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1. INTRODUCTION

Aquaculture structures operate as artificial habitats 
which can host a wide diversity of sessile biofouling 
species and provide shelter, food and nursery habitat 
to a range of mobile wild fish species (Dealteris et 
al. 2004, Callier et al. 2018, Theuerkauf et al. 2022). 
While it is known that fish, including juveniles, can 
aggregate around aquaculture structures, or tempo-
rally occupy these structures, there is little published 
evidence that fish directly recruit to shellfish or sea-
weed farms (Tallman & Forrester 2007). There is some 
limited evidence for fish farms, where wild demersal 
and pelagic fish of settlement to juvenile size have 
been observed to inhabit sea cages, indicating that 
aquaculture structures can provide habitat for lar -
val settlement and recruitment of fish (Valle et al. 

2007, Fernandez-Jover et al. 2009, Fernandez-Jover & 
Sanchez-Jerez 2015). These fish recruits appear to 
benefit from the habitat functions provided by the ar-
tificial habitat, including the protection it provides 
from predation. Seaweed farms have been identified 
as potential nursery habitat for juvenile fish, particu-
larly in tropical environments; however, there is no 
 direct evidence that fish are recruiting to the farms or 
that the composition and abundances of fish recruits 
is the same or varies from those found in natural habi-
tats (Hehre & Meeuwig 2016, Tano et al. 2017, Kelly 
et al. 2020). A few published studies have investigated 
the use of shellfish aquaculture operations as nursery 
habitat for fish (Dealteris et al. 2004, Powers et al. 
2007, Tallman & Forrester 2007). For example, juve-
nile fish on hard clam Mercenaria mercenaria aqua-
culture structures were utilising epibiota in a similar 
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manner to nearby natural seagrass habitats (Powers 
et al. 2007). It is important to delineate between the 
settlement and recruitment functions of aquaculture 
structures so that the true extent of the contribution of 
aquaculture habitats to the overall production and 
biomass of wild fish populations can be quantified, 
because aquaculture structures may only act as an at-
tractive habitat for recruits that have settled elsewhere 
(Barrett et al. 2022, Theuerkauf et al. 2022). 

The green-lipped mussel Perna canaliculus is the 
most significant aquaculture species in New Zea -
land, with approximately 5500 ha in current (2022) 
production and over 15 000 ha of space approved 
for ex panding production (Stenton-Dozey & Broek -
huizen 2019, Aquaculture New Zealand 2020). This 
scale of ex pansion has caused public concern sur-
rounding the potential ecological effects of these 
farms in coastal waters (Stenton-Dozey & Broek -
huizen 2019). There is a negative perception towards 
these farms, partly because there is a lack of evi-
dence to support the positive contribution mussel 
farms may make to coastal ecosystems (Stenton-
Dozey & Broekhuizen 2019). Green-lipped mussels 
are grown on longline farming systems (Jeffs et al. 
1999) that are known to provide artificial habitat for 
fish (Theuerkauf et al. 2022);  however, it is unknown 
how fish interact with the mussel farm habitat and 
what aspects of their life  history are involved (Sten-
ton-Dozey & Broekhuizen 2019). In particular, there 
is, to our knowledge,  no published evidence that lar-
val fish settle within mussel farms, despite the pres-
ence of juvenile fish within mussel farms, which 
would otherwise suggest that these fish may be the 
result of settlement events within the farm (Morrisey 
et al. 2006, Stenton-Dozey & Broekhuizen 2019, 
Theuerkauf et al. 2022). Green-lipped mussel farms 
host a range of biofouling taxa including kelp (Eck -
lonia radiata and Undaria pinnatifida) and other 
macroalgal species typical of rocky reef habitats in 
the region (Woods et al. 2012). Coastal fish fre-
quently recruit into macroalgae, as it provides shelter 
from predators, hosts a range of macroinvertebrates, 
and increases habitat complexity (Connell & Jones 
1991, McDermott & Shima 2006, Shelamoff et al. 
2020). Besides hosting biofouling macroalgae, mus-
sel farms also support a wide range of productive 
fauna and provide physical structure, which appears 
to attract fish, including juvenile recruits (Carbines 
1993, Morrisey et al. 2006, McLeod et al. 2014). 

Standard monitoring units for the recruitment of 
fishes (SMURFs) are commonly used as a reliable 
method to measure temporal and spatial variability in 
fish settlement and recruitment, including among dif-

ferent habitats (Ben-David & Kritzer 2005, Valles et 
al. 2006, Arney et al. 2017). SMURFs provide a repre-
sentative sample of the fish settlers and/or recruits 
that are naturally present in the surrounding habitat 
(Ammann 2004, Ben-David & Kritzer 2005, Arney et 
al. 2017). Studies indicate that SMURFs are less dis-
criminatory than other sampling methods, as they at-
tract the settlers and recruits of a range of fish species 
from within the sampled habitat (Ammann 2004, 
Valles et al. 2006). Other methods for sampling fish 
settlers and recruits include light traps, towed nets 
and diver visual surveys. However, light traps prefer-
entially attract fish species that have strong photo-
taxis, most often at the late larval stage, while tow 
nets are ineffective at sampling among structures, 
and diver visual surveys are of limited use due to the 
small size and cryptic behaviour of settlers (Ammann 
2004, Carassou et al. 2008, Guyah et al. 2021). 

