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ABSTRACT: Wild shellfish reefs have been decimated in many parts of the world over the last century, diminishing their vital ecological roles as habitat generators and the ecosystem services they
provide, such as water filtration. Over this same timescale, shellfish aquaculture has rapidly expanded to become an impressive global industry with an annual worldwide production worth
US$35.4 billion in 2020. Both wild reefs and aquaculture operations typically rely on abundant
shellfish settlement levels to maintain their respective populations. At the same time, shellfish
aquaculture has the potential to influence settlement, as the addition of cultured shellfish to an ecosystem increases the quantity of reproductive adults and may therefore increase settlement rates.
Alternatively, shellfish aquaculture may lead to an overall reduction in settlement in an ecosystem,
either directly through cannibalistic consumption of larvae or indirectly by straining carrying
capacity. We assessed the role of marine shellfish aquaculture on settlement by comparing changes
in the abundance of settling green-lipped mussels Perna canaliculus with the expansion of mussel
farms at the north end of New Zealand’s South Island over a 47 yr timespan. Overall, mussel settlement did not increase over this period despite an estimated 16 000-fold increase in the number of
mussels living in the region as mussel aquaculture proliferated. The disconnect between the extent
of mussel settlement and mussel aquaculture was consistent across 3 separate areas within the region, suggesting that aquaculture mussels may be unable to produce larvae capable of settlement
and emphasizing the importance of wild mussel populations for ecosystem resilience.
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1. INTRODUCTION
Shellfish reefs, like those created by oysters and
mussels, have been decimated globally as a result of
overharvesting and habitat loss (Lotze et al. 2006,
Beck et al. 2009). The destruction of these reefs has
resulted in the loss of the complex habitats they create (Suchanek 1985) and the valuable ecosystem
services they provide, such as water filtration (Bayne
1976), wave attenuation (Wiberg et al. 2019), sediment stabilization (Meadows et al. 1998), and denitrification (Hillman et al. 2021, Sea et al. 2021). Natural
*Corresponding author: ttoo112@aucklanduni.ac.nz

recovery of shellfish reefs has been slow, even in
areas that are no longer subject to harvesting (Beck
et al. 2011, Zu Ermgassen et al. 2012). This recovery
is typically reliant on larval supply and settlement
from remnant populations, as most reef-forming
shellfish are broadcast spawners with impressive larval dispersal kernels (Bayne 1976, Hofmann et al.
1992). When this larval supply or settlement is limited or non-existent, wild shellfish reefs cannot recover (Marshall et al. 2020) and are instead reliant on
restoration efforts to transplant populations in an
effort to restore a sufficient supply of larval settlers
© The authors 2022. Open Access under Creative Commons by
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for the wild population to recover (e.g. Schulte et al.
2009, Wilcox et al. 2020, Alder et al. 2021).
In addition to wild populations, reef-building shellfish are also common aquaculture species, representing over half of the global animal aquaculture production by total volume (FAO 2020). Aquaculture
production of molluscs, primarily bivalves, reached
17.7 million t worldwide in 2020, with an estimated
value of US$35.4 billion (FAO 2020). Shellfish farms
typically suspend oysters or mussels on lines in the
water column or in baskets near the surface rather
than being placed directly on shorelines or the seafloor like wild reefs (Wijsman et al. 2018). Nevertheless, these farmed populations are also often reliant
on wild settlement, as seed-stock is commonly collected from settled shellfish attached to either natural
substrata (e.g. Buchanan & Babcock 1997, Alfaro &
Jeffs 2002) or from artificial settlement surfaces deployed in the water column (e.g. Camacho et al. 1995,
Forrest & Creese 2006, Skelton & Jeffs 2020). While
some aquaculture producers have shifted to seed
generated from hatchery-reared larvae (NascimentoSchulze et al. 2021), this wild supply is still a vital part
of the industry in many places. For example, over
90% of the seed used in the ~100 000 t yr−1 production from the green-lipped mussel Perna canaliculus aquaculture industry in New Zealand comes
from harvested wild mussel seed (Jeffs et al. 1999,
South et al. 2020).
While much of the shellfish aquaculture industry
relies on wild mussel settlement, it also has the
potential to impact this same supply, as cultured
mussels may produce or consume enough larvae to
influence local settlement levels (Norrie et al. 2020,
Ridlon et al. 2021). However, the direction and extent
of the influence that aquaculture-based shellfish
populations may have on mussel settlement is largely
unknown. Larval production from dense aquaculture
aggregations is often overlooked in research into
benefits of shellfish aquaculture (e.g. Newell 2004,
van der Schatte Olivier et al. 2020), despite some
modelling demonstrating that enhanced larval subsidies from mussel farms have the potential to increase
the settlement rates of local larvae (Norrie et al.
2020). Conversely, shellfish aquaculture may also reduce settlement rates, as farmed shellfish may exhaust the local carrying capacity (Waite et al. 2005,
Duarte et al. 2008, Wijsman et al. 2018), hindering
the survival of wild settlers. Additionally, some bivalves cannibalize their own larvae (Davenport et al.
2000, Zeldis et al. 2004, Alfaro 2006), which may
reduce the available larval stock and therefore settlement rates in an area.

