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ABSTRACT: The majority of juvenile seed mussels are lost in aquaculture production. Understanding the causes of the losses of seed mussels is critical to reducing uncertainties in mussel
aquaculture production. One major cause of loss appears to be the secondary settlement behaviour of mussels, which is thought to be a behavioural process by which larger juveniles can safely
recruit among adults. This implies that once a juvenile mussel has settled among adults, there is
either some impetus to remain or other positive interactions that promote increased survival. In
this study, 2 densities (5 and 20 per 45 cm experimental rope) of adult green-lipped mussels Perna
canaliculus were deployed alongside juvenile seed mussels to test whether this enhanced the
retention of the juveniles in a typical suspended culture. Adult shells were also deployed to ascertain whether any effects were due to the physical presence of the mussels or the influence of their
biological functioning. The presence of adult mussels or shells did not increase the retention of
juvenile P. canaliculus, but small-scale movements of juveniles were increased by the addition of
20 live adult mussels per experimental rope. However, the presence of adult mussels and mussel
shells on experimental ropes greatly increased the abundance of biofouling organisms. While the
addition of live adult mussels or shells failed to provide a simple tool for increasing retention of
seed mussels on aquaculture lines, they offer new insights into the identity and ecology of key biofouling organisms that can be problematic in mussel aquaculture production.
KEY WORDS: Mussel retention · Secondary settlement · Green-lipped mussel · Perna canaliculus ·
Mytilus galloprovincialis · Recruitment

INTRODUCTION
Increases in the global human population and its
pressure on wild stocks of fish and shellfish have
resulted in the rapid emergence of aquaculture to
meet our growing demand for seafood (Naylor et al.
2000, Pauly et al. 2002). Mussel aquaculture has
grown to become a major global industry during the
last 30 yr (Smaal 2002, Carrasco et al. 2014, FAO
2016). The majority of mussel aquaculture relies on
wild sources of larval and juvenile mussels to seed
aquaculture substrata (e.g. ropes, rafts and benthic
*Corresponding author: paul.south@cawthron.org.nz

mussel beds) in coastal production facilities. However, natural settlement of mussels is variable in
space and time, and this variability causes considerable uncertainty in the continuity of aquaculture production (Carrasco et al. 2014). Access to wild seed
sources for aquaculture is also increasingly being
constrained by regulations such as quota allocation
and reduced or managed access to seed-catching
areas and seasons (de Vooys 1999, Smaal 2002). The
early stages of mussel aquaculture production can
be extremely inefficient, with massive quantities of
juveniles frequently lost soon after capture, further
© The authors 2017. Open Access under Creative Commons by
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compounding the vulnerability of aquaculture operations to natural population fluctuations (Peteiro et al.
2007, Capelle et al. 2014). Retaining juvenile mussels
within aquaculture production systems in the face of
a natural tendency for losses is commonly referred
to as ‘retention’. Increasing the retention of juvenile
seed mussels in the early production cycle would
greatly increase the overall efficiency of the mussel
aquaculture industry and lessen its susceptibility to
natural variations in larval supply and settlement.
The New Zealand mussel industry is based on the
aquaculture of the endemic green-lipped mussel
Perna canaliculus (Gmelin, 1791) and has grown to
an annual production of 101 311 t since its development in the 1970s (Aquaculture New Zealand 2016).
The issue of retention has received particular attention in New Zealand, where the mussel aquaculture
industry is almost entirely reliant on 1 ephemeral
wild source of seed mussels (Alfaro & Jeffs 2003,
Alfaro et al. 2010). In recent years, overall production
has been severely impacted by intermittent periods
of limited availability of wild mussel seed. Furthermore, the retention of juvenile P. canaliculus on
aquaculture growing substrata, such as fibrous nursery ropes, can be very poor, with losses that range
from 50 to 100% (Jeffs et al. 1999, Webb & Heasman
2006, Hayden & Woods 2011). Consequently, a few
studies have specifically addressed the causes of low
retention, focussing on methods of determining the
quality of juveniles captured from the wild (Webb &
Heasman 2006, Sim-Smith & Jeffs 2011), impacts on
fitness and behaviour that can occur during transport
or due to poor handling (Webb & Heasman 2006,
Carton et al. 2007) and environmental conditions
during early production (Alfaro 2006c, Carton et al.
2007, Hayden & Woods 2011). However, the issue of
retention is complex and far from understood, largely
due to the small number of studies that have
addressed this problem.
One of the most important factors governing the
retention of P. canaliculus is likely to be the secondary settlement behaviour that is a pronounced feature of this species. Secondary settlement has been
observed in P. canaliculus juveniles of 0.3−6 mm in
length (Buchanan & Babcock 1997, Jeffs et al. 1999,
Hayden & Woods 2011). Primary settlement occurs
when mussel larvae of 240−300 µm transition from
pelagic to benthic modes of life and undergo metamorphosis. Mussel larvae often initially settle on filamentous structures, such as algae, and this has been
proposed as a mechanism to avoid consumption by,
or competition with, conspecific adults, although
there is supporting (Bayne 1964, Alfaro 2006a) and