The placement of SMURFs within a habitat allows 
for assessment of the habitat-specific settlement cues 
present, with SMURFs functioning as temporary set-
tlement substrate to capture fish settlers present in 
the environment (Ammann 2004, Shima & Swearer 
2009, Swearer & Shima 2010). SMURFs have previ-
ously measured fish settlement and recruitment 
across a range of habitat types. These include a com-
parison of kelp canopy densities in a defined near-
shore environment, in fringing reefs across a coast-
line, in artificial reefs with varied culvert densities, 
and kelp habitats of varied structural complexity 
within one embayment (Siddon et al. 2008,Valles et 
al. 2008, Jones & Mulligan 2014, Arney et al. 2017). 
Therefore, even at small scales, the homogenous de-
sign of SMURFs enables direct comparisons among 
habitat types. The design of SMURFs ensures that 
larger predatory individuals are excluded (Ammann 
2004, Ben-David & Kritzer 2005). Fish recruits have 
the ability to move in and out of the SMURF structure 
during the post-settlement period such that the 
abundance of recruits in the SMURFs reflects the 
post-settlement processes operating within the habi-
tat, although the retention of recruits within SMURFs 
is also influenced by species-specific behaviour and 
is partly dependent on the complexity of the adjacent 
habitat types (Ammann 2004, Ben-David & Kritzer 
2005, Shelamoff et al. 2020). Where space is more 
available and predation rates low, recruits may not 
associate with SMURFs long-term; however, they 
may still utilise them temporarily during post-settle-
ment processes (Shelamoff et al. 2020). 

Few studies using SMURFs have directly com-
pared patterns of fish recruitment among habitat 
types over a relatively small spatial scale. Within a 
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confined area, larval supply is expected to be similar 
across a range of adjacent habitats, facilitating direct 
comparisons of the influence of habitat on fish settle-
ment and recruitment. By deploying SMURFs in 
aquaculture habitats and adjacent natural habitats 
within a locality with a similar larval supply, it should 
be possible to isolate the relative influence of the 
aquaculture habitats on the settlement and recruit-
ment of fish within the various habitats. In so doing, 
it will improve the understanding of the role of aqua-
culture activities on the recruitment of coastal fish, 
which in turn can help direct aquaculture develop-
ment and restorative aquaculture efforts (Arney et al. 
2017, Gentry et al. 2020, Theuerkauf et al. 2022). 

The overall aim of this research was to determine, 
for the first time globally, whether shellfish farms 
directly provide habitat for local fish settlement and 
recruitment. In particular, our research tested the 
hypothesis that the relative contribution of aquacul-
ture habitats (mussel farm with a high density of kelp 
E. radiata and U. pinnatifida) [co-culture] and a mus-
sel farm with a low density of kelp [monoculture]) to 
fish re cruitment would be equivalent to the contribu-
tion of natural habitats (soft-sediment seafloor with 
limited physical structure and natural rocky reef). 

2.  MATERIALS AND METHODS 

2.1.  Sample site 

This study was conducted at the mouth of the Coro-
mandel Harbour in northern New Zealand (36° 48’
28.7” S, 175° 26’ 18.8” E (Fig. 1)). The study site is in -
fluenced by both incoming tidal flows from the north 
and surface currents which flow longshore down 
the coastline (Oldman et al. 2007, Norrie 2019). Most 
coast al fish in New Zealand, such as triplefin species 
Fostery gion spp., have a larval period of at least 
1 mo, and will therefore be exposed to the hydraulic 
conditions for dispersal throughout the local area 
(Kings ford & Choat 1985, Shima & Swearer 2009). 
Only one shallow coastal study site was chosen to 
standardise larval supply as much as possible and to 
reduce the amount of natural variability among repli-
cates. The study site was subject to homo geneous 
natural processes, particularly surface currents that 
provide larval supply and a tidal range of close to 
4 m. The sampled aquaculture habitats were located 
within 3 blocks of an operational longline green-
lipped mussel farm, consisting of a series of 2 parallel 
backbone lines held near the surface by large plastic 
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floats that support suspended loops of dropper rope 
with at tached mussels which extend to approximate -
ly 8 m deep and hang above the seabed that ranged 
from 12−15 m deep. Monoculture aquaculture habi-
tat (Habi tat M) was where green-lipped mussels are 
cultured on dropper lines with minimal kelp (Ecklo-
nia radiata, Unda ria pinna tifida) biofouling, whereas 
co-culture habitat (Habitat C) was where green-
lipped mussels were present with a high density of 
associated growing kelp. The natural reef habitat 
(Habitat R) traverses along the adjacent coast, is 
comprised of hard rock with thick kelp cover, and 
ranges from 5−9 m deep. The natural soft-sediment 
habitat (Habitat S) was located in an area between 
the natural rocky reef and mussel farm habitats 
where depth ranged from 8−9 m and consisted of an 
area of seafloor with sand and fine silt sediment 
 composition. 

2.2.  Sample design 

The SMURFs used for the study were constructed 
to the specifications of Ammann (2004) but reduced 
in length by 0.1 m due to the width of commercially 
available plastic mesh. Two sampling depths were 

used for aquaculture habitats, 3 m below surface 
(‘surface’) and 8 m below surface (‘seafloor’), with the 
intention of detecting any differences in fish recruits 
in the water column (surface SMURFs) and in the 
vicinity of the benthic zone (seafloor SMURFs). 
Where the natural bathymetry allowed, natural habi-
tat SMURFs were placed at the same depths as aqua-
culture habitats. However, some of the reef areas 
were slightly shallower than 8 m deep and so were 
placed 1 m off the seabed. Ten SMURFs were placed 
in alternating surface and seafloor depths at least 
30 m apart within the 4 habitat types (i.e. M, C, S, 
and R) (Fig. 2). The SMURFs placed in mussel farm 
habitats (C and M) were attached to a mooring line 
and tied di rectly to the mussel farm backbone. 
SMURFs placed in Habitats R and S were attached to 
a mooring line with an anchor and surface buoy. 

