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1.  INTRODUCTION 

Aquaculture production is increasing worldwide 
and today accounts for a greater proportion of the 
fisheries biomass destined for human consumption 
than traditional capture fisheries (FAO 2018). How-
ever, this growth has also led to concerns about the 

interactions of the industry with the natural environ-
ment (Barrett et al. 2019, Weitzman & Filgueira 2019) 
as well as other industries that occur in the same 
water bodies, particularly fisheries (Soto et al. 2008). 
In response to these concerns, the Ecosystem Ap -
proach to Aquaculture (Soto et al. 2008, Brugère et 
al. 2019) was developed to provide an integrative 
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side of mussel farms. Although lobster abundance at mussel farms varied from June−September, 
abundance only differed between the farms and their associated reference sites in June. Distur-
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and there was little evidence that the farm was a refuge for lobsters. Both lobsters and crabs 
appeared to move at significantly slower speeds inside the mussel farm, suggesting that both 
species used the mussel farms for foraging and/or sheltering; this was particularly evident for the 
rock crab. The results of this multi-approach field study are informative for spatial planning and 
provide important insight into how commercially and ecologically important species use aquacul-
ture facilities.  
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framework for the aquaculture sector, whereby 
aquaculture activities must adhere to local environ-
mental and economic objectives. In eastern Canada, 
mussel aquaculture farms may overlap with lobster 
Homarus americanus and rock crab Cancer irroratus 
fisheries (~16 777 t of H. americanus and ~888 t of C. 
irroratus was landed in Prince Edward Island [PEI], 
Canada, in 2020; Department of Fisheries and Com-
munities 2020). Ouellette et al. (2016) and Sonier et 
al. (2018) indicated that the lobster fishing industry 
has concerns about expansion of the mussel industry. 
Although concerns often focus on the potential for 
lobster larvae to be consumed by mussels while fil-
ter-feeding (e.g. Davenport et al. 2000, Gendron et 
al. 2003), fishers also express concern about the fished 
adult stages and mussel farms’ potential effects on 
the animals’ distributions (i.e. the possibility of the ani-
mals remaining within farms and thus not available 
to the fishery) and behaviour. 

Mussel farming may have a considerable impact 
on the ecosystems in which it is carried out, in -
cluding impacting the benthic environment in which 
lobsters and crabs are intimately associated (Mc -
Kindsey et al. 2011). The addition of considerable 
physical structure in the form of anchors, and food 
in the form of fallen mussels and associated fauna 
from farm structures, create conditions that attract a 
large number of scavenging animals, including lob-
sters and crabs but also sea stars, predatory snails, 
etc. (Inglis & Gust 2003, D’Amours et al. 2008, Cal-
lier et al. 2018). Evidence of such aggregations 
within mussel farms throughout eastern Canada 
(Clynick et al. 2008, D’Amours et al. 2008, Drouin 
et al. 2015, Sean et al. 2022) suggests that lobsters 
and crabs may indeed remain within or closely as -
sociated with mussel farms, as both species likely 
find suitable shelter and significant trophic subsi-
dies there. For example, McKindsey et al. (2011) 
calculated that up to 60 000 anchors — mostly ce -
ment blocks — may be deployed at any time in 
Tracadie Bay, close to Malpeque Bay, providing 
additional sheltering habitat for lobsters and crabs. 
Great quantities of mussels and associated fouling 
organisms may fall from farm structures to the bot-
tom through self-thinning processes. For ex ample, 
Comeau et al. (2015) estimated that 89% of seed 
mussels are lost due to fall-off over a 2 yr produc-
tion cycle in PEI. In some areas, inputs due to fall-
off may account for the greatest fraction of organic 
loading to the seafloor (Fréchette 2012) and attract 
a variety of predatory and scavenging species. 
Recent work has shown that as lobsters grow in 
farm areas, they switch from a diet dominated by 

crabs (Gendron et al. 2001) to one dominated by 
mussels (Sardenne et al. 2019). Similarly, rock crab 
diets are commonly composed of mussels in coastal 
areas (Drummond-Davis et al. 1982), and crabs com-
monly increase the proportion of mussels in their 
diets inside of mussel farm areas (Freire et al. 
1990), although such a diet shift does not seem to 
impact crab metrics such as growth and moulting 
(Drolet et al. 2022). Together, these findings lend 
support to the idea that mussel farms may attract 
crusta ceans, and as a result, alter their movements, 
foraging be haviour, and habitat use. A number of 
studies have shown that lobsters and crabs may 
modify their movements and behaviour based on 
benthic conditions (Richards 1992, Holsman et al. 
2006, Skerritt et al. 2015, Tanaka & Chen 2016, 
Carloni & Watson 2018, Florko et al. 2021). Given 
the addition of benthic structure and foraging 
resources associated with mussel farms, it may be 
expected that lobsters and crabs alter their move-
ments in areas below and surrounding farms. 

However, little work has addressed how such 
changes may have bottom-up effects that impact fish-
eries species (but see Gibbs 2004, Byron et al. 2011, 
Barrett et al. 2022, Lavoie et al. 2022, Theuer kauf et 
al. 2022). Several authors have suggested that similar 
attractive devices may have negative consequences 
on fish and crustaceans, as the aggregation of fish-
eries species may lead to overfishing (Dagorn et al. 
2013, Wilhelmsson & Langhamer 2014, Swearer et al. 
2021). Indeed, in areas where lobster fishing overlaps 
with mussel farms, fishers often set up their cages im-
mediately outside of farm sites. Work done elsewhere 
on lobster interactions with mussel farming (Lavoie et 
al. 2022) showed that the animals had little affinity to 
offshore mussel farms and did not alter their be-
haviour other than immediately following release. 
The impact of lobster and crab behaviour in coastal 
embayments, such as those in PEI, remains unstudied. 

