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Abstract: Widespread habitat degradation has caused dramatic declines in aquatic biodiversity.
Reconfiguring channels and adding physical structures to rivers has become common practice in order
to reinstate natural processes and restore biodiversity. However, the effectiveness of such measures is
often questioned, especially in urban settings where overriding factors (e.g., water quality) might
constrain biotic responses to increased habitat heterogeneity. We monitored invertebrate and fish
communities before and up to five years after extensive restoration of Beverley Brook, a small, urban
river flowing through a Royal Park in London, UK. Total invertebrate density was 5–148% higher with
restoration across the monitoring period, and there was an increase in evenness but not invertebrate
richness. Riverflies (Ephmemeroptera and Trichoptera) and crustaceans (Amphipoda, Asellidae)
showed marked increases in density with restoration, suggesting improved flow, enhanced water
quality, and greater quantity of basal resources. Fish biomass increased by 282% with restoration
as did fish richness and the average body mass of three common fish species. Our results provide
evidence for the effectiveness of common restoration methods in increasing standing stocks across
trophic levels, from basal resources to apex predators. However, we primarily observed changes
in the density of existing taxa rather than the development of novel assemblages, suggesting that
large-scale factors, such as water quality and the lack of adequate source populations, might be
important for understanding changes in biodiversity following river restoration.

Keywords: BACI; biodiversity; biomonitoring; field experiment; food webs; restoration

1. Introduction

Riverine habitats have a long history of degradation, especially in western Europe [1–3].
Industrialisation, urbanisation, and agricultural intensification have resulted in the widespread
alteration of rivers and their floodplains, with associated stressors, such as pollution, habitat
degradation, and overexploitation, recognized as driving declines in riverine biodiversity
at local-to-global scales [4,5]. Whilst in many parts of the world, rivers have become increas-
ingly managed, and water quality has improved, ecological recovery has been limited [6–8].
This points to habitat quality as a potentially constraining factor through the legacy of
historical practices, such as river straightening, dredging, and clearance of large woody
material, which have homogenized the physical features of river channels [1,3].

In recent years, there has been a growing awareness that the restoration of riverine
habitats is essential to promote the key ecosystem services they provide, including drink-
ing water, food production, and nutrient cycling [9]. The reconnection of rivers to their
floodplains and the retention of natural features, such as in-stream debris, is now com-
monly employed for reinstating ecosystem processes (e.g., organic matter decomposition),
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restoring diversity (e.g., macroinvertebrates and fish), and improving the resilience of
these important ecosystems to environmental change [10,11]. For instance, in Europe,
river restoration is often used as a tool to improve the environmental status of rivers
to meet legislative targets, such as the Water Framework Directive (2000/60/EC), and
stakeholder demand (e.g., anglers). Installing large woody material, reconfiguring chan-
nels (e.g., through reestablishing meanders), or promoting the development of riparian
vegetation are amongst the most common methods [12]. This reflects a dominant paradigm
in ecological restoration that increasing habitat heterogeneity, i.e., the diversity of biotopes
and meso-habitats [13], promotes greater biodiversity [14–16], with the guiding principle
being “build it and they will come”.

However, evidence for the success of river restoration in improving species diversity
through increases in habitat heterogeneity is contested [11,12,17]. Several factors are sug-
gested to explain this. These include the lack of replication and suitable monitoring designs,
whereby many studies lack appropriate before-after-control-impact (BACI) monitoring
required to disentangle restoration signals from natural variation in space and time [18].
In addition, monitoring resources are typically limited, and extended temporal sampling
(>2 years) is rarely feasible [11], so many monitoring programmes are short in duration and
might encompass a time frame insufficient to observe ecological recovery [12,19]. Large-
scale drivers, such as siltation and water quality, may also constrain ecological response
to habitat restoration [20]. For instance, the majority of European rivers suffer from the
combined impacts of both poor water quality (organic pollution, eutrophication, toxic
compounds) and habitat degradation [21–24], including simplified habitat structure. Con-
sequently, these impacts are unlikely to be independent, and biotic responses to increased
habitat heterogeneity are likely to be constrained, to some extent, by poor water quality
(i.e., high pollutant loads) or lack of a colonist pool in the region.

Here, we assess changes in community composition and diversity following exten-
sive restoration of a degraded, urban river—Beverley Brook. Beverley is old English for
“beavers’ meadow” and although beavers are no longer present, the name is a reminder
that an abundance of large woody material is a natural state for many running waters
in Europe. The man-made addition of large woody material was a key element in the
restoration of this stream.