refuting (Lasiak & Barnard 1995, Erlandsson et al.
2008) evidence for this being advantageous. Secondary settlement is the process by which juvenile mussels detach and migrate away from their initial larval
settlement sites to explore, select and re-settle in
alternative locations (Bayne 1964). Movement can
occur via the juvenile initiating mucus drifting or
pedal crawling behaviours that operate over medium
(10s to 100s m) and small (cm) scales, respectively
(Bayne 1964, Buchanan & Babcock 1997, Carton et
al. 2007, Le Corre et al. 2013, South 2016). The ability
of large numbers of juvenile mussels to migrate away
from aquaculture growing structures is enormously
problematic not only because these mussels are lost
from the production cycle, but also because it creates
vacant space for colonisation by biofouling organisms which can compete with the remaining cultured
mussels and create problems for subsequent aquaculture processing (Fitridge et al. 2012). Furthermore, small-scale movements of juvenile mussels are
of particular interest in New Zealand because seed
mussels are usually attached to degradable substrata
(e.g. algae or, in the case of hatchery-reared juveniles, coir ropes) when they are deployed at farm
sites for on-growing. Therefore, it is essential that
seed mussels migrate to permanent substrata (i.e.
suspended growing ropes) if they are to remain in
production.
The triggers of secondary settlement behaviour in
juvenile mussels are not well understood and currently cannot be managed. There appear to be many
potential triggers of secondary settlement processes
in mytilid mussels, including changes in the local
environment (Carton et al. 2007, Hayden & Woods
2011) and changing habitat requirements or behaviour (Alfaro & Jeffs 2002, Alfaro et al. 2004, von
der Meden et al. 2010). Furthermore, juvenile seed
mussels on growing structures will likely experience
intense pressure from the ongoing settlement of a
wide range of biofouling organisms competing for
the same space (Holthuis et al. 2015). While biofouling organisms are known to impact the later stages of
mussel aquaculture production, their effect on the
retention of juveniles has not been examined in any
detail.
One potential cause of secondary settlement migration is the proximity of the juvenile mussels to
populations of conspecific adults. In natural habitats,
mussels either settle as larvae directly among adults
(Lasiak & Barnard 1995, Dobretsov & Wahl 2001) or
arrive as secondary settlers following dispersal from
primary settlement sites (Bayne 1964, Alfaro 2006b,
Newell et al. 2010). Behavioural responses to physi-
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cal and chemical properties of the substratum can
be important determinants of secondary settlement
location in mussels (Alfaro et al. 2004, von der Meden
et al. 2010). For example, juvenile Perna perna
actively seek out adult conspecifics over small (cm)
scales (Cáceres-Martínez et al. 1994, Erlandsson et
al. 2008, Porri et al. 2016). The mechanisms used by
juveniles to remotely locate adult mussels is
unknown, but is likely to be a waterborne chemical
cue, as has been observed for the primary larval settlement in a range of invertebrates, including mussels (Anderson 1996, Steinberg et al. 2002, de Vooys
2003, Alfaro et al. 2006, Morello & Yund 2016). It is
possible that as the juvenile mussels grow, their
affinities for odours or surficial features shift to those
associated with adults and therefore trigger secondary settlement (Bayne 1964, von der Meden et al.
2010). Determining whether this is the case could be
of tremendous relevance for the development of
approaches for reducing the losses of mussel juveniles in aquaculture operations.
If juvenile mussels undergo secondary settlement
in order to recruit among adults, then it is possible
that contact or close proximity to adult mussels might
suppress secondary settlement behaviour. For example, juvenile P. canaliculus > 2 mm have been shown
to secondarily settle into adult beds and recruit to the
adult population (Alfaro 2006b). In addition, adult
mussels can provide a structural refuge from predators and abiotic stressors to reduce post-settlement
mortality (Bertness & Grosholz 1985). If the presence
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of adult mussels suppresses secondary settlement of
juveniles by providing chemical cues or physical
refuge, then seeding adult individuals alongside conspecific juveniles for on-growing might offer an
opportunity to reduce the losses of juveniles currently observed in many mussel farming operations.
This study used a field experiment to test whether
deploying conspecific adults with juvenile seed mussels increases the retention of juveniles. In addition,
small-scale movements of seed mussels were assessed to consider how the addition of adults might
affect the distribution of seed mussels on nursery
structures typically used in aquaculture production.
The development of the biofouling assemblages was
also described to gain a better understanding of
which organisms might be problematic for mussel
seed during the early stages of production.

MATERIALS AND METHODS
Study site and source of juvenile mussels
This study was undertaken on a long-line mussel
farm operated by Sanford Ltd in outer Pelorus
Sound in the Marlborough Sounds, New Zealand
(40° 57’ 18“ S, 174° 3’ 39“ E, Fig. 1). The juvenile mussels used in this study were hatchery-reared by
SpatNZ Ltd (Nelson, New Zealand). Hatchery-reared
juveniles within a single cohort have consistently
shared developmental histories, such as shared pa-

Fig. 1. New Zealand, showing the Marlborough
Sounds (inset) and the study site in outer Pelorus
Sound (circled)
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rentage, ad libitum access to food and managed densities, and are therefore less likely to show wide variation in their response to experimental conditions
than are wild juveniles. In the hatchery, larval mussels were settled onto fibrous coir (coconut fibre
ropes ca. 10 mm in diameter) ropes that are transported to the nursery site and deployed alongside a
typical fibrous polypropylene nursery rope which is
suspended in the water column from a buoyed surface line to form a nursery rope. The polypropylene
rope and coir rope containing the juveniles are held
together with a mesh sock placed over the 2 strands
which collectively form a nursery rope. However,
only the polypropylene rope is a permanent structure
and the coir and sock degrade and are subsequently
lost during production.

Experimental design
A field experiment was initiated on 13 October
2015 to test whether the presence of adult Perna
canaliculus on nursery ropes would increase the
retention of conspecific juvenile seed mussels. This
experiment was deployed in October (i.e. early austral spring) because this is typically a period of low
primary settlement of P. canaliculus at the study site
and therefore our estimates of retention were less
likely to be confounded by over-settling conspecifics
early in the experimental period. At other times of
the year, new cohorts are easy to determine using
size and morphological characteristics (Redfearn et
al. 1986, Atalah et al. 2016). Furthermore, the mussel
farm used in this study was in 30 m deep water, with
the experiment deployed at 4 m depth, while the secondary settlement by wild mussels typically occurs
deeper in the water column (Alfaro & Jeffs 2003).
Fifty experimental nursery ropes (45 cm in length,
hereafter ‘experimental ropes’) were assigned to 1 of
5 treatments that included 2 densities of live adult
P. canaliculus (5 and 20 adults per experimental
rope, hereafter PL [P. canaliculus Low] and PH [P.
canaliculus High], respectively), 2 densities of empty
adult shells that were included to examine the structural effects of adult mussels without their biological
functioning such as defecation, byssus production
and filter feeding (5 and 20 shells per experimental
rope, hereafter SL [Shell Low] and SH [Shell High],
respectively), and a control to which no adults or
shells were added (hereafter, C). The high adult mussel and shell density of 20 rope−1 (i.e. 44 m−1) was
chosen to reflect typical densities of mussels of the
size used in this experiment at cropping, in a com-

