—0.09 mg/L]) were observed to vary by a least a fac-
tor of 4.4 over time (Fig. S4A-S4D). The exception was
calcium, which was more consistent across time and ranged
from 30-48 mg/L. Nutrients levels recurrently increased
between the reference site (LO) and the first sampling location
(L1) of the daylighted reach (Fig. S4A—S4D), that is within the
800 m culvert (Fig. S1).

Nutrient retention occurred in the daylighted reach (L1-
L6) for: total phosphorus and total nitrogen in June, July,
August, and October; phosphate in May, June, July, August,
and October; and calcium in May, June, August, and
November (Table 1, Figs. 2 & 3 and Fig. S5A & S5B). The
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Table 1. Net nutrient retention in the daylighted reach, expressed in percent (%), between the initial inflow (site: L.1) and the most downstream site (L6) for May
to November 2016 and cumulatively. The absolute retention values measured in mg/day are shown in brackets. The indicated values were calculated from the
measured discharge rates. Negative numbers indicate retention and are highlighted in gray.

Month (2016) Total Phosphorus Total Nitrogen Phosphate Calcium
May 0.00 (0.00) 1.34 (0.11) —7.14 (-0.01) —10.00 (—17.88)
June —78.41 (-0.25) —59.34 (—-4.45) —86.49 (-0.11) —14.20 (=24.17)
July —80.58 (—0.47) —19.55 (-1.82) —75.00 (—0.28) 8.44 (13.95)
August —14.29 (-0.01) —52.97 (—-1.68) —43.75 (-0.02) —17.40 (—=17.99)
September 185.71 (0.09) 0.00 (0.00) 0.00 (0.00) 3.29 (2.05)
October —87.33 (-0.29) —15.39 (-0.33) -92.54 (-0.14) 15.76 (13.02)
November 37.21(0.04) 18.29 (0.07) 78.57 (0.05) —0.27 (-0.23)
Cumulative —37.68 (—0.89) —127.61 (=7.47) —226.35 (—0.51) —14.38 (-31.26)

cumulative decrease was highest for phosphate (226.35%),
followed by total nitrogen (127.61%), then total phosphorus
(37.68%), and lowest for calcium (14.38%; for May—
November 2016 in Table 1 and for May—June 2017 in
Table S2). Over the study period from May to November
2016, 0.51 mg PO4_3/day, 7.47 mg Tot N/day, 31.26 mg
Ca/day, and 0.89 mg Tot P/day were respectively retained
in the daylighted reach (Table 1).

Early Colonization of Benthic Algae and Macroinvertebrates

Benthic algae and macroinvertebrates had begun colonizing the
daylighted reach within a relatively short time, approximately
9 months after the flow was initiated (Figs. 4A, 4B, 5A, &
5B). Diatoms (Bacillariophyta) and green algae (Chlorophyta)
were the most abundant benthic algal groups, with Ulothrix
zonata and Oedogonium species being the most dominant taxa.
For macroinvertebrates, oligochaetes (Oligochaeta) and
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Figure 2. Amount of total phosphorus (mg/day) exported from the different sections of the daylighted reach across time.
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Figure 3. Amount of total nitrogen (mg/day) exported from the different sections of the daylighted reach across time.

Chironomidae larvae (Diptera) were the two most dominant
groups. The benthic algal cover and the abundances of macroin-
vertebrates varied across sites and time, but the most down-
stream site (L6) resembled the reference site (Figs. 4A & 5A).
Species richness of benthic algae and macroinvertebrates
decreased along the daylighted reach, with a slight increase after
the main pond (L6) (Figs. 4B & 5B). The percent composition of
major benthic algal groups at site L6 were more similar to those
observed at the upstream reference location (L0) compared to
the other daylighted sites (Fig. 4C). Unlike benthic algae, the
percent composition of major macroinvertebrate groups along
the daylighted reach (L1-L6) differed from the reference site
(LO), and these differences increased with distance from the ref-
erence site (Fig. 5C). The most dominant taxon from the refer-
ence site (LO), Oligochaeta, gradually decreased downstream
through the daylighted sites (L1-L6), whereas the proportion
of Diptera increased. In addition, the trajectories of the benthic
algal communities’ temporal development were markedly dif-
ferent from those of the macroinvertebrates (Figs. 4D & 5D
and Fig. S6A & S6B). For instance, spatial location was the
most important factor determining the establishment of benthic
algal communities (Fig. 4D) resembling the reference site