We used a BACI design, monitoring macroinvertebrate and fish assemblages, prior and
up to 5 years post restoration. Our dataset spanning more than five years with continuous
monitoring allows a robust assessment of the efficacy of typical river restoration techniques
(e.g., additional of physical structures and re-configuring channels) on improving river
biodiversity in a site impacted by poor water quality, conditions typical of rivers in semi-
urban settings across the globe. We tested the following overarching hypotheses:

i. Increased habitat heterogeneity through restoration increases the density of flow
and pollution sensitive taxa, resulting in marked changes in the composition of
invertebrate and fish assemblages.

ii. Additional factors prevalent in urban settings constrain biotic responses to increased
habitat heterogeneity resulting primarily in changes in the density of existing taxa
rather than an increase in species richness.

2. Methods
2.1. Description of Site and Restoration Works

Beverley Brook is a 14.3 km long river that meanders through multiple boroughs
of South London, UK. It has been subject to continued urbanization, straightening and
over-widening and impacts on water quality from upstream water treatment works [25].
As a Site of Special Scientific Interest (SSSI), the study site in Richmond Park (Figure 1),
prior to the restoration, was failing to meet its target of “Good Ecological Potential” set
by the Water Framework Directive, with the quality of macroinvertebrates and fish being
recorded as “moderate” and “poor”, respectively.
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Figure 1. Beverley Brook restoration project. (a) map showing the two restored sections as well as the
three control (non-restored) sections selected for macroinvertebrate and fish monitoring. Photographs
of the Lower-Restored reach before (b) and three years after (c) restoration.

Restoration work began mid-October 2015 as part of a partnership project carried
out between The Royal Parks, Friends of Richmond Park, and the Environment Agency
and led and delivered by the South East Rivers Trust. Two reaches within the Park were
restored/enhanced, equating to a combined length of 600 m (350 m upstream with a
break of 210 m then a further 250 m of enhancements; Figure 1a). The heavily modified,
dredged, and incised channelized sections (Figure 1b) were addressed with a suite of
restoration techniques, primarily aimed to restore energy back to the channel in order to
enable natural river processes to reestablish. The methods implemented included channel
narrowing and in-channel meandering using a combination of brash berms and back-filled
faggots (Supporting Figure S1). A large number of complex Large Woody Material (LWM)
features were installed, including root wads, to promote flow heterogeneity and scour
and to provide habitat diversity (Figure S1). In order to exclude the high numbers of deer,
which are synonymous with Richmond Park, both reaches were fenced and river gates
erected. Finally, the constructed berms (Figure S1) were planted with a diverse mix of
native, locally found macrophyte species. Restoration work to the channel was completed
by December 2015. Post works, with the restored stream power resulting from the installed
interventions, features developed rapidly, including pools, riffles, and in-channel bars
(Figure 1c). Notably, the gravel bed, which had largely been smothered by sand and silt,
was exposed and sorted into functioning riffles.

2.2. Monitoring Reaches

Five reaches were designated for biological monitoring, based upon the physical
characteristics of the channel and other structures (bridges; Figure 1a). These included the
upstream (Upper-Restored) and downstream (Lower-Restored) restored sections, which
received improvement work (as described above). In order to assess baseline variation in
biological indices in space and time, three control reaches were also monitored, where no
improvement works were conducted. These included the reach immediately upstream of
the Upper-Restored section (Upper-Control: 540 m), the reach between the two restored
sections (Mid-Control: 210 m), and a downstream reach (Lower-Control: 570 m) below
the restored sections (Figure 1a). All three control reaches are heavily modified, straight,
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and shallow, typical of most of the length of Beverley Brook. The data presented here
come from separate monitoring programs, which did not monitor all of the five reaches
continuously or conduct sampling at the same time (as outlined below).

2.3. Invertebrate Surveys

Macroinvertebrate diversity was assessed following the Environment Agency stan-
dard sampling protocol [26] in four (of the five) reaches: Upper-Control, Upper-Restored,
Lower-Restored, and Lower-Control. Sampling was conducted in July 2015 (before restora-
tion) and again in July 2018 (3 years post restoration). Each reach was sampled represen-
tatively along its whole length, ensuring that all habitats present were sampled with a
standard size D-frame net (500-µm mesh aperture). A total sampling time of three minutes
was used, with a further one minute spent inspecting submerged habitats, such as logs and
larger stones, for attached animals. For areas of sand, gravel, or cobbles, kick sampling
was employed whereby the substrate was disturbed with the foot and the invertebrates
washed into the net held downstream. The emergent vegetation and submerged tree roots
were sampled using vigorous repeated passes of the net through the habitat. Samples
were preserved using 70% IMS (industrial methylated spirits) and later sorted in the lab-
oratory, where all the invertebrates were extracted and counted. All invertebrates were
identified to species were life history stage allowed, with the exception of the Dipteran
families, which were typically identified to subfamily or genus level, as is standard for
this group. Where counts for a particular taxon exceeded one hundred, subsampling was
used to carry out the identification. A subsample of fifty individuals was extracted and
identified and the total count then pro-rata’d if it was found that more than one species
were present [27]. Condition assessment of assemblages from each reach was based on the
BMWP (Biological Monitoring Working Party) score [28]. These BMWP scores are industry
standard and reflect the sensitivity of the families to pollution. The higher the family score,
the more sensitive to oxygen depletion the family is, and therefore, their presence indicates
a cleaner or less impacted site. The effects of pollution generally are to impose a Biological
Oxygen Demand upon the receiving waters, and so sensitive families are progressively
excluded as the BOD increases. The score for each family present is totalled to give a site
score. Because these site BMWP scores are influenced by sample size (a high score can be
achieved through a large number of low scoring families as well as a small number of high
scoring families), an Average Score Per Taxa (ASPT) is also calculated from the resulting
BMWP scores and allows further interpretation of the results [28]. The higher the ASPT,
the greater the proportion of more sensitive families in the sample and therefore the better
the site condition.

