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Abstract
The global loss of marine ecosystem engineers has caused an unprecedented decline in 
biodiversity. Although wild shellfish habitats have been shown to support biodiverse eco-
systems, little is known about how biodiversity is altered by restored shellfish habitats, 
particularly mussels. To explore the biodiversity response to restored mussel habitats we 
deposited mussels on the seafloor in 1.5 × 1.5 m plots across a gradient of benthic envi-
ronments. To understand a holistic community response, this study looks at the response 
of three faunal classifications over 1 year: infauna, epifauna, and pelagic fauna, compared 
with adjacent control plots (no mussels). The restored mussel habitats recorded 42 times 
more demersal fish than control areas, while macroalgae and mobile benthic invertebrates 
had over a twofold increase in abundance. Overall, the addition of mussels to the seafloor 
resulted in a general reduction of infaunal abundance and biodiversity, but an increase in 
epifaunal and pelagic faunal abundances, specifically from those species that benefit from 
benthic habitat complexity and an increase in food availability. From a management per-
spective, we highlight location-specific differences to consider for future restoration efforts, 
including environmental conditions and potential observed factors such as nearby sources 
of species, particularly predators, and relevant demersal fish ranges. Ultimately, measuring 
biodiversity responses in small-scale studies will serve as a valuable guide for larger scale 
restoration efforts and this study recommends considerations to enhance biodiversity out-
comes in restored mussel habitats.
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Introduction

Marine ecosystem engineers, such as seagrass, coral, kelp, mangroves, and reef-forming 
shellfish, create biogenic habitat structure that increase biodiversity whilst also providing 
many other valuable ecosystem services. For example, the habitat provided by shellfish 
reefs can act as important juvenile fish nurseries (zu Ermgassen et al. 2016; Knoche et al. 
2020), stabilise benthic sediments (Commito et al. 2005), reduce water turbidity (Newell 
2004), and facilitate nutrient cycling (Ray and Fulweiler 2021; Ray et al. 2021). It is esti-
mated that globally oyster reefs have declined by 85% from their historical extent (Beck 
et al. 2011), while mussel reefs experienced an overall decline of 53% in Europe, North 
America, and Australia (Lotze et al. 2006). The widespread decline in these biogenic shell-
fish populations is likely due to cumulative issues, including overharvesting (Beck et  al. 
2011), disease (Smith 1985; Beck et al. 2009; Gillies et al. 2018), pollution (Newell 2004), 
and habitat destruction (Beck et  al. 2011). The decline in biogenic shellfish habitat also 
results in losses of the associated ecosystem services, including the loss of biodiversity, but 
there can also be wider ecosystem impacts, including trophic disruptions (zu Ermgassen 
et al. 2006; McLeod et al. 2013; Christianen et al. 2017).

Active human intervention in the form of restoration is increasingly being applied to 
reinstate biogenic shellfish habitats and with them the ecosystem services they once pro-
vided (Coen et al. 2007; zu Ermgassen et al. 2020). However, many studies of the resto-
ration of biogenic shellfish habitats focus on the logistics of restoring the shellfish spe-
cies without also assessing the ecosystem services provided by the restored shellfish (e.g., 
Alder et al. 2021; Wilcox et al. 2018; Schotanus et al. 2020; Walles et al. 2016). One key 
ecosystem service that motivates shellfish restoration efforts is the corresponding increase 
in biodiversity associated with the restored habitats. However, there is limited understand-
ing of the changes in biodiversity that occurs in these restored habitats (Toone et al. 2021). 
Scientists have studied biodiversity in wild shellfish habitats and found it to be high com-
pared to adjacent sediment (Commito et al. 2008; McLeod et al. 2013, 2019a). However, 
biodiversity can depend on many factors, including structural habitat complexity arising 
from the physical arrangement of shellfish (Grabowski et al. 2005; van der Ouderaa et al. 
2021), and aspects of the environment in which the shellfish habitat is located, such as the 
composition of the underlying benthic sediment (Gray 2002; Commito et  al. 2008). For 
example, the abundance and diversity of both infauna and epifauna in shellfish habitats can 
be influenced by the grain size profile of the underlying sediment (Commito et al. 2008).

The biodiversity associated with shellfish can be categorized into three distinct ‘faunal 
classifications’ based on the primary location of occupation within the habitat: infauna, 
epifauna, and pelagic fauna. Infauna include all organisms living on or in the sediment 
underlying the shellfish habitat. Epifauna include all organisms, including macroalgae, liv-
ing on the sediment or on the shellfish, whilst pelagic fauna include all the mobile organ-
isms in the water column above the habitat. These classifications were chosen as they are 
typically used throughout literature to describe different levels of biodiversity (Willis and 
Babcock, 2000; Commito et al., 2008; McLeod et al., 2013; Sea et al., 2022). However, 
there is a tendency for biodiversity studies of shellfish habitats to focus on individual fau-
nal classifications, such as infauna in isolation (e.g., McLeod et al. 2019a, b), pelagic fauna 
in isolation (e.g., Willis & Babcock 2000), or a combination of epifauna and infauna (e.g., 
McLeod et al. 2013; Commito et al. 2008). While these studies improve our understanding 
of the biodiversity found on wild reefs, examining all three faunal classifications is needed 
to develop a more complete understanding of the overall changes in biodiversity associated 



2835Biodiversity and Conservation (2022) 31:2833–2855 

1 3

with restoration of shellfish habitats. By understanding biodiversity on restored shellfish 
habitats, especially at different trophic levels, restoration managers can make informed 
decisions that can lead to higher ecosystem biodiversity. Additionally, where spatial dif-
ferences in biodiversity responses can be ascertained, they can be used to greatly improve 
location selection and overall outcomes from shellfish habitat restoration. This includes 
targeting important fisheries, maximizing habitat generation, and improving juvenile fish 
nurseries. In this regard, tracking the response of biodiversity at all three faunal classifica-
tions in restored small-scale mussel habitats that are spread across a sediment gradient can 
be a valuable first step for guiding larger scale restoration efforts.