As part of a long-term research strategy to better 
understand the cascading effects of mussel culture 
on fisheries species, this study examined the spatial 
distribution (visual SCUBA surveys) and movement/
behaviour (acoustic telemetry) of lobsters and rock 
crabs within and around mussel culture sites in 
Malpeque Bay, PEI, Canada, to evaluate their avail-
ability to the fishery. Specific objectives were to 
 provide information on various lobsters and crab at -
tributes in farm sites relative to non-farm sites 
regarding (1) population structure (i.e. size class and 
sex distributions), (2) movements and behaviours, 
and (3) the affinity of lobster and crabs to mussel 
farm sites. 
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2.  MATERIALS AND METHODS 

2.1.  Study area 

The study was done in Malpeque Bay, PEI, eastern 
Canada (46.5356° N, 63.8027° W) from 15 June to 28 
September 2015, and 7 June to 8 September 2016 
(Fig. 1). The bay is ca. 224 km2 and characterised by 
shallow areas (mean depth: ~4.5 m) of low tidal 
amplitude (maximum: ca. 0.55 m). It is dominated by 
soft bottom areas, varying from mud to more com-
pacted sediment with cobble. The bay is usually cov-
ered by ice from December to April, and water tem-
perature may reach 26°C during the summer. Over 
the sampling period, about 7% of the bay was leased 
for bivalve aquaculture (Filgueira et al. 2015), mainly 
blue mussels Mytilus edulis growing in suspended 
mesh socks attached to long lines. Fishing activity is 
concentrated across the mouth of the bay and in the 
middle of the bay between Marchwater (MW) and 
Richmond Bay (RB) farms. At-sea-sampling estimated 
catch-per-unit-effort (CPUE) of commercial-sized lob-
sters (>72 mm carapace length [CL]) in the immedi-
ate vicinity of the farms is between 500 and 1100 g 
per trap hauled (Ouellette et al. 2016). 

2.2.  Mussel farm transect surveys 

Three mussel farms — MW (ca. 2.71 km2), Bentick 
Cove (BC; ca. 0.20 km2), and RB (ca. 0.10 km2; 
Fig. 1) — were selected to assess the density and indi-
vidual size structure of lobsters within farm areas 
and at surrounding reference areas (i.e. >300 m from 
mussel farms). MW is in the northeast area of the bay 
in a sub-basin with connectivity to the main water 
body through a narrow channel defined by small 
islands and shallow areas (Filgueira et al. 2015). BC 
and RB are within the main water body situated on 
the southwest and southern edge of the bay (Fig. 1). 
Lobster density and size structure were evaluated at 
each site on 3 occasions: 6−16 June, 8−14 July, and 
24−26 September 2015 (Fig. S1 in the Supplement at 
www.int-res.com/articles/suppl/q015p179_supp.pdf). 
At each of the 3 sites, demographic information was 
collected for lobsters along 5 transects (60 m long 
× 2 m wide = 120 m2) by SCUBA divers inside the 
mussel farm and 5 others in adjacent reference habi-
tat (>300 m from a lease boundary). In mussel farms, 
transects were placed perpendicular to mussel long 
lines, and all lobsters present along a transect were 
caught and placed in a collection bag and subse-
quently sexed, measured (CL), and counted while on 

board the dive boat. Lobsters were returned at the 
surface at their capture location after processing. 
Some lobsters observed along the transects could not 
be caught but were noted in the data as ‘undeter-
mined’ (i.e. without sex and length data). 
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Fig. 1. (A) Location of the 3 study sites (BC: Bentick Cove, red 
polygon; RB: Richmond Bay, purple polygon; MW: March -
water, blue polygon; additional mussel farms which were 
not included in the study, white polygons) in Malpeque 
Bay, Prince Edward Island, eastern Canada (46.5356° N, 
63.8027° W) and (B−E) spatial arrangement of the receiver 
arrays. (B) Retention of lobsters within the MW mussel farm 
during the fishing season (n = 42) and (C) fine-scale movement 
of lobsters after the fishing season (n = 32). Fine-scale move-
ment of (D) lobster after the fishing season at RB in 2015 (n = 
30) and (E) rock crabs in 2016 (n = 20). Black dots: receivers 

https://www.int-res.com/articles/suppl/q015p179_supp.pdf
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2.3.  Acoustic telemetry design 

2.3.1.  Retention within the mussel farm during the 
fishing season 

Three field experiments were undertaken at the 
MW (Fig. 1B,C) and RB (Fig. 1D,E) study sites. The 
first field experiment (Expt 1) quantified the time lob-
sters spent inside and outside the mussel farm at the 
MW site during the 2015 fishing season (15 June to 
9 July 2015). A double gate of 45 receivers (VR2W —
69 kHz, Innovasea) was set up in MW, each sepa-
rated by 250 m from its closest neighbour to ensure a 
detection probability of 0.8. The optimal distance 
between receivers was determined by a range test. 
The range test placed receivers and tags with a fixed 
transmission delay at increasing distances from each 
other. The frequency of detections logged by each 
receiver was modelled as a function of distance, and 
the resulting detection function was used to deter-
mine the appropriate distance between receivers 
using the VEMCO Range Test Software (VEMCO 
2015). A double gate was used so that the position of 
the lobster, and thus its direction of travel through 
the gate, could be quantified. The gate was deployed 
around the edge of part of the mussel farm; the 
perimeter of the encircled study site was 6.19 km, 
delimiting an area of 2.65 km2 (Fig. 1B). Due to a lim-
ited number of receivers, a small active area of mus-
sel culture in the southeast area of the mussel farm 
was not encircled by the receiver gate (Fig. 1B). Each 
receiver was fixed to one end of a steel bar (T-
shaped; length 1.8 m), with the other half buried in 
the sediment. This anchoring method minimised the 
addition of structure on the seabed, which is known 
to attract lobsters and may bias results (see Drouin et 
al. 2015). Receivers were moored using the same 
method for Expts 2 and 3 (Section 2.3.2). 