Macroinvertebrate density and composition was quantified from 10 replicate Surber
samples (0.25 cm × 0.25 cm, 500-µm mesh aperture) randomly taken in four (of the five)
reaches: Upper-Control, Upper-Restored, Mid-Control, and Lower-Restored. Sampling
was conducted yearly in early October from 2015 (immediately prior to restoration) to
2020 (five years post-restoration work). Samples were preserved in 70% IMS and later
sorted in the laboratory, where all the invertebrates were extracted, and the number
of individuals in each of the following groups was recorded: Amphipoda, Asellidae,
Bivalvia, Chironomidae, Ephemeroptera, Gastropoda, Hirudinea, Oligochaeta, Plecoptera,
Simuliidae, Trichoptera (cased), Trichoptera (caseless), Zygoptera, and Miscellaneous (i.e.,
remaining taxa, including Acari and Platyhelminthes).

2.4. Fish Surveys

Fish surveys were undertaken in four (of the five) reaches before restoration work in
July 2015: Upper-Control, Upper-Restored, Lower-Restored, and Lower-Control. All five
reaches were surveyed in the follow-up survey in August 2020 (5 years after restoration
work). Quantitative depletion electrofishing was undertaken in representative 50–100-m
sections within each reach, enclosed with stop nets (mesh size: 10 mm2), using dual
anodes and a generator-powered set-up. Each survey consisted of a standard two- to
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three-pass depletion procedure [29]. All fish captured were identified to species and
measured (fork length) to the nearest millimetre. Individual body mass (wet mass) was
estimated from length-mass relationships (Supporting Information Table S1). Fish density
(individuals m−2) was estimated using iterative maximum weighted likelihood
statistics [30].

2.5. Habitat Surveys

To investigate physical changes in the river following restoration, habitat surveys were
undertaken in four (of the five) reaches in October 2018 (3 years after restoration work):
Upper-Control, Upper-Restored, Mid-Control, and Lower-Restored. Using a bathyscope,
proportions of silt, sand, and gravel substrate were estimated visually to the nearest 5%
as well as “percentage volume infested” of woody material (>1-cm diameter) and plant
occupancy [31]. Water velocity (m s−1) was measured at 50% depth using a flow meter at
each survey point. Coarse particulate organic matter (CPOM) was collected from within
the bathyscope area using a handnet (1-mm mesh). Back at the laboratory, this material
was dried at 60 ◦C until constant mass and weighed on precision balance. All habitat
measurements were repeated fifteen times in each reach to account for spatial variability
within reaches.

2.6. Data Analysis

Due to the lower number of statistical samples for some sampling techniques (inver-
tebrate kick sampling and electrofishing), it was not possible to perform BACI statistical
analyses in a single pass for all datasets [32]. Instead, density, diversity, and biomass data
were split into three subsets for analysis [31]: (1) spatial (baseline) variation, unrelated to
the restoration, was assessed using control-before and impact (restored)-before data; and
(2) control-after and impact-after data were used to test for restoration effects; and (3) tem-
poral variation, potentially unrelated to the restoration, was assessed using control-before
and control-after data. As habitat surveys were only conducted once, after restoration, it
was only possible to compare control-after and impact-after differences.