In New Zealand, the endemic, green-lipped mussel, Perna canaliculus, is culturally, 
economically, and environmentally important (Jeffs et al. 1999). This species forms exten-
sive high-density aggregations, or mussel reefs, on both hard and soft benthic substrata 
in shallow coastal waters in many parts of the country that used to be up to hundreds of 
square kilometres in extent (McLeod et al. 2012; Paul 2012). Many of the largest mussel 
reefs in various parts of New Zealand were fished to functional extinction last century, but 
the species now forms the basis of a major aquaculture industry (FAO 2021). With a ready 
supply of aquaculture grown mussels, there is growing community and industry interest in 
the restoration of the mussel reefs lost through overfishing, and a desire to recover some of 
the lost ecosystem services from the mussel reefs, including biodiversity. A potential resto-
ration location is Pelorus Sound, an extensive drowned river valley system (~ 60 km long) 
which has undergone further ecological changes since the mussels were removed, includ-
ing increased sediment loads, lower macroalgal abundances, and decreased fish popula-
tions (Handley 2015; Urlich and Handley 2020).

To evaluate the effect of shellfish restoration in Pelorus Sound on infaunal, epifaunal, 
and pelagic faunal biodiversity a series of small-scale experimental restored mussel plots 
were placed at four locations spatially distributed over ~ 30 km along Pelorus Sound and 
subsequent changes in biodiversity of the three faunal classifications were measured over 
a 1-year period. The four locations included habitats covering a benthic sediment gradient 
from fine mud to sand and rock. We hypothesised that: (1) the biodiversity observed in the 
four locations would differ based on the underlying sediment composition (i.e., regardless 
of mussel addition), and (2) the addition of mussels would alter the benthic environment, 
increase benthic structural complexity and food availability, and therefore change the struc-
ture and abundance of the infaunal, epifaunal, and pelagic faunal communities.

Methods

Study location

Pelorus Sound, is located within the Marlborough Sounds on the north-eastern tip of New 
Zealand’s South Island (Fig. 1). Pelorus Sound is a drowned river valley system comprised 
of multiple arms and bays with a large catchment area, high annual average rainfall, steep 
topography, and a variety of landuse throughout which leads to regular excessive sediment 
influxes (Urlich and Handley 2020). This study took place over ~ 30  km at four coastal 
locations of 5–7 m depth along a seaward gradient with decreasing clay and silt fractions 
that are described in the results: Grant Bay (GB), Maori Bay (MB), Skiddaw (SK), and Te 
Mara (TM). These locations were chosen as they historically supported mussel populations 
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(Stead 1969; Flaws 1975) and using a drop camera the benthic habitat was assessed to 
ensure each location composed of bare sediment without any biogenic habitat.

Restored mussel habitats

At each location six plots of 1.5 × 1.5 m were randomly selected in a 1 ha area and three 
assigned as restored (mussels added) or a control plot (no mussels added). The experi-
mental plots were deployed in January 2020 by translocating a 256 kg bag of adult, green-
lipped mussels (mean shell length = 91.3 ± SE 6.5 mm) to the seafloor at each plot within 
24 h of being harvested from a mussel farm in Grant Bay. The seafloor was not altered prior 
to the deployment and the mussels were harvested in clumps and deployed at a high den-
sity to ensure anchorage with conspecifics on the soft sediment. The density of mussels at 
deployment within the original 2.25  m2 area (~ 2000 mussels  m−2), however mussels have 
the ability to self-organize and after 1 month the restored mussel plot areas were 5.7 ± 0.3 
 m2 (915 ± 45 mussels  m−2). The original plan was to perform sampling at 6- and 12-months 
but due to weather and field logistics they were sampled at 5- and 13-months. The corners 
of each plot were marked and labelled with steel pegs driven into the sediment. Mussel 
survival was measured using a method modified from Wilcox et al. (2018), where SCUBA 
divers randomly placed a 0.25 × 0.25 m quadrat three times in each restored plot, at least 
0.5 m from the edge of the plot. The mussels inside the quadrat (where more than 50% 
of the mussel shell was inside the quadrat), were counted as alive and dead, where either 
whole shells or two half shells were counted as one dead mussel. The percent survival of 

Fig. 1  Locations of the four experimental mussel habitats in Pelorus Sound, New Zealand
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mussels was calculated by taking the proportion of live mussels out of the total of both live 
and dead mussels recorded for each quadrat. As eleven-armed sea stars, Coscinasterias 
muricata, are a threat to restored mussel survival in New Zealand (Paul-Burke and Burke 
2013; Wilcox and Jeffs 2019), they were collected and removed after the deployment, 1, 
5-and 13-month sampling events.

Sediment characteristics

Initial sediment grain size was assessed prior to the mussel deployment using a Ponar grab 
(scoop area 0.05  m2, maximum depth 15 cm) at three points within each location, except 
for Grant Bay, which was too rocky for the grab and was instead sampled by SCUBA divers 
using sediment cores to collect interstitial sediment amongst cobbles. Sediment cores (vol-
ume 25 ml, maximum depth 6 cm) were collected after the mussels were on the seabed for 
5- and 13-months using SCUBA divers to obtain three sediment samples per plot (both 
control and restored plots). Samples were stored at − 20 °C until analysis. Organic content 
samples were dried at 60 °C and weighed (D), before combustion at 500 °C for 4 h and 
reweighed (B) (Parker 1983). Sediment organic content (SOM) was determined using the 
equation: SOM% = 100(

D−B

D
) . To calculate grain size, the samples went through an organic 

content digestion (6% hydrogen peroxide for 24 h followed by 5% Calgon for 24 h) before 
particle size determination using laser diffraction (Malvern Mastersizer 3000).

Biodiversity assessment

In June 2020 (austral winter), 5 months after the mussel deployment, and in February 
2021 (austral summer), 13-months after the mussel deployment, the diversity of three 
faunal classifications: infauna, epifauna, and pelagic fauna, present on the restored mus-
sel plots and the control plots was assessed. Infauna and epifauna were taken at all four 
mussel deployment locations, but pelagic fauna was assessed at only two locations due 
to logistical constraints (Table  1). Before assessment of each plot, divers first placed 

Table 1  Number of samples 
taken at each sampling period per 
faunal classification by location

Location 5-Months 13-Months

Grant Bay
 Infauna 18 16
 Epifauna 6 6

Maori Bay
 Infauna 17 18
 Epifauna 6 6
 Pelagic 6 6

Skiddaw
 Infauna 17 18
 Epifauna 6 5
 Pelagic 5 6

Te Mara
 Infauna 15 18
 Epifauna 5 5
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a square quadrat frame (1.5 × 1.5 m) over the permanently marked to ensure the same 
location at each sampling period. Due to field logistical constraints and technical dif-
ficulties (i.e., camera failure) a few plots were not sampled at each sampling period; the 
5-month sampling had 101 samples taken across the three faunal classifications (49% 
of total samples), while the 13-month sampling had 104 samples (51% of the total sam-
ples; Table 1).