Inside the mussel farm delimited zone, 42 inter-
moult, commercial-sized lobsters (≥72 mm CL) were 
caught by divers and brought back on the boat to be 
sexed, measured, and tagged with transmitters (V9; 
69 kHz, Innovasea) with a 90 s nominal delay. All 
acoustic transmitters were attached to the carapace 
using LePage® Ultra Gel Control® Super Glue on a 
previously dried and sanded area that had been 
cleaned with an ethanol solution. Lobsters were kept 
onboard and sheltered from the sun until the glue 
was dry (≤15 min) and then released at the surface at 
the position where they were captured. Lobster 
movements were recorded for 23 or 24 d, i.e. from 15 
June (14 lobsters) or 16 June (28 lobsters) until 9 July 
(first day of receiver removal). 

2.3.2.  Behaviour and habitat use inside and outside 
of the mussel farms 

The objective of the second field experiment (Expt 2) 
was to investigate fine-scale lobster movement and 
habitat use during the 2015 post-fishing season; i.e. 
when no lobster traps were present in the bay (11 
July through 28 September 2015) at both the MW 
and RB sites (Fig. 1C,D). At each site, receivers were 
deployed in a continuous array with a detection area 
of 2.07 km2 in MW (47 receivers) and 0.92 km2 in RB 
2015 (20 receivers). Arrays covered either the entire 
mussel farm (RB) or a fraction of the farm (MW); in both 
cases, a similar area of adjacent benthic habitat was 
also covered. A total of 32 (mean ± SE: 64.3 ± 1.2 mm 
CL) and 30 lobsters (mean: 64.3 ± 1.0 mm CL) were 
tagged after the 2015 fishing season in MW and RB, 
respectively. Half of the lobsters were caught and 
released in the mussel farms and the other half in the 
non-farm adjacent habitats (Fig. 1C,D). Lobster tags 
had a nominal delay of 90 s and were attached using 
the same methods as Expt 1 (Section 2.3.1). 

The purpose of the third field experiment (Expt 3) 
was to assess fine-scale crab movement and habitat 
associations at RB during the 2016 post-fishing sea-
son (7 June to 9 September 2016) using 7 receivers 
with a detection area of 0.72 km2. As in 2015, the 
array covered both the mussel farm and the adjacent 
soft-bottom habitat (Fig. 1E). A total of 20 rock crabs 
(mean ± SE: 67.01 ± 5.6 mm carapace width) were 
caught in side the RB mussel farm and tagged using 
the same method and then released at the surface in -
side the mussel farm. Crab tags had a nominal delay 
of 60 s and were attached using the same methods as 
Expt 1 (Section 2.3.1). 

2.4.  Acoustic telemetry data pre-processing 

In order to identify detections with high positional 
error, the relationship between 2 measures of hori-
zontal position error, HPE and HPEm, was assessed 
for all 3 field experiments using linear regression 
(Coates et al. 2013, Skerritt et al. 2015). HPE is a rel-
ative measure of error sensitivity; as such, a calcu-
lated position with a high HPE provides less informa-
tion on the position of an animal compared to a 
position with a lower HPE. HPEm is the measured 
error between a calculated position and its known 
location; e.g. a GPS position of a transmitter (for full 
definitions see Smith 2013). At MW and RB during 
2015, <1% of all synchronisation tag data had an 
HPE value >30; in RB in 2016, <1% of HPE values 
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were >38. Data were filtered to remove HPE > 30; in 
all cases, r2 > 0.95. All lobster and crab data were 
subsequently filtered to HPE ≤ 30 prior to analysis, 
with the exception of the MW generalized estimating 
equation (GEE) analysis (see Section 2.5.3). The posi-
tional error in all field experiments was between 2 
and 34 m (field Expt 1, MW: mean: 3.19 ± 0.01 m, n = 
41 576; field Expt 2, MW: mean: 4.27 ± 0.03 m, n = 
13 561, RB 2015: mean: 6.53 ± 0.02 m, n = 92 202; field 
Expt 3, RB 2016: mean: 3.08 ± 0.004 m, n = 254 395). 

2.5.  Data analysis 

2.5.1.  Spatial variation in abundance 

Lobster abundance data from transects were con-
verted to number of individuals per 100 m2. Variation 
in lobster abundance inside and outside of the mus-
sel farm was analysed using a 3-way ANOVA design 
(crossed factors) with the fixed factors ‘site’ (3 levels: 
BC, RB, and MW), ‘habitat’ (2 levels: mussel farm and 
reference), and ‘month’ (3 levels: June, July, and 
September). An additional 3-way ANOVA (crossed 
factors) was used to evaluate variation in size as a 
function of site, habitat, and month. Assumptions of 
normality (Shapiro test) and homoscedasticity (Lev-
ene’s test) were assessed (Quinn & Keough 2002). 
Both abundance and size data violated normality 
assumptions, and abundance data was non-equal 
between groups; therefore, abundance and size data 
were log(x + 1) transformed prior to analysis. The sex 
ratio of lobsters was analysed using a generalized 
linear model with a binomial distribution and logit 
link function. The model included a 2-way interac-
tion between site and habitat with month as a main 
effect; a 3-way interaction could not be fitted due to 
model singularity. Tukey’s HSD was used to adjust 
for multiple comparisons. 