2.7. Density Analysis

We tested variation in total invertebrate density as well as the density of each taxo-
nomic group (Table 1) using the invertebrate Surber data. We also calculated two indices
that are widely employed to monitor river invertebrate communities and response to envi-
ronmental change: the total density of Ephemeroptera, Plecoptera, and Trichoptera [11]
(EPT density, henceforth), and the total density of taxa included the Anglers’ Riverfly
Monitoring Initiative, which includes EPT taxa as well as Gammaridae (Amphipoda) [33]
(ARMI density, henceforth). Each response variable was modelled using linear mixed-
effects (LMM) models implemented within the lme4 package in R [34]. We included
“section” (levels: Upstream and Downstream) as a random term to account for hierarchical
structure and non-independence of data points within treatments. That is, the levels for
the variable Treatment (Control and Restored) contain both an upstream (Upper-Control,
Upper-Restored) and downstream (Mid-Control, Lower-Restored) reach. In an initial set
of models, we assessed baseline variation in total, ARMI, and EPT density by assessing
the significance of the variable Treatment (levels: Control and Restored) for the before
(2015) data. In a second set of models run on post-restoration (2016–2020) data, we as-
sessed restoration effects and, their temporal variability, for all responses by fitting Period
(levels: year 1 to year 5), Treatment (levels: Control and Restored), and their interaction
as fixed terms. Finally, we assessed temporal variation in total, ARMI, and EPT density,
potentially unrelated to restoration, by assessing variation in the control before (2015) and
after (2016–2020) restoration. All models were fitted using restricted maximum likelihood
(REML) and validated by visually checking the distribution of residuals for normality
and homoscedasticity [35]. The p-values of the fixed effects were estimated using the
Kenward–Roger correction from the R LmerTest package. We estimated the variances
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explained by fixed terms (r2
marginal) and by the combination of fixed plus random terms

(r2
conditional), using the method provided by [36].

2.8. Diversity Analysis

Sample-size based diversity curves were constructed for both invertebrate (kick sam-
pling) and fish survey data using the iNext package in R [37]. This approach models the
cumulative number of taxa as a function of increasing number of individuals in a sample
and therefore provides a robust way of comparing diversity where sample sizes differ [38].

We constructed α-diversity (i.e., Hill number qD, where q = 0) and Shannon-diversity
(q = 1) sample-size based diversity curves in three separate analyses: (1) baseline variation
between Treatment (levels: Control and Restored) prior to restoration, (2) variation between
Treatment (levels: Control and Restored) post restoration, and (3) temporal variation in
control data pre and post restoration. Sample-size independent estimates of diversity can
be achieved by extrapolating the diversity curve to a larger sample size, guided by an esti-
mated asymptotic diversity [38]. As recommended, we extrapolated the diversity curves
(and 95% confidence intervals around the estimated values) up to double the smallest sam-
ple size or the largest observed sample size between contrasts (e.g., Control and Restored),
whichever was larger [37,38]. We then compared the estimates of diversity (richness and
Shannon) and their confidence intervals at these fixed sample sizes (Table 1). If the 95%
confidence intervals do not overlap for any given sample size in the comparison range
(whether interpolated or extrapolated), then significant differences among the estimates
are guaranteed at a level of 5% [37].

2.9. Fish Body Mass and Biomass Analysis

Fish assemblage biomass was estimated for each treatment based upon the sum of all
individual body masses. We expressed fish biomass per unit area (m−2) and per unit length
(m−1) to account for the differences in stream width resulting from restoration (Figures 1
and S1). We analysed differences in individual body mass between treatments for five focal
fish species, where sample sizes were sufficiently large (>30 individuals in each treatment).
Body masses for each species were modelled using a LMM approach (as described above),
fitting Treatment (levels: Control and Restored) as a fixed factor and “section” (levels:
Upstream and Downstream) as a random term.

2.10. Environmental Analysis

Principal component analysis was used to ordinate the environmental and habitat data.
Permutation tests (n = 999) were used to evaluate the significance of observed differences
between Treatment (levels: Control and Restored, n = 60 for both levels). All multivariate
analyses were performed in R using the vegan package [39].

3. Results
3.1. Baseline Conditions (Pre-Restoration)

There was no evidence that total macroinvertebrate, ARMI, and EPT density differed
between the reaches that would later be divided into control and restored treatments
through the restoration work (Table S2). Macroinvertebrate diversity was similar in all
samples prior to restoration with richness estimated to range between 39 and 45 species
(Table 1; Figure S2) although reaches designated for restoration had a higher Shannon
diversity score, i.e., a higher number of effective common species (Table 1; Figure S2).

Pre-restoration fish biomass ranged between 2.8 to 23.3 g m−2 (density range: 0.08 to
0.52 ind. m−2) across reaches (Figure S3) and was approximately 50% higher in the reaches
not designated for restoration (Figure S4), perhaps driven by the fact that there are two
bridges in the reaches that did not receive restoration (Figure 1). Fish diversity was similar
between treatments prior to restoration with seven estimated species (Table 1; Figure S2),
and approximately four effective common species (Table 1; Figure S2).
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Table 1. Summary statistics for sample-size based diversity analysis for macroinvertebrates and fish. Estimates are derived
by extrapolating accumulation curves to the given reference sample size, providing a robust assessment of diversity that is
independent of the number of individuals sampled.