At an ecosystem scale, the role of aquaculturereared shellfish as possible net producers or consumers of larvae remains unresolved because of the
practical difficulties in accounting for the fate of larvae in large and complex ecosystems (Gawarkiewicz
et al. 2007, Nolasco et al. 2018). The most common
methods of tracking dispersal of small larvae are biophysical models which couple oceanographic data
with knowledge on larval behaviour (e.g. Cowen et
al. 2000, Werner et al. 2007, Thomas et al. 2016) and
natural tagging which tracks micro-chemical fingerprints retained in carbonate structures or genetic
markers (e.g. Galindo et al. 2010, Ricardo et al. 2015,
Gomes et al. 2016). While these approaches provide
invaluable estimates of larval supply, they are often
unlinked to direct measures of in situ larvae (Gawarkiewicz et al. 2007) and are constrained in their ability to differentiate or quantify larval supply from
source populations (e.g. shellfish aquaculture farms
versus adjacent wild shellfish reefs). One possible
alternative approach is to couple known ecosystemwide changes with long-term in situ settlement monitoring, allowing for direct comparisons between settlement and major changes to an ecosystem like the
inception and growth of an aquaculture industry.
While this approach is intrinsically correlative, it is
grounded in empirical field measurements of larvae
and can therefore augment and validate traditional
model- or marker-based approaches.
In this study, we aimed to determine the influence
of shellfish aquaculture on settlement rates by comparing green-lipped mussel settlement over 4 decades of data across 150 km of the northern end of
the South Island of New Zealand with the expansion
of mussel aquaculture across the same temporal and
spatial scales. Ultimately, we sought to address how
marine shellfish aquaculture influences shellfish settlement and provide insights for aquaculture and
conservation managers on methods to maintain and
enhance settlement rates.

2. MATERIALS AND METHODS
2.1. Study species and region
Green-lipped mussels are endemic to New Zealand and are found in a variety of habitats on hard
and soft substrates from the intertidal zone to depths
of 50 m (Jeffs et al. 1999). Green-lipped mussels are
broadcast spawners and have a pelagic larval duration between 4 and 6 wk. Depending on connectivity
and water currents, larvae can travel anywhere from
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just a few km to hundreds of km over this duration
(Gardner et al. 2021). Larval mussels then undergo
settlement, typically attaching onto filamentous surfaces like macroalgae before eventually transitioning
to adult mussel reefs or other hard surfaces (Buchanan & Babcock 1997, Alfaro & Jeffs 2002, Alfaro
et al. 2006).
The northern end of the South Island supports
around 70% of New Zealand’s NZ$360 million
(USD$230 million) mussel farming industry (StentonDozey et al. 2021), which consists of mussels grown
in blocks of parallel longlines that culture mussels on
ropes suspended in the water column between large
surface floats (Jeffs et al. 1999, Dawber 2004). Prior to
the inception of mussel aquaculture in the 1970s, this
region was also central to a wild mussel harvesting
industry, which resulted in the depletion of widespread populations of wild mussels through extensive dredging and handpicking (Urlich & Handley
2020). An extended period without natural recovery
of wild populations followed, leaving current mussel
populations at less than 3% of historical levels in
some areas (T. A. Toone unpubl. data).
This region is comprised of 3 distinct water bodies
where wild mussels were historically harvested and
subsequently supplanted by mussel aquaculture:
Golden Bay, Tasman Bay, and the Marlborough
Sounds (Fig. 1). Golden Bay and Tasman Bay are
both wide and shallow coastal embayments, while
the Marlborough Sounds are a series of drowned
river valleys with more narrow openings to Cook
Strait and greater freshwater influence (Urlich &
Handley 2020).
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2.2. Mussel population abundance and
composition

To determine the impact of mussel aquaculture on
settlement rates, it was first important to estimate the
changes in the total cultured mussel population over
time. Cultured mussel populations were estimated
using aquaculture harvest data from 2007 to 2020,
the extent of the available data from Aquaculture
New Zealand. To estimate mussel harvests prior to
2007, the average harvest tonnage per hectare was
calculated for 2007−2020 and then combined with
the spatial extent of mussel farms per year beginning
with the first commercial mussel farms in the area in
1976. While farming densities and methods shifted
from 1976 to 2007, this calculation allows for an estimation of commercial harvests prior to comprehensive record keeping. To estimate total cultured mussel populations and allow comparison with wild
mussel abundances, these tonnage figures were converted to total number of mussels following the
20 000 mussels t−1 approximation commonly used in
the industry (Wilcox et al. 2018). The final abundance
of cultured mussels per year was calculated by doubling these annual harvesting numbers to account for
a 2 yr growing period before mussels are harvested,
meaning that the mussels harvested in any given
year are only around half of the total farmed mussels
in the water that year (Dawber 2004).
As wild mussels are a potential source for settling
larvae, we also estimated historic wild mussel populations. Reliable wild harvesting and remnant population data only exist for the Marlborough Sounds, so
this analysis excluded Golden Bay and
Tasman Bay. Mussels harvested from
the wild were quantified during the
period of active commercial harvesting
from 1960 to 1983 (Paul 2012, Francis &
Paul 2013). These figures were converted from sacks of harvested mussels
to number of mussels using contemporaneous conversion factors (Stead 1971,
Francis & Paul 2013). These conversions are substantially lower than those
used for cultured mussels because wild
mussels are larger, heavier, and have
significant biofouling, which decreases
the number of mussels t−1 (Stead 1971).
To estimate the entire wild population
prior to the inception of commercial
Fig. 1. Study region at the northern end of the South Island of New Zealand.
harvesting, these annual harvests were
Labels indicate major water bodies analysed for larval supply. Dark grey polysummed, as any mussels harvested
gons indicate mussel aquaculture sites with harvesting permits in 2020. Only
operationally active farms were included in analyses
over this period were present in the
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wild prior to harvest. This number was then increased
by 3%, representing the estimated unharvested remnant population in the Marlborough Sounds (T. A.
Toone unpublished data). To determine the size of the
wild mussel population for the following years, the
1960 total wild population was decreased by the
amount harvested in each subsequent year.
The final estimates of mussel population composition from 1960 to 2020 were determined by combining
the estimated wild and cultured populations per year.
These population estimates likely underestimate both
populations, as some wild mussels would have been
harvested but unrecorded and some cultured mussels
are lost in the harvesting process. However, these
methods should provide estimates that are within an
order of magnitude of accuracy which allows for comparison if the differences between the 2 populations
are extreme.