(LO). The temporal benthic algal communities’ development
showed that site L6 was consistently more similar to the refer-
ence site (LO; Fig. 4D) compared with the other daylighted sites
(L1-L5). In contrast to benthic algae, time appeared to be more
important for macroinvertebrates (Fig. 5D). The macroinverte-
brate communities at the daylighted sites (L1-L6) became grad-
ually more similar to the reference site (LO) with time, despite
showing relatively major differences at the initial time point
(May 2016). Trait richness (Fig. 6A) for benthic algal communi-
ties did not follow any temporal patterns, although locations L1,
L2, and L6 overall were similar to the reference site (LO). In con-
trast, trait richness (Fig. 6C) for macroinvertebrates increased
over time. Trait evenness (Fig. 6B) for benthic algae seemed to
track seasonal dynamics while no distinguishable patterns were
observed for macroinvertebrates (Fig. 6D).

Variance Partitioning

A total of 27% of the variance in the benthic algal communities
could be explained by spatial location, environmental variables
(water quality parameters), and time. The proportions of vari-
ance uniquely explained by space, time, and environmental
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Figure 4. Comparison of benthic algal community assemblages across sites
and time. Time integrated percentage algal cover (A) species richness

(B) and percentage community composition (C) are shown across sites (LO—
L1). The last panel (D) shows the results of the principal response curve
analyses from the benthic algal communities across the different sites and
sampling points. In this analysis (D), the de-culverted sites (L1-L6) were
standardized to the reference site LO (thereby represented as a straight
horizontal line y = 0).

variables were 17, 4, and 3%, respectively, whereas the shared
(space, time, and environmental parameters) proportion reached
a total of 3% (Fig. 7). Total nitrogen and calcium were the two
significant environmental variables that were closely related to
benthic algal assemblages. For macroinvertebrates, the analysis
showed that 20% of the community variance could be explained
by time and environmental variables. Time alone explained
12%, environmental variables explained 6% and the shared frac-
tion between time and environmental variables was 2% (Fig. 7).
Total phosphorus was the only significant environmental vari-
able that was related to macroinvertebrates.

Discussion

In this daylighting project, major transformations were under-
taken to deliberately change a culverted channel into an open
stream. Our results indicate that daylighting can promote
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Figure 5. Comparison of macroinvertebrate community assemblages across
sites and time. Time integrated total abundance (A) species richness (B) and
percentage community composition (C) are shown across sites (LO-L1). The
last panel (D) shows the results of the principal response curve analyses from
the macroinvertebrate communities across the different sites and sampling
points. In this analysis (D), the de-culverted sites (L1-L6) were standardized
to the reference site LO (thereby represented as a straight horizontal

line y = 0).

nutrient retention and does not hinder the establishment of
aquatic communities, although these must be interpreted with
some caution due to the sampling design that tracked temporal
processes better than spatial variations (not replicated).

Effects on Nutrient Retention

Over the study period from May to November, the daylighted
reach overall retained nutrients. A combination of biological
activities and sedimentation along the stream reach are the
most probable causes for retaining nutrients. Benthic algae
and vascular aquatic plants incorporate nutrients into biomass,
but some chemical forms can more readily be taken up than
others (Whitford & Schumacher 1961; Reynolds &
Davies 2001; Wilkie & Mulbry 2002; Ellegaard et al. 2018).
This might explain the higher retention of phosphate compared
to total phosphorus. Calcium is needed by macroinvertebrates
for osmotic balance and building their exoskeleton
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communities.