Infauna

To assess the infaunal organisms, PVC pipe sediment cores (volume 1.5 L, depth 17.5 cm) 
were pushed into the sediment in three randomly placed locations within each plot, avoid-
ing the area 0.5  m from the plot edge. A depth of 17.5  cm was chosen to be compara-
ble with other shellfish studies that sample infauna with cores ranging from 10 to 20 cm 
(Sea et al 2022; Commito et al. 2008; van der Ouderaa et al. 2021). In the restored plots 
the mussels were moved from the sediment being cored and then replaced. The core was 
sieved through a 500 µm mesh bag to remove the sediment, and the retained material pre-
served in 80% ethanol and stained with Rose Bengal. In the laboratory the samples were 
sieved to 1 mm, sorted, and the infauna identified to the lowest practical taxonomic group.

Epifauna

To assess the epifaunal organisms, video transects of both the control and the restored plots 
were taken using an Olympus TG-5 underwater camera in a waterproof housing with a 
light attached. A video transect was recorded across the entire plot with the camera stay-
ing 25 cm above the seafloor. This method was chosen to ensure cryptic fauna were iden-
tified and to maintain the same distance from the seafloor at each location. Each video 
was reviewed twice independently by two different assessors who identified, counted, and 
recorded all conspicuous fauna and flora within the mussel and control plots. Barnacles 
and gastropods were excluded from these analyses due to the difficulty in determining live 
animals from empty shells in the video recordings.

Pelagic fauna

To assess the pelagic fauna on the plots, underwater video sampling was used following 
a method modified from Parsons et al. (2020) at two locations (Skiddaw and Maori Bay). 
A camera (Go Pro Silver 7 with an extended battery pack, mounted height 40  cm) was 
mounted facing each plot at 0.5 m and 20 m away from each restored plot as a paired con-
trol. The existing control plots that were associated with the restored plots were not used as 
they were considered too close to the restored plots considering the mobility of the pelagic 
fauna (Parsons et al. 2020). The first 30 min of each recording were removed due to the 
potential for interference with fish behaviour from the presence of divers placing the cam-
eras on the seafloor. Each recording was then standardized to 3.5 h duration, to match the 
shortest recording. Recordings were analysed by two assessors to ensure all mobile fauna 
were identified and counted from each recording. Each pelagic organism that came into the 
camera frame was counted as an individual to ensure consistency throughout.
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Statistical analyses

Differences in sediment variables (i.e., grain size, sediment organic matter) were checked 
for normality and then assessed using three-way repeated measures ANOVAs, with loca-
tion, the addition of mussels, and sampling period as factors with plot as the repeated 
measure. Differences in the assemblages of organisms for the three faunal classifications 
were assessed individually with a distance-based permutational multivariable analysis of 
variance (PERMANOVA) based on Bray–Curtis dissimilarity measures (Anderson 2001; 
McArdle and Anderson 2001) using the ‘vegan’ package in R (Oksanen et  al. 2020; R 
Core Team 2021). For each faunal classification, epifauna, pelagic fauna, and infauna, an 
individual 3-factor PERMANOVA was performed with location, the addition of mussels, 
and sampling period as the factors. Non-metric multidimensional scaling (nMDS; Kruskal 
and Wish 1978) ordination models based on Bray–Curtis dissimilarity matrix (Clarke and 
Green 1988) were used to plot and visualize differences in epifauna and pelagic fauna 
assemblages individually with location, the addition of mussels, and sampling period as 
factors. For infauna, the nMDS plot stress was high (stress = 0.23), so a Canonical analysis 
of principal coordinates (CAP) based on Bray–Curtis similarity was used in PRIMER v7 
(Clarke and Gorley 2015). To explore correlations between the infauna taxa and the sedi-
ment composition in the mussel versus control plots, Pearson vector overlays were plotted 
with a correlation threshold of P > 0.5. Pearson’s chi-squared tests were used to determine 
differences in infauna taxa counts in the three highest groups. The similarity procedure 
SIMPER was used to identify taxa that were key contributors to location and treatment dif-
ferences for the three faunal classifications.

Univariate indices were determined in all faunal classifications individually to describe 
the taxonomic community of organisms (total abundance, richness (number of taxa), Shan-
non–Wiener diversity, and Pielou’s evenness) according to location, the addition of mus-
sels, and sampling period. Pielou’s evenness indicates the degree of dominance of a species 
in a community when a value of 1 represents equal abundance of multiple taxa and a value 
of 0 indicates a single dominating species or taxon (Pielou 1966). The Shannon–Wiener 
diversity index is used as a diversity measure that accounts for the abundance and even-
ness of the taxa present (Heip and Engels 1974). Univariate indices were analysed using 
linear mixed-effects models (LME) using the R package lme4 (Bates et al. 2015). In these 
models, the response variables were the univariate indices (abundance, richness, diversity, 
or eveness), fixed effects were location, the addition of mussels, and sampling period, and 
plot number was the random factor. To obtain the p-values of all the fixed effects in the 
models, the Anova function from the R package car was used (Fox and Weisberg 2019). 
Significance was further examined for each univariate variable using pairwise Wilcoxon 
tests (“predictmeans” function in R) with a false discovery rate correction for multiple 
comparisons (“fdr” function in R) to account for the lack of independent replicates over the 
two sampling periods. Univariate statistics were calculated using R statistical software (v 
3.2.3; R Core Team 2021).
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Results

Mussel survival

Mussel survival was high at three of the four locations at 5-months and 13-months (Maori 
Bay, MB; Skiddaw, SK; and Te Mara, TM; 5-month mean 98.0 ± SD 2.1%, 13-month mean 
93.6 ± 4.6%), while Grant Bay had the lowest survival at both sampling periods (5-month 
mean 86.8 ± 6.8%, 13-month 60.3 ± 14.6%). Visual assessments by divers reported no lar-
val recruitment into the mussel plots.