domly selected sites. However, the sites do cover a
wide gradient from locations that never contained
mussel aquaculture at certain sampling timepoints to
locations with dozens of nearby mussel farms.

2.3. Mussel settlement

2.5. Analyses

To quantify in situ settlement of mussels for comparison to aquaculture, measurements of greenlipped mussel settlement from 1974 to 2020 were
compiled from long-term sampling conducted to determine the timing of commercial catching of seed
mussels (data provided by the New Zealand Marine
Farming Association). Mussel settlement was monitored by deploying frames with 0.25 m sections of
polypropylene rope at sites throughout the study region ranging from 1 to 15 m depth. Once a week, the
rope was replaced, and the recovered rope was analysed to count the numbers of recently settled greenlipped mussels, which was then standardized per m
of rope. Settlement monitoring began in the Marlborough Sounds from 1974 to 1985, then was paused
from 1986 to 1992, and restarted with sites in both
the Marlborough Sounds and Golden Bay in 1993.
The monitoring programme expanded to include
sites in Tasman Bay in 1999. In total, 30 033 sampling
ropes were analysed over the 47 yr period. Atalah &
Forrest (2019) provided a more detailed description
of the mussel settlement monitoring as well as an
analysis of the impact of environmental parameters
on mussel settlement, which is not discussed here.
While the mussel settlement records in the study
areas are temporally and spatially extensive, the settlement sampling sites were originally chosen with
industry concerns in mind, and not selected specifically to test the impact of expanding mussel aquaculture on settlement rates. Therefore, these sampling
sites are likely to have higher settlement than ran-

All data analyses were undertaken using RStudio
v2022.02.1 (R Core Team 2021). Mean mussel settlement was compared between regions using nonparametric tests, specifically Kruskal-Wallis tests to
determine significance and Wilcoxon rank sum
tests to calculate pairwise comparisons between
study areas. Differences were considered significant
at p < 0.05. Any long-term trends in settlement in
each area were monitored using Spearman correlations to examine the relationship between year and
spat settlement.
Additionally, mean green-lipped mussel settlement per year was visualized and compared with the
spatial coverage of mussel farms in Golden Bay, Tasman Bay, and the Marlborough Sounds. Each settlement sampling point was also geographically linked
to any operationally active mussel farms within the
estimated larval dispersal distance at the time of
sampling to test for the specific impact of nearby cultured mussels on settlement rates. The estimated larval dispersal distance, or larval range, was defined as
area accessible within 10 km of water travel (i.e. not
crossing land) for the narrow confines of the Marlborough Sounds or 25 km within Tasman Bay and
Golden Bay (where the maximum distance between
a larval monitoring site and mussel farm was 25 km).
Different geographic scales were chosen for the locations to reflect the low water exchange in the narrow
Marlborough Sounds, where hydrodynamic larval
dispersal models have indicated that 90% of mussel
larvae settle within 10 km of their source compared

2.4. Mussel aquaculture expansion
The spatial extent of coastal mussel farms over
time in the 3 study areas was determined by interrogating the records of government agencies responsible for permitting marine farms from 1976 to 2020
(Tasman and Marlborough District Councils). Permit
start dates, expiration dates, locations, and farm spatial coverage were extracted from these records to
generate a database for current and historic mussel
farms in the study region which could be compared
with mussel settlement.
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to the more open Golden and Tasman Bays, where
larvae may travel for much greater distances (N.
Broekhuizen pers. comm.). To test whether the presence of nearby cultured mussels may affect settlement, the spatial coverage of mussel farms within the
corresponding larval range was compared with the
mean settlement of green-lipped mussels at each
sampling point using linear regressions for each of
the 3 areas. Coefficients of determination (R2) values
are provided for significant linear regressions.

3. RESULTS
3.1. Mussel population abundance and
composition
The Marlborough Sounds wild green-lipped mussel population in the early 1960s prior to commercial
harvesting was estimated to be between 5 and 6 million mussels, while in 2020 the cultured mussel population in the area was estimated to be over 2 billion
(Fig. 2). Commercial harvesting led to a sharp decline in wild mussel populations through the late
1960s and 1970s, after which the advent of the aquaculture industry led to an increase in the standing
stock of cultured mussels. Cumulative mussel populations were estimated to be at their minimum in
1974 and 1975, after the bulk of harvesting of wild
mussels but prior to the expansion of mussel aquaculture. By the late 1970s, the cultured mussel population surpassed even the size of the wild mussel
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population prior to harvesting. Estimated cultured
mussel populations in 2020 were 16 161 times greater
than wild mussel populations in 2020 and 470 times
greater than wild mussel populations at their peak in
1960 prior to significant removal by harvesting.