2.5.2.  Retention within the mussel farm during  
the fishing season 

During the fishing season at MW, lobster retention 
inside the mussel farm perimeter was calculated in 
hours according to the time a lobster was detected on 
the inside or outside of the receiver gate. Firstly, a 
polygon of the gated mussel farm was created using 
the receiver locations. Lobsters were then identified 
as being inside the mussel perimeter if their detected 
position intersected the polygon; positions that did not 
intersect the polygon were used to confirm that the 

lobster had left the mussel farm. Both the number of 
entries and exits from the mussel farm and the length 
of time spent inside and outside as a proportion of the 
total tracked time were calculated; the direction of 
 entry or exit was also identified. The time inside and 
outside the mussel perimeter was calculated each 
time a lobster crossed the perimeter while exiting or 
re-entering the mussel farm, and the time spent out-
side the mussel farm was defined as the time between 
the first detection on the outside of the mussel farm 
and the first detection upon re-entering the mussel 
farm. If the lobster did not cross the perimeter again, 
the time inside or outside was determined as the dif-
ference in time between the first and last detection. 
The number of lobsters inside the mussel farm in the 
days following tagging was calculated as the cumula-
tive total number present per day; lobsters that were 
present for part of a day were counted, and lobsters 
that entered and exited the perimeter multiple times 
were only counted once per day. The dates that lob-
sters left the farm were compared to those of simulated 
random walks to identify if lobsters left the mussel 
farm early due to a potential disturbance  effect. These 
simulated random tracks were created in the R library 
‘adehabitatLT’ (Calenge 2006) using bivariate Brown-
ian motion (i.e. a simulated lobster could move in any 
direction), and the scaling factor that controls disper-
sion was inferred using the observed step lengths of 
tagged lobsters as they crossed the perimeter (h = 6). 
Simulated tracks began at each of the observed re-
lease locations. Each time step was equivalent to 5 min, 
and trajectories were 153 d in length. This is longer 
than the 23 d of the observed tracks but was required 
to give the simulated lobsters adequate time to leave 
the mussel perimeter and avoid truncating the dis-
tribution of expected values. Using a null model ap-
proach, 999 replicate tracks were generated for each 
lobster by randomising the turn angle and step lengths 
of the simulated track. The observed exit date was 
then compared to the  expected exit date via a permu-
tation test. 

2.5.3.  Behaviour and habitat use inside and outside 
the mussel farm 

Sheltering behaviour inside and outside the farm. 
Sheltering and burrowing under rocks and boulders 
is central to lobster behavioural and reproductive 
ecology (Cobb 1971). Likewise, rock crabs can also 
seek shelter under rocks and boulders to avoid preda-
tion, although they do not excavate  burrows as is typi-
cal for lobsters (Fogarty 1976). If  lobsters and crabs 
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are sheltering amongst farm infrastructure, such as 
under concrete blocks, it may prevent a signal from 
an acoustic transmitter reaching a receiver, thereby 
creating gaps in data collection. By ana lysing these 
gaps in detection, it can be possible to identify if lob-
sters and crabs are sheltering under farm infrastruc-
ture. GEEs, using the R library ‘geepack’ (Halekoh et 
al. 2006), were used to model gaps in the detection of 
lobsters and crabs and investigate the presence of 
temporal and spatial patterns in detections. All data 
were included in the GEE analysis regardless of HPE 
so as not to create additional gaps in the data. How-
ever, the first 24 h of tracking data was excluded to 
minimise the impact of tagging on behaviour (Lavoie 
et al. 2022), and only lobsters that were tracked for at 
least 24 h were included in the analyses. Gaps in 
acoustic telemetry data can also arise when lobsters 
leave and then re-enter the acoustic telemetry array. 
To avoid including these large gaps in the analysis, 
lobster trajectories were first split into separate tracks 
if the time between detections was >12 h or if detec-
tions were >50 m apart; in addition, only detections 
that occurred within 150 m of the outside of the re-
ceiver array were included. Gaps in the detection 
data were then input at the mean transmission delays 
of the V9 acoustic tags used: 90 s resolution for 
lobsters and 60 s for crabs. These ‘missed detection’ 
inputs were coded as ‘1’ while observed detections, 
i.e. real detections of lobsters and crabs, were coded 
as ‘0’. This vector of ones and zeros formed the re-
sponse variable ‘detection’. Model covariates were 
‘location’, a 2-level factor identifying if an animal was 
inside or outside a mussel farm, ‘time from high tide’ 
as sine and cosine functions, and ‘time of day’, an 
 integer from 0−23. Models had a binomial error struc-
ture with a logit link. Animal ID was included as a 
random effect, and observations were time-ordered 
within each ID. An autoregressive correlation structure 
was included. To make the analyses more tract able, 
lobster data (MW 2015 and RB 2015) were subsampled 
to 15 min resolution. There were considerably more 
crab detections (RB 2016), as fewer crabs left the re-
ceiver array and, as a result, data were subsampled to 
60 min resolution. If a significant effect was found, the 
analysis was repeated using synchronisation tags to 
check that the effect was related to lobster or crab be-
haviour and not due to the detection performance of 
the acoustic receiver array. Gaps in synchronisation 
tag data were filled at 8 min intervals, the minimum 
sampling period for the synchronisation tag, and sub-
sampled to 64 min. 

Distribution and movement of lobsters and crabs 
inside and outside the mussel farm. Trajectories were 

cleaned (first 24 h removed) and separated as de -
scribed in the GEE analysis. Data were then filtered 
to remove positions with HPE > 30 to eliminate loca-
tions with high positional error. Speed estimates 
were calculated as step length / time step. Using the 
R library ‘raster’ (Hijmans 2020), detections were ag -
gregated to create 50 × 50 m geospatial grids (rasters) 
of the mean number, mean speed, and standard devi-
ation of the speed per cell for both lobsters and crabs. 
The difference in density of crabs inside and outside 
the farm was not tested, as crabs were only released 
inside the receiver array whereas lobsters were re -
leased both inside and outside the farm. Rasters were 
then randomly sampled without replacement 999 
times to create a distribution of mean values; cells 
could be drawn from inside or outside the mussel 
farm. The number of cells sampled to calculate the 
mean at each draw was equal to the number of cell 
values within the mussel farm so that the calculated 
means and standard deviations were comparable. 
These distributions were then compared to the mean 
observed values within the mussel farm via a 2-sided 
permutation test in the R library ‘ade4’ (Bougeard & 
Dray 2018). 