Sediment characteristics

Benthic sediment characteristics prior to the mussel deployment varied by location along 
a seaward gradient with decreasing clay and silt fractions in the sediment along Pelorus 
Sound: GB (47.1% coarse sand), MB (52.2% coarse sand), SK (31.0% silt), and TM 
(44.6% silt). This pattern was consistent throughout the study with both clay and silt pro-
portions differing by location [3-way ANOVA; silt  F(3,122) = 105.32, clay  F(3,122) = 27.60; 
both P < 0.001] but did not change between the 5-month and 13-month sampling period 
[3-way ANOVA; silt  F(1,122) = 0.54, clay  F(1,122) = 27.60; both P > 0.05]. There was a sig-
nificant interaction between location and the addition of mussels [3-way ANOVA; silt 
 F(3,122) = 4.83, clay  F(3,122) = 3.66; P < 0.05] indicating that the trends in grain size were not 
independent for either factor. Overall, the restored plots had 2.1 times higher proportion 
of clay and 1.7 times higher proportion of silt than the adjacent control plots (mean ± SD, 
restored plots 16.6 ± 4.6% clay and 53.7 ± 19.2% silt, control plots 8.1 ± 2.6% clay and 
31.3 ± 16.8% silt; while coarse sand (> 500 µM) was 2.6 times higher on the control plots 
versus the restored plots (mean ± SD, control 24.0 ± 15.9%, restored 9.2 ± 10.3%, 3-way 
ANOVA;  F(1,122) = 125.80; P < 0.001).

Sediment organic content differed by location [3-way ANOVA;  F(3,139) = 7.20; 
P < 0.001], but did not change between the 5-month and 13-month sampling period [3-way 
ANOVA;  F(1,139) = 1.11; P > 0.05], and there was a significant interaction effect between 
the addition of mussels and location [3-way ANOVA;  F(1,139) = 4.60; P < 0.05], where 
despite having similar organic content in the control plots (mean ± SD, SK 4.2 ± 1.2%, MB 
4.9 ± 2.9%, GB 5.3 ± 2.6%, TM 5.6 ± 1.4%; Pairwise t-test; P > 0.05), Grant Bay (GB) had 
a higher organic content under the mussel plots than occurred at the other three locations 
(mean ± SD, SK 7.6 ± 2.0%, TM 7.7 ± 2.0%, MB 9.0 ± 2.1%, GB 11.6 ± 4.0%; Pairwise 
t-test; P < 0.05). Overall, the restored plots had a 1.8 times higher organic content than 
the adjacent control plots [mean restored 9.0 ± 3.1%, control 5.0 ± 2.2%; 3-way ANOVA; 
 F(1,139) = 97.54; P < 0.001; for further details of all ANOVA results see Online Resource 1]. 
Pearson vector biplots showed these patterns, with organic content, silt, and clay correlat-
ing with restored plots and coarse sand correlating with the control plots (Fig. 2).

Infauna

Over the two sampling periods a total of 1051 invertebrates from 57 different taxa 
were identified on the restored plots from 71 cores, while the control plots had 3254 
invertebrates from 82 taxa from 66 cores (Table 2). The most abundant taxa in both 
the control and restored plots were polychaetes from 25 different families comprising 
62% of the total abundance of identified fauna (69% on restored plots, 59% on control 
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plots; for further details of infauna results see Online Resource 2). The most abun-
dant polychaete families were Capitellidae (24.2% on restored plots, 14.1% on control 
plots), Spionidae (26.4% on restored plots, 8.9% on control plots), and Lumbrineri-
dae (3.2% on restored plots, 10.4% on control plots). The next most abundant taxa 
were bivalves (12 taxa: 16% on restored plots, 14% on control plots), and crustaceans 
(5 taxa: 9% on restored plots, 12% on control plots). Three taxonomic groups were 
recorded in higher abundances on the control plots than the mussel plots: bivalves [2.9 
times higher; Chi-squared; X2

(23,137) = 46.35, P = 0.003], polychaetes (3.3 times higher; 

Fig. 2  Canonical analysis of principal coordinates (CAP) analysis using Bray–Curtis similarity in a 
5-months, and b 13-months. Restored plots (R) have filled in shapes, while control plots (C) have empty 
shapes. Locations are abbreviated Grant Bay (GB), Maori Bay (MB), Skiddaw (SK), Te Mara (TM). Vector 
plots are Pearson correlation for taxa and sediment composition exceeding p > 0.5 are superimposed
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Chi-squared; X2
(47,137) = 71.11, P = 0.01), and crustaceans [4.6 times higher; Chi-

squared; X2
(16,137) = 41.49, P < 0.001]. All individual taxa identified recorded higher 

abundances on the control plots, except one, the bivalve Theora lubrica (81 recorded 
on the restored plots, 67 on controls). For further details of recorded taxa see Online 
Resource 2.

Table 2  Descriptive results collected on the restored and control plots for the three faunal classifications, a. 
infauna, b. epifauna, and c. pelagic fauna

The percentages in the infauna are percent of total fauna collected

Source Restored plots Control plots
a. Infauna

Locations 4 4
Total cores 71 66
Total organisms 1051 3254
Total taxa 57 82
Polychaetes 69% 59%
Capitellidae 24.2% 14.1%
Spionidae 26.4% 8.9%
Lumbrineridae 3.2% 10.4%
Bivalves 16% 14%

b. Epifauna

Locations 4 4
Total transects 23 22
Total organisms 1001 564
Total taxa 10 11
Macroalgae 296 158
Cats eye snails 239 44
Cushion seastars 204 120
Eleven-arm seastar 190 8
Sea cucumbers 24 1
Colonial ascidians 1 218

c. Pelagic fauna

Locations 2 2
Total videos 11 12
Total organisms 4987 6170
Total taxa 10 9
Spotty wrasse 3970 5266
Triplefin fish 782 13
Jack mackerel 123 295
Kahawai 36 519
Blue Cod 27 8
Snapper 6 32
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Multivariate comparisons

Infauna assemblages were significantly affected by the addition of mussels (PER-
MANOVA;  PsF1,136 = 16.351; P = 0.001), location (PERMANOVA;  PsF3,136 = 9.839; 
P = 0.001), and sampling period (PERMANOVA;  PsF1,136 = 5.304; P = 0.001) with sig-
nificant interactions between location, the addition of mussels, and sampling period (PER-
MANOVA;  PsF3,136 = 1.482; P = 0.001; for further details of PERMANOVA results see 
online resource 1). There was a clear separation between mussel and control plots in three 
of the four locations at both sampling periods (Fig. 2). There was also larger dissimilarity 
among restored plots (57.5%) than control plots (52.6%), indicating that the control plots 
are generally more similar to each other than the restored plots. A SIMPER analysis identi-
fied 15 taxa that were contributing to 70% of the dissimilarity between the mussel and con-
trol plots with the largest contribution from three polychaete families (Capitellidae 12.9%, 
Spionidae 9.5%, Lumbrineridae 9.5%). Polychaete families Capitellidae, Maldanidae, Syl-
lidae, and Lumbrineridae were more abundant at control plots at both sampling periods, 
as were the bivalves Corbula zealandica, Tawera spissa, Leptomya retiaria, and Lincula 
hartvigiana as identified by Pearson vector biplots (Fig. 2). The Bray–Curtis dissimilarity 
within the four locations was largest at Grant Bay (62.1%), followed by Te Mara (52.5%), 
Maori Bay (51.0%), and Skiddaw (47.5%). The dissimilarity was higher at 13-months 
(58.0%) than at 5-months (56%).