3.2. Mussel settlement
The mean weekly mussel settlement across all sites
(Fig. 3A), study areas, and years was 1424 ± 52 (mean
± SE; n = 30 033) mussels per metre of catching rope.
Among each of the 3 study areas, weekly mussel
settlement was greatest in Golden Bay (3045 ± 143;
n = 10 126; Fig. 3B), where it was significantly higher
(p < 0.001) than in Tasman Bay (1241 ± 144; n = 3299;
Fig. 3D) and the Marlborough Sounds (473 ± 12, n =
16 608; Fig. 3F). Annually, the maximum mean weekly
mussel settlement per metre of rope was 9868 ± 1353
recorded in Golden Bay in 2013, while the minimum
was 30 ± 15 recorded in Tasman Bay in 1999. Overall,
variability in mean weekly mussel settlement per
year was high throughout the 3 study areas with minimal or no correlation of mussel settlement over the
period of the study. Specifically, there were weak
negative correlations between settlement and year
for the Marlborough Sounds (ρ = −0.17, p < 0.001) and
very weak negative correlations for Golden Bay (ρ =
−0.05, p < 0.001) and Tasman Bay (ρ = −0.05, p =
0.003).

3.3. Mussel aquaculture expansion

Fig. 2. Estimated mussel populations over time in the Marlborough Sounds, New Zealand. The grey line indicates the
estimated total number of mussels at aquaculture sites, and
the black line shows estimates of the numbers of wild mussels
on the seabed or shoreline (T. A. Toone unpubl. data). Note
that the y-axis uses a log scale to account for the extreme
differences between wild and aquaculture populations

The mussel aquaculture industry began in the
Marlborough Sounds in the mid-1970s and expanded
steadily for the following 3 decades as the extent of
farms continued to increase before plateauing in the
2010s (Fig. 3G). Commercial mussel farming in
Golden Bay began later with small-scale farms in the
1990s and larger farms only after 2008 (Fig. 3C),
while mussel aquaculture in Tasman Bay did not
begin until 2006 and expanded when permits were
granted to large farms in 2008 (Fig. 3E).
Collectively for all 3 areas, there were 622 mussel
farms in 2020, covering a total of 6275 ha (Fig. 1).
Over 92% of mussel farms were located in the Marlborough Sounds (n = 575) compared to 6% in Golden
Bay (n = 37) and 2% in Tasman Bay (n = 10). However, the average farm size was much smaller in the
Marlborough Sounds (5.1 ha compared to 65.4 ha in
Golden Bay and 89.6 ha in Tasman Bay); therefore,
only 47% of the total mussel aquaculture area in
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Fig. 3. Mean mussel settlement and total area of active mussel aquaculture in the study region. (A) Settlement monitoring sites
(grey circles) in the major areas in the study region. (B,D,F) Mean weekly green-lipped mussel settlement per metre of sampling rope in each area per year. Error bars show SE. (C,E,G) Total area of mussel aquaculture under active permit in each
study area per year
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coverage by mussel farms in Tasman Bay. Conversely, Golden Bay recorded significantly greater
mussel settlement than either of the other 2 regions
(p < 0.001) despite only a very recent increase in the
extent of mussel aquaculture. On a more granular
scale, the highest average settlement rate across all
study areas was recorded when there were 2250−
2300 ha of active mussel farms within larval range,
resulting in an average catch of 4730 ± 737 mussels
per metre of rope, and the lowest settlement was recorded when there were 200−250 ha of mussel farms
within larval range resulting in 176 ± 21 mussels per
metre of rope (Fig. 4). Overall, there was no significant effect of aquaculture area within larval range on
mussel settlement for Golden Bay (p > 0.05) or Tasman Bay (p > 0.05) and a significant (p = 0.03, F =
4.55), but ecologically non-existent (adjusted R2 =
0.0002), positive effect for the Marlborough Sounds.

4. DISCUSSION

Fig. 4. Mean mussel settlement and corresponding total extent of nearby mussel aquaculture. Mean green-lipped mussel settlement per metre of sampling rope (n = 16 563) from
1974 to 2020 in (A) Golden Bay, (B) Tasman Bay, and (C) the
Marlborough Sounds compared with total area of mussel
aquaculture within the estimated larval dispersal distance
for each study area (25 km of the sampling location for
Golden Bay and Tasman Bay or 10 km for the Marlborough
Sounds). Error bars show SE

2020 was in the Marlborough Sounds (2958 ha) while
39% was in Golden Bay (2421 ha) and 14% in Tasman Bay (896 ha).