Richness Shannon

Period Treatment No.
Individuals

Ref. Sample
Size Observed Estimate 95% CI Observed Estimate 95% CI

Invert.
Before

Control 2765
5530

38 45.1 36.6–53.5 7 7.1 6.7–7.5
Restored 4952 39 39.4 36.7–42.1 10 10.2 9.9–10.6

After
Control 3348

6906
47 51.2 44.7–57.8 9 8.8 8.3–9.3

Restored 6906 54 54.0 50.4–57.6 13 13.0 12.6–13.4

Fish
Before

Control 392
468

7 7.0 6.5–7.4 4 4.0 3.7–4.3
Restored 234 7 7.0 6.7–7.4 4 4.5 4.0–4.9

After
Control 2827

3608
9 9.0 8.7–9.3 4 4.2 4.1–4.4

Restored 1804 11 11.0 9.4–12.6 4 3.7 3.6–3.9

Invert. Before
vs. After

Control 2765
5530

38 45.1 33.2–57 7.1 7.1 6.8–7.4
Control 3348 47 50.3 45.2–55.4 8.7 8.7 8.3–9.2

Fish Before
vs. After

Control 392
2827

7 7.0 6.6–7.4 4.0 4.0 3.7–4.4
Control 2827 9 9.0 8.7–9.3 4.2 4.2 4.1–4.3

3.2. Restoration Effects

The restoration changed the sediment and flow conditions drastically in the restored
reaches compared to control reaches. Principal component analysis of environmental data
revealed the primary axis of variation with restoration was driven by sediment and detrital
deposition and flow; i.e., PC1 represents an integrated measure of water velocity (Figure 2).
There was very strong evidence for differences between treatments (Control vs. Restored;
PCA, r2 = 0.36, p = 0.001), with restoration resulting in a higher proportion of exposed
gravel, woody debris, and macrophytes; faster flow; and narrower river width compared
to control reaches (Figure 2).

Figure 2. Principal component analysis highlighting habitat differences between treatments rep-
resented by standard error ellipses. CPOM, coarse particulate organic matter. Each data point
represents a single replicate (n = 60 for both Control and Restored).



Water 2021, 13, 3530 8 of 15

There was strong evidence that total macroinvertebrate, ARMI, and EPT density was
higher with restoration (Table 2; Figure 3). For total macroinvertebrate density, there was
moderate evidence for a Treatment × Period interaction (Table 2), with the increase in
density with restoration ranging between 5% (one year after restoration) to 148% (four
years post restoration) (Supplementary Table S3). There was no evidence for such higher
order interactions when considering ARMI and EPT density (Table 1), signifying that
restoration had a relatively constant effect throughout the post-restoration monitoring
period (141–250% and 116–288% higher than control, respectively; Figure 3; Table 2).

There was evidence that density increased with restoration in seven out of the 13 tax-
onomic groups (Table 2). Amphipoda, Asellidae, and Hirudinea were the only groups
where there was evidence that density was greater with restoration across the entire
post-restoration monitoring period (Table 2; Figure 3; Table S3). Transient restoration
effects (where densities differed with restoration but not on all occasions) were evident
for Ephemeroptera, Simuliidae, Oligochaeta, and cased and caseless Trichoptera (Table 2;
Figure 3; Table S3). For example, caseless trichopterans (especially Hydropsyche sp.) had
increased greatly in numbers in the last two monitoring years (Figure 3). Bivalvia, Chi-
ronomidae, Gastropoda, Plecoptera, and Zygoptera were the only groups where there was
no evidence that densities increased with restoration (i.e., non-significant Treatment, or
Treatment × Period, term; Table 2).

Figure 3. Variation in macroinvertebrate density as a function of restoration treatment and time
period. Values are estimated from LME models. Error bars represent ± 1 SEM. Post-hoc contrasts
for differences between levels of Treatment and Period are given in Supplementary Table S3. EPT
includes the total density of Ephemeroptera, Plecoptera, and Trichoptera, whilst the ARMI index
includes these taxa as well as Amphipoda (predominately Gammarus pulex).
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Table 2. Modelling output for variation in macroinvertebrate density with treatment and time period.