mercial aquaculture setting. An additional 10 ropes
were seeded and transported to the study site, but
were not deployed, being retained for analyses to
provide an estimate of the starting density on experimental ropes. The live adult mussels used in this
experiment were obtained from a nearby mussel
farm and were 93.1 ± 2.1 SE mm (n = 20) in shell
length. Biofouling organisms were removed from the
live adults, which were then deployed at even intervals along the experimental ropes to replicate a typical arrangement of adult mussels on a growing line.
The rope and the mussels were then held together by
covering with a mesh stocking. The adult mussel
shells were 91.7 ± 1.0 mm (n = 20) in shell length and
were glued together to represent the physical form of
adult mussels, and glued to the polypropylene rope
at regular intervals. Similar amounts of glue were
added to all of the other polypropylene ropes used
in this experiment as a procedural control.
P. canaliculus are grown in a longline culture system that comprises continuous looped ropes suspended from 2 buoyed longlines (Jeffs et al. 1999,
Woods et al. 2012). Each buoy is 6−8 m apart, forming
‘bays’ between buoys from which the nursery and
the later grow-out ropes are hung. The present experiment occupied 1 such bay made available on a
commercial mussel farm and involved the deployment of 5 rectangular frames (100 × 90 cm) consisting
of 2 wooden vertical rods (20 × 10 × 900 mm) intersected horizontally at the top, middle and bottom by
3 cylindrical nylon rods (10 × 1000 mm; Fig. 2). The
frames were lashed at 1 m intervals to the backbone
lines and hung at a depth of 4 m. The frames were
weighted in order to align them vertically in the
water column. Two replicates of each experimental
treatment were cable-tied to each of the frames
(Fig. 2). These experimental ropes were positioned in
a random order, ~15 cm apart on the frame and sat
vertically in the water column to reflect the typical
position of a commercial mussel aquaculture nursery
rope used for rearing juvenile mussels of this species.
Each experimental rope was seeded with 45 cm
length of coir rope coated in hatchery-raised juveniles that were seeded according to standard industry practices. The hatchery-raised juveniles were
approximately 6 wk post-settlement, and their shell
length ranged from 0.29 to 1.76 mm with a mean
length of 1.01 mm ± 0.01 (n = 498). All of the experimental ropes were transported to the study site in a
cool and damp environment to reduce the likelihood
of mortality or modified secondary settlement behaviour as artefacts of factors occurring during transport
(Carton et al. 2007).
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Fig. 2. Experimental set-up on a long-line culture system at the study site in outer Pelorus Sound. Frames were 1 m apart. The
inset depicts the spatial arrangement of replicates on the frames. The treatments were a control with no mussels added to experimental ropes (C; thick black line) and experimental ropes with low or high densities of either live adult Perna canaliculus
(Perna Low [PL] and Perna High [PH], green mussels) or their shells (Shells Low [SL] and Shells High [SH], grey mussels). Experimental ropes were ~15 cm apart on the frames with 1 replicate treatment−1 frame−1 sampled after 2 deployment durations
(1 and 5 mo)

After 30 d (hereafter, 1 mo), 1 experimental rope
from each treatment from each frame was randomly
collected by removing the frames from the water and
cutting the cable ties. Sampling was repeated at the
conclusion of the experiment after 145 d (hereafter,
5 mo). At each sampling, 5 experimental ropes per
treatment were collected. Experimental ropes were
returned to the laboratory and separated into the 3
substrata (coir, polypropylene rope and socks). Large
biofouling organisms were removed with tweezers,
and each substratum was then washed over a 250 µm
sieve to ensure any wild primary mussel settlers were
also captured. Experimental substrata were checked
after washing to ensure that all juvenile mussels were
sampled. The numbers of juvenile P. canaliculus
within each substratum were counted, and 50 individuals were measured from each experimental rope using image analysis (to 0.01 mm precision) and Vernier
callipers (to 0.5 mm precision) at 1 and 5 mo, respectively. The shell length of 20 randomly selected Myti-

lus galloprovincialis that arrived on each experimental
rope were measured for the experimental ropes that
were sampled at 1 mo. All biofouling organisms
(>1 mm) were identified to the highest possible taxonomic resolution (usually to family level or higher)
and counted. The dry weights (after 48 h at 50°C) of
biofouling algae and sessile invertebrates were quantified. All settlers of P. canaliculus (assessed by
smaller size than hatchery juveniles), M. galloprovincialis and Modiolarca impacta > 250 µm on the experimental ropes were identified and counted.

Statistical analyses
Variation among experimental factors for all analyses in this study was tested using permutational
analysis of variance (PERMANOVA), which has no
assumption of data normality, but assumes homogeneity of variances (Anderson et al. 2008). Coch-
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ran’s C-test was used to assess the variance structure
of data used for each univariate analysis. Where
there was significant heterogeneity, data were transformed (square root, log[x + 1] or arcsine-square root)
to stabilise variances. When transformation failed to
homogenise the data, the results from analysed data
were considered significant only at p < 0.01 to
decrease the risk of Type 1 error. For multivariate
tests, the PERMDISP routine was used to assess data
dispersion. PERMANOVA was used to analyse univariate and multivariate data using distance matrices
based on Euclidean distances and Bray Curtis similarities, respectively. Non-metric multidimensional
scaling (nMDS) was used to visualise differences in
biofouling assemblage composition prior to multivariate tests. Pairwise comparisons were used to
determine between-treatment differences for significant effects in the full models. Tests were based on
999 (size data) or 9999 (all other data) permutations.

consistent. A separate PERMANOVA was undertaken using only the 1 mo data to examine the distribution of juveniles on the 3 substrata, thereby assessing small-scale migrations (i.e. the number of juvniles
that had moved from coir to the other substrata). The
factors Treatment (C, SL, SH, PL and PH) and Substratum (coir, polypropylene rope and sock) were
fixed while Frame (1−5) was a random factor. Additional separate analyses were done for each individual substratum (coir, polypropylene rope and sock)
after 1 mo to test the effects of Treatment (fixed) and
Frame (random) on the percentage of the total number of juveniles on each experimental rope. Finally,
the size of the juvenile P. canaliculus was analysed
separately at 1 and 5 mo for the effects of Treatment
(fixed) and Frame (random). Size frequency distributions for each of the durations (0, 1 and 5 mo) were inspected to determine whether any natural settlement
of P. canaliculus was present. Data are presented as
means ± SE, unless stated otherwise.

Retention of juvenile mussels
The effect of Duration (0, 1 and 5 mo) on the number of juvenile mussels was tested with a PERMANOVA using only the untreated control experimental ropes in order to determine patterns of retention
on typical aquaculture substrata.

Effects of adult mussels on juvenile retention,
distribution and size
The planned analysis included the factors Treatment (C, SL, SH, PL and PH), Substratum (coir, polypropylene rope and sock) and Duration (1 mo, 5 mo).
However, separating the substrata turned out to be
impossible after 5 mo due to the interwoven biofouling and mussel byssus. Therefore, the number of
juveniles retained was summed across substrata for
each experimental rope to test for the effects of Treatment and Duration on juvenile retention using
a PERMANOVA model with the factors Treatment (C,
SL, SH, PL and PH, fixed effect), Duration (1 and 5 mo,
fixed) and Frame (1−5, random). Where Frame was
used as a factor in the analysis, variation due to the
highest-order interaction could not be calculated due
to insufficient replication and was assumed to be a
component of the residual variation (Anderson et al.
2008). Therefore, factors are tested for the presence
of main effects over and above interactions involving
frames (Quinn & Keough 2002), with the caveat that
the significance of main effects might not be spatially