The SMURFs were deployed on 7 December 2020, 
and then fish were removed from each SMURF 2 d 
either side of a new moon on 16 December 2020, 14 
January 2021 and 11 February 2021, as recruitment 
can be impacted by the lunar cycle (McFarland et al. 
1985, Ben-David & Kritzer 2005, Kohn 2011). A 3 mo 
period was chosen to represent the key seasonal 
 period during which coastal fishes are present in the 
nearshore environment and to maximise the capture 
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of a variety of settling reef fish. For example, triplefin 
Fosterygion spp. stop settling by February, and spotty 
Notolabrus celidotus begin settling early December 
and finish in February (Jones 1984, Carbines 1993, 
Kohn & Clements 2011). Therefore, month was in -
cluded as a key variable in the ana lysis of fish settle-
ment and recruitment, as the sequential months are 
expected to identify the seasonal transition of settling 
fish into the various habitat types. Fish within each 
SMURF were removed by slowly lifting the SMURF 
to near the surface, at which point a large scoop net 
(5 mm mesh size) was used to re trieve the SMURF to 
a boat. As each SMURF was drawn to the surface, 
fish retreated further into the artificial habitat cover, 
so that any loss of re cruits during the retrieval pro-
cess was minimal (Am mann 2004, Kohn 2011). Each 
SMURF was flushed and shaken into a fish bin with 
saltwater to release individuals. Where an appropri-
ate identification could be undertaken without a 
specimen, fish were photo graphed with a reference 
measure, weighed and re leased immediately. If they 
could not be readily identified, they were euthanized 
immediately in a salt ice slurry. After euth ana sia, fish 
were preserved in 90% isopropyl for  processing. 
The research was compliant with the American Vet-
erinary Medical Association’s Guidelines for the 
Euthanasia of Animals: 2020 edition  (https://www.
avma.org/sites/default/files/2020-02/Guidelines-on-
Euthanasia-2020.pdf). SMURFs were then rede-
ployed to the same location. 

2.3.  Sampling handling and classification 

Fish were measured (total length [TL], mm), 
counted, and identified to the lowest taxonomic level 
possible. Common triplefin (F. lapillum were split 
into 3 size classes: 0−30 mm TL, newly settled indi-
viduals; 31−50 mm TL, juveniles; >51 mm, adults 
(McDermott & Shima 2006). Additionally, settlement-
sized individuals for each fish species were sepa-
rated out to de scribe patterns in settlement among 
habitat types. Previous otolith studies have indicated 
that ~20 mm TL is the size of triplefin species at set-
tlement (Paulin & Roberts 1992, Kohn & Clements 
2011). Similarly, the size at settlement for orange 
clingfish Dellichthys trnskii is <20 mm (Conway et al. 
2018), leatherjacket Parika scaber <35 mm (Kings-
ford & Milicich 1987), and Trachurus spp. <25 m 
(Beveren et al. 2016). Age cohort investigation was 
only conducted on F. lapillum, as this was the only 
species with sufficient catches from the SMURFs to 
make this analysis  feasible. 

2.4.  Species diversity and evenness 

Shannon-Wiener diversity and evenness indices 
were calculated for each habitat for each month as 
they take into account the number of species and 
abundance of fish species caught and better describe 
the overall fish community. Indices were calculated 
per SMURF for each of the 3 mo. The following equa-
tions were used to calculate species diversity (H ’) 
and species evenness (E): 

                                H ’ = −∑pi ln pi                            (1) 

where pi = proportion of S made up of the i th species: 

                                 EH’ = H ’/ lnS                              (2) 

where S = the total number of species in the commu-
nity. 

2.5.  Biofouling and habitat assessment 

A biofouling assessment was undertaken to quan-
tify the biomass of kelp in the 2 aquaculture habitats. 
Six 0.5 m sections each of randomly selected dropper 
lines from Habitats M and C were stripped (Fig. 1). 
Replicates from each habitat were evenly split be -
tween the 2 depth ranges (surface and seafloor) to 
characterise the equivalent SMURF sampling loca-
tions (n = 3 per habitat–depth combination). Dropper 
lines were lifted with a crane onto a mussel barge, 
where all material attached to the rope was removed, 
bagged, chilled, and transported to the laboratory. In 
the laboratory, the material was sorted into broad 
taxonomic groups or dominant species where ap -
propriate (e.g. kelp) and wet weighed so that the dif-
ferent biofouling groups could be proportionately 
quantified. 

The natural reef was characterised for the percent-
age cover of E. radiata covering the rocky reef sur-
faces only, so that the differences in kelp cover 
among aquaculture and natural habitats could be 
compared. This was a high-level indicative classifi-
cation to confirm that the rocky reef was a habitat 
dominated by E. radiata, which is typical of the coast-
line of north-eastern New Zealand. An underwater 
video recorder was suspended beneath a free diver 
within the reef area, and the resulting video footage 
was used to randomly select 29 still images of the 
rocky reef surface from which estimates of macro-
algal canopy cover across the rocky surfaces could be 
estimated (Bennion et al. 2019). This was calculated 
as a percentage of the total rocky surface area cov-
ered in macroalgae. 
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2.6.  Statistical analyses 

A linear mixed effects model was used with re -
stricted maximum likelihood (REML) estimates to 
model total fish and F. lapillum abundance over the 3 
sampling events for the SMURFs. A constant of 0.5 
was added to all raw abundance values to remove 
zeros from the data set, and variables were logged to 
ac count for skewed data. Random intercepts (REML 
estimates) were fit for each SMURF sampling unit at 
each month to ac count for repeated measures. Where 
the overall model results were significant, ‘emmeans’ 
post-hoc analyses were used to compare each of the 
combinations among the 3 interacting factors used in 
the sampling design (habitat, month, depth). 