Period Treatment Period: Treatment R2

F-Value p-Value F-Value p-Value F-Value p-Value Marginal Conditional

Total invertebrate 26.13 <0.0001 35.48 <0.0001 2.55 0.041 0.42 0.45
ARMI 3.03 0.019 49.5 <0.0001 0.43 0.784 0.24 0.24
EPT 5.1 0.001 56.81 <0.0001 0.44 0.778 0.28 0.28

Amphipoda 1 1.33 0.261 21.62 <0.0001 0.72 0.576 0.13 0.13
Ephemeroptera 1,2 24.61 <0.0001 14.02 <0.0001 2.81 0.027 0.38 0.39

Plecoptera 1 3.22 0.014 3.07 0.081 0.6 0.661 0.08 0.09
Trichoptera (cased) 1,2 10.15 <0.0001 0.36 0.548 3.24 0.013 0.21 0.21

Trichoptera (caseless) 1,2 25.58 <0.0001 38.61 <0.0001 4.44 0.002 0.44 0.45
Asellidae 54.43 <0.0001 30.81 <0.0001 0.75 0.556 0.56 0.56
Bivalvia 14.57 <0.0001 0.08 0.782 0.6 0.666 0.22 0.27

Chironomidae 92.54 <0.0001 0.39 0.535 1.21 0.308 0.65 0.65
Gastropoda 95.38 <0.0001 0.94 0.333 2.39 0.053 0.65 0.67
Hirudinea 23.86 <0.0001 11.96 0.001 0.89 0.469 0.35 0.37

Oligochaeta 21.36 <0.0001 5.05 0.026 2.63 0.036 0.31 0.39
Simuliidae 7.25 <0.0001 21.93 <0.0001 4.2 0.003 0.25 0.26
Zygoptera 3.56 0.008 0.22 0.636 0.11 0.98 0.07 0.07

Miscellaneous 6.43 <0.0001 0.08 0.782 0.67 0.614 0.13 0.13

The proportional variation explained (R2) by the fixed effects in the model and fixed and random terms combined are denoted marginal
and conditional values, respectively. Taxa included in ARMI and EPT indices are indicated by 1 and 2, respectively.

Three years following restoration, estimated species richness was higher with restora-
tion (54) than the control (51); however, confidence intervals overlapped signifying limited
evidence for statistical differences (Table 1; Figure 4a). The effective number of common
species was higher in restored (13) than in the control (9) (Figure 4a), and these differences
were chiefly attributed to an increase in species of Simuliidae (blackflies). Biological Moni-
toring Working Party (BMWP) and Average Score Per Taxon (ASPT) scores improved in
restored reaches following restoration (Table S4) and consistent with the density analyses
documenting an increase in pollution and flow sensitive taxa with restoration through time.

Figure 4. Species richness and Shannon diversity rarefaction (solid line segment) and extrapolation
(dotted line segments) sampling curves between treatments for macroinvertebrate (a) and fish
(b) assemblages post restoration. Shaded areas indicate 95% confidence intervals and dots/triangles
represent the reference samples.
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Five years post restoration, total fish biomass ranged between 13.2 to 92.2 g m−2

between reaches (density range: 0.55 to 3.18 ind. m−2) (Figure S3) and was approximately
282% higher with restoration (Figure 5). This figure was reduced to an approximately 142%
increase when biomass was expressed per unit length (Figure S5). There was evidence
that fish richness was higher with restoration (11 species) compared to the control (nine
species), as indicated by the non-overlapping confidence intervals in Figure 4b. European
Barbel (Barbus barbus) and flounder (Platichthys flesus) were only caught in restored reaches.
The average body mass for three of the most common fish species were significantly higher
for individuals caught in restored reaches (Table S5); the average body mass of chub
(Leuciscus cephalus), eel (Anguilla anguilla), and minnow (Phoxinus phoxinus) was 4, 124, and
167% higher, respectively (Figure S6; Table S5). Together, these results signify a shift in the
size structure of fish assemblages associated with restoration, with a greater proportion of
both larger individuals (Figure S6) and larger species (Figure 5b).

Figure 5. Differences in fish assemblage biomass (a) and size structure (b) between control (non-restored) and restored river
sections in Beverley Brook. Fish biomass was 282% higher with restoration and was comprised of larger individuals within
populations and larger species.

3.3. Temporal Variation

Total macroinvertebrate density was statistically indistinguishable between the two
control reaches before and one to two years post restoration but was significantly lower
three to five years after restoration (Table S6). Similarly, ARMI and EPT density were
statistically similar between control reaches before and one year post restoration but were
lower in year 2 and, in the case of EPT, five years after restoration (Table S6). Thus, the
positive restoration effects reported (above) are set against a backdrop of a general decline
in invertebrate densities over the full monitoring period.

Sample-sized based diversity analysis revealed that invertebrate diversity in control
remained largely unchanged before and three years post restoration (Figure S7a), whilst fish
richness increased significantly in control reaches (five years) post restoration (Figure S7b).
Perch (Perca fluviatilis) and minnow (Phoxinus phoxinus) were additional fish taxa present in
control reaches post restoration. Associated with these changes was a 57% increase in fish
biomass in control reaches after restoration (Figure S4).
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4. Discussion

Through a Before-After-Control-Impact approach and more than five years of mon-
itoring, we demonstrate marked changes in the composition of invertebrate and fish
assemblages following extensive habitat restoration. We show that restoration had a strong
effect on sediment sorting and invertebrate densities that in tandem support a substantial
amount of fish, which in-turn control the densities of their prey (stream invertebrates).
The latter would mask restoration success measured by macro-invertebrate monitoring
alone, highlighting the importance of considering the response of biota to restoration across
trophic levels [31,40].

