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Abstract

Little is known about the natural feeding ecology of American lobster larvae. Through a
lab experiment using different sizes of natural zooplankton, this study aims to develop a
lab protocol to raise lobster larvae on a natural diet. Shortly after hatch, larvae were
placed in individual containers and fed zooplankton collected from surface tows, with
survival, inter-moult duration, and carapace length measured. This protocol showed
promise, since it resulted in the complete development of some larvae, and it showed
differences in survival rate and inter-moult period among larvae in the different
zooplankton treatments. Development was sub-optimal when compared to a well-known
lab study that raised lobster larvae from the same general region on an artificial diet, with
lower survival and higher inter-moult duration for some or all stages. With improvements
this protocol is expected allow raising lobster larvae on natural zooplankton to gain

insight into their feeding ecology.
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Introduction

American lobsters (Homarus americanus) have pelagic (i.e., living in the open ocean)
larvae with four stages (SI, Sll, SIlI, SIV), which occur between hatch from the female
brood and settlement to the sea floor (Lawton and Lavalli 1995). These larval stages are
considered planktonic because their movements are likely mostly directed by prevailing
currents, given their somewhat limited swimming ability, although SIV have markedly
greater swimming ability than the first three larval stages (Mileilovsky 1971). After the
pelagic larval phase, lobster post-larvae (SIV) settle to the sea floor, where they will start
their benthic life (Mileilovsky 1971). Some of the factors that have been hypothesized to
influence development and survival of lobster larvae are water temperature, salinity,
dissolved oxygen concentration, light conditions, food quality, and predation (Eckman
1996, Templeman 1963). Prey availability is likely very important to the development
and survival of lobster larvae, as is likely the case of most organisms that have a pelagic
larval phase, such as fish larvae (Hjort 1914), although empirical evidence to this effect is

limited.

The availability of suitable prey likely influences the survival and development of lobster
larvae (Harding et al. 1983), but relatively little is known about their natural diet. Few
studies have quantified the diet of lobster larvae in nature, and those that have are old,
have limited spatial coverage, and they suffer from important methodological limitations.
What we do know of the diet of American lobster larvae comes from the visual
examination of their stomach contents under a dissecting scope, and the recognition of
certain hard structures from certain species of zooplankton prey. Junio and Cobb (1992)

found that SIV larvae from Block Island Sound, Rhode Island, USA, seem to primarily



consume copepods, decapod larvae, and fish eggs. They seemed to show a preference for
large copepod species, such as Centropages spp, Acartia spp., Tortanus discaudatus, and
Temora longicornis, given that these species were found more frequently in the stomach
contents than were smaller copepods, while the opposite was true in the water (Junio and
Cobb 1992). The same comparison suggested no preference between decapod larvae and
copepods (Junio and Cobb 1992). Harding et al. (1983) similarly looked at the stomach
contents of lobster larvae from St. Georges Bay, N.S., Canada. They examined all larval
stages and noted marked differences between the prey consumed by the Sl and SIV. The
Sl primarily consumed small copepods and Podon, which is a Branchiopoda. The SIV
also consumed Podon, but also consumed larger copepods, such as Centropages sp as
well as Cancer zoea larvae. The stomach content analysis of the SI showed no evidence
that they were consuming the larger Centropages sp or Cancer zoea, as the SIV were

(Harding et al. 1983).

Whereas the aforementioned studies, based on analysis of stomach contents, are very
informative, they comprise some limitations that are worth noting. First, the identification
of the prey consumed was made using partially digested parts of the zooplankton, which
favours the positive identification of species with hard structures that can be readily
recognized/discriminated. Another important limitation to such studies is that they are
labour intensive and require a high level of taxonomic expertise. Finally, these particular
stomach content studies are 30-40 years old, and they were conducted in two different
locations only, leaving much uncertainty concerning the current diet of lobster larvae
over the species’ range. A different method of analysing larval stomach contents, based

on more recent technology, is a molecular approach. This approach has not been used yet


https://www.marinespecies.org/aphia.php?p=taxdetails&id=1069

on American lobster larvae, but when recently used with spiny lobsters (Panulirus
ornatus), it showed similarities with the prey that were found by Junio and Cobb (1992)
and Harding et al. (1983) in American lobsters. Some of those overlapping species were
the copepods Oithona sp., Acartia sp., and Calanus sp. (Amin 2022). This represents a
promising tool for the analysis of American lobster larvae, as it eliminates bias towards
the identification of prey with hard structures, and it does not require taxonomic
expertise. However, whereas this method and that based on the visual examination of
stomach contents provide information on what lobster larvae eat, they do not speak to
how the diversity and abundance of zooplankton in nature affect the development and

survival of lobster larvae.

There is limited empirical information on the importance of larval feeding ecology to the
number of individuals that successfully recruit to the sea floor every year, and ultimately
the abundance of adult populations, but a few studies suggest that this link may be
important, as is likely the case for most marine species with pelagic larval phases (Hjort
1914). A correlative study that took place over thirty years in the southern Gulf of Maine
suggested that the availability of Calanus finmarchicus, a large-bodied copepod, was a
limiting factor for the abundance of SIV lobster larvae and their recruitment to the
seafloor (Carloni et al. 2018). More specifically, due to the low and variable survival rate
during the larval phase, the spawning stock biomass (SSB) of lobster, which is a proxy of
egg production, was not correlated to recruitment to the sea floor (Carloni et al. 2018).
This study did find a strong correlation between SSB abundance and Sl larvae
abundance, and a strong correlation between SIV and young of year benthic recruits, but

no correlation between Sl and SIV larvae (Carloni et al. 2018). That prey availability is



responsible for this disconnect is suggested by the significant correlation between the
abundance of Calanus finmarchicus and that of SIV lobster larvae over the study period.
The impact of prey availability on the success of the lobster larval phase is important,
because once post larvae have successfully recruited to the sea floor, they provide a good

indicator of future recruitment to the fishery (Oppenheim 2019, White 2022).