3.  RESULTS 

3.1.  Spatial variation in abundance 

A total of 433 lobsters (173 females [F], 222 
males [M], and 38 undetermined) were observed 
along transects in 2015. By combining data for the 
3 sites and months, 232 lobsters (85 F, 120 M, and 
27 un determined) were observed under the mussel 
farms and 201 lobsters (88 F, 102 M, and 11 unde-
termined) were observed in corresponding refer-
ence areas (Fig. 2). Overall, fewer lobsters were 
observed in BC (n = 27 total) than in RB (n = 159) 
and MW (n = 247; Fig. 3), and lobster abundance 
varied significantly between study sites when data 
were aggregated; i.e. reference site and farm data 
combined for each sampling month (Table 1). Lob-
ster abundances differed significantly as a function 
of the site × habitat and habitat × month 2-way 
interactions (Table 1). In June, the abundance at 
the RB mussel farm was significantly higher than 
in the reference area, but there were no differ-
ences between mussel farms and reference sites in 
July and September (Fig. 3). 

The mean (±SE) CL of lobsters was 49.56 ± 0.86 mm 
for F (n = 173) and 50.79 ± 0.71 mm (n = 222) for M 
(excluding 38 that were not captured or sexed  during 
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Fig. 2. Size−frequency distribution of lobsters in mussel farm (blue) and reference (grey) areas at Bentick Cove, Richmond 
Bay, and Marchwater, in June, July, and September. The sex ratio (males:females) is noted for mussel farm and reference  

areas at each site and sampling period

Fig. 3. Lobster abundance (mean ± SE) in mussel farm (grey) and reference (white) areas at each site (BC: Bentick Cove; RB: 
Richmond Bay; MW: Marchwater) during the 3 sample periods (June, July, and September 2015). Individual means were cal-
culated per 100 m2. Asterisk above the bar represents a significant difference between reference and mussel farm areas  

according to Tukey’s HSD (p < 0.05)



Aquacult Environ Interact 15: 179–193, 2023

transect sampling and 1 F that was not  measured). 
Only 15 lobsters measured greater than 72 mm CL —
the legal size for the fishery. None of the 2-way inter-
actions for lobster size (site × zone, F = 2.762, p = 0.06; 
site × month, F = 1.984, p = 0.10; zone × month, F = 
1.952, p = 0.14) or the 3-way interaction (site × zone × 
month, F = 1.044, p = 0.39) were significant. When 
interaction terms were removed, the main effects 
remained non-significant (all p > 0.09). 

Sex ratios did not differ significantly between 
months (all p > 0.70), and no contrasts of interest for 
the 2-way interaction site × habitat were significant 
(Tukey’s HSD; all p > 0.13); i.e. mussel farm vs. refer-
ence site at the same farm, mussel farms compared 
between sites, or reference sites compared between 
sites. The model was subsequently rerun without the 
site × habitat interaction term, but the main effects of 
site and habitat remained non-significant (all p > 0.10). 

3.2.  Retention within the mussel farm during  
the fishing season 

There were 42 lobsters (10 F, 2 ovigerous females 
[Fov], and 30 M) tagged and released at 14 locations 
within the mussel perimeter during the fishing sea-
son, and 2 lobsters were not detected by the receiver 
gate or by the receiver arrays deployed after the fish-
ing season (1 Fov and 1 M). The mean (±SE) CL of 
tagged lobsters was 77.16 ± 2.05 mm for the females 
and 78.56 ± 1.57 mm for the males. There were 41 805 
detections; 0−11 517 per lobster (mean: 995.36 ± 
298.74, n = 42). The 40 lobsters that were detected by 
the array were tracked between 0.03 and 23.7 d. All 
lobsters were initially detected inside the peri meter, 
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Fig. 4. Time spent inside and outside the mussel farm perimeter by male and female lobsters during the fishing season at 
Marchwater in June and July 2015 as a proportion of time from release until the removal of the receiver gate. Dark blue: inside 
mussel farm; light blue: outside mussel farm. Due to the scale of the graph, short periods spent inside or outside the farm may  

not be visible. Lobster ID corresponds to unique acoustic transmitter IDs 

Source                       MS                      F                       p 
 
Site (S)                    13.95                 40.252                     <0.001    
Habitat (H)               0.82                  2.361                         0.129 
Month (M)                1.21                  3.492                         0.036 
S × H                         0.82                  2.362                         0.102 
S × M                        2.82                  8.134                      <0.001    
H × M                        3.24                  9.352                      <0.001    
S × H × M                 0.17                  0.494                         0.746 
Error                          0.35                                                 

Table 1. Results of 3-way ANOVA evaluating the effects of 
site (Bentick Cove, Richmond Bay, and Marchwater), habi-
tat (mussel farm and reference areas), and month (June, 
July, and September) on lobster abundance. Significant 
effects (p < 0.05) are indicated in bold; subscripts = degrees  

of freedom
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except 1 lobster that was first detected on the out-
side. A total of 18 lobsters exited the mussel farm 
within the first 24 h post-tagging; 10 of these lobsters 
did not re-enter the mussel farm. The proportion of 
tagged lobsters present within the mussel farm de -
creased to 50% 5 d after tagging; 8 lobsters re mained 
within the perimeter for the duration of the study (1 F 
and 7 M; Fig. 4). The majority of animals (n = 21, 7 F 
and 14 M) exited and re-entered the farm multiple 
times, crossing the perimeter between 3 and 130 
times; 7 lobsters (2 F and 5 M) crossed the perimeter 
9 times or more while apparently utilising habitat 
surrounding the perimeter edge (Fig. 4). The dura-
tion of visits ranged from 0.001−23.8 d inside the 
perimeter and from 0.001−23.3 d outside the mussel 
perimeter. Half of the tagged lobsters (n = 21) initially 
exited the mussel perimeter at its north-westerly 
edge (between 270 and 360°), 10 exited at its south-
westerly edge (between 180 and 270°), 6 exited at the 
north-easterly edge (between 0 and 90°), and 2 
exited at the south-easterly edge (between 90 and 
180°; Fig. 5). During the study, only 2 male lobsters 
crossed the receiver gate into the active area of the 
mussel farm. Thirty lobsters subsequently re-entered 
the perimeter from the similar direction by which 
they left, 20 re-entered from the north-westerly 
edge, 6 from the south-westerly edge, 4 from the 
north-easterly edge, and 1 from a south-easterly edge; 
1 lobster entered from a different direction. 