The primary aim of the current restoration project was to restore energy back to the
channel in order to enable the river to “self-heal”. Flow has long been considered a master
variable in riverine ecosystems because it, along with sediment dynamics, directly affects
channel form and consequently the biota and ecological processes within the channel [41].
We show through the analysis of habitat and environmental data that restoration increased
flow velocity and changed the makeup of substrate in the riverbed, with a higher propor-
tion of exposed gravel and a lower proportion of sand and sediment. As hypothesized,
restoration also enhanced the density of riverfly taxa, particularly Ephemeroptera and
Trichoptera that require fast flowing, well oxygenated water conditions, and rocky sub-
strates [42]. This was also evident when considering BMWP and ASPT scores, which were
higher post restoration, especially in the restored sections. However, it is important to
note that whilst total EPT density was consistently higher with restoration, these specific
groups showed transient effects whereby densities differed with restoration but not across
the entire monitoring period. Total invertebrate density was also higher with restoration
but only >2 years after restoration, suggesting a lag between restoration and impacts on
the numbers of non-riverfly groups. The observed fluctuation in total invertebrate den-
sity underlines the importance of undertaking long-term post-restoration monitoring (see
also [43] in this special issue), which is rarely conducted over a time scale such as that
performed in this study [11,44].

Amphipoda (predominately Gammarus pulex), Asellidae (predominately Asellus aquaticus),
and Hirudinea were the only groups with strong evidence that density was greater with
restoration across the monitoring period. Unlike aquatic insects, these taxa are present in
the system for their entire life cycle, perhaps explaining their pronounced and consistent
response to restoration. Furthermore, G. pulex and A. aquaticus are detritivores [45], and
their higher abundances likely reflects the higher levels of detrital resources retained in
the restored sections, as indicated by the higher stocks of CPOM in our habitat surveys.
The greater abundance of detritivores with restoration should translate into higher rates
organic matter decomposition [46] although future work quantifying changes in this and
other key ecosystem functions would be informative.

Positive restoration effects were not only restricted to invertebrates. We found two
additional fish species in the restored sections, with the most notable being the establish-
ment of large (55–60 cm in length) barbel (B. barbus). Adults (1+) of this rheophilic species
require deep, fast flowing, mid-channel habitats [47]. This suggests that restoration not only
provided the physical habitats for this species to establish (Figures 1 and 2) but there was
also sufficient benthic invertebrate prey [47] to support such large consumers. The greater
average body mass for three of the most common fish species (chub, eel, and minnow)
was also higher in the restored sections. The establishment of new, large species within
the system and the increase in the average size of individuals within species populations
resulted in fish biomass being 282% higher with restoration after five years. It is important
to note that above average temperatures followed by significant rainfall in summer 2018
resulted in a large-scale fish die-off event in the monitoring stretch. Mortality was par-
ticularly high among large fish (predominately chub, personal observation), which have
higher oxygen demands. It is likely that the observed positive effects of restoration on fish
biomass could have been larger than that observed in the absence of such an event during
the monitoring period. It is also possible that the greater flow velocity in the restored
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sections maintained sufficient oxygen concentrations for larger fish during this event, and
future work addressing the role of local-scale restoration in providing “refugia” during
extreme events would be a promising area for future research.

Within food webs, large individuals at high trophic levels (such as fish) are dispro-
portionately impacted by environmental drivers [48], including acidification, warming,
and habitat loss, resulting in a characteristic change in community size structure [49]. The
greater numbers of large fish we observed (such as barbel and chub) suggests that habitat
restoration can not only increase the standing biomass within the system (as evident for
detrital stocks, invertebrates, and fish in this study) but also lead to a greater proportion
of both larger individuals and larger species at the top of stream food webs. This pattern
is indicative of enhanced energy transfer across trophic levels and could provide a basis
for understanding ecosystem-level responses to habitat restoration. Whether these in-
creases in community density and biomass enhance the numbers of other organism groups
feeding within the river food webs, such piscivorous (e.g., kingfishers) or insectivorous
(e.g., wagtails) river birds, is yet to be explored, but there are signs that this is the case
(personal observation).