As ecosystems change, it is imperative to better understand the diet and prey preferences
of native species, such as American lobster. Warming has been shown to cause shifts to
natural zooplankton communities, including changes in structure of the community,
geographical range of different species, and the timing of seasonal abundances (Hays et
al. 2005). These changes are thought to reflect bottom-up effects of temperature on
phytoplankton communities, which then affect zooplankton communities (Balch 2012,
Carloni et al. 2018). The Gulf of Maine is one of the fastest warming oceanic regions,
and this warming is associated with considerable ecosystem changes (Pershing et al.
2015). Warming of the Gulf of Maine is causing shifts in the biological processes of
oceanic species, including predator-prey relations and food chains. There is relatively
little known on how rapid warming of the Gulf of Maine is affecting zooplankton
communities, and how changes to these communities are going to affect the development

and survival of lobster larvae.

As already indicated, there is limited empirical information on the importance of larval
feeding ecology to lobster demography, likely largely because of methodological
challenges. Although long term correlative studies such as that by Carloni et al. (2018)
represent a strong approach to infer the importance of larval prey to major population

patterns and processes, notwithstanding questions over causality, the long-term data time



series necessary for such studies is available in very few regions. A complimentary
approach involves manipulative experiments that quantify the development rate and
survival success of larvae on species or communities of natural zooplankton. To my
knowledge only one study has done this, by raising lobster larvae in cylinder jars (15 cm
tall, 8 cm diameter) in the lab Templeman (1936). One larva was placed in each jar so
individual larvae acted as an individual replicates, and doing this experiment in a lab
setting allowed for somewhat controlled “food treatments”. The larvae in this experiment
were fed natural zooplankton sampled from the wharf of the St. Andrews Biological
Station, in NB, Canada. This study looked at how changes in prey concentration
impacted survival and development success of lobster larvae. It found that as
concentration of zooplankton was reduced, the survival rate of the larvae (S, Sl and,
SIII) was also reduced, and the intermoult period was increased. This study did not

attempt to identify the prey species that were consumed by the larvae.

In this study | primarily aim to develop a protocol to raise American lobster (Homarus
americanus) larvae on natural zooplankton. | will assess larval development success in
terms of the percentage of larvae that successfully molt from one stage to the next and the
time they take to do so. Survival rates and developmental time of larvae in my
experiment will also be compared, as a benchmark for “normal development”, to data in
Mackenzi et al. (1987), who measured these parameters in lobster larvae from southwest
Nova Scotia (i.e., relatively close to our study location) that were raised at different
temperatures on a lab cultured diet of Artemia nauplii. Secondly, as a first test of the
possibility of using this protocol to quantify the success of lobster larvae on different

assemblages of natural zooplankton, I will compare the survival, development time, and



size of lobster larvae raised on different size fractions of the natural zooplankton

community.



Methods

Source of lobster larvae

Lobster larvae used in this study were obtained from a “berried female” (i.e., female with
eggs) that was held in a tank (56x38x30cm) in a recirculated system, which was equipped
with mechanical and biological filters. The sea water system was in a temperature
controlled wet lab at UNB Saint John, which was set at 12°C during the study. The
berried female was obtained from a fisher’s trap near Dipper Harbour in southwest Bay
of Fundy on June 27, 2023, with special provision on a DFO research licence. A fine
mesh bag was attached to the spout where water exited the female’s tank, to catch the
hatched larvae. The mesh bag was inspected daily, and the recently hatched larvae were
placed in a holding tank (50x27x30cm) that was labelled with the hatch date and looped

into the recirculated sea water system.

Preliminary experiment

| ran a preliminary experiment between August 4, 2023, and August 16, 2023, to
determine if it would be preferable to conduct my main experiment in a closed versus an
open water system. 40 stage | larvae (SI) were used in this preliminary experiment, 20 in
the closed system and 20 in the open system. The larvae were fed zooplankton, which
were added to the containers at the beginning of the experiment. The open system
consisted of containers (1L, 27x11.5x15 cm) on a zebra fish unit with a pump that
circulated the water through each container and then through a mechanical filter and back

into a header tank. Water entered from the top of the containers with a small flexible



polymer tube (0.5 mm) that reached mid container, and it left the container through a
spout at the top of the container, which forced a general flow of water from the bottom to
top of the container. A fine mesh (250um) covered the out-flow spout to keep larvae and
zooplankton in the container. No circulating water was provided to the closed system but
aeration was provided through an air pump and air stone. In addition to determining what
system will be most suitable for holding larvae in my main experiment, the preliminary
experiment was used to confirm that | would be able to discriminate between the different
larval stages with the naked eye in the experimental set up. After running the preliminary
experiment, it was decided that the main experiment would be conducted in a closed
system, because the zooplankton tended to get pushed up against the mesh, making them
less readily available to the lobster larvae, and also clogging the mesh over the outflow

spoult.

Sampling and husbandry of zooplankton

Zooplankton were collected between August 3, 2023, and September 18, 2023, through
surface tows using a net (250 cm x 66 cm) with 500 um mesh in the vicinity of Beaver
Harbour (45.2648, -66.4100), in southwest Bay of Fundy. To address the large amount of
morality that was occurring in the zooplankton samples between collection