Effects of adult mussels on the recruitment of
biofouling organisms
Data for the 6 most abundant taxa, the total biomass
of sessile invertebrates and algae and the entire biofouling assemblage (multivariate data were fourthroot transformed) were pooled across substrata to test
for the effects of Treatment (C, SL, SH, PL and PH,
fixed), Duration (1 and 5 mo, fixed) and Frame (1−5,
random). The similarity of percentages (SIMPER) routine was used to determine the proportional contribution of individual biofouling taxa to variation among
treatments for multivariate data. To test whether the
most abundant biofoulers after 1 mo were distributed
differentially among substrata, the factors Treatment
(C, SL, SH, PL and PH, fixed), Substrata (coir, polypropylene rope and sock, fixed) and Frame (1−5, random) were analysed with PERMANOVA.
After 5 mo, many of the adult mussels had been lost
from the experimental ropes. Therefore, correlation
analyses (Pearson’s product moment) were used
across live mussel treatments (i.e. PL and PH) to
determine whether the number of remaining adults
might be associated with the magnitude of biofouling
development. The number or biomass of common
biofouling taxa was correlated (Pearson’s product
moment on log[x + 1] transformed data) to the number of juvenile P. canaliculus after 1 mo and 5 mo
separately to determine whether biofouling may be
implicated in juvenile losses. Correlation analyses
were done across experimental mussel treatments.
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After 1 mo, all of the live adult mussels added to the
experimental treatments (i.e. PL, PH) had attached to
the polypropylene rope, survived and remained.
Despite being spread out along the polypropylene
rope on deployment, the adult mussels moved along
the ropes to form clumps, and generally all adults on
individual experimental ropes were attached to one
another. Several vacant patches of adult mussel
byssus on the ropes suggested that adults had
attached and subsequently moved on multiple occasions during this first month. After 5 mo, the number
of adult mussels remaining ranged from 0 to 18 (0, 0,
8, 16, 18) in the PH and 2 to 5 (2, 3, 4, 5, 5) in PL treat-

ments. However, there was no correlation between
the number of remaining adult mussels and the number of juveniles on the experimental ropes (Pearson’s
r = 0.31, p = 0.38). Additionally, 2 live adult mussels
were found on 1 of both the C and SH experimental
ropes, after presumably having byssus-walked
around the frame. All mussel shells (SL and SH treatments) remained at the end of the experiment. It was
not possible to separate the different substrata from
the experimental ropes after 5 mo in any of the treatments because the remaining coir and sock were
tightly bound to the polypropylene rope with byssus
from the juveniles and fouling by blue mussels
Mytilus galloprovincialis.
The presence of live adult mussels or mussels shells,
whether at high or low density on experimental
ropes, had no effect on the retention of juvenile P.
canaliculus (Treatment F4,16 = 1.8, p = 0.169; Table 2,
Fig. 3). Among the 5 treatments, the number of juvenile mussels declined between 1 and 5 mo (Duration
F4,16 = 98.83, p < 0.01; Fig. 3, Table 2). On average, all
treatments had less than 25% of the original starting
abundance of juvenile mussels at the end of the
experiment.
One month following deployment of the experimental ropes, there were differences in small-scale migrations (i.e. juveniles that had moved from coir to ropes
or outer socks) of juvenile mussels among the 3 substrata for the 5 treatments (Treatment × Substratum,
F8, 56 = 3.1, p < 0.01, Table 3), with greater numbers of
juveniles found on the polypropylene rope in PH (64.6
± 8.7) than in SH (25.2 ± 7.4), SL (25.0 ± 5.7) and PL
(43.6 ± 6.8) treatments (pairwise t-tests p < 0.05).
The majority (> 66% in all treatments) of the juvenile seed mussels remaining at 1 mo were still
attached to the coir, and there were no differences
among treatments (Treatment F4,16 = 1.82, p = 0.17,
Fig. 4a, Table 4). A greater percentage (>10%) of

Table 1. PERMANOVA testing for the effects of deployment
duration (0, 1 and 5 mo) on the number of juvenile Perna
canaliculus retained on experimental ropes. f/r: fixed/random. Bold text indicates significance at p < 0.05. Perms: number of unique permutations for each factor in the analysis

Table 2. PERMANOVA testing for the effects of seeding live
adult mussels or their shells and deployment duration (1 and
5 mo) on the number of juvenile Perna canaliculus remaining on experimental ropes. f/r: fixed/random. Bold text
indicates significance at p < 0.05. Refer to Table 1 for ‘Perms’

RESULTS
Retention of juvenile mussels
At the beginning of the experiment, 787.5 ± 20.4
(mean ± SE, n = 10) juvenile Perna canaliculus were
attached to the experimental ropes. Considerable
reductions in the abundance of juvenile mussels
were observed on the untreated control ropes after
1 mo (decreasing to 422.4 ± 61.1 mussels, i.e. 46.4%
less) and then again after 5 mo (145.6 ± 10.2 mussels),
resulting in a significant effect of Duration (F2,12 =
65.7, p < 0.001, Table 1) in the analysis. On average,
retention of juveniles after 5 mo was 18.5% (i.e. an
81.5% loss relative to initial abundance).

Effects of adult mussels on juvenile retention,
distribution and size

Source

f/r

df

MS

F/t

p

Perms

f

2
17

4.608
7.011

65.721

0.0001

9952

3.567
6.844
4.467

0.002
0.0005
0.0072

2855
2228
91

Main test
Duration
Residual
Pairwise t-tests
0>1
0>5
1>5

Source
Treatment (T)
Duration (D)
Frame (F)
T×D
T×F
D×F
Residual

f/r

df

MS

F

p

Perms

f
f
r
f
r
r

4
1
4
4
16
4
16

0.22
10.11
0.05
0.05
0.12
0.1
0.07

1.85
98.835
0. 70
0.66
1.68
1.41

0.169
0.008
0.602
0.636
0.151
0.269

9948
5264
9946
9956
9943
9953
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b.

age of mussels attached to the socks among treatments (Treatment F4,16 = 0.49, p < 0.743, Fig. 4c,
Table 4). The number of P. canaliculus did not vary
among experimental frames in any of the analyses
undertaken.
One month following deployment, the juvenile P.
canaliculus had attained an average size of 1.66 ±
0.01 mm in length (range = 0.69−2.92 mm), representing an average growth increment of 0.65 mm. By
5 mo, the juveniles had grown to 20 ± 0.004 mm
(range = 6−36 mm). However, at both deployment
periods, the size of juveniles varied among frames
(1 mo; Treatment × Frame F16,1225 = 2.09, p < 0.01,
5 mo F16,1225 = 2.2, p < 0.01, Fig. 5, Table 5), but no
clear patterns among treatments emerged from post
hoc analyses (Fig. 5). Mussels smaller than experimental cohorts were not observed throughout the
experiment, indicating that there was an absence of
primary settlement of P. canaliculus.