(Greenaway 1985; Colmer et al. 2011; Raven & Hurd 2012;
Poteat & Buchwalter 2014). However, the nutrient retention
capacity of the daylighted reach was, in some months, less effi-
cient at counteracting increases in nutrient levels between the
reference site (LO) and the first sampling site (L1) of the day-
lighted reach, which recurrently occurred. Within the short dis-
tance (a culvert of approximately 800 m) separating these two
locations (reference site LO and daylighted site L1), substantial
increases in nutrient levels occurred. This is probably caused
by leakages and faulty connections in the underground sewage
system, which is a well-known problem in urban areas, includ-
ing Oslo, where the sewage system is relatively old.

Nutrient retention can also be influenced by seasonal dynam-
ics, especially in countries experiencing winters with frost and
plant die-down. Such seasonality can reduce the importance of
primary producers in sequestering nutrients, and instead cause
them to act as nutrient sources (Carpenter & Adams 1977; Car-
penter 1981). This could explain some of the variations
observed in nutrient export and retention in this study. For
instance, Choudhury et al. (2018) showed that the maximum
nitrogen removal of macrophytes commonly found in boreal
regions peaked in August. In our study, at the end of the year
(November 2016), the pond acted as a source of nutrients, rather
than a sink. This is probably due to breakdown of primary pro-
ducers occurring during the seasonal transition from autumn to

winter, triggering the release of nutrients that were once seques-
tered in biomass (Carpenter & Adams 1977; Wetzel 2001).

The addition of a large pond (between sites L5 and L6) con-
tributed in retaining nutrients during the growth season, forcing
a small flowing stream into a larger slow flowing water body.
This alters the hydrology of the system and increases the water
residence time. Increasing water residence time has been shown
to increase nutrient removal from the water column by primary
producers (Valett et al. 1996; Ensign & Doyle 2005; Sutherland
etal. 2014; Newcomer Johnson et al. 2016). This has most prob-
ably also occurred in our study, as dense floating algal mats were
observed in the pond during summer (Burgess 2018).

Effects on Aquatic Communities’ Colonization

The colonization patterns of benthic algae and macroinverte-
brates differed. The results from the principal response curve,
traits indices, and variance partitioning analyses showed that
space (i.e. similarities in local conditions) was the most impor-
tant factor determining establishment of benthic algal communi-
ties that were comparable to the reference site, whereas time was
more important for macroinvertebrates.

Compared to macroinvertebrates, the demographic character-
istics of benthic algae (small, abundant, and generally short gen-
eration time) increase their abilities to disperse passively over
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Figure 7. Results of the variance partitioning analysis for benthic algal and
macroinvertebrate communities. The figure shows the proportion of variance
in community composition explained by the environmental parameters
(Env), space (Spc), time (Tm), and the shared fractions.

long distances (Fenchel & Finlay 2004). Though small organ-
isms might overcome dispersal barriers, local environmental
conditions are expected to exert a stronger sorting effect
(Leibold et al. 2004; Van der Gucht et al. 2007). Thus, success-
ful establishment of benthic algal communities in the daylighted
reach was dependent on having similar abiotic conditions as the
reference site.

In contrast, the establishment of macroinvertebrates follow-
ing stream restoration has been shown to be dependent on
recruitment from local species pools (Kail et al. 2015; Lorenz
et al. 2018). Previous studies have shown that species pools
located within a distance of 5 km of the restored site facilitate
(re)colonization for macroinvertebrates, and that the first km
might be of the utmost importance (Sundermann et al. 2011;
Tonkin et al. 2014). The importance of close proximity to local
species pools was further supported by the findings of
Arnott (2017), who showed that the composition of macroinver-
tebrates from the daylighted reach was more similar to the
upstream reference site (L0) than to the closest neighboring river
(Akerselva, approximately 3 km apart). Our results also indicate
that macroinvertebrate recolonization depends on time. As time
passed, the communities from the daylighted reach became
more similar to the reference site. These findings support previ-
ous studies (Friberg et al. 1998; Nilsson et al. 2015; Neale &
Moffett 2016). Overall, our results suggest a relatively fast col-
onization of macroinvertebrate communities likely from an
upstream species pool (via active dispersal or passive drift from
L0) and that the 800-m long culvert separating the reference and
the daylighted reach did not act as a dispersal barrier. The culvert
(between LO and L1) could also be a species pool for macroin-
vertebrates that can survive in low light conditions and could