H’ and E did not conform to parametric assump-
tions, even after transformation of the proportional 
indices (Scariano & Davenport 1987). Consequently, 
multi-pairwise Kruskal-Wallis comparisons were 
used, with a correction for inflated error. Such an 
approach to analyses of these data is sufficiently sta-
tistically conservative to provide adequate protection 
for type I errors caused by α inflation from multiple 
testing and sequential sampling from static SMURF 
positions (Lee & Lee, 2018). Post-hoc analyses were 
conducted if significant differences were identified 
across all scenarios of the 3 interacting factors used 
in the sampling design (habitat, month, depth). 

To compare fish communities among habitat types, 
non-metric multidimensional scaling (NMDS) was 
conducted based on Bray-Curtis distances with 999 
permutations for the fish species data per SMURF. 
An ordination plot was produced for a 2D represen-
tation of the ordination. 

To compare the biofouling between the 2 aquacul-
ture habitat types and confirm the differences be -
tween the monoculture and co-culture farm habitats, 
a PERMANOVA on the biomass of biofouling groups 
based on Bray-Curtis distances with 999 permuta-
tions was done, with comparisons between habitat 
(M and C) and depth (surface and seafloor) as factors. 

A linear mixed effects model was used to model 
mean F. lapillum length (TL) for habitat and month. 
Random intercepts were fit for each SMURF sam-
pling unit at each month to account for repeated 
measures. Where the overall model results were sig-
nificant, ‘emmeans’ post-hoc analyses were used to 
compare each of the combinations among the 2 inter-
acting factors (habitat, month). Fisher’s exact test was 
used to compare the proportions of the abundance of 
settlers to post-settled F. lapillum individuals among 
habitats for the month of December. December was 
the only month where settlement-sized individuals 

were recorded and was used to understand differ-
ences in fish settlement among habitat types. 

All statistical analyses and plots were produced 
using R statistical software v4.0.4 (R Core Team, 
2021), with the exception of the NMDS plot, which 
was produced on PAST statistical software (version 
4.0.4) (Hammer et al. 2001). All analyses used a sig-
nificance α = 0.05. All means are presented as mean 
± SE. 

3.  RESULTS 

3.1.  Abundance of species 

Overall, a total of 730 fish from 9 distinguishable 
species, classified to the lowest taxonomic level pos-
sible, were captured in the SMURFs during the 3 
sampling events. Only one replicate SMURF was 
lost, from Habitat S (ST1) during the February sam-
pling. Over all depths combined, aquaculture habi-
tats (i.e. C and M) collected 373 fish, while natural 
habitats (i.e. S and R) collected 357 fish. The common 
triplefin was the dominant species collected at all 
habitats and comprised roughly 74% of the total 
catch (Fig. 3). The December collection in cluded 
schooling mackerel Trachurus spp. at settlement 
size, which comprised roughly 15% of the total catch 
for the month. The other 7 species were at low abun-
dances across all months and comprised the re -
maining 11% of the total catch. Common triplefin, 
orange clingfish, and Pseudophycis barbata were the 
only species found within all habitat types. The total 
number of species (i.e. species richness) found within 
the 4 habitats was similar, with monoculture and reef 
habitats containing 7 species and soft-sediment and 
co-culture containing 6 species. Few individual fish 
were captured at settlement size, common triplefin 
(n = 56 across all habitats), Dellichthys trnskii (n = 2 
in Habitats S and R), leatherjacket (n = 3 in Habitat S) 
and mackerel spp. (n = 108 in Habitat S). 

Overall, there were significant differences in the 
mean abundance of fish sampled in SMURFs be tween 
the 2 depths and among and within 4 habitats sampled 
over 3 mo (χ2

23 = 85.24, p < 0.0001) (Figs. 2 & 4). The 
main factor effects of depth were significant, as were 
the interactions of habitat × month, habitat × depth, 
and month × depth (Table 1). Post-hoc analyses iden-
tified the most significant interactions related to Habi-
tat S in December (i.e. characterised by catches of 
groups of settling mackerel Trachurus spp.). Signifi-
cant interactions related to depth of SMURF sampling 
were applicable for Habitats S and M in January and 
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Fig. 3. Total catches of different fish species caught in SMURFs pooled from 3 sampling events (monthly) between December 
2020 and February 2021 at co-culture (C), monoculture (M), reef (R) and soft-sediment (S) habitats. Each habitat is split into  

surface (T) and seafloor (B) depths (n = 5 for each habitat, depth, and month combination)

Fig. 4. Mean (±SE) abundance of all fish 
species from 3 monthly sampling events in 
SMURFs placed in 4 habitats (C: co-cul-
ture; M: monoculture; R: reef: S: soft-sedi-
ment) and 2 depths (B: seafloor; T: surface)



Aquacult Environ Interact 15: 85–100, 202392

Habitat S in February, when sea floor SMURFs had a 
higher abundance than surface SMURFs (Fig. 4, 
Table S1 in the Supplement; www.int-res.com/
articles/suppl/q015p085_supp.pdf). Sig nificant in-
teractions related to month were only evident for 
Habitat R, where abundance was higher in January 
and February seafloor SMURFs compared to Decem-
ber (Fig. 4, Table S1). Significant interactions con-
trasted by habitat identified both M and C surface 
habitats in February with higher abundance com-
pared to Habitat S. In January, Habitat C at the 
 surface also had a higher abundance than Habitat 
S (Fig. 4, Table S1).  