5 months

0

0
C

SL

SH

PL

C

PH

SL

SH

PL

PH

Treatment

Fig. 3. Effects of the factors Treatment and Duration of deployment on the mean (± SE) number of juvenile Perna
canaliculus remaining on 45 cm experimental ropes at (a)
1 mo and (b) 5 mo. C: control (0 adult mussels or shells),
SL: shells at low density (5 empty P. canaliculus shells),
SH: shells at high density (20 empty shells), PL: P. canaliculus at low density (5 live adults), and PH: P. canaliculus at
high density (20 live adults)

juvenile mussels was found on the polypropylene
rope in PH (24.1 ± 1.6 SE) compared to all other treatments (Treatment F4,16 = 23.01, p < 0.0001, Fig. 4b,
Table 4). There were no differences in the percent-

Table 4. PERMANOVA testing for the effects of seeding live
adult mussels or their shells on the percentage of the remaining juvenile Perna canaliculus on aquaculture substrata after
1 mo. f/r: fixed/random. Bold text indicates significance at
p < 0.05. Refer to Table 1 for ‘Perms’

Table 3. PERMANOVA testing for the effects of seeding live
adult mussels or their shells on the distribution of juvenile
Perna canaliculus on aquaculture substrata after 1 mo. f/r:
fixed/random. Bold text indicates significance at p < 0.05.
Refer to Table 1 for ‘Perms’
Source

f/r df

Juvenile P. canaliculus (%)

Treatment (T)
Substratum (S)
Frame (F)
T×S
T×F
S×F
Residual

f
f
r
f
r
r

4
2
4
8
16
8
32

100

MS

F

p

Perms

0.32
31.54
0.18
0.62
0.44
0.08
0.11

0.72
415.41
1.66
5.81
4.11
0.71

0.5947
0.0009
0.1784
0.0004
0.0002
0.6828

9962
9914
9941
9955
9924
9941

30

a. Coir

Source

f/r

df

MS

Treatment
Frame
Residual

f
r

4
4
16

12.74
16.68
25.51

Treatment
Frame
Residual

f
r

4
4
16

254.87
7.95
11.07

Treatment
Frame
Residual

f
r

4
4
16

12.74
16.68
25.51

20

b. Rope

p

F

Perms

Coir
0.49 0.7425
0.65 0.6453

9952
9967

Rope
23.01 0.0002
0.71 0.5952

9956
9959

Outer sock
0.49 0.7425
0.65 0.6453

9964
9955

c. Sock

b

15

75
20
a

50

10

a

a

10

a
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Fig. 4. Mean percentage (± SE) of remaining juvenile Perna canaliculus on (a) coir, (b) polypropylene rope and (c) sock substrata among the 5 experimental treatments 1 mo after placement in the field. Treatment abbreviations as in Fig. 3. Lower case
letters indicate significant differences between treatments. Note different scales on the y-axes
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Ischyroceridae, Paradexamine spp., Caprella spp.
and Parawaldeckia sp. There were significant negative correlations among the number of Caprella spp.
(r = −0.5000, p < 0.05), M. galloprovincialis (r =
−0.501, p < 0.05) and P. canaliculus juveniles at 1 mo,
but not at 5 mo.
The factor Duration (1 and 5 mo) explained the
greatest amount of variation in the abundance of
biofouling taxa (Fig. 6, Table 6). The abundance of
Ischyroceridae, Paradexamine spp. and Caprella
spp. decreased between 1 and 5 mo, while M. galloprovincialis, Parawaldeckia sp. and M. impacta
increased in abundance. In addition, the biomass of
sessile invertebrates and algae increased significantly between 1 and 5 mo.
Variation in the abundance of biofouling taxa among
the treatments was more complex. The addition of
shells (SH) or live adult mussels (PH) had significant
positive effects on the number of M. galloprovincialis
at 1 mo (Treatment × Duration, F4,16 = 6.41, p < 0.01,
Fig. 6a, Table 6) with the abundance of M. galloprovincialis in the PH (371.8 ± 22.0 SE) treatment
being greater (30.4−58.8%) than in any other treatment (Fig. 6a). The SH (258.0 ± 14.8) treatment had
significantly greater numbers of M. galloprovincialis
than SL (199.8 ± 21.5) and C (153.2 ± 18.1, Fig. 6a)
at 1 mo. These M. galloprovincialis were between
0.25 and 1.5 mm in shell length, with a mean length
of 0.81 ± 0.01 mm. There were no differences in the
number of M. galloprovincialis among treatments at
5 mo (Fig. 6b), although there was a significant positive correlation between the number of M. galloprovincialis and the number of adult P. canaliculus
remaining on the experimental ropes (Pearson’s r =
0.78, p = 0.008).
There were greater numbers of the amphipods
Ischyroceridae, Paradexamine spp. and Caprella spp.
on PH compared to C treatments indicated by either
significant main effects of Treatment (Table 6) or
Treatment × Duration interactions (Fig. 6c−h, Table 6).
For example, the tube-building amphipods Ischyro-
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Fig. 5. Effects of the factors Treatment and Frame on the size
(mean length + SE in mm) of Perna canaliculus at (a) 1 and
(b) 5 mo. Treatment abbreviations as in Fig. 3. Lower case
letters indicate significant differences between treatments
following a significant Treatment × Frame interaction. Capitals indicate significant differences among frames where a
main effect of Frame was observed. Note different scales
on the y-axes

Effects of adult mussels on the recruitment of
biofouling organisms
In this experiment, 68 biofouling taxa recruited
to the experimental ropes, including amphipods, bivalves, ascidians, macroalgae and bryozoans. The
6 taxa that numerically dominated the biofouling
assemblage were the mytilid mussels M. galloprovincialis and Modiolarca impacta and the amphipods

Table 5. PERMANOVAs testing for the effects of adding live mussels or their shells to aquaculture substrata on the size (length
in mm) of juvenile Perna canaliculus after 1 and 5 mo. f/r: fixed/random. Bold text indicates significance at p < 0.05. Refer to
Table 1 for ‘Perms’
Source

Treatment
Frame
T×F
Residual

f/r

f
r
r

df

4
4
16
1225

1 mo

5 mo

MS

F

p

Perms

MS

F

p

Perms

0.018
0.035
0.007
0.003

2.738
10.944
2.090

0.074
0.001
0.007

999
999
998

0.029
0.016
0.023
0.009

1.277
1.783
2.492

0.315
0.129
0.002

999
999
999
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Fig. 6. Effects of the factors Treatment and Duration (1 and 5 mo) on the mean (+ SE) abundance of the main biofouling organisms on the 45 cm experimental ropes. Treatment abbreviations as in Fig. 3. Different letters above bars indicate pairwise differences at p < 0.05 for significant Treatment × Duration interactions. Pairwise results for significant main effects of Treatment
are presented in Table 6. Duration was significant for all taxa (p < 0.01). Note different scales on the y-axes

ceridae were significantly more abundant on PH compared to C, SL and SH treatments (Treatment, F4,16
8.21, p < 0.001, Fig. 6c,d, Table 6) overall. By contrast,
the amphipod Parawaldeckia sp. was more abundant
on SH (74 ± 11.24) compared to C (36 ± 3.8) experimental ropes at 5 mo (Treatment × Duration, F4,16 =

4.19, p < 0.05; Fig. 6i,j, Table 6). There were no main or
interactive effects of Treatment on the numbers of the
bivalve M. impacta (Fig. 6k,l, Table 6) or the biomass of
sessile invertebrates or algae (Fig. 6m−p, Table 6).
There were no effects of Frame in the analysis of count
or biomass data for biofouling taxa.