Simulated tracks were created for the 32 lobsters 
that spent time inside and outside of the mussel farm. 
Lobsters were released at 8 different release loca-
tions (Fig. 5). Results of the permutation test identi-
fied 9 lobsters that did not exit the mussel farm 
 earlier than would be expected under random move-

ment (p > 0.05). Of these 9 lobsters, 6 were released 
at 2 locations close to the southern edge of the mussel 
farm; they were the only lobsters released at these 
locations and remained within the mussel farm 
between 0.23 and 6.30 d (Fig. 5). The 3 other lobsters 
were released at different locations at the northeast 
and southeast edge of the mussel farm and remained 
within the mussel farm between 4.58 and 8.60 d, 
which was on average 6.24 ± 0.07 d longer than lob-
sters that were released at the same locations but 
that left the mussel farm earlier than expected under 
random movement (Fig. 5). 

3.3.  Behaviour and habitat use inside and outside 
the mussel farm 

3.3.1.  Sheltering behaviour inside and outside  
the mussel farm 

In MW (9 lobsters), there was a significant negative 
effect of location on the number of missed lobster de-
tections (βOutside ± SE = −0.741 ± 0.296, p = 0.012, n = 
3216), suggesting that lobsters were more detectable 
outside farm areas. There was no significant effect of 
time from high tide on missed lobster detections (p = 
0.340 and p = 0.441, sine and cosine respectively1), or 
on the time of day (p = 0.696). There was a small signif-
icant effect of the time of day on the number of missed 
 receiver detections (β ± SE = 0.003 ± 0.001, p = 0.019, 
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Fig. 5. Observed lobster movements across and within the Marchwater mussel farm receiver gate in 2015 (n = 42). The labels 
‘Did leave early’ and ‘Did not leave early’ refer to the results of the permutation test to identify lobsters that left the farm earlier 
than would be expected under random movement (p < 0.05 and p > 0.05, respectively). The label ‘Never left mussel farm’ 
refers to lobsters that remained in the mussel farm for the duration of the study. Colours: individual lobsters; circles: release 
locations of lobsters that were detected by the receiver gate; crosses: release locations of lobsters that were not detected (n = 2)

1 It is the linear combination of the sine and cosine functions 
that produce a sine wave with a phase shift and scaled 
amplitude that models the periodicity; therefore, both func-
tions have to be significant



Aquacult Environ Interact 15: 179–193, 2023

n = 73 281), but there was no significant effect of loca-
tion on the detectability of the receiver (p = 0.799) and 
no significant effect of time from high tide (p = 0.019 
and p = 0.135, sine and cosine, respectively). 

In RB 2015 (10 lobsters), there was no significant 
effect of location (p = 0.913, n = 1601), time from high 
tide (p = 0.884 and p = 0.402, sine and cosine, respec-
tively), or time of day on the number of missed lob-
ster detections (β ± SE = 0.023 ± 0.012, p = 0.891). 

In RB 2016 (17 crabs; 3 crabs were not detected 
beyond 24 h), there were no significant effects of 
location (p = 0.660, n = 19 999), time from high tide 
(p = 0.320 and p = 0.0.380, sine and cosine, respec-
tively), or time of day (p = 0.410) on the number of 
missing crab detections. 

3.3.2.  Distribution and movement of animals inside 
and outside the mussel farm 

In July 2015, 31 of the 32 tagged lobsters were 
detected and tracked for 0.09−71.9 d in MW (mean 
± SE: 8.1 ± 2.9 d; 1 M was released outside the 
farm but was not detected by the acoustic array 
after release). A total of 19 lobsters left the acoustic 
array within the first day and did not return. Thir-
teen lobsters (10 M, mean CL: 64 ± 1.50 mm; 3 F, 
mean CL: 60 ± 2.16 mm) remained or returned to 
the study site 24 h or more after tagging. After 
removing data from within 24 h post-tagging and 
detections with an HPE > 30, these 13 lobsters 
were detected 9−2460 times (mean: 678 ± 220). The 
direction of lobster movement was similar to that 
observed during the fishing season in MW, with 
the majority of lobsters exiting at the northwest 
corner of the mussel farm (Figs. 5 & 6A). Lobster 
movements within the mussel farm appear to indi-
cate increased turning and small areas of concen-
trated detections, whereas movements outside the 
farm were more directional (Fig. S2). The lobsters 

moved slower and at more constant speeds inside 
the mussel farm than outside (p < 0.001 and p < 
0.001; Table 2, Fig. 6D,G), but the density of lob-
sters inside and outside the mussel farm did not 
differ significantly (p = 0.053; Table 2, Fig. 6A). 