Whilst we observed large changes in density and biomass of invertebrate and fish
assemblages, increases in species richness were modest. A couple of non-mutually exclusive
factors might explain this. First, there might be a lack of suitable local donor sites for species
to disperse/recolonization from [12,19]. Being an urban site with all neighbouring rivers
facing similar reasons for species decline, recolonization of novel species may either face a
longer lag period or is dependent on additional restoration schemes on adjacent rivers and
waterbodies to provide stepping stones from more favourable sites. Second, water quality
is undoubtedly a limiting factor for enhanced invertebrate communities [20,21]. The base
flow originates from a sewage treatment works, and therefore, phosphate and ammonia
levels exceed the maximum effect levels for many species ([25]; https://environment.
data.gov.uk/catchment-planning/OperationalCatchment/3032/classifications (accessed
on 25 November 2021)), and like most rivers in urbans settings, stormwater runoff is a major
source of river degradation [50]. In a recent study, Beverley Brook had the greatest number
of emerging organic contaminants across 30 UK streams studied [51]. Some improvements
in water treatment have been carried out in the time since restoration was carried out
(personal communication), which may help to account for the improvements in invertebrate
richness in the control sites three years after restoration although invertebrate density
generally declined over the same time period. Finally, the time scale for recolonization of
new taxa might exceed the time-scale (six years) of monitoring in this study [52]. Rapid
increases in invertebrate diversity in response to reach-level restoration have, however,
been observed over a shorter time scale than that monitored here [31]. Habitat restoration is
therefore unlikely to represent a “silver bullet” for restoring stream biodiversity but instead
an integrated approach, considering specific restoration projects amongst the backdrop
of local stressors and available source pools is likely required to fully restore degraded
systems and promote ecosystem resilience.

The restoration performed in this study included common practices, such as channel
narrowing, in-channel meandering, the introduction of large woody material, stabilization
of riverbank through enclosure fencing, and the planting of riparian vegetation [11,41]. It
is therefore not possible to link the relative contribution of these different interventions to
the responses we observed. Nonetheless, a multiple BACI experiment assessing the effects
of large woody material in lowland rivers [31] revealed similar results to ours, with an
increase in the biomass of both invertebrate and fish. An additional caveat in our study was
that we did not have any reference reaches in our monitoring design for the effectiveness
of restoration to be evaluated. In practice, the reference (or target) typically has attributes
of an undegraded ecosystem, which can either be the presumed historic state or an extant
natural or semi-natural ecosystem [19]. It was not possible to assign a reference in our
study since the study river has a long history of modifications [53], and no valid reference
reach with high habitat heterogeneity could be identified. Future work would benefit from

https://environment.data.gov.uk/catchment-planning/OperationalCatchment/3032/classifications
https://environment.data.gov.uk/catchment-planning/OperationalCatchment/3032/classifications


Water 2021, 13, 3530 13 of 15

identifying suitable reference or target conditions so the effectiveness of specific restoration
projects can be adequately assessed.

Through long-term monitoring and a rigorous experimental design, we demonstrate
marked biotic responses to restoration, from changes in the stocks of basal resources
through to the biomass of apex predators. This supports the notion that adopting a food
web approach provides a holistic approach for linking habitat restoration with changes
in the abundance and biomass of different aquatic organisms groups [31,40]. Whilst it is
clear that habitat restoration can deliver notable local benefits over relatively short time-
scales, even in a impacted urban river setting, further improvements in biodiversity likely
requires interventions conducted over a much larger (i.e., catchment level) scale than what
is typically the case.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13243530/s1, Figure S1: Beverley Brook restora-tion work; Figure S2: Species richness and
Shannon diversity rarefaction (solid line segment) and extrapolation (dotted line segments) sampling
curves between treatments for macroinvertebrate (a) and fish (b) assemblages pre-restoration (2015);
Figure S3: Fish biomass estimates for each monitoring reach before (a) and 5-years after (b) restoration;
Figure S4: Fish biomass estimates (per unit stream area) between treatments before (a) and 5-years
after (b) restoration; Figure S5: Fish biomass estimates (per unit stream length) between treatments
before (a) and 5-years after (b) restoration; Figure S6: Fish body mass distributions between treatments
5-years after resto-ration; Figure S7: Species richness and Shannon diversity rarefaction (solid line
segment) and extrapolation (dotted line segments) sampling curves for macroinvertebrate (a) and fish
(b) as-semblages for control reaches pre- and post-restoration; Table S1: Fish length-mass equations
from the National Fish Populations Database (Environment Agency, UK); Table S2: Comparison of
maciroinvertbrate density between treatment reaches (Restored and Control) prior to restora-tion;
Table S3: Contrasts from linear-mixed effects models testing differences in macroinverte-brate density
with restoration over the 5 year post-restoration monitoring period; Table S4: Condition assessment of
invertebrate assemblages based on the BMWP (Biological Monitoring Working Party) scores; Table S5:
Summary output from linear-mixed effects modeling testing for differences in species body mass
with restoration; Table S6: Summary output from LME models testing for the effects of restoration on
macroinvertebrate density across the 6 year monotring period.
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