PH

f
f
r
f
r
r

f
f
r
f
r
r

Treatment
Duration
Frame
T×D
T×F
D×F
Residual

Treatment
Duration
Frame
T×D
T×F
D×F
Residual

4
1
4
4
16
4
16

4
1
4
4
16
4
16

4
1
4
4
16
4
16

df

0.06
0.72
0.01
0.07
0.05
0.01
1.89

3.85
97.99
0.73
1.44
0.39
0.43
0.36

0.32
13.18
0.06
0.24
0.02
0.1
0.03

MS

9954
5311
9950
9951
9937
9957

5263
9958
9944
9952
9950
9937

Caprella spp.b
9.74
0.0004
225.76
0.0082
2.01
0.1449
3.96
0.0223
1.08
0.4314
1.19
0.3602
Sessile invertebrates
1.29
0.3047
47.22
0.0072
0.27
0.8962
1.28
0.3147
0.96
0.5415
0.28
0.8934

Perms

9939
5262
9951
9940
9932
9948

p

Mytilus galloprovincialis
12.67
0.0002
123.97
0.0099
1.78
0.1846
6.41
0.0024
0.66
0.7865
2.77
0.0626

F

Cochran’s C = 0.23, p < 0.05; bCochran’s C = 0.24, p < 0.05

f
f
r
f
r
r

Treatment (T)
Duration (D)
Frame (F)
T×D
T×F
D×F
Residual

a

f/r

Source

0.06
0.72
0.01
0.07
0.05
0.01
0.05

0.05
152.3
0.39
0.73
0.3
0.22
0.17

1.59
234.9
0.04
1.23
0.19
0.05
0.37

MS

p

Algae
1.29
0.305
47.22
0.007
0.27
0.896
1.28
0.315
0.96
0.542
0.28
0.893

Parawaldeckia sp.
0.17
0.945
683.4
0.008
2.22
0.117
4.19
0.017
1.74
0.142
1.26
0.325

Ischyroceridaea
8.2
0.001
4055
0.009
0.1
0.978
3.25
0.039
0.51
0.907
0.15
0.961

F

5269
9941
9941
9939
9955
9935

9957
5261
9956
9959
9940
9957

9959
5194
9959
9949
9950
9949

Perms

368.31
23637
206.14
369.7
256.96
260.01
150.56

1.03
75.21
0.83
0.47
0.61
0.81
0.86

1.99
279.67
0.42
0.49
0.34
0.4
0.41

MS

p

Assemblage
1.43
0.058
90.9
0.008
1.36
0.162
2.45
0.001
1.7
0.004
1.72
0.038

Modiolarca impacta
1.66
0.188
92.79
0.011
0.97
0.453
0.55
0.717
0.71
0.762
0.94
0.476

Paradexamine spp.
5.87
0.004
685.9
0.009
1.02
0.43
1.16
0.368
0.81
0.665
0.97
0.454

F

9876
5303
9925
9900
9903
9842

9938
5276
9944
9957
9931
9970

9961
5304
9958
9957
9944
9962

Perms

Table 6. PERMANOVAs testing for the effects of seeding live adult Perna canaliculus or their shells and deployment duration on the abundance and assemblage of biofouling organisms after 1 and 5 mo. f/r: fixed/random. Bold text indicates significance at p < 0.05 or 0.01 where data were heterogeneous. Perms: number of unique
permutations for each factor in the analysis. See Fig. 6 for pairwise tests following significant Treatment × Duration interactions (note these were inconclusive for Ischyroceridae). Pairwise t-tests for main effects (see Fig. 3 for treatment abbreviations); Ischyroceridae: PH > C, SL, SH (t = 3−4.9, p < 0.05); Paradexamine spp.: C < SH
(t = 3.9, p < 0.01), C < PL (t = 3.8, p < 0.01), C < PH (t = 3.9, p < 0.05), SL < SH (t = 2.9, p < 0.05); Parawaldeckia sp.: C < SH (t = 5.3, p < 0.01)
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There were distinct differences in the composition
of the biofouling assemblages on the experimental
ropes between 1 and 5 mo
(Duration, F1,16 = 90.91, p <
0.01, Fig. 7a, Table 6). The
biofouling assemblage on
the PH treatment at 1 mo
varied from all other treatments except PL (Treatment
× Duration, F4,16 = 2.45, p <
0.01, pairwise t-tests: PH
different from C, SL and
SH, T = 1.94 – 2.35, p < 0.05;
Fig. 7b). There were no differences in biofouling composition among treatments
after 5 mo of immersion
(pairwise t-tests: t = 0.724 –
1.46, p > 0.12; Fig. 7c). Differences in assemblage composition among treatment or
Duration levels were not always consistent among
replicate frames (Treatment
× Frame, F16,16 = 1.70, p <
0.01; Duration × Frame, F4,16
= 1.72, p < 0.01, Table 6).
Following the significant effect of Duration, SIMPER
analysis indicated that there
were greater numbers of Ischyroceridae, Paradexamine spp. and Caprella spp.,
and fewer M. impacta,
Tanaidacea data not presented due to low overall
relative abundance and M.
galloprovincialis (accounting for > 50% of the dissimilarity) after 1 mo compared
to 5 mo. After 1 mo, the taxa
that contributed > 50% of
the dissimilarity to amongtreatment differences (Ischyroceridae, Paradexamine spp., Caprella spp. and
the masking crab Notomithrax minor, which was
in low relative abundance)
were in greater abundance
in the PH treatment.
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sock in PH compared to SL and C (Treatment × Substratum, F8, 32 = 5.3, p < 0.001, Fig. 8a, Table 7). Additionally, the C treatment had fewer M. galloprovincialis individuals than SH on the polypropylene rope,
and SH and PL on the sock; there were no differences
among treatments on the coir. There was also some
spatial variability in the abundance of M. galloprovincialis (Treatment × Frame, F16,32 = 2.6, p < 0.05,
Table 7). At 1 mo, the number of Ischyroceridae was
greater on the polypropylene rope substratum in SL
compared to C, and greater on the sock in PH compared to C treatments (Treatment × Substratum,
F8,16 = 5.01, p < 0.001, Fig. 8b, Table 7). On the coir,
there were significantly greater numbers of Ischyroceridae in C compared to SL, SH and PL treatments.
Paradexamine spp. were more abundant on the polypropylene rope and sock than on the coir (Substratum,
F2,16 = 33.0, p < 0.001, Fig. 8c, Table 7), but did not
vary in abundance among treatment levels. The number of Caprella spp. varied among the treatments on
each of the substrata (Treatment × Substratum, F8,16 =
6.7, p < 0.001, Fig. 8d, Table 7), with more on the coir
in C than all others, except PH, and fewer on the sock
in C compared to PH treatments. There were greater
numbers of Caprella spp. on the rope in PH compared
to SL treatments.