There were overall differences in 
the mean abundance of Fosterygion 
lapillum in the SMURFs be tween the 2 
depths within 4 habitats sampled over 
3 mo (χ2

23 = 73.90, p < 0.0001) (Fig. 5). 
The main factor effects of depth and 
month were significant, as were the 
interactions of habitat × month, habitat 
× depth, and month × depth (Table 1). 
Significant interactions contrasted by 
depth mostly indicated that seafloor 
SMURFs had higher F. lapillum abun-
dance than surface SMURFs within 
Habitats S, M, and C (Fig. 5, Table S2). 
Significant interactions contrasted by 
month indicated a significant increase 
in F. lapillum abundance over time for 
Habitats R and M, while there was a 
de crease over time for Habitat S. Sig-
nificant interactions contrasted by 
habitat indicated that Habitats M and 
C surface SMURFs in February had 
higher F. lapillum abundance than the 

Habitat S, and Habitat M seafloor had a higher abun-
dance than the C habitat for the same depth–month 
combination (Fig. 5, Table S2). 

3.2.  Species diversity and evenness 

There were overall significant differences in the 
diversity of fish sampled in the SMURFs between the 
2 depths and among and within the 4 habitats sam-
pled over 3 mo, as measured by H ’ (Kruskal-Wallis, 
χ2

23 = 44.94, p = 0) (Fig. 6a). Post-hoc analysis of the 3 
interacting factors (month, habitat, depth) could not 

Variable                            Model                                                                          Predictors                          df         F            p 
 
Total abundance              Linear mixed model fit by REML with random       Habitat                               3       2.81       0.055 
                                          intercepts for each unique combination                   Month                                 2       2.66       0.078 
                                                                                                                              Depth                                 1       5.52       0.025 
                                                                                                                              Habitat: Month                  6       7.95    <0.0001 
                                                                                                                              Habitat: Depth                   3       4.61       0.009 
                                                                                                                              Month: Depth                    2       5.78       0.005 
                                                                                                                              Habitat: Month: Depth      2       1.29       0.270 
F. lapillum abundance     Linear mixed model fit by REML with random       Habitat                               3       2.29       0.097 
                                          intercepts for each unique combination                   Month                                 2       4.57       0.014 
                                                                                                                              Depth                                 1       5.70       0.023 
                                                                                                                              Habitat: Month                  6       3.26       0.007 
                                                                                                                              Habitat: Depth                   3       4.71       0.008 
                                                                                                                              Month: Depth                    2       7.52       0.001 
                                                                                                                              Habitat: Month: Depth      6       1.91       0.092

Table 1. Summary statistics for total and Fosterygion lapillum abundance counts within the 4 habitats sampled over 3 mo  
based on linear mixed effects model fit with restricted maximum likelihood (REML)

Fig. 5. Mean (±SE) abundance of common triplefin at 3 sampling events in 
SMURFs placed in 4 habitats (C: co-culture; M: monoculture; R: reef; S: soft- 

sediment) and 2 depths (B: seafloor; T: surface)

https://www.int-res.com/articles/suppl/q015p085_supp.pdf
https://www.int-res.com/articles/suppl/q015p085_supp.pdf
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detect any differences in the main effect of habitat 
(Table S3). Similarly, there were overall significant 
differences in the evenness of fish sampled in the 
SMURFs between the 2 sampled depths within 4 
habitats sampled over 3 mo as measured by E 
(Kruskal-Wallis χ2

23 = 44.13, p = 0.01) (Fig. 6b). How-
ever, post-hoc analyses were un able to distinguish 

any differences in the main effect of 
habitat due to the dominance of F. 
lapillum throughout all 4 sampled 
habitats (Table S4). 

3.3.  Fish communities at 
different habitats 

The ordination analysis identified 
that the communities of fish arriving in 
SMURFs among habitat types were 
similar, with every habitat type over-
lapping considerably (Fig. 7). Habitats 
C and S appear to have had more vari-
ation in the composition of fish com-
munities arriving in SMURFs, while 
Habitat M had the least variation. 

3.4.  Size distribution of F. lapillum 

Overall, for all habitats, the size of F. 
lapillum in creased from December to 
February (Fig. 8). In December 2020, 
the 20−30 mm size class had the 
highest overall abundance, whereas by 
February 2021, the 40−50 mm size class 
was the most abundant among habitats. 
Settlers (<22 mm TL) were caught at all 
habitats, but only in the December 
sample, with the highest abundance of 
settlement-sized individuals present in 
Habitats S and M (n = 33 and 12, re-
spectively), and the lowest in Habitats 
C and R (n= 5 and 6, respectively). 
However, the proportion of settlers to 
post-settled individuals in December 
differed significantly among habitats 
(Fisher exact test, p <0.0001). In this 
month, settlers constituted a greater 
proportion of all the sampled F. lapil-
lum in Habitats. S and R (67 and 50% of 
total catch, respectively) and the least 
proportion in Habitats C and M (27 and 
29% of total catch, respectively). 