Univariate comparisons

The total abundance of infaunal organisms was higher on the control plots than the restored 
plots at all locations (LME; d.f. = 6, F = 4.45, P < 0.001) and was higher at 13-months than 
5-months only on the control plots (LME; interaction effect, d.f. = 1, F = 5.07, P = 0.001) 
(Fig.  3). The taxonomic richness was significantly higher on the control plots than the 
mussel plots (LME; d.f. = 4, F = 67.78, P < 0.001), and significantly differed between loca-
tions (LME; d.f. = 6, F = 7.53, P < 0.001), and sampling periods (LME; d.f. = 1, F = 20.18, 
P < 0.001). The Shannon–Wiener diversity index was higher on the control plots than 
the restored plots (LME; d.f. = 6, F = 6.85, P < 0.001) and was higher at 13-months than 
at 5-months only on the control plots (LME; d.f. = 1, F = 5.98, P < 0.05; Pairwise Wil-
coxon test, P < 0.05). Pielou’s evenness index was higher on the restored plots than the 
control plots (LME; d.f. = 4, F = 28.38, P < 0.001) and differed by location (LME; d.f. = 6, 
F = 16.25, P < 0.001), but not sampling period (LME; d.f. = 1, F = 2.46, P > 0.05; for fur-
ther details of all LME results see Online Resource 1).

Epifauna

Over the two sampling periods a total of 1001 individual epifaunal organisms from 10 
taxa were sampled on the restored plots (23 total plots), while 564 organisms from 11 taxa 
were sampled from the control plots (22 total plots; Table 2). There were overall 13 taxa 
recorded with the most abundant being (in descending order): macroalgae (all non-encrust-
ing brown, red, and green algae), cushion seastars (Patiriella regularis—a common bio-
film grazer), cat’s eye snails (Lunella smaragda—a common grazing marine gastropod), 
eleven-armed seastars (C. muricata—a shellfish predator), and colonial ascidians (a com-
mon filter feeder). Five taxa recorded higher abundance on the restored plots than on the 
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adjacent control plots: sea cucumbers (Australostichopus mollis, 23 times higher), eleven-
armed seastars (22.7 times higher), cat’s eye snails (5.2 times higher), macroalgae (1.8 
times higher), and cushion seastars (1.6 times higher). Colonial ascidians were rarely found 
in the restored plots (n = 1, TM) and were only detected in control plots at two locations 
(n = 25 at SK, n = 193 at TM). Eleven-armed seastars were rarely found on the control plots 
(n = 8) but were common throughout all restored plots with the highest abundance found 
at Grant Bay (total n = 190, with n = 159 at GB). Horse mussels (Atrina zelandica) were 
only recorded on control plots (n = 7 at TM, n = 1 at SK). Macroalgae recorded similar 
numbers on the control and restored plots at the 5-month sampling (total control n = 136, 
restored n = 163), but was rarely recorded in the control plots at 13-months (total control 
n = 22, restored n = 133). Six taxa had five or less observations recorded overall (chiton, 
fan worms, limpets, sponges, sea urchins, whelks). For further details of recorded taxa see 
Online Resource 2.

Multivariate comparisons

Epifaunal assemblages were significantly affected by the addition of mussels (PER-
MANOVA;  PsF1,44 = 10.805; P = 0.001), and location (PERMANOVA;  PsF3,44 = 13.776; 
P = 0.001), but not by sampling period (PERMANOVA;  PsF1,44 = 1.975; P > 0.05; for fur-
ther details of PERMANOVA results see Online Resource 1). The assemblages of epifau-
nal organisms were more closely taxonomically related among the restored plots within 
each location than for their matching control plots, although the two treatments were not 
always clearly separated (Fig. 4). This was further shown by the Bray–Curtis dissimilarity 
estimates indicating a larger dissimilarity among control plots (56.1%) than restored plots 
(44.7%). The taxa that made the largest contribution to the dissimilarity within the treat-
ments were also the most abundant groups: macroalgae (26.3%), cat’s eye snails (20.2%), 
eleven-armed seastars (17.7%), and cushion stars (16.3%). The Bray–Curtis dissimilar-
ity among the locations was largest at Te Mara (54.3%), followed by Grant Bay (41.9%), 
Maori Bay (40.4%), and Skiddaw (32.7%).

Univariate comparisons

The total abundance of epifaunal organisms was higher on the restored plots than the con-
trol plots at three of the four locations (GB, MB, SK; LME; interaction effect, d.f. = 3, 
F = 10.76, P < 0.001; Pairwise Wilcoxon test, P < 0.05), while the taxonomic richness was 
higher on the restored plots at two locations (GB, MB; LME; interaction effect, d.f. = 3, 
F = 3.11, P < 0.05; Pairwise Wilcoxon test, P < 0.05). Both abundance and richness were 
not impacted by sampling period (LME; abundance, d.f. = 1, F = 0.02, P > 0.05; richness, 
d.f. = 1, F = 0.95, P > 0.05; Fig. 3). At Te Mara, the restored plots had a lower abundance 
than the other three locations (LME; interaction effect, d.f. = 3, F = 10.76, P < 0.001; Pair-
wise Wilcoxon test, P < 0.05). The Shannon–Wiener diversity was higher on the restored 
plots at two of the four locations (MB, TM; interaction effect, LME; d.f. = 1, F = 9.39, 
P < 0.05; Pairwise Wilcoxon test, P < 0.01), but Te Mara had significantly lower diversity 

Fig. 3  Differences on restored mussels (black) versus control plots (grey) for total abundance of the three 
classifications: a infauna, b epifauna, and c pelagic fauna, recorded over 5-and 13-months. Locations are in 
sediment gradient order of high coarse sand (right) to low coarse sand (left) and are abbreviated Grant Bay 
(GB), Maori Bay (MB), Skiddaw (SK), Te Mara (TM), means are reported (± SE)

▸
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than Maori Bay on the restored plots (LME; interaction, d.f. = 3, F = 5.86, P < 0.01; Pair-
wise Wilcoxon test, P <  < 0.05). Diversity was not impacted by sampling period (LME; 
d.f. = 1, F = 1.08, P > 0.05). Pielou’s evenness index for epifauna was higher on the restored 
plots at Te Mara only (LME; interaction, d.f. = 3, F = 11.34, p < 0.001, Pairwise Wilcoxon 
test; P < 0.05), as the control plots at Te Mara lacked evenness due to the large number of 
colonial ascidians. For further details of all LME results see Online Resource 1.