influence the community composition of the daylighted reach.
The pipe installation (between L2 and L3) aimed at reducing
the potential transport of oil contaminants further downstream
the daylighted reach did not hinder the dispersal of benthic algae
and macroinvertebrates, as the communities from these two
locations (L2 and L3) had similar temporal patterns. The large
proportion of unexplained variance can be attributed to random
natural variations (grazing and competition) and other anthropo-
genic influences (chemical contaminants related to urban areas)
that were not measured.

Other Constraining Factors

The restricted spatial scale of the de-culverted reach might not
be sufficient to offset the influence of processes occurring at
the catchment scale (Sundermann et al. 2015). The high preva-
lence of macroinvertebrates belonging to Oligochaeta (pollution
tolerant group) present at the reference site is indicative of
anthropogenic nutrient enrichment (Goodnight 1973; Lauritsen
et al. 1985). These obstacles can be overcome by adopting a
broader approach based on the entire catchment rather than
remediating individual parts of the ecosystem (Schmutz
et al. 2016; Friberg et al. 2017). Substantial improvement of
water quality can be achieved by combining daylighting with
nutrient abatement from multiple sources within the catchment
(Sundermann et al. 2013).

Another limitation was the low diversity of substrates (mainly
gravel, 2—16 mm, and small stones, 16—-64 mm) and the lack of
coarse organic material (e.g. woody debris) might limit the col-
onization of macroinvertebrate species that depend on dead
wood for case building, food sources, and as oviposition sur-
faces (Winking et al. 2014). The findings of two meta-analyses
from published peer-reviewed papers on stream restoration
found that increasing substrate heterogeneity through the addi-
tion of dead wood increased the diversity of macroinvertebrates
(Miller et al. 2010; Kail et al. 2015). The low diversity of macro-
invertebrates observed in the daylighted reach could be linked to
the lack of dead wood and planting more riparian trees may
remediate for this. Another potential obstacle is the influence
of the surrounding urban environment; roads, building and brid-
ges, collectively, represent barriers for mature winged stream
insects from neighboring streams to reach the daylighted reach
(Smith et al. 2009, 2015).

Benthic algae and macroinvertebrates were able to colo-
nize the daylighted reach within a relatively short time. The
daylighted reach overall retained nutrients, although we
observed seasonal variations. However, substantial improve-
ments in water quality were not observed, probably due to
disproportionately large influences of processes occurring at
the catchment scale that contributed to nutrient enrichment
(leakages and faulty connections). The positive effects of
daylighting can become more ecologically meaningful by
integrating catchment dynamics to broaden the scope of the
restoration efforts (Schmutz et al. 2016; Friberg et al. 2017).
Our results show that the use of daylighting as a remediation
technique has the potential to bridge urbanization and
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environmental protection, while also possibly providing soci-
etal and economic benefits.
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Figure S1. Location of the reference site (LO) and the first sampling point (L1) of the
daylighted reach.

Figure S2. The volume of water discharged through the restored stream observed dur-
ing the sampling campaign of 2016.

Figure S3. Temporal variation of total phosphorus (mg/L) across the different sam-
pling sites.

Figure S4. Amount of phosphate (mg/day) exported from the different section of the
daylighted stream across time.

Figure S5. Nonmetric multidimensional scaling ordination (Bray-Curtis similarity
matrix).
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Figure S6. The first panel (a) shows the nonmetric multidimensional scaling plot of the
macroinvertebrates’ compositions across the reference site (L0) and the closest river;
Akerselva (A4, AS, and A6).
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Supplement S3. Method used to identify benthic algae and macroinvertebrates.
Supplement S4. The macroinvertebrate communities of the reference site
(LO) compared to the nearest neighboring river “Akerselva.”
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