There were overall differences in the mean length 
of F. lapillum in the SMURFs among the 4 habitats 
sampled over 3 mo (χ2

11 = 368.98, p <0.0001) (Fig. 9). 
The main factor effects of habitat and month and 
month × habitat were significant (Table 2). Post-hoc 
analyses indicated that the significant interaction 
was mostly driven by the differences in the rate of in -
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Fig. 6. Comparison of mean (±SE) Shannon-Wiener (a) diversity index and (b) 
species evenness index for all fish caught in SMURFs for 4 habitats (C: co-cul-
ture; M: monoculture; R: reef; S: soft-sediment), 2 depths (B: seafloor; T: surface)  

at 3 monthly sampling events
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Fig. 7. Non-metric multidimensional scaling (NMDS) plot of fish communities sampled within SMURFs and split into habitat for 
2 depths and for 3 mo of sampling. Yellow: soft-sediment habitat; green: co-culture habitat; black: monoculture habitat; orange:  

reef habitat; 95% ellipses displayed

Fig. 8. Distribution of common triplefin Fosterygion lapillum in different size classes for total length (mm) from samples col-
lected with SMURFs from 4 habitats (C: co-culture; M: monoculture; R: reef; S: soft-bottom) per month (December 2020,  

January 2021, February 2021) and for 2 depths combined
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crease in the size of fish over time for all habitat 
types. Among these, F. lapillum only showed a signif-
icant increase in size between December and Janu-
ary and December and February for natural habitats 
(i.e. Habitats R and S), whereas in aquaculture habi-
tats (i.e. Habitats C and M), there was a significant 
in crease in size for all month combinations (Fig. 9, 
Table S5). The F. lapillum sampled from Habitat S 
were also significantly smaller in December com-
pared to Habitats C and M, but not Habitat R. The 
recruits of F. lapillum sampled in February in Habitat 
R were significantly smaller (by 12%) than those 
sampled from Habitat C (p = 0.034, C = 46.1 ± 1.3 vs. 
R = 41.1 ± 0.8 mm). There were no significant differ-
ences in mean size between Habitats C and M within 
any month. 

3.5.  Biofouling communities 

Overall, 13 coarse groupings were identified within 
biofouling samples taken from the 2 aquaculture 
habitats, based on dominant species or ecological 

function. PERMANOVA analysis of the biomass of 
biofouling identified significant differences be tween 
Habitat C and M biofouling communities (F(1,8) = 4.98, 
p = 0.045). No significant differences were identified 
between sampled depths (F(1,8) = 0.91, p = 0.42), or for 
the interaction of habitat × depth (F(1,8) = 0.05, p = 
0.96). Habitat C had a more diverse range of biofoul-
ing, which in cluded a higher percentage biomass of 
kelp Ecklonia radiata (C = 9.0 ± 1.6%, M = 0.1  ± 0.0%). 

Overall, Habitat R was characterised by rocky reef 
with extensive canopy cover of E. radiata (46.0 ± 
4.8%). Variability in cover was due to patches of reef 
without kelp, as well as the intermittent presence of 
other species of seaweeds, e.g. Carpophyllum spp. 
and Cystophora spp., that were mixed in places with 
E. radiata. 

4.  DISCUSSION 

4.1.  Comparison of fish communities  
among habitats 

While it is acknowledged that the habitat value of 
aquaculture structures to fish has been identified, the 
results from this study provide some of the first evi-
dence that fish larvae are specifically settling into 
aquaculture habitats and successfully establishing in 
the habitat after settlement (Tallman & Forrester 
2007, Callier et al. 2018, Barrett et al. 2022). This dis-
tinction is important as it indicates that larval settlers 
and recruits have a direct association with aquacul-
ture habitats and are not only utilising or aggregating 
within the habitat at later stages of development. Fur-
thermore, the 2 examined aquaculture habitats en-
abled the recruitment of fish at rates equivalent to ad-
jacent natural habitats. A similar suite of fish species 
was found to be recruiting to each of the 4 habitats 
that were sampled with SMURFs over 3 mo, with spe-
cies richness being similar and the fish communities 
in the aquaculture versus natural habitats being in-
distinguishable by NMDS analysis. Similarly, com-
parisons of the diversity and evenness of fish sampled 
could not detect any broadscale differences among 
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Variable                       Model                                                                            Predictors                       df            F              p 
 
F. lapillum                   Linear mixed model fit by REML with random         Habitat                            3            4.48        0.009 
 mean length              intercepts for each unique combination                     Month                             2        199.15     <0.0001 
                                                                                                                            Habitat: month               6            4.00        0.001

Table 2. Summary statistics for Fosterygion lapillum length within the 4 habitats sampled over 3 months based on linear mixed  
effects model fit with restricted maximum likelihood (REML)

Fig. 9. Mean (±SE) total length (mm) of common triplefin 
Fostery gion lapillum from samples collected from SMURFs 
sampling 4 habitats (C: co-culture; M: monoculture; R: reef; 
S: soft-bottom) over 3 mo (December 2020, January 2021,  

February 2021)
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the 4 habitats. All of the significant interactions for 
evenness were related to samples from the SMURFs 
that comprised only one species (common triplefin), 
which resulted in an evenness score of zero. Common 
triplefin are highly territorial and competitive, which 
may have contributed to the dominance and singular-
ity of this species captured in SMURFs (Jones 1988, 
Carbines 1993, Willis & Anderson 2003). 