3.4. Mussel settlement and aquaculture comparisons
The Marlborough Sounds contained the greatest
area of mussel farms in any given year, but recorded
low settlement, statistically similar to the settlement
recorded in Tasman Bay (p < 0.001) despite far lower

Comparing in situ mussel settlement with changes
in the extent of mussel aquaculture revealed that the
influence of shellfish aquaculture on local settlement
was non-existent. Mussel settlement data covering a
47 yr timespan showed, at most, only trivial correlations between settlement and aquaculture expansion
in the study region, and no increases commensurate
with the estimated 16 000-fold increase in mussel
abundance following the dramatic expansion of mussel aquaculture in the 1980s and 1990s. Additionally,
there is no clear indication that the cultured mussel
population is acting as a significant net consumer of
settling larvae because settlement prior to the expansion of mussel aquaculture is generally comparable
to post-farming settlement. Furthermore, settlement
recorded at sites adjacent to extensive mussel aquaculture was statistically similar to settlement at sites
with no adjacent mussel aquaculture.
Previous biophysical modelling and trace elemental fingerprinting indicated that mussel aquaculture
in northern New Zealand could provide a source of
larvae capable of settling throughout the surrounding environment (Norrie et al. 2020). However, it was
not possible in this previous study to distinguish
whether the captured settled mussels were sourced
from broodstock in aquaculture or wild populations.
If production from cultured mussels is contributing to
larval supply, as suggested by Norrie et al. (2020),
then it would be expected that larval settlement
would have increased markedly with the expansion
of mussel aquaculture observed in the 3 distinct

142

Aquacult Environ Interact 14: 135–145, 2022

areas analysed in this study. This was not the case, as
mussel settlement showed no substantive long-term
trends for any of the 3 areas examined. This discrepancy confirms the importance of supplementing
modelling-based techniques with in situ data like the
kind used in this study and reflects the inherent difficulties in accurately modelling mussel settlement in
complex real-world ecosystems (Gawarkiewicz et al.
2007, Nolasco et al. 2018) as well as the potential disconnects between larval supply and mussel settlement reported elsewhere (Porri et al. 2006, Pineda et
al. 2010).
The lack of long-term trend in mussel settlement,
despite an overall increase in the total population of
mussels by 4 orders of magnitude as a result of aquaculture expansion, could have several possible explanations. For example, green-lipped mussels are
known to cannibalize larvae and juveniles, which
compose up to 70% of the food particles in wild mussels in northern New Zealand (Alfaro 2006). This
cannibalistic diet has not been studied in farmed
mussels, but it is possible that the 3-dimensional
nature of mussel aquaculture, suspended in the
water column, may result in larvae more quickly
being consumed by the s urrounding filter-feeding
adult mussels to reduce the abundance of settling
larvae. Therefore, mussel aquaculture could serve
both as a producer and consumer of larvae rather
than only one or the other, counterbalancing to produce the minimal net effect in mussel settlement
observed in this study. However, there is little evidence of this counterbalancing occurring given the
lack of relationship between the scale of mussel settlement in relation to the extent of adjacent mussel
aquaculture, as it would be expected that larvae
approaching settlement size would be more likely to
be consumed in waters adjacent to areas with extensive mussel aquaculture and yet there was no clear
decrease in settlement in the vicinity of mussel farms.
Alternatively, aquaculture mussels may contribute
substantially to the larval population, but also reduce
food availability (Duarte et al. 2008) or otherwise impact the carrying capacity of the environment (Wijsman et al. 2018), resulting in a net-neutral impact on
larval survival and settlement over time. Again, this
scenario seems unlikely given the lack of relationship between the scale of settlement in relation to the
extent of adjacent mussel aquaculture. Previous
studies have demonstrated that reductions in phytoplankton abundance associated with mussel aquaculture are localised in extent (Gall et al. 2003,
Pinkerton et al. 2018), suggesting that any effect on
larval performance would be in the immediate vicin-

ity of aquaculture. For example, concentrations of
plankton were estimated to be reduced by around
8−10% within a few kilometres of a large and concentrated area of mussel aquaculture in northern
New Zealand (Broekhuizen et al. 2004, 2005, Stenton-Dozey et al. 2005), which may impact larval success in that same area. However, in the areas analysed for this study, mussel settlement was not found
to be reduced within the vicinity of mussel aquaculture, suggesting the impacts of this plankton reduction are not driving settlement rates.
More plausibly, environmental or biological factors
may either prevent aquaculture mussels from producing larvae or make them inviable in local conditions. Throughout the 3 study areas, mussel settlement was relatively high even before the arrival of
any prominent mussel aquaculture activity, suggesting that the remnant wild mussel populations following overharvesting are capable of sustaining substantial mussel settlement rates. This is further
supported by the large reproductive capacity of
green-lipped mussels, as a single female can produce up to 100 million eggs in a season (Jenkins
1985). The settlement observed over the past 4 decades, then, may be a result of only small, remnant,
wild populations. There are marked differences
between wild and cultured mussels that may account
for a discrepancy in larval production or survival
between the 2 groups. Cultured mussels are typically
harvested at around 2 yr of age (Dawber 2004), when
they are typically between 90 and 110 mm (Jeffs et
al. 1999), have a high meat-to-shell ratio (Hickman &
Illingworth 1980), and have not yet spawned for the
current season (Dawber 2004). In contrast, wild
green-lipped mussels can live for decades, grow to
over 200 mm (Jenkins 1985), and have a lower meatto-shell ratio (Hickman & Illingworth 1980).
Since the 1980s, mussel aquaculture in the study region has used large quantities of wild seed mussels
transported from northern New Zealand to facilitate
aquaculture expansion that was not possible from
seeding with the insufficient locally caught wild seed
supply (Dawber 2004). Northern mussels come from a
different environment (Ren et al. 2019), are genetically distinct from wild mussel populations in the
study areas (Gardner et al. 1996, Apte et al. 2003), and
have a different breeding periodicity (Alfaro et al.
2001, 2003). One or more of these differences may result in an inability of the cultured mussels derived
from imported northern seedstock to effectively contribute to larval supply in this non-natal region. For
example, differences in breeding periodicity, such as
the extended spawning season for northern mussels
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compared to southern mussels (Alfaro et al. 2001),
may lead to a disconnect with other important environmental parameters like seasonal macroalgae required for settlement. Ultimately, identifying the
cause of the disconnect between the scale of mussel
aquaculture and settlement in this region will rely on
fine-scale determination of larval viability and source,
which is increasingly possible through high-resolution
molecular methods (Kim & Roe 2021).