In RB during 2015, 30 lobsters were tracked for 
0.001−33.7 d (mean ± SE: 6.1 ± 1.8 d); one lobster was 
excluded as there were insufficient detections that 
met the processing criteria. After release, 7 of the 8 
lobsters that were released inside the mussel farm 
were detected outside the mussel farm within first 
24 h. Similarly, of the 22 lobsters that were released 
outside the mussel farm, 9 were detected inside the 
mussel farm within 24 h after release. Ten lobsters 
were present within the telemetry array 24 h after 
they were released (6 M, mean CL: 62.2 ± 2.55 mm; 
4 F, mean CL: 66.2 ± 2.46 mm). After removing data 
gathered within 24 h of release and detections that 
had an HPE > 30, these remaining lobsters were 
tracked between 1.3 and 23.2 d (mean: 9.7 ± 2.2 d). 
The number of detections per lobster ranged from 
117−3187 (mean: 635 ± 292). Lobster movement 
within the RB mussel farm was concentrated to the 
northwest, close to several release sites (Figs. 6B & 
S2). Lobsters moved at a significantly slower and 
more consistent speed inside the mussel farm com-
pared to outside (p = 0.010 and p = 0.048; Table 2, 
Fig. 6E,H), but there was no significant difference 
between the  density of lobsters inside the mussel 
farm and those outside the mussel farm (p = 0.896; 
Table 2, Fig. 6B). 

Starting in June 2016, 20 crabs were tracked 
between 0.1 and 93.4 d (mean ± SE: 52.6 ± 9.3 d). 
Eighteen crabs remained within the study area 24 h 
after tagging (10 M, mean CW: 68.0 ± 1.89 mm; 8 F, 
mean CW: 64.6 ± 1.70 mm). After data that was gath-
ered within the first 24 h after release and detections 
with HPE > 30 were removed, crabs were tracked for 
0.2−92.4 d (mean: 57.3 ± 9.3 d). The number of detec-
tions per crab ranged from 19−40595 (mean: 14036 ± 
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Model                                                        Study site and year          n          Observed          Expected          Variance           p 
 
Mean number of lobsters 50 × 50 m               MW 2015                188           1.245                 1.309                 0.001         0.053 
                                                                            RB 2015                   57           1.491                 1.504                 0.007         0.896 
Mean speed of lobsters or crabs                     MW 2015                182           0.059                 0.068               <0.001         0.001 
per 50 × 50 m                                                     RB 2015                   57           0.073                 0.091               <0.001         0.010 
                                                                            RB 2016                   69           0.015                 0.027               <0.001         0.001 
Standard deviation of the speed                     MW 2015                163           0.013                 0.018               <0.001         0.001 
of lobsters or crabs per 50 × 50 m                    RB 2015                   54           0.015                 0.025               <0.001         0.048 
                                                                            RB 2016                   69           0.010                 0.018               <0.001         0.002

Table 2. Permutation tests of the mean number of lobsters, and the mean speed of lobsters or crabs per 50 × 50 m. MW: March 
water; RB: Richmond Bay
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3331). Crab movements within the mussel farm were 
concentrated in small areas that were intercon-
nected with more directional movement (Fig. 7). 
Crabs moved at a significantly slower and more con-
stant speed inside the farm than outside (p = 0.001; 
Table 2, Fig. 6F,I). 

4.  DISCUSSION 

There was little evidence that mussel farms in this 
study act as refuges or ecological traps (Swearer et 
al. 2021) for lobsters during the fishing season. 
Although there was increased abundance at the RB 

mussel farm in June and July compared to 
September, acoustic telemetry at MW and 
RB during and after the fishing season indi-
cated lobsters move frequently between 
mussel farms and the surrounding areas 
throughout the summer months. In 2016, 
there was a much clearer distinction in habi-
tat use be tween inside and outside of the RB 
mussel farm for the tagged crabs, where the 
majority of crabs remained inside the mussel 
farm and were observed moving slowly 
while apparently foraging on fallen mussels 
and detritus directly under mussel socks. 
Although there was some indication of shel-
tering by lobsters at MW farm, there was no 
evidence of sheltering at the RB farm for lob-
sters or crabs, suggesting a site-specific 
effect and possible differences in site use 
between the species (e.g. Drouin et al. 2015) 
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Fig. 7. Close-up of view of crab tracks in Richmond Bay in 2016 as 
part of Expt 3. F: female; M: male. Grey circles: acoustic telemetry 
receivers; grey outline: mussel farm perimeters; black crosses: release  

locations. Each colour represents a different individual

Fig. 6. Fine-scale acoustic tagging Expts 2 and 3 at (A,D,G) Marchwater 2015 (lobsters), (B,E,H) Richmond Bay 2015 (lobsters), 
and (C,F,I) Richmond Bay 2016 (crabs), showing (A−C) mean number of animals, (D−F) mean speed of animals, and (G−I) stan-
dard deviation of mean speeds. Raster grids: ~50 × 50 m; grey cells: NA. Black dots: receiver locations; black outlines: mussel  

farm boundaries
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4.1.  Spatial variation in abundance 

While there was some evidence of seasonal change 
in the abundance of lobsters at the RB mussel farm 
between summer and early fall, variation in abun-
dance between farms and reference sites was only 
observed in June, when abundance was higher in 
the mussel farm. Lobsters are highly mobile, with 
mean daily movements of ~500 m (Scopel et al. 2008) 
and were therefore capable of moving between 
farms and from farms to adjacent reference sites dur-
ing the project. Differences in abundance in macro-
faunal communities have been detected between 
farms and surrounding areas at distances <50 m, 
with abundance typically highest directly under 
mussel lines (e.g. D’Amours et al. 2008, Drouin et al. 
2015, Sean et al. 2022). However, distributions will 
likely differ among mussel farms in relation to the 
availability of surrounding favourable habitat. The 
substrate at RB was considered the most favourable 
for lobsters, with surrounding areas providing habi-
tat for all life stages and size groups of lobsters as 
well as higher CPUE (Ouellette et al. 2016). RB was 
also the smallest of the 3 study sites, and it is possible 
that it attracted lobsters from a similar distance as the 
other farms, but due to its smaller size and proximity 
to harder substrate, resulted in a higher density of 
lobsters. In comparison, lobster abundance was low-
est at BC in all months, potentially due to its slightly 
muddier substrate. 