The overall consistency of fish communities indi-
cates a similar pattern of arrival of fish larvae at all 4 
habitats. However, there was some variation in the 
presence of the uncommon species, which may indi-
cate some possible fine-scale differences in use by 
the recruits of some fish species. For example, juve-
nile orange clinid Ericentrus rubrus was only present 
in one sample taken at a surface reef habitat. The 
orange clinid prefers rocky reef habitat where spe-
cific species of brown algae, Carpophyllum and 
Cysto phora, are present, and these macroalgae were 
at very low densities in co-culture habitat (Clements 
et al. 2014). Additionally, recruits of the spotty Noto-
labrus celidotus were consistently absent from soft-
sediment habitats throughout the sampling period 
but were present in aquaculture and reef habitats. 
Spotty are associated with macroalgae during re -
cruit ment and, as they reach juvenile sizes, will seek 
structural complexity, such as mussel lines, mussel 
farm anchor blocks, or rocky reef habitat (Carbines 
1993, Morrisey et al. 2006). SMURFs did not catch 
any settlement-sized spotty (<2 cm), which is the age 
class that has a stronger association with brown 
macro algae (Jones 1984, Carbines 1993, Morrisey et 
al. 2006). In the present study, robust triplefin Fos -
tery gion gymnotum was only sampled in aquacul-
ture habitats, i.e. a total of 1 in Habitat C and 4 in 
Habitat M. This species has previously been ob -
served to have relatively wide habitat preferences, 
including artificial structures, such as wharf piles 
(Jawad 2008), while the abundance of this species in 
reef habitats is associated with more complex rocky 
reef habitat without kelp (Shelamoff et al. 2020). 
Therefore, in the present study, the aquaculture 
infrastructure likely provided the structural complex-
ity of habitat preferred by the cryptobenthic recruits 
of the robust triplefin. 

4.2.  Comparison of habitats for settlement  
of fish larvae 

Recruits of the common triplefin dominated the 
catches from SMURFs, with a smaller proportion be -
ing of settlement size (i.e. 56 out of total of 541). This 

species is commonly found in high abundances in 
coastal reef and hard rock habitats in New Zealand 
and has strong thigmotactic responses during settle-
ment (Ammann 2004, Valles et al. 2006, Kohn 2011). 
In December, common triplefin settlers were sampled 
in SMURFs in all habitats and depths, although their 
abundance varied markedly among habitat types. 
SMURFs in Habitat S in December had the highest 
abundance of common triple fin settlers. In contrast, 
Habitats C and R had the lowest abundance of com-
mon triplefin settlers. Habitats M had double the 
number of settlers compared to Habitats C, but only a 
third as many as were sampled in the Habitat S. Com-
mon triplefin settlers were absent from all samples 
from all habitats for January and February sampling, 
indicating that there was a discrete settlement pulse 
within December only during the experimental time-
frame. Settlement may also have oc  curred prior to De-
cember, with post-settled individuals also ob served 
within the December sampling. Common triplefin are 
known to have a broad range of settlement habitats, 
exhibiting strong thigmotaxis and a preference for 
cryptic habitats (Connell & Jones 1991, Willis & An-
derson 2003, McDermott & Shima 2006). The initial 
high abundance of settlers sampled in the SMURFs 
placed in the Habitat S suggests that settling larvae 
were available to settle throughout the 4 habitats 
within this study location. 

Recently settled Trachurus spp. were only found at 
high abundance in SMURFs Habitat S (n = 108), 1 
present in reef habitat in December only and none in 
the other 2 habitats. Macke rel species are pelagic and 
have strong schooling behaviour, but are at tracted to 
physical structures in order to avoid predation in 
the water column (Valle et al. 2007, Fernandez-Jover 
et al. 2009, Beveren et al. 2016). Therefore, it is un -
likely that settling mackerel larvae were seeking 
reef habitat for settlement (Beveren et al. 2016). The 
subsequent absence of this species from all sampled 
SMURFs in January and February, other than 1 indi-
vidual in Habitat S, highlights their short period of 
larval settlement, with settled and established indi-
viduals presumably moving into pelagic habitat or 
subject to mortality. 

Post-hoc analyses indicated that seafloor SMURFs 
captured more recruits than surface SMURFs in 
Habitats S and M. This was unexpected, as the sam-
ple area was shallow; therefore, vertical stratification 
was unlikely to have congregated settling individu-
als at certain depths. However, interactions related to 
depth were mostly present in January and February 
and so within the post-settlement period rather than 
the settlement period. It is likely the differences in 
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habitat between the 2 depths (i.e. close to the sea -
floor) had driven the differences in recruits at depth 
within these habitat types. 

4.3.  Comparison of habitats as nurseries  
for fish recruits 

The vast majority of fish sampled within this study 
were of post-settled size, i.e. overall total of 169 set-
tlers versus 561 post-settlers, all species combined. 
Cryptobenthic species (i.e. common triplefin) have 
small home ranges and are territorial in nature, 
which means they do not travel far after settlement 
(Connell & Jones 1991, Morrisey et al. 2006). The iso-
lation of the aquaculture habitats suggests that these 
recruits had become resident in the habitat prior to 
the settlement period observed in this study. 