DISCUSSION

Fig. 7. Non-metric multidimensional scaling plot showing
data dispersion in 5 treatments (a) across, (b) within 1 mo and
(c) within 5 mo deployment durations. Replicates for each of
2 deployment durations (1 and 5 mo) are encircled in (a).
Treatment abbreviations as in Fig. 3

Distribution of biofouling organisms on
aquaculture substrata
At 1 mo, the most abundant biofouling organisms
predominantly recruited to the sock and polypropylene rope (Fig. 8, Table 7). Greater numbers of M. galloprovincialis were found on the polypropylene rope
in PH compared to all other treatments, and on the

The results of this study demonstrate that high
losses of juvenile Perna canaliculus from nursery
ropes can be experienced early in commercial aquaculture production. On average 46% of the P.
canaliculus juveniles were lost from experimental
ropes after only 1 mo (average of 85.2 lost mussels
rope−1 wk−1) and fewer than 19% of juvenile mussels
remained after 5 mo (average of 13.4 lost mussels
rope−1 wk−1). These data support earlier estimates of
loss and suggest that understanding the causes of
losses and mitigating against them would be beneficial to mussel production in New Zealand (Jeffs et al.
1999, Hayden & Woods 2011). Including live adult
mussels, or their shells, at 2 different densities had no
effect on the retention of juvenile mussels over 1 and
5 mo under conditions typical of the early production
cycle. Therefore, adult P. canaliculus did not mitigate
stressors or suppress secondary settlement behaviour
in juvenile mussels. Furthermore, many of the adult
mussels were themselves lost when they were deployed at high density, providing additional evidence
against the usefulness of simultaneous deployments
of adults and juveniles. However, the addition of live
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Fig. 8. Mean (+ SE) number of
(a)
Mytilus
galloprovincialis,
(b) Ischyroceridae, (c) Paradexamine spp. and (d) Caprella spp. on
the coir (white bars), polypropylene rope (grey bars) and sock
(black bars) among treatment after
1 mo in the field. Treatment abbreviations as in Fig. 3; n = 5 ropes
treatment−1, all experimental ropes
were 45 cm in length. Different
letters above bars indicate significant differences among treatments within substrata following a
significant Treatment × Substratum interaction. Note different
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b

bc
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C

SL

adult mussels or adult mussel shells did increase the
abundance of some common biofouling organisms, in
particular Mytilus galloprovincialis, which may have
detrimental effects on mussel production (Fitridge et
al. 2012, Sievers et al. 2013, Lacoste & GaertnerMazouni 2015, Forrest & Atalah 2017).
Secondary settlement behaviour is one likely cause
of the observed losses of juvenile P. canaliculus (Jeffs
et al. 1999, Hayden & Woods 2011). Juvenile P.
canaliculus of the same size as the juveniles used in
our study have been observed to settle into natural
habitats, indicating that juveniles of this size range
readily use secondary settlement behaviour to
change location (Buchanan & Babcock 1997, Alfaro &
Jeffs 2003, Alfaro 2006b, South 2016). For example,
pulses of settlement of P. canaliculus sized > 500 µm
were observed on collectors deployed for periods of
only 1 d at a time on a rocky shore in southern New
Zealand (South 2016). In northern New Zealand, settlers arriving at an intertidal mussel bed were > 2 mm
in length (Alfaro 2006b). Therefore, it appears that P.
canaliculus juveniles of the size deployed in this
study (mean = 1.01 ± 0.01 mm) are highly mobile and
could have migrated away from the experimental
ropes. While it might be possible that juveniles could
have migrated among experimental ropes in this

SH

PL

PH

C

SL

SH

PL

PH

Treatment
study, it is highly unlikely, as there was no significant
variation in juvenile numbers among treatments that
would be consistent with such movements (Fig. 3).
Secondary settlement migration from the coir or
algae on which mussels are initially seeded is essential to mussel production in New Zealand, because
the coir and algae degrade over time, while the
polypropylene rope offers a stable, permanent substratum. After 1 mo, a greater percentage (~10%)
of juvenile mussels remaining on the experimental
ropes had migrated from the coir to the polypropylene ropes when live adult mussels were added at the
higher density. The underlying triggers of secondary
settlement are not clear and could occur due to external factors such as chemical cues, changes in abiotic
conditions or developmental changes in the juveniles. Alternatively, secondary settlement might be a
response to negative changes in the immediate local
environment, such as the recruitment of predatory
species or organisms that modify food availability to
the juveniles. It is possible that movements by the
live adults along the nursery ropes could have
displaced juveniles, causing them to re-locate onto
the polypropylene rope. Juveniles might also have
actively migrated away from adults, as a response to
their biological functioning (defecation, byssus pro-
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Table 7. PERMANOVAs testing for the effects of adding live adult Perna canaliculus or their shells on the distribution of key
biofouling organisms within experimental ropes after 1 mo in the field. f/r: fixed/random. Bold text indicates significance at
p < 0.05 or 0.01 where data were heterogeneous. Refer to Table 1 for ‘Perms’

Source

f/r

df

MS

Treatment (T)
Substratum (S)
Frame (F)
T×S
T×F
S×F
Residual

f
f
r
f
r
r

4
2
4
8
16
8
32

1.167
17.127
0.029
0.365
0.178
0.248
0.069

Treatment
Substratum
Frame
T×S
T×F
S×F
Residual

f
f
r
f
r
r

4
2
4
8
16
8
32

1.116
28.921
0.991
0.889
0.614
0.876
0.703

F

Perms

p

MS

Mytilus galloprovincialis
0.0028
6.546
0.0001
68.953
0.7986
0.414
0.0004
5.3
0.0106
2.591
0.0039
3.611

9956
9953
9953
9956
9941
9937

0.397
39.887
0.228
1.255
0.542
0.375
0.25

Paradexamine spp.
0.1712
1.818
0.0009
33.009
0.245
1.41
0.2909
1.264
0.6102
0.873
0.3033
1.246

9958
9950
9954
9948
9930
9944

3.076
34.246
0.21
2.315
0.444
0.378
0.345

F

p

Perms

Ischyroceridaea
0.6043
0.733
0.0003
106.31
0.4788
0.912
0.0003
5.013
0.0192
2.164
0.1826
1.499

9955
9939
9949
9940
9918
9956

Caprella spp.b
0.0017
6.929
0.0006
90.572
0.6642
0.609
0.0001
6.701
0.2602
1.285
0.3909
1.095