Pelagic fauna

Over the two sampling periods a total of 4987 individual pelagic fauna from 10 different 
taxa were identified on the restored plots from 11 cameras, while the control plots had 6170 
individuals comprising of 9 taxa using 12 cameras (Table 2). Spotty wrasse (Notolabrus 
celidotus) is one of the most common coastal fish found at shallow depths in New Zea-
land and were the most observed species on both the mussel and control plots (n = 9236, 
83% of the total observations). Triplefin fish (Family Tripterygiidae, 7% of total), a small 
demersal blenny-like fish typically associated with rocky reefs, kahawai (Arripis trutta, 5% 
of total), a recreationally important pelagic fish often found in schools, and jack mackerel 
(Genus Trachurus, 4% of total), a midwater commercially important scombrid that is com-
monly found in schools, were the next most frequently observed fauna, with the remain-
ing 1% composed of all the other taxa observed. Triplefin fish were observed 65.6 times 
more on the restored plots versus the control plots (total control n = 13, restored n = 782), 
while blue cod (Parapercis colias), a commercially important demersal sandperch, were 
only recorded at Maori Bay where they were observed 3.7 times more often on the restored 
plots (total control n = 8, restored n = 27). Spotty wrasse, kahawai, and jack mackerel were 
observed more times on the control plots (spotty wrasse n = 5266, kahawai n = 519, jack 
mackerel = 295) versus the restored plots (spotty wrasse n = 3970, kahawai n = 36, jack 
mackerel = 123). Snapper (Chrysophrys auratus), a commercially important demersal 
sparid, were recorded at 13-months (austral summer) but primarily on the control plots 
(n = 32 control, n = 6 mussel). New Zealand eagle rays (Myliobatis tenuicaudatus) and 
short-tailed rays (Dasyatis brevicaudata) were recorded in low overall abundances with 

Fig. 4  Non-metric multi-dimensional scaling (nMDS) for differences among epifauna community compo-
sition within control (open shapes) and restored plots (closed shapes) at the four locations (stress = 0.14). 
Ellipses indicate 95% confidence interval
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higher observations in the control plots than the restored (eagle ray, total control n = 13, 
restored n = 3 mussel; short-tailed ray, total control n = 11, restored n = 2 restored). For fur-
ther details of recorded taxa see Online Resource 2.

Multivariate comparisons

Pelagic fauna assemblages were significantly affected by the addition of mussels (PER-
MANOVA;  PsF1,22 = 7.963; P = 0.001), location (PERMANOVA;  PsF1,22 = 5.1978; 
P = 0.005), and sampling period (PERMANOVA;  PsF1,22 = 11.705; P = 0.001), with signif-
icant interactions between location and sampling period (PERMANOVA;  PsF1,22 = 6.7553; 
P = 0.002) and location and the addition of mussels (PERMANOVA;  PsF1,22 = 3.3349; 
P = 0.02; for further details of PERMANOVA results see Online Resource 1). The pelagic 
assemblages are more closely related among the restored plots within each location than 
the control plots (~ 20 m away), where at each sampling period the two treatments were 
clearly separated according to the nMDS ordination model (Fig.  5). This was consistent 
with the larger dissimilarity among control plots (49.1%) than restored plots (41.9%) as 
shown by the Bray–Curtis dissimilarity analyses. A SIMPER analysis showed that the 
groups that made the largest contribution to the dissimilarity within the treatments were 
also the most abundant: spotty wrasse and triplefin fish (88.0%). The Bray–Curtis dissimi-
larity within the locations was similar at Maori Bay (48.6%), and Skiddaw (48.4%). Fur-
thermore, the dissimilarity was higher at 13-months (46.8%) than at 5-months (38.6%), 
with spotty wrasse mostly responsible for the dissimilarity between sampling periods 
(SIMPER 73.0%).

Univariate comparisons

The total abundance of pelagic organisms was higher at Maori Bay than at Skiddaw at 
13-months (LME; interaction effect, d.f. = 1, F = 8.04, P < 0.05), and was higher at 
13-months than at 5-months at Maori Bay (LME; interaction effect, d.f. = 1, F = 8.04, 
P < 0.05). However, the abundance of pelagic organisms was higher on the restored plots 
than on the control plots only at Skiddaw (Pairwise Wilcoxon test; P < 0.01; Fig.  3). 
Shannon-Weiner diversity index did not differ by location, the addition of mussels, or by 

Fig. 5  Non-metric multi-dimensional scaling (nMDS) for differences among pelagic fauna assemblages in 
the restored (closed shapes) and control plots (open shapes) at two study locations over the two sampling 
periods (5-months, 13-months; stress = 0.17)
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sampling period (LME; location, d.f. = 1, F = 0.19, P > 0.05; addition of mussels, d.f. = 1, 
F = 0.005, P > 0.05; sampling period, d.f. = 1, F = 3.65, P > 0.05, Fig.  3). The taxonomic 
richness of the pelagic fauna was higher at 13-months than at 5-months only at Maori Bay 
(LME; interaction effect; d.f. = 1, F = 15.07, P < 0.01), and at 13-months at Maori Bay 
the control plots had higher taxonomic richness than the restored plots (LME; interaction 
effect; d.f. = 1, F = 6.16, P < 0.05). Pielou’s evenness index was higher at Skiddaw than 
Maori Bay, but only at 13-months (LME; interaction effect; d.f. = 1, F = 10.26, P = 0.01), 
while the addition of mussels had no impact (LME; d.f. = 1, F = 0.16, P > 0.05; for further 
details of all LME results see Online Resource 1).

Discussion

The decline in the extent of habitat-forming species, such as reef-forming shellfish, has 
contributed to a dramatic decline in biodiversity in coastal and marine environments 
throughout the world (zu Ermgassen et  al. 2020). Restoration of these habitat-forming 
species can help to reinstate the ecosystem services they provide, including increasing the 
biodiversity and corresponding resilience of coastal ecosystems to future anthropogenic 
stressors (McLeod et al. 2019b; zu Ermgassen et al. 2020). Pilot-scale restoration has the 
potential to provide valuable information regarding the effect of shellfish restoration on 
biodiversity to guide subsequent decisions for larger scale restoration efforts. In this resto-
ration trial, the addition of mussels to the seafloor overall resulted in a general reduction of 
infaunal species abundance and biodiversity, with a concomitant increase in epifaunal and 
pelagic species abundances, specifically from those species that benefit from benthic habi-
tat complexity and an increase in food availability.

The markedly lower diversity and abundance of infaunal organisms associated with 
restoring mussels observed in this current study appear to be a result of differences in 
organic enrichment and sediment grain size. Increases in organic content and fine benthic 
sediments have both been shown to alter infaunal biodiversity for a range of habitats (Gray 
2002; Kemp et al. 2005; Sciberras et al. 2017; Drylie et al. 2020), although some studies of 
remnant wild shellfish reefs have found a high abundance and diversity of infauna regard-
less of the underlying sediment (Commito et al. 2008; van der Ouderaa et al. 2021). The 
underlying soft sediment at the four experimental locations varied in the quantity of the 
fine sediment (i.e., clay and silt). Observed changes in organic enrichment and grain size 
occurred within the first 5-months but there was no difference between 5-and 13-months, 
which indicates that these changes in the sediment occurred within the first 5-months after 
installing the mussels and did not continue to accumulate from 5 to 13-months. Mussels 
produce faeces and pseudo-faeces causing organic enrichment of the surrounding sediment 
(Commito et  al. 2008; Norling and Kautsky 2008; Donadi et  al. 2014) and remove sus-
pended fine sediment as they filter water (Christianen et al. 2017). The extent of organic 
enrichment of sediment in wild shellfish habitats has been shown to vary between different 
intertidal benthic environments (van der Ouderaa et al. 2021), and in this current study the 
greatest magnitude change was evident at Grant Bay, which may be due to the coarser com-
position of the sediment that characterised this site. The sediment organic content recorded 
in the four study locations was generally higher than measured for wild intertidal mus-
sel habitats in the Netherlands (5.8% mussel, 0.9% control), however when compared to 
control sites the mussel habitats had a similar, higher amount of silt (1.3 times higher) and 
sediment organic content (6.4 times higher) as seen in our study (Christianen et al. 2017).
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While the magnitude of the change in benthic sediment composition associated with the 
restoration of the mussel habitat varied by location, an overall increase in organic con-
tent and fine sediment was always apparent, the timing and extent of which were concord-
ant with an observed general decline in the abundance and diversity of infauna at most 
locations.

Infaunal organisms respond to changes in sediment grain size and organic enrichment 
in a variety of circumstances. For example, high density longline aquaculture of mussels 
can greatly enrich the organic content of the sediment below the farm, typically resulting 
in a decrease in biodiversity, but an increased abundance in opportunistic deposit feeding 
organisms, such as members of the deposit feeding polychaete family Capitellidae (Keeley 
et  al. 2009; Keeley 2013). Furthermore, organic enrichment of the sediment lowers the 
available oxygen and increases sulphide levels, which can create unfavourable conditions 
for some infauna, such as suspension feeders (Thrush et al. 2003; Drylie et al. 2020; Hand-
ley et al. 2020). Sensitive infauna respond quickly and dramatically to a small change in 
organic enrichment. For example, sediment in a New Zealand estuary was experimentally 
enriched from 2.1 to 3.7% resulting in an 80% decrease in the abundance of infauna after 
70 days (Drylie et al. 2020). This sensitivity in infauna can result in changes in functional 
groups of infaunal organisms (Greenfield et al. 2016; Drylie et al. 2020) and was demon-
strated by polychaetes in this study by a ten-fold higher abundance of free-living scaven-
ger polychaete family Lumbrineridae in the control plots. Whereas suspension and deposit 
feeding polychaetes of the family Spionidae appeared to be less sensitive, decreasing one-
fold under restored enrichment. Deposit feeding capitellids contributed to the highest dif-
ference between restored and control plots, being in almost a two-fold higher abundance 
on the control plots. The overall lower abundance, diversity, and deposit feeding infauna in 
restored mussel plots in this study is opposite to what has been previously recorded on wild 
shellfish reefs (Commito et al. 2008; McLeod et al. 2013; van der Ouderaa et al. 2021). 
However, this study indicates a similar outcome for infauna as reported in these previous 
studies, that mussels facilitate certain infauna and inhibit others. This inhibition appears to 
be within the first 5-months for sensitive infauna, while the facilitation that leads to a high 
abundance of infauna seen in wild reefs may take more than 13-months on restored mussel 
habitats.

For epifauna, the addition of mussels to the seabed caused an increase in taxonomic 
richness and abundance across nearly every location within the first 5-months, likely as a 
result of the increase in habitat complexity, especially the provision of hard surfaces (i.e., 
mussel shells) provided by the restored mussels themselves. This habitat complexity is 
associated with elevated abundance and diversity of epibenthic organisms (e.g., Grabowski 
et  al. 2005; McLeod et  al. 2013) through the provision of habitat, food, and protection 
(Coen et  al. 2007; Christianen et  al. 2017). Despite differences in pre-existing epifauna 
among study locations, the installation of mussels resulted in the establishment of a similar 
assemblage of epifauna at all locations by 5-months, and thereafter. This was particularly 
evident for mobile epifauna, such as sea cucumbers, cat’s eye snails, eleven-armed and 
cushion seastars, that were all found in higher abundances in the mussel plots, indicat-
ing a preference for this restored habitat and the increased food availability it provides. 
For example, sea cucumbers were likely attracted to mussel plots by increases in organic 
matter (Slater et al. 2011; Zamora and Jeffs 2011; Sea et al. 2022) and eleven-arm seastars 
are known mussel predators (Wilcox and Jeffs 2019). These organisms appeared to have 
migrated into the mussel habitats judging from their large observed sizes. Observed differ-
ences among study locations in mobile epifaunal diversity could be the result of differences 
in nearby source populations. For example, the higher concentration of eleven-arm seastars 
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at Grant Bay may be due its proximity to a marine farm, as higher concentrations of these 
seastars occur under farms (Inglis and Gust 2003). To aid in the restored mussel survival 
the seastars were collected and relocated throughout the sampling period, which may have 
influenced the overall epifaunal numbers. However, the observed continued migration of 
seastar predators into these small-scale trial plots indicate that it is important to consider 
location selection for restoration because proximity of sources of mussel predators may 
impact restoration success (Wilcox and Jeffs 2019).