The artificial 3-dimensional structures of the mussel 
farm habitats provided a similar function as in the 
physical structural complexity that a rocky reef 
system provides, if not more so (i.e. total common 
triplefin abundance in February in Habitat M = 87 vs. 
Habitat R = 44). Habitats C and M also showed a sig-
nificant increase in size of F. lapillum re  cruits be -
tween all months, whereas natural habitats (S and R) 
only showed an initial significant increase in Decem-
ber, but not thereafter. The combination of survival 
and growth is important, as it strongly indicates that 
these artificial aquaculture habitats are of sufficient 
quality to host settlers, recruiting juveniles and adults 
(Morrisey et al. 2006, Shelamoff et al. 2020). Three-
 dimensional aquaculture structures along with estab-
lished biofouling and mussels present on the aquacul-
ture structures likely support post-settled individuals 
through the provision of food and shelter, similar to 
the habitat function of naturally occurring shellfish 
reefs (McLeod et al. 2014, Cheminée et al. 2015, Wil-
son et al. 2017). Specifically, natural Perna canaliculus 
reefs that occur on soft-sediment seafloors have been 
found to have a 13.7 times higher density of small 
fishes compared with nearby areas of bare soft-
 sediment seafloor, most likely due to the physical 
structure providing shelter and increased abundance 
of invertebrates as food for fish provided by the 
mussel reef habitat (McLeod et al. 2014). The lack of 
quantification of secondary production in shellfish 
farms makes it difficult to compare the relative impor-
tance of the feeding opportunities for fish recruits 
with natural shellfish beds (Alleway et al. 2019). In the 
present study, SMURFs placed in aquaculture habitats 
were ob served to host a wide range of mobile fauna 
with a dominance of benthic crustaceans, particularly 

crabs and glass shrimp species, together with a di-
verse range of amphi pod and copepod species (L. H. 
Under wood pers. obs.). Because SMURFs were hung 
directly off the shellfish aquaculture infrastructure, 
the mobile fauna accumulating in SMURFs were rep-
resentative of those species associating with the 
aquaculture habitat. These small mobile species are 
an important food source for triplefin recruits, juve-
niles, and adults (Jones 1988, Feary et al. 2009). 
Unlike some other demersal fish recruits which may 
only utilise nursery habitats for shelter but feed in the 
adjacent water column (i.e. snapper Pagrus auratus 
recruits), it is the combination of shelter and food that 
is important for these cryptobenthic fish species 
(Jones 1988, Parsons et al. 2014, Parsons et al. 2020). 

In a 2-dimensional soft-sediment habitat, there was 
limited physical habitat structure to support fish re -
cruits, resulting in the subsequent decline ob served 
in the abundance of recruits sampled by SMURFs 
in Habitat S over time (i.e. a significant decline in 
F. lapillum recruits and total fish recruits at surface 
Habitat S from December−January and December−
February). A range of habitats can promote settlement 
of triplefins, although they ex hibit subsequent age-
specific mortality when re cruits outgrow less complex 
habitat, resulting in de creasing abundance (Connell 
& Jones 1991). The lack of food or shelter within 
 habitats with limited structural and biogenic com-
plexity may increase density-dependent and density-
independent mortality in fish recruits, as there is 
greater competition among individuals for re sources 
and more predation mortality during this vulnerable 
life stage (Connell & Jones 1991, Johnson, 2007, 
Cheminée et al. 2015). Other than mortality, reduc-
tions in growth rate are also associated with lower-
complexity habitats (Cheminée et al. 2015, Erm gas -
sen et al. 2016, Lefcheck et al. 2019), such as the 
significantly greater increase in mean size of common 
triplefin from January to February sampled in the 
aquaculture habitats (C and M) versus Habitat S. 

Overall, settlers were available within each habitat 
type and subsequently settled into the temporary 
substrate provided by the SMURFs. However, the 
qualities of habitats appeared to be more important 
to the subsequent establishment of settlers, with 
marked differences in the retention and growth of 
common triplefin observed among the 4 sampled 
habitats. Both aquaculture habitats outperformed 
Habitat S for both the retention and growth of com-
mon triplefin. Further, the mean length of F. lapillum 
was significantly greater in aquaculture habitats 
compared to Habitat R in February, suggesting more 
rapid growth. Overall, the results indicate that the 
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structural complexity of habitat, and the complex 
interactions of physical and biological factors which 
habitat structure supports (i.e. less predation, re -
duced competition, increased food availability), drive 
the different trends in abundance and diversity of 
fish recruits over time within a habitat. However, 
separate experiments would be required to confirm 
these driving mechanisms. While this study has only 
used one spatial location, the data provides a founda-
tional understanding of the settlement and recruit-
ment patterns and of the degree of natural variability 
which occurs at a small scale. This variability will 
need to be carefully managed for future studies that 
seek to undertake sampling over a wider range of 
locations. 

5.  CONCLUSION 

The results of this study indicate that aquaculture 
and natural habitats provide suitable habitat for the 
settlement of fish that are typical to natural coastal 
rocky reef habitats within the vicinity. Aquaculture 
habitats also supported post-settled individuals 
through recruitment and appear to provide a nursery 
habitat function. In soft-sediment habitats, although 
supporting the settlement of fish, there was a decline 
in individuals over time, which suggests that settlers 
were unable to be supported by the habitat, likely 
due to the lack of physical structure. There were also 
indications that, for at least one species, the common 
triplefin, the 2 aquaculture habitats examined are of 
sufficient quality to support the growth of fish from 
settlement to juvenile size classes. The presence of 
kelp in the co-culture aquaculture habitat versus 
mussels alone did not affect these observed patterns 
of fish recruitment, suggesting that the presence of 
kelp does not enhance structural or secondary pro-
duction of the habitat in a manner that improves set-
tlement and establishment outcomes for fish recruits. 
Overall, the results provide evidence that shellfish 
aquaculture infrastructure can provide suitable habi-
tat for the recruitment of fish that is comparable with 
natural habitat and that it further extends the ecosys-
tem services provided by such aquaculture activities. 
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