4.2.  Retention within the mussel farm during  
the fishing season 

The majority of lobsters left the mussel farm earlier 
than expected after their release within the MW 
mussel farm. A release location close to the boundary 
of the mussel farm may have resulted in 6 of the 
 lobsters leaving. However, release location did not 
always influence the length of time lobsters re -
mained in the mussel farm. A small number of lob-
sters released in the northeast and southeast parts of 
the site remained in the site longer than expected 
despite sharing their release location with lobsters 
that did leave early. The southeast corner of the mus-
sel perimeter gate that neighboured additional mus-
sel culture was not well utilised by the lobsters, with 
lobsters preferring to exit and re-enter the farm from 
the northwest corner where they could likely utilise a 
deeper channel (~7 m depth) to access mixed sub-
strate in the centre of the bay (Filguerira et al. 2015). 
Lobsters crossed the farm perimeter multiple times 

during the study, and it is not clear whether this ini-
tial exiting of the mussel farm was due to disturbance 
from handling or due to lobsters routinely accessing 
resources outside the farm, such as rocky habitat, 
and then returning to forage within the mussel farm. 
Lobster traps are placed directly outside the farm 
areas in the hope of catching lobsters that are within 
the farm (Ouellette et al. 2016); therefore, during the 
fishing season, it is possible that lobsters are exiting 
the MW farm in the direction of the traps due to 
odour plumes emitting from outside the farm. How-
ever, this pattern of movement was also observed in 
the telemetry data after the fishing season, when no 
lobster traps were present (Fig. 6A), so it is probably 
more related to the bathymetry of the site than any 
attractant effect of the baited traps. 

4.3.  Behaviour and habitat use inside and outside 
the mussel farms 

Lobsters tagged in MW after the 2015 fishing sea-
son were also significantly less detectable inside the 
mussel farm than outside. Although these gaps were 
not related to the time of day, they could indicate that 
lobsters were sheltering under the large amount of 
mussel farm infrastructure (D’Amours et al. 2008, 
Drouin et al. 2015); as there was no difference in the 
detection of synchronisation tags inside or outside of 
the mussel farm, this pattern in detection is more 
likely attributed to lobster behaviour. It should also 
be noted that no significant difference in detectabil-
ity between the inside and outside of the farm was 
identified for either the lobsters or crabs in RB in 
2015 and 2016, despite both spending time around 
and within farm structures. In addition, lobsters and 
crabs at both sites in 2015 and 2016 moved more 
slowly and at more constant speeds inside the mussel 
farms compared to outside. As lobsters are known to 
shift their diet towards mussels when in proximity to 
mussel farms (Sardenne et al. 2019), these slower 
movements could indicate foraging behaviour; re -
stricted movement associated with foraging was par-
ticularly evident for crab tracks (Fig. 7). Therefore, it 
is unlikely that the difference in detectability in MW 
was simply due to lobsters passing between farm 
infrastructure while foraging, as a difference in 
detectability would also have been observed at RB in 
2015 and 2016. A possible reason for the difference 
in detectability at MW could be that the substrate 
within and surrounding the farm is predominantly 
soft sediment; therefore, natural shelters are limited 
and thus farm structures are more likely to be utilised 
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for lobster shelters. In RB, adjacent rocky habitat pro-
vides natural sheltering opportunities in addition to 
the farm structures, and therefore shelter availability 
did not differ inside compared to outside the farm. 
There was no significant difference in the density of 
tagged lobsters per 50 m2 inside or outside the farm 
during 2015 in either MW or RB. 

Mussels are a principal part of the coastal rock crab 
diet (Drummond-Davis et al. 1982), and crabs have 
been known to increase the proportion of mussels in 
their diet inside farmed areas (Freire et al. 1990), so it 
is perhaps not surprising that most crabs released 
within the farm remained there. Slower and more 
constant speeds within the mussel farm could indi-
cate foraging movements. The spacing between the 
small clusters of crab detections within the mussel 
farm is similar to the spacing of the mussel long lines 
within the farm and likely results from the crabs’ 
slow movement and repeated foraging on fallen 
mussel debris (Fig. 7). There is also a noticeable 
absence of crab detections in the northwestern cor-
ner of the farm in 2016. During this time there were 
no active mussel lines in that area and therefore no 
foraging opportunities to attract the crabs tagged in 
this study. 

5.  CONCLUSIONS 

The global increase in aquaculture has created a 
large amount of seabed-associated infrastructure, 
which, depending on its location, can create shelter 
and provide habitat for Homarus americanus. In ad -
dition, falling mussels and associated fouling organ-
isms from mussel lines provides increased scaveng-
ing opportunities for benthic consumers, potentially 
changing the distribution of mobile macro-inverte-
brates. Results from this multi-approach field study 
suggest that lobsters are indeed utilising the mussel 
farms within Malpeque Bay for foraging and shelter-
ing and that they entered and exited the mussel 
farms frequently, sometimes multiple times a day. It 
is, therefore, unlikely that lobsters would remain in 
the farm and be unavailable to the fishery. Further 
work is required to understand how these additional 
foraging resources impact the catchability of lobsters 
when they exit the mussel farm and become avail-
able to the fishery. However, it did appear that scav-
enging crabs may be more likely to remain within the 
mussel farms, exploiting fallen mussels and associ-
ated organisms. These findings will inform spatial 
planning and fisheries management strategies where 
aquaculture and wild fisheries co-occur. While there 

was no conclusive short-term effect of mussel farms 
on the distribution of lobsters within Malpeque Bay 
during the summer months, the physical space at -
tributed to aquaculture activities remains unavail-
able to the wild fishery. Future planning applications 
could consider the wider distribution and availability 
of habitat, particularly cobble habitat, relative to des-
ignated and proposed aquaculture facilities (Ouel-
lette et al. 2016) to fully understand the possibility for 
changes in distribution and connectivity. 
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