9973
9951
9949
9947
9915
9938

Cochran’s C = 0.71, p < 0.001; bCochran’s C = 0.35, p < 0.001

a

duction) or competition for food. Alternatively, juvenile mussels might have moved towards the adults
that were mostly attached to the polypropylene rope
(Porri et al. 2016). Movement of juveniles towards
adults would provide support for the original hypothesis that adults might have some influence on the
retention of juveniles, but the number of mussels
undertaking such movements was insufficient to
have any effect on the number of mussels retained
during the course of this experiment. The addition of
live adult mussels or mussel shells to the experimental ropes led to an increase in the abundance of biofouling organisms, and this, or the presence of the
adults, may have prompted the relocation of the
juvenile mussels.
The ability of P. canaliculus juveniles to mucusdrift to facilitate secondary settlement ends at around
6 mm in shell length, and this might explain the
reduced rate of loss of juvenile mussels from the
experimental ropes observed after 1 mo (Fig. 3 in the
present study, Buchanan & Babcock 1997). Losses of
juvenile mussels from aquaculture substrata could
also be due to other factors that include variations in
genetics and fitness among individuals (Phillips
2002, Alcapán et al. 2007, Sim-Smith & Jeffs 2011),
disease (Jones et al. 1996), predation pressure (Hayden 1995, Peteiro et al. 2010), biofouling (Fitridge et
al. 2014) and stressors associated with the relay of
juveniles from the hatchery or wild collection sites to
the nursery farm location that might increase mortality or trigger secondary settlement (Webb & Heasman 2006, Carton et al. 2007). Quantifying the rela-

tive importance of the causes of loss has not been satisfactorily achieved in this and other studies and
remains an important research priority.
The addition of live adult mussels in high density
to experimental ropes generally increased the abundance and composition of biofouling organisms after
1 mo in the field. Adding low densities of live
adults, or only the shells of adults, had weaker
effects on biofouling development (Fig. 6). Together
this indicates that factors such as increased habitat
area, refuge from predation and abiotic stress, as
well as modification of food availability that are
associated with adult mussels in high density, might
have been important for many of the biofouling taxa
recorded in this study (Commito & Rusignuolo
2000). Biofouling organisms can compete for food
and space with cultured organisms, leading to
reduced biomass and crop losses (Ramsay et al.
2008, De Nys & Guenther 2009, Sievers et al. 2013).
The increased abundance of biofouling organisms
associated with the presence of adult mussels (alive
or shells) did not appear to affect the retention of
juveniles. For example, the number of P. canaliculus
juveniles was not significantly smaller where live
adults were added in high density and where biofoulers such as M. galloprovincialis and Caprella
spp. were in greater abundance. However, there
were significant negative correlations between the
number of remaining juveniles and the number of
Caprella spp. and M. galloprovincialis, at 1 mo, a
trend that warrants further targeted research to
determine possible effects of these species.
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M. galloprovincialis responded differentially to
the presence of live adults versus shells after 1 mo
(Fig. 6a). The number of M. galloprovincialis was
more than double in the high live adult density treatment after 1 mo compared to the controls, clearly
showing that experimental ropes bearing live mussels promote settlement or survival of M. galloprovincialis. Similar positive effects of adults on settlement
have been reported in other studies of mytilid mussels (Nielsen & Franz 1995, Dobretsov & Wahl 2001,
Sardiña et al. 2009, Dolmer & Stenalt 2010). Adding
mussel shells in high density also had a positive,
albeit a smaller, effect on the number of M. galloprovincialis, indicating that this species may be
benefitting from the structural properties of P.
canaliculus shells (Dolmer & Stenalt 2010). Given the
small size (0.25−1.5 mm) of M. galloprovincialis settlers at 1 mo, it is likely that these arrived as primary
settlers, although this experiment was not structured
to test this. The greater number of M. galloprovincialis in treatments with live adult P. canaliculus
could be the result of increased primary settlement
due to chemical cues from the live adults (Alfaro et
al. 2006) or the result of modified small-scale hydrodynamic patterns (Grizzle et al. 1996, Miron et al.
2000) and increased surface complexity associated
with the adults (e.g. byssal threads) and shells (e.g.
increased settlement area) (Cáceres-Martínez et al.
1994, Gribben et al. 2011). Alternatively, differences
in the abundance of M. galloprovincialis among the
treatments might have been due to variations in postsettlement processes such as mortality (Hunt &
Scheibling 1997, von der Meden et al. 2012), secondary settlement (von der Meden et al. 2010, South
2016) or predation (Hayden 1995, Peteiro et al. 2010).
The positive effects of live adults and shells of P.
canaliculus on the abundance of its congener M. galloprovincialis contrasts with the absence of any effect
on the conspecific juveniles deployed on the experimental ropes. It is possible that adult−juvenile interactions are only important early in the settlement
process or that M. galloprovincialis and P. canaliculus have different underlying settlement-recruitment
strategies. The lack of primary settlement of P.
canaliculus during this study did not allow for any
comparison among treatments or with the settlement
of M. galloprovincialis.
The strong increase in the number of M. galloprovincialis on experimental ropes bearing high densities of adult P. canaliculus has important implications for the New Zealand mussel industry and the
surrounding natural environment (Rius et al. 2011).
The blue mussel M. galloprovincialis has a wide
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global range with southern and northern lineages
and is a successful invader of native ecosystems in
many countries (McQuaid & Phillips 2000, Braby &
Somero 2006, Branch et al. 2008, Gardner et al.
2016). In the Marlborough Sounds, M. galloprovincialis has increased in abundance over the last 25 yr
and has become a problematic biofouling organism
that competes for food and displaces crops of P.
canaliculus on growing lines (Woods et al. 2012,
Atalah et al. 2017).
The most abundant biofouling taxa recruited differentially to the experimental substrata used to
deploy seed mussels. For example, M. galloprovincialis settled heavily onto the polypropylene rope
substratum (versus the socking or the coir), thereby
occupying the space onto which P. canaliculus
juveniles must migrate to remain in production. This
result is in accordance with other studies that have
shown M. galloprovincialis to have strong affinities
for fibrous substrata such as the polypropylene ropes
used in this study (Cáceres-Martínez et al. 1994, Carl
et al. 2012). The amphipods Ischyroceridae built
tubes constructed from fine sediment on the sock and
polypropylene rope, potentially modifying smallscale hydrodynamic processes and food delivery to
juvenile mussels (Fitridge et al. 2012), for which feeding is known to be limited due to rudimentary feeding structures (Gui et al. 2016). Critically, this suggests that the substrata used for mussel culture in
New Zealand can promote the settlement of nuisance
species and that more research is warranted to
understand their impact and methods to deter them.

CONCLUSIONS
This study shows how high losses of seed mussels
can greatly affect the efficiency of mussel production
in a typical aquaculture setting in New Zealand. The
majority of juvenile losses occurred within the first
month, but continued over the following 5 mo. The
addition of adult mussels to experimental ropes,
while unsuccessful at increasing retention as originally hypothesised, provides considerable insight
into how crops of mussels interact with their environment and the spatial and temporal dynamics of biofouling organisms in the early stages of aquaculture
production. Overall, the presence of adult Perna
canaliculus on experimental ropes increased the
numbers of biofouling organisms subsequently arriving on these ropes, especially Mytilus galloprovincialis, most likely as a result of their provision of habitat and biological functioning. The polypropylene
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rope and outer sock substrata used by industry in
nursery systems appear to promote the settlement of
some biofouling organisms. Research into alternative
systems is required to reduce the impacts of
unwanted biofouling species on juvenile mussels in
aquaculture.
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