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CHAPTI 1 GENERAL INTRODUCTION AND OVERVIEW

Introduction

Many marine benthic invertebrates have complex life cycles with planktonic
larval stages ¢ Hable of long distance dispersal (Thorson 1950). Our understanding of the
influence of physical and biotic processes on larval transport and patterns of settlement
has improved considerably in rec :cades (Connell 1985; Gaines and Roughgar :n
1985; Underwood 1989), but the  atial scales at which these processes operate continues
to be debated (see Pinedaetal. 2 19 wrareview). Knowledge of these processes could
have important implications for population recruitment and connectivity, issues vital to
the study ¢ marine communities. 2ries management, and the design of marine
protected areas (Cowan et al. 2001; skett et al. 2007; Cowan et al. 2007; Metaxas and
Saunders 2009).

Abundance and fecur y of ‘:productive females are the first potential limiting
factors for regional larval supply. Physical factors then influence larval transport and
retention, through circulation, coastal topography, and water column stratification
(Alldredge and Hamner 1980; Lobel and Robinson 1986; Connolly and Roughgarden
1999). Larval behaviour can also influence transport, although larval swimming
distances are generally small rela e to hydrodynamic transport (Thorson 1950;
Scheltema 1986). Vertical migra is common in marine planktonic invertebrates, often
in response to food availability, pre  or avoidance, and horizontal displacement (Webley

and Cont |y 2007; Cohen and Forward 2009). A few metres of vertical displacement













YoY settlers. I then considered how these patterns could be used to draw inferences on
population connectivity within and outside the Bonne Bay system.

Chapter 3 presents lo1  term recruitment data from New England and pairs field
observations with behavioural experiments to test hypotheses on the spatial association
between newly settled YoY lobsters  d older conspecifics in shallow cobble nurseries.
A fundamental question in marine ecology is how to differentiate the effects of pas ‘e
mechanisms of larval dispersal frc havioural effects on spatial patterns of
recruitment. Recruitment and sett : 1tof YoY and early juvenile lobsters are strongly
associate with structurally complex irsery habitats such as cobbles and boulders
(Scarratt 1973; Cooper and Uzmann 180; Wahle and Steneck 1992). [ examined the
hypothesis that YoY may be associated with older juveniles because postlarvae may be
attracted to ole - conspecifics during settlement. Toward this end, the aims of this
chapter were to evaluate the relationship between YoY and juvenile lobsters using eight
years (2001-2008) of long-term recruitment data analyzed at three spatial scales (regional,
site, quad ) of data aggregation and to investigate the behavioural responses of post-
larvae to the presence of older juveniles.

Chapter 4 summarizes results of interviews and at-sea sampling with fisher 2n to
identify lobster spawning areas, and the collection of data on lobster fecundity to examine
reproductive output from different geographic areas. The objective of this chapter was to
collaborate with local fishers tod :uss and record their knowledge of different stages of
the life cycle of American lobster. Additionally, 1 accompanied them in their daily

fishing routines in order to determine the size frequency distribution of lobster and the



distribution of egg-bearing females. Collaborations with fishers also provide a mutually
beneficial learning experience.

Determining recruitment dynamics of American lobster is important because it
represents a lucrative fishery on the « .t coast of North America. Bonne Bay represents
one of the coldest environments that  bsters experience and yet supports a commercial
fishery. This study represents the first investigation of recruitment in Bonne Bay and thus
the incorporation of FEK can help guide scientific studies w :re background scientific
data does not exist. The util  ion of a long-term recruitment index provides the
opportunity to examine patterns a1 processes at a variety of spatial sca ; and provides a
powerful resource to evaluate patter  and suggest mechanisms that influence recruitment

dynamics
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CHAPTER 2 : DISTRIBUTION AND ABUNDANCE OF EARLY LIFE
STAGES OF AMERICAN LOBSTER IN THE COASTAL WATERS OF
NEWFOUNDLAND. PASSIVE AND ACTIVE PROCESSES.

Abstract

Planktonic st s of Americ 1 lobster, Homarus americanus, were sampled in
Bonne Bay on Newfoundland’s v .t coast from 2006 to 2008 with neuston tows. These
are the first systematic surveys of early life stages of American lobster at the northern
limit of its distribution. Forty-minute tows were made at fixed stations at approximately
ten-day intervals spanning the su *months of 2006 and 2007. Information from these
tows guided an intensive two-week survey in 2008 at two-day intervals. Larval hatching
began in mid-June in both 2006 ¢ | 2007 when surface water temperatures reached 12
°C. There were two distinct hatching peaks in mid to late July. Stage I larvae largely
disappeared from surface waters by mid-August. The concentration of larvae during peak
hatching increased from 2& larv: - 10" m™ 2006 to 75.0 larvae - 10* m™ in 2007 and to
250.1 larvae - 10'm™ in 200 S patterns of st: I larvae were consistent among
and within seasons with areas of high abundance in the Outer Bay in all three years. Late
stages were i :in 2006 and 2007t comparatively numerous in 2008 in the Outer Bay.
The highest i 7al concentrations were generally during downwelling produced by
predominant southwest winds. The ity of later stage larvae in these samples suggests

carly stages are flushed from >nne ay prior to moulting or that larval mortality is high.
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were held at a  rient Bonne Bay shallow water (30 m) temperature, which fluctuated
between 6 ) °C in mid June and increased to 10-14 °C in late July.

Experimental design

Laboratory ex periments were designed to work in tandem with the field studies to
assist in understanding vertical migration behaviours of American lobster larvae. Field
sampling focu 1 on neuston layer sampling, and an understanding of the degree to which
this sampling methodology biases estimates of lobster abundance and distribution is
therefore imp« ant. Separate experiments were designed to determine how different
larval lobster stages (I, 11, 111, IV) respond to a salinity gradient and to the presence or
absence of light. Treatments included the presence or absence of light from an overhead
source, the presence of different strengths of halocline, and the absence of a halocline.
Experiments were conducted in plexiglass columns (50 x 10 x 10 cm) marked at 2-cm
vertical increments and capped with opaque styrofoam. Each column was surrounded by
a larger black column that| /ented ght penetration or reflection. One face had 2-cm
bands of magnetic strips that could = quickly removed to observe the water column
within that depth band and minimize I" "1t disturbance to larvae during observation of the
response of different stages of larvae to the different treatments. Startii  at the base, each
band was removed, larvae were counted, and the band quickly replaced. Each trea ent
combination ¢ the light and salinity :periments was repeated for each of the first three
larval stages ( scribed below). Ho :ver, insufficient individuals survived to stage IV to
conduct the light / dark experiments. For each treatment and developmental stage the

centre of mass within the column (Z¢ym) was calculated as:
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Equation 2.7
where P; = proportion of larvae in the 2-cm increment i and Z; = the associated
column height i.

Response to si nity

Larval response to a salinity gradient was measured by creating haloclines of
different intensity within the plex”™ “ass columns. Iestablished haloclines by first filling
the columns to a height of 30 cm with |- micron filtered, lower salinity water (see below).
Ambient  gher) salinity water was gravity fed to the bottom of the container through a
small 2-mm ti 2 that penetrated the styrofoam cap at the middle of the column and
extended to the base of the column. This higher salinity water was added until the lower
layer was ~15 cm deep. Lobster  vae were then added to the lower layer through a -
cm tube at the side that extended to ~2 cm above the base of the column. Additional
ambient water was added to the bottom layer until the total water column height was 50
cm. Water samples were gently i« oved with a pipette every cm and salinity determined
with a tempet ure-compensated . actometer. Numbers of larvae were measured within
each 2-cm depth increment after 15 minutes. All experiments were conducted under
fluorescent light at 15 °C between dawn and dusk to avoid complications of light
variation and circadian rhythms.

Four contrasting halocline treatments were established, each with a bottom
(ambient) salinity of 30 psu and top yer salinities of either 21 psu (hereafter 21/30
treatments), 24 psu (hereafter 24/3C eatments), 27 psu (hereafter 27/30 treatments), or
30 psu (hereatter 30/30 treatments). Four replicates of each treatment were completed for

each larvi developmentals : (I, I, IV). Fewer larvae were used in later
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stages mirrored that of stage I larvae (Fig. 2.4), although later stage larvae were abundant
for the first two days of sampling and then largely disappeared.

Over 24-h cycles, repeated tows at two sites in Bonne Bay in 2006 indicated
lowest larval concentrations from noon to 14:00 h, peak numbers between midnight and
06:00 at the Inner Bay site, and again from 06:00 to 11:00 and 16:00 to 19:00 at the Outer
Bay site (Fig. 2.5).

Environmental Data

Satellite data (SST) ¢«  wed that surface temperatures had warmed to 12 °C by CD
158, 168, and 172 in 2006, 2007, and 2008 respectively (Fig. 2.6A). Peak SST from
satellite data were similar for all years, reaching 17.1 °C by CD 212 in 2006, 17.6 °C by
CD 207 in 2007, and 17.8 °C by CD 208 in 2008. Average surface temperatures
remained above the critical 12 °C threshold for larval development for different periods in
2006 (100 days, CD 160 - 260), 2C (45 days, CD 190-235), and 2008 (80 days, CD
175-255) (Fig. 2.6A). In 2007, temperatures at 9 m in Bonne Bay were 12 °C by CD 189
(July 7, Fig. 2.6D), and peak hatching at this depth occurred at 16 °C. Continuous
temperature data confirm that exce]  r short spikes of 17 °C from CD 200 - 220,
temperatures at 9 m in 2007 were 14 °C or less (Fig. 2.6B). In 2008, average surface
temperature was already 12 °C when temperature recording began on CD 183 (Fig. 2.6C)
and had peaked at 19 °C by Ji 7 28-30 (CD 210-212, Fig. 2.6C). In 2008, surface
temperatures v ¢ above 12 °C for approximatc /3 months (CD 185 — 280), and above
15 °C for approximately 2 months (C 195 — 265), peaking at 19 °C on CD 208 (Fig.

2.6C).
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reached by CD 152 (June 1) in 2006 and 2007, and CD 172 (June 21) in 2008.
Templeman and Tibbo (1945) noted little hatching in Newfoundland before July, but the
presence of abundant larvae in June 2006 and 2007 suggests that hatching may occur
earlier now th; previously observed. Peak hatching typically occurs one month after
initial hatch, and appears closely coupled with peak summer temperature in Bonne Bay,
as previously shown in southwest Nova Scotia (Harding and Trites 1988). In Bonne Bay,
berried females are found in wate1 s shallow as 1 m (pers. comm. Keith Reid), where
favourable hatching temperatures are more likely.

The timing and location of hing locations can significantly impact dispersal
distances and thus larval connectivity among lobster populations (Harding et al. 2005;
Xue et al. 2008; Kenchington et al. 2009). Although berried females aggregate in inshore
regions elsewhere (Campbell 1990), no specific aggregations were identified in Bonne
Bay (Chapter 4). Regional comparisons of berried female aggregations and distributions
need to account for the depth restrictions experienced by lobs s in each region. Precise
knowledge of timing and location of iigratory patterns of reproductive female lobsters in
Bonne Bay would help improve as  sment of likely larval sources.

‘Hot spots’ of stage I © vae were consistently seen in outer Bonne Bay from 2006
to 2008, where the highest larval concentrations for a given survey were always found at
one of the three outer bay sites. Hov ser, regional differences were not statistically
significant given the high site s : variability within each region. Sporadically high
concentrations of stage I lobsters Inner Sill (IS1) suggest either hatching pulses
from the East Arm or pulses of st.  : I'larvae brought in on a flood tide and swept away

on ebb flow. The latter seems less likely given that there was no noticeable link between
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surface flow direction over the sill and larval concentration at stations adjacent to the sill.
Nor were there any consistent patterr in that region during a time-intensive sampling
series conducted over a 24 h period in 2006. The potential role of tides in sill exchange
merits additional study, noting previous work on the importance of fjord sills for
hydrodynamic exchange in Bonne B:  (Richards and deYoung 2004), and elsewhere
(Berntsen et al. 2009). For example, larvae may be flushed from the nearshore prior to
moulting to a later stage, as report  elsewhere in Newfoundland (Templeman and Tibbo
1945).

The geographic locations of larval ‘hot spots’, when present, were consistent
among years, although the absolute : indances varied greatly. The source of the
dramatic increases in concentrations of different larval stages in 2008 compared with the
previous two years is unclear. Larval supply is influenced by the number of larvae
hatched, a ’ection (winds, tides, ¢ its), and variation in mortality (biological,
environmental variables). However, the higher abundances of stage 1 larvae in 2008
suggests increased larval supply, or hydrodynamic features that concentrated larvae in
Bonne Bay. Inter-annual var ion in larval abundance is common for a wide range of
species (Siegel et al. 2008), :luding lobster postlarvae (Incze and Naimie 2000).
However, local fishers have orted increasit  densities of berried females every year
since about 2003 (Chapter 4), suggesting increasing levels of larval production in the bay.

Bonne ay surface circula Hn is driven primarily by southwesterly summer winds
that produce an onshore surf > flow in a northeast direction along Newfoundland’s west
coast (Gilbert d Pettigrew 1993).  ind data for 2006-2008 were consistent with this

pattern. Predominant southwesterlies in 2007 were expected to produce higher larval
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tides, and freshwater input strongly influence the advection and retention regime of a
fjord (Aksnes et al. 1989). While enhanced plankton productivity in fjord systems may
create an ideal larval habitat, predators such as jellyfish may concentrate in fjords and
augment larval mortality (Sornes - al. 2007). Video Plankton Recorder (VPR)
observations { m the sill in Bonne Bay show dominance of ctenophores and
hydromedusae, both potentially predators of larval lobsters (Deibel unpub. data).

The potential for export from the Bonne Bay system and along shore transport is
considerable. ~stimated coastal surface currents of 6-10 cm- 5™ (Gilbert and Pettigrew
1993) could disperse larvae as much as 8 km - day”. At~ 14° C, larval development
through stage I would require 1 — 2 days and produce a net transport distance of 7 to 17
km for water temperatures of 18 °C or 12 °C respectively. Because stage I larval
duration is brief, concentrations of this stage may reflect brood stock locations, however,
even with the 1-3 d duration of st [ larvae, individuals could be flushed from a small
system such as Bonne Bay before moulting to stage II. Thus, it is reasonable that much
of the attrition in larval abundance observed from stage I to I may be explained by
advection alone.

The potential dispersal distance from hatching through stage IV is estimated to
be 160 km. This calculation d¢ . not :count for poorly-understood behaviours such as
vertical migra ns or hydrodynamic complexity, which is influenced by coastline
configuration, wind reversals, and ti :s. If various stages of American lobster larvae
migrate vertically, this behaviour may contribute to lower than predicted distances of net
transport if currents are baroclinic in velocity and/or direction. Studics in the Gulf of
Maine th. cc ider shorelii  confiy ration and larval mortality suggest that dispersal
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settling and post-settled lobster. 1 ven the northerly location of Bonne Bay and the
limited fishery relative to areas such as the Gulf of Maine, t : significantly lower
densities of adult lobsters alone might explain the low larval and YoY numbers, though
comparable numbers of stage larvae to southern ¢ 1s suggest mortality and/or export
are likely factors.

Low densities of late larval « e and benthic lobsters in Bonne Bay do not
diminish the importance of lobster recruitment studies at northern distribution limits,
where climate change impacts are more likely than in the middle of their distribution.
This first survey of lobster larval and early benthic life stages in Bonne Bay sets an
important baseline from which to ex uate future changes in the population. This data
will be especi ly interesting in the context of predicted range expansions that may result
from climate change. Improved understanding of lobster recruitment in western
Newfoundland can also lead to better understanding of the connectivity of lobster
populations at the northern e : of its geographic range that may also apply to associated

benthic species with complex life istories.
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Figure 2.11: Daniels Hai »ur | z-shore wind velocity shown in hourly
measurements -ey) and daily averages (black) for the duration of the
larval period in z0( ashed line shows larval concentration averaged
over all sites in Bon ay. Table 2.7 shows percent distribution of
larval stages for ea npling day.
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Although it is well established that early benthic phase juvenile lobsters
(~0 — 2 years old) are strongly associated with structurally complex
habitats, little is known of va 1ibles other than habitat complexity that may
enhance successful recruitme . I suggest that resident conspecitics may
serve as a habitat quality proxy for postlarval lobsters, as is true for other
b hic taxa, despite potential post-settlement risks such as competition

an predation. Short-term (4 min) laboratory behavioural experiments
showe that postlarr : spend significantly more time on the bottom in the
presence of conspecific juveniles. In longer-term (2 h) experiments,
postlarvae initially settled more rapidly in the presence of conspecitic
juveni , however, this effe  dissipated with time. The absence of
suttab  habitat in the expi :ntal chambers may have inhibited a longer-
term response. While conspecifics may serve as an initial attractant to
postlarvae, additional habitat cues such as the presence of cobble may be

necessary to encour. - settl ent.
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The present study uses a multi-scale approach to investigate the interaction of
processes that inction at different spatial scales and the degree to which these processes
are reflected through recruitment. It . likely that hydrographic conditions set larval
supply at large spatial scales, however, the results presented here suggest that behavioural
responses to conspecifics may operate at the finest scales. ~ e behavioural experiments
reported here, in combination with the quadrat-scale results from the long-term data set,
suggest that t  presence of juven s may help to explain spatial variability in
recruitment of American lobster, despite the potentially negative effect that lobsters may
have on: h other after sett nent. n understanding of how organisms interpret and
respond to multiple, sometimes conf :ting cues, such as conspecific effects in
combination with variable shelterii  quality, may provide more insight into the detailed

behavioural mechanisms by which postlarvae search for and select suitable habitat.
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Table 3.12: Logistic regr:  on from long term experiment to determine the effect
of the presence of juveniles on postlarval settlement. Refer to Figure

3.12.

- astimate ! Z P
intercept -0.85 0.24 -3.58 <0.001
treatment 0.28 0. 0.83 041
time 0.08 0. 4.7 <0.001
interaction -0.03 nom -133 0.18
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fishers were unaware of their location and distribution. Nonetheless, previous studies
have established that YoY lobsters prefer structurally complex habitats such as cobble,
and it may be possible in the futu  to use LEK to support research on juvenile lobsters by

focusing on their knowledge of bott¢ 1 habitat as a proxy for juvenile lobster locations.
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fishery become much more evident. Because many lobster fisheries are coastal, they
interact with land users, and are v nerable not only to fishing impacts but other factors,
such as pollution and shoreline development. American lobster may be particularly
vulnerable to temperature changes that are predicted by climate change models (Tlusty et

al. 2008), and shers may be an “early warning system’ for ocean change.
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Table 4.5: Proportion of ! oundland lobster landings contributed by LFA 14A.

Year Pr. ortien
9y
99
0 0.1
I 0.13
2 0.11
3 0.11
4 0.09
5 0.11
6 0.11
7 0.11
8 0.11
0

144


































Appendix 4.1: Lobster Fi z Areas (LFAs) and seasons in Canada.
http://www.gov.ns.c  sh/ map/lobster_full.sh | (March 2010)

Appen x 4.2: Stages of Embryonic development of American lobster, Homarus
ai ‘ricanus.
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68. Any idea what eats small lobs s? What makes you think that?
69. Are there any particular arcas  1ere you notice a lot of cunners and sculpin?
70. Have you ever found lobster parts in the guts of another organism?

71. Is there anything else you have observed about young lobster at each of these
stages that I haven’ta: d you about?

72. Do you have any questions for me about these little guys?

Feed back loop — show my « ia to ask them what they think of what I got?

have lots of kelp? Or e <s? Or areas where young lobsters could hide?
That wraps up my questions - yc

73. We thir  that lobsters migl | :bottom thatis .... are there areas of the Bay that
74. Do you have any questions r me? Many thanks
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where there is little to no background scientific data. Building relationships to bridge the
gap between resource users  d scie e will assist in establishing a mc  cohesive
communication mechanism  ere stakeholders can contribute to research directions.
Determining the variables that influence lobster recruitment at local and regional spatial
scales is important because Americ 1 lobster is an incredibly valuable fishery along the

east coast of Canada and ti  United States.

171