5. CONCLUSIONS
Both cultured and wild shellfish populations rely on
abundant mussel settlement; however, a 16 000-fold
increase to local mussel populations as a result of
enormous aquaculture growth appears to have had,
at most, a trivial impact on mussel settlement at the
northern end of New Zealand’s South Island. If
mussel aquaculture is not contributing significantly to
the local mussel settlement as suggested by these
data, then it is vital for further research to confirm and
recognize the role of existing wild shellfish populations as dominant sources of shellfish settlers even in
systems where they are vastly outnumbered. Maintaining and restoring these wild populations not only
provides the ecosystem services traditionally associated with shellfish reefs, but may also enhance larval
settlement to the benefit of local aquaculture interests.
If remnant reefs are still producing a substantial supply of settling larvae, then restoring even relatively
small populations has the potential to dramatically increase this same supply. For example, in this study region, mussels are at less than 3% of historical levels in
some areas, so restoring just an additional few percentage points of mussels may have outsize impacts
on the source population for existing mussel settlers.
In turn, enhanced larval settlement may initiate the
natural recovery of other extirpated local reefs and
support the aquaculture industry that currently relies
on seed stock transported from across the country. In
light of these findings, both conservation and aquaculture interests would benefit from supporting
efforts to restore wild shellfish reefs, and in turn, improve local settlement and the corresponding economic, ecological and environmental benefits.

Acknowledgements. This work was made possible with data
provided by Larry Paul, the New Zealand Marine Farming
Association, Aquaculture New Zealand, Tasman District
Council, and Marlborough District Council, and particularly
the efforts of Amber McNamara and Malcolm Jacobson.
Additionally, we are grateful to Javier Atalah, Natali

143

Delorme, Paul South, Leo Zamora, Norman Ragg, Niall
Broekhuizen, and 2 anonymous reviewers for their insights
and support. We also thank The Nature Conservancy and
the Te Tau Ihu Fisheries Forum for their support with various aspects of this project.

LITERATURE CITED
Alder A, Jeffs A, Hillman JR (2021) Considering the use of
subadult and juvenile mussels for mussel reef restoration. Restor Ecol 29:e13322
Alfaro AC (2006) Evidence of cannibalism and bentho-pelagic coupling within the life cycle of the mussel, Perna
canaliculus. J Exp Mar Biol Ecol 329:206−217
Alfaro AC, Jeffs A (2002) Small-scale mussel settlement patterns within morphologically distinct substrata at Ninety
Mile Beach, northern New Zealand. Malacologia 44:
1−15
Alfaro AC, Jeffs AG, Hooker SH (2001) Reproductive behavior of the green-lipped mussel, Perna canaliculus, in
northern New Zealand. Bull Mar Sci 69:1095−1108
Alfaro AC, Jeffs AG, Hooker SH (2003) Spatial variability in
reproductive behaviour of green-lipped mussel populations of northern New Zealand. Molluscan Res 23:
223−238
Alfaro AC, Copp BR, Appleton DR, Kelly S, Jeffs AG (2006)
Chemical cues promote settlement in larvae of the
green-lipped mussel, Perna canaliculus. Aquacult Int 14:
405−412
Apte S, Star B, Gardner JPA (2003) A comparison of genetic
diversity between cultured and wild populations, and a
test for genetic introgression in the New Zealand greenshell mussel Perna canaliculus (Gmelin 1791). Aquaculture 219:193−220
Atalah J, Forrest BM (2019) Forecasting mussel settlement
using historical data and boosted regression trees.
Aquacult Environ Interact 11:625−638
Bayne BL (ed) (1976) Marine mussels, their ecology and
physiology. Cambridge University Press, Cambridge
Beck MW, Brumbaugh RD, Airoldi L, Carranza A and others
(2009) Shellfish reefs at risk: a global analysis of problems and solutions. The Nature Conservancy, Arlington,
VA
Beck MW, Brumbaugh RD, Airoldi L, Carranza A and others
(2011) Oyster reefs at risk and recommendations for conservation, restoration, and management. BioScience 61:
107−116
Broekhuizen N, Ren J, Zeldis J, Stevens S (2004) Ecological
sustainability assessment for Firth of Thames aquaculture. Auckland Regional Council Tech Publ 253
Broekhuizen N, Oldman J, Image K, Gall K, Zeldis J (2005)
Verification of plankton depletion models against the
Wilson Bay synoptic survey data. Environment Waikato
Tech Rep 2005/08
Buchanan S, Babcock RC (1997) Primary and secondary settlement by the greenshell mussel Perna canaliculus.
J Shellfish Res 16:71−76
Camacho AP, Labarta U, Beiras R (1995) Growth of mussels
(Mytilus edulis galloprovincialis) on cultivation rafts: influence of seed source, cultivation site and phytoplankton
availability. Aquaculture 138:349−362
Cowen RK, Lwiza KMM, Sponaugle S, Paris CB, Olson DB
(2000) Connectivity of marine populations: open or
closed? Science 287:857−859

144

Aquacult Environ Interact 14: 135–145, 2022

Davenport J, Smith RJJW, Packer M (2000) Mussels Mytilus
edulis: significant consumers and destroyers of mesozooplankton. Mar Ecol Prog Ser 198:131−137
Dawber C (2004) Lines in the water: a history of greenshell
mussel farming in New Zealand. River Press for NZ Marine Farming Association, Picton
Duarte P, Labarta U, Fernández-Reiriz MJ (2008) Modelling
local food depletion effects in mussel rafts of Galician
Rias. Aquaculture 274:300−312
FAO (2020) The state of world fisheries and aquaculture
2020. Sustainability in action. FAO, Rome
Forrest BM, Creese RG (2006) Benthic impacts of intertidal
oyster culture, with consideration of taxonomic sufficiency. Environ Monit Assess 112:159−176
Francis MP, Paul LJ (2013) New Zealand inshore finfish and
shellfish commercial landings, 1931−82. New Zealand
Fisheries Assess Rep 2013/55. Ministry for Primary
Industries, Wellington
Galindo HM, Pfeiffer-Herbert AS, McManus MA, Chao Y,
Chai F, Palumbi SR (2010) Seascape genetics along a
steep cline: using genetic patterns to test predictions of
marine larval dispersal. Mol Ecol 19:3692−3707
Gall M, Image K, Zeldis J (2003) An assessment of phytoplankton depletion associated with Area A in the Wilson
Bay marine farming zone. NIWA Client Report
CHC2003-08. NIWA, Christchurch
Gardner JPA, Eyles RF, Pande A (1996) Biochemical−
genetic variation in a wild and a cultured population of
the greenshell mussel, Perna canaliculus. NZ J Mar
Freshw Res 30:435−441
Gardner JPA, Silva CNS, Norrie CR, Dunphy BJ (2021)
Combining genotypic and phenotypic variation in a
geospatial framework to identify sources of mussels in
northern New Zealand. Sci Rep 11:8196
Gawarkiewicz G, Monismith S, Largier J (2007) Observing
larval transport processes affecting population connectivity: progress and challenges. Oceanography 20:40−53
Gomes I, Peteiro LG, Albuquerque R, Nolasco R, Dubert J,
Swearer SE, Queiroga H (2016) Wandering mussels:
using natural tags to identify connectivity patterns
among marine protected areas. Mar Ecol Prog Ser 552:
159−176
Hickman RW, Illingworth J (1980) Condition cycle of the
green-lipped mussel Perna canaliculus in New Zealand.
Mar Biol 60:27−38
Hillman JR, O’Meara TA, Lohrer AM, Thrush SF (2021)
Influence of restored mussel reefs on denitrification in
marine sediments. J Sea Res 175:102099
Hofmann E, Powell E, Klinck J, Wilson E (1992) Modeling
oyster populations III. critical feeding periods, growth.
J Shellfish Res 11:399−416
Jeffs AG, Holland RC, Hooker SH, Hayden BJ (1999)
Overview and bibliography of research on the greenshell mussel, Perna canaliculus, from New Zealand
waters. J Shellfish Res 18:347−360
Jenkins RJ (1985) Mussel cultivation in the Marlborough
Sounds, 2nd edn (revised by Meredyth-Young J, Waugh
GD). New Zealand Fishing Industry Board, Wellington
Kim KS, Roe KJ (2021) Genome-wide SNPs redefines species boundaries and conservation units in the freshwater
mussel genus Cyprogenia of North America. Sci Rep 11:
10752
Lotze HK, Lenihan HS, Bourque BJ, Bradbury RH and others (2006) Depletion, degradation, and recovery potential of estuaries and coastal seas. Science 312:1806−1809

Marshall DA, Moore SC, Sutor M, La Peyre JF, La Peyre MK
(2020) Using reproductive potential to assess oyster population sustainability. Restor Ecol 28:1621−1632
Meadows PS, Meadows A, West FJC, Shand PS, Shaikh MA
(1998) Mussels and mussel beds (Mytilus edulis) as stabilizers of sedimentary environments in the intertidal zone.
Geol Soc Lond Spec Publ 139:331−347
Nascimento-Schulze JC, Bean TP, Houston RD, Santos EM,
Sanders MB, Lewis C, Ellis RP (2021) Optimizing hatchery practices for genetic improvement of marine
bivalves. Rev Aquacult 13:2289−2304
Newell RIE (2004) Ecosystem influences of natural and cultivated populations of suspension-feeding bivalve molluscs: a review. J Shellfish Res 23:51−61
Nolasco R, Gomes I, Peteiro L, Albuquerque R and others
(2018) Independent estimates of marine population connectivity are more concordant when accounting for uncertainties in larval origins. Sci Rep 8:2641
Norrie C, Dunphy B, Roughan M, Weppe S, Lundquist C
(2020) Spill-over from aquaculture may provide a larval
subsidy for the restoration of mussel reefs. Aquacult Environ Interact 12:231−249
Paul LJ (2012) A history of the Firth of Thames dredge fishery for mussels: use and abuse of a coastal resource. New
Zealand Aquatic Environment and Biodiversity Report
No. 94. Ministry of Agriculture and Forestry, Wellington
Pineda J, Porri F, Starczak V, Blythe J (2010) Causes of
decoupling between larval supply and settlement and
consequences for understanding recruitment and population connectivity. J Exp Mar Biol Ecol 392:9−21
Pinkerton M, Gall M, Wood S, Zeldis J (2018) Measuring
the effects of bivalve mariculture on water quality in
northern New Zealand using 15 years of MODIS-Aqua
satellite observations. Aquacult Environ Interact 10:
529−545
Porri F, McQuaid CD, Radloff S (2006) Spatio-temporal variability of larval abundance and settlement of Perna
perna: differential delivery of mussels. Mar Ecol Prog Ser
315:141−150
R Core Team (2021) R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna
Ren JS, Fox SP, Howard-Williams C, Zhang J, Schiel DR
(2019) Effects of stock origin and environment on growth
and reproduction of the green-lipped mussel Perna
canaliculus. Aquaculture 505:502−509
Ricardo F, Génio L, Costa Leal M, Albuquerque R, Queiroga
H, Rosa R, Calado R (2015) Trace element fingerprinting
of cockle (Cerastoderma edule) shells can reveal harvesting location in adjacent areas. Sci Rep 5:11932
Ridlon AD, Wasson K, Waters T, Adams J and others (2021)
Conservation aquaculture as a tool for imperiled marine
species: evaluation of opportunities and risks for
Olympia oysters, Ostrea lurida. PLOS ONE16:e0252810
Schulte DM, Burke RP, Lipcius RN (2009) Unprecedented
restoration of a native oyster metapopulation. Science
325:1124−1128
Sea MA, Thrush SF, Hillman JR (2021) Environmental predictors of sediment denitrification rates within restored
green-lipped mussel Perna canaliculus beds. Mar Ecol
Prog Ser 667:1−13
Skelton BM, Jeffs AG (2020) The importance of physical characteristics of settlement substrate to the retention and
fine-scale movements of Perna canaliculus spat in suspended longline aquaculture. Aquaculture 521:735054

Toone et al.: Shellfish aquaculture and settlement

145

South P, Floerl O, Jeffs A (2020) Magnitude and timing of
seed losses in mussel (Perna canaliculus) aquaculture.
Aquaculture 515:734528
Stead DH (1971) Pelorus Sound: mussel survey December
1969. Fish Tech Rep 62. New Zealand Marine Department, Wellington
Stenton-Dozey J, Zeldis J, Vopel K (2005) Mussel farming in
Wilson Bay, Firth of Thames. NIWARep CHC2004-036.
NIWA, Christchurch
Stenton-Dozey JME, Heath P, Ren JS, Zamora LN (2021)
New Zealand aquaculture industry: research, opportunities and constraints for integrative multitrophic farming.
NZ J Mar Freshw Res 55:265−285
Suchanek T (1985) Mussels and their role in structuring
rocky shore communities. In: Moore PG, Seed R (eds) The
ecology of rocky coasts. Hodder and Stoughton, London,
p 70−96
Thomas Y, Dumas F, Andréfouët S (2016) Larval connectivity of pearl oyster through biophysical modelling; evidence of food limitation and broodstock effect. Estuar
Coast Shelf Sci 182:283−293
Urlich SC, Handley SJ (2020) From ‘clean and green’ to
‘brown and down’: a synthesis of historical changes to
biodiversity and marine ecosystems in the Marlborough
Sounds, New Zealand. Ocean Coast Manag 198:105349
van der Schatte Olivier A, Jones L, Le Vay L, Christie M,
Wilson J, Malham SK (2020) A global review of the ecosystem services provided by bivalve aquaculture. Rev
Aquacult 12:3−25

Waite L, Grant J, Davidson J (2005) Bay-scale spatial growth
variation of mussels Mytilus edulis in suspended culture,
Prince Edward Island, Canada. Mar Ecol Prog Ser 297:
157−167
Werner FE, Cowen RK, Paris CB (2007) Coupled biological
and physical models: present capabilities and necessary
developments for future studies of population connectivity. Oceanography 20:54−69
Wiberg PL, Taube SR, Ferguson AE, Kremer MR, Reidenbach MA (2019) Wave attenuation by oyster reefs in
shallow coastal bays. Estuaries Coasts 42:331−347
Wijsman JWM, Troost K, Fang J, Roncarati A (2018) Global
production of marine bivalves. Trends and challenges.
In: Smaal A, Ferreira J, Grant J, Petersen J, Strand Ø
(eds) Goods and services of marine bivalves. Springer
International Publishing, Cham, p 7−26
Wilcox M, Kelly S, Jeffs A (2018) Ecological restoration of
mussel beds onto soft-sediment using transplanted
adults. Restor Ecol 26:581−590
Wilcox M, Kelly S, Jeffs A (2020) Patterns of settlement
within a restored mussel bed site. Restor Ecol 28:337−346
Zeldis J, Robinson K, Ross A, Hayden B (2004) First observations of predation by New Zealand greenshell mussels
(Perna canaliculus) on zooplankton. J Exp Mar Biol Ecol
311:287−299
Zu Ermgassen PSE, Spalding MD, Blake B, Coen LD and
others (2012) Historical ecology with real numbers: past
and present extent and biomass of an imperilled estuarine habitat. Proc R Soc B 279:3393−3400

Editorial responsibility: Philippe Archambault,
Rimouski, Québec, Canada
Reviewed by: H. Murray and 1 anonymous referee

Submitted: March 8, 2022
Accepted: May 6, 2022
Proofs received from author(s): June 17, 2022