The Te Mara location had lower abundance, richness, diversity of epifaunal organisms 
and the lowest macroalgae abundance of all locations. This may be a result of the environ-
mental conditions being unsuitable for macroalgae, given the low macroalgal abundance 
in general at Te Mara. Shellfish facilitate macroalgal growth due to the enrichment of the 
benthic environment and the availability of hard substrate to settle and attach (Kemp et al. 
2005; Norling and Kautsky 2008). The establishment of macroalgae could be an impor-
tant process because it has been shown to facilitate mussel recruitment through providing 
larval and early juvenile settlement surfaces (Buchanan and Babcock 1997; Alfaro et  al. 
2004). Macroalgae also increase biodiversity by providing habitat and food for other organ-
isms and have been shown to decrease the impact of ocean acidification on marine bivalves 
(Young and Gobler 2018). In this study a two-fold increase in macroalgal cover was found 
on the restored plots, which was driven by a large difference in macroalgae abundance 
between the control and mussel plots by 13-months. This indicates that macroalgae may 
take longer to establish on restored mussel habitats than other epifauna groups or seasonal 
factors were more important. The absence of juvenile sessile organisms seen in this study 
suggests that the establishment of biodiversity through less mobile epifauna may take 
longer than 13-months.

The installation of mussels substantially increased the abundance of demersal pelagic 
fauna at the two sampled locations, most likely as a result of attraction to the structure 
and associated biomass generated by the restored reefs (Powers et al. 2003; Parsons et al. 
2016). For example, blue cod and triplefin fish are both demersal fish species that were 
observed more frequently on the restored mussel plots, although blue cod were only 
observed at Maori Bay potentially due to limitations in the range of this species (Beentjes 
et al. 2012). Blue cod are an endemic commercially and recreationally important species 
in New Zealand’s South Island that are reported to have a significantly depleted population 
in the study area (Beentjes et al. 2012) and choosing restoration locations within their spe-
cies ranges is vital for creating habitats for this vulnerable species. Triplefin fish are known 
to inhabit shellfish aquaculture farms (Morrisey et al. 2006) and are attracted to locations 
with more structural complexity where they can find refuge and protection (Feary and Cle-
ments 2006). These small fish are important trophically as they contribute to the diets of 
many larger species, including New Zealand’s commercially important snapper (Jones 
2013). Therefore, triplefin fish contribute to further higher trophic level pelagic diversity, 
which is important for ecosystem restoration and long-term resilience. In this study triple-
fin fish were observed 66 times more frequently on the mussel habitats than on adjacent 
soft sediment. Similarly, higher numbers of small fishes have been recorded in two studies 
in the North Island of New Zealand, one on remanent mussel reefs (14 × higher; McLeod 
et al. 2013) and one on 6-year-old restored mussel habitats (16 × higher; Sea et al. 2022). 
Blue cod diet consists of crustaceans, molluscs and polychaetes (Jiang and Carbines 2002) 
and triplefin fish diets consist of small mobile benthic invertebrates like crustaceans and 
molluscs (Feary et al. 2009), with both known to be opportunistic feeders based on their 
habitats (Jiang and Carbines 2002; Feary et al. 2009). Shellfish reefs have been shown to 
alter predator- prey interactions (Donadi et al. 2015) and be important feeding grounds for 
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fish (Lenihan et al. 2001), so the increase of these species on the restored plots may have 
reduced the resident invertebrate communities. Snapper and eagle rays are known to prey 
on mussels (Alder et al. 2021), however there was low numbers of snapper recorded overall 
in this study, which was unlikely to largely impact mussel survival.

Shellfish reefs are also known to serve as nurseries for fish (Knoche et  al. 2020; zu 
Ermgassen et al. 2020), although only adult fish were recorded in this study. The lack of 
conspicuous fish recruitment in mussel plots may be the result of the small size of the 
restored plots, the cryptic nature of juvenile fish, or because the ecosystem is not estab-
lished yet. The differences in pelagic community changes seen between 5-months and 
13-months most likely reflect seasonal variation, where fish migrate to Pelorus Sound 
during the warmer summer temperatures (i.e., 13-month sampling). Not all pelagic fauna 
respond to restored shellfish habitats in the same way, and this was seen in this study par-
ticularly from non-demersal fishes such as spotty wrasse, jack mackerel, and kahawai that 
were observed in higher abundances in the control plots. Choosing restoration locations 
within species ranges that will benefit from an increase in benthic habitat complexity may 
therefore increase the pelagic diversity associated with restored shellfish habitats.

Trial pilot-scale restoration plots are recommended by shellfish restoration global guide-
lines to assess habitat suitability and understand which restoration techniques are needed 
before scaling up efforts (Fitzsimons et  al. 2020). The results of this study indicate that 
pilot-scale restoration is also effective in determining biodiversity outcomes that can pro-
vide valuable information to guide subsequent decisions for larger scale restoration efforts. 
However, with the nature of pilot studies, this study was short-term (13-months) and had 
small sized plots, so the results do not show biodiversity changes over multiple seasons, 
which may be why there was no identified larval recruitment into the mussel plots. In oys-
ter restoration it has been shown that after 6 years a restored oyster reef matches natural 
reefs biomass and ecosystem function (Smith et al. 2022), indicating that this an early look 
into restored mussel habitats and may not be representative of the biodiversity the occurs 
on restored mussel habitats long-term. Additionally, with the size of the mussel plots, the 
results are representative of an area of a restored mussel habitat but may not necessarily 
be representative of a larger scale restored mussel bed. This study does, however, provide 
the first understanding of what occurs on small-scale restored mussel habitats within the 
first-year post-restoration at multiple faunal classifications and the results can be used to 
improve location selection to enhance biodiversity on large scale restoration efforts.

The loss of ecosystem engineers, such as reef building shellfish, is generally recog-
nized as a major threat to marine biodiversity, yet the lack of understanding of the recovery 
of biodiversity on restored shellfish reefs could limit restoration initiatives. Understand-
ing marine biodiversity outcomes associated with restoring mussel habitats is important 
for restoring lost ecosystem services, including juvenile fish nurseries and habitat gen-
eration, along with long-term ecosystem resilience. From a management perspective, the 
results provided in this study highlight location-specific factors that should be considered 
to maximise biodiversity when restoring mussel habitats. Important factors include sedi-
ment composition and environmental conditions for macroalgae growth. Potential factors 
that were observed in this study that could also be considered when choosing locations to 
restore mussel habitats are nearby sources of species including predators, and ranges of 
important demersal fish. Small-scale pilot studies, like this one, can be used to inform man-
agement and improve overall biodiversity outcomes for future larger scale shellfish restora-
tion. This deeper understanding of the biodiversity response in restored shellfish habitats 
is invaluable for justifying shellfish restoration initiatives and advancing efforts to restore 
vital foundation species and the habitats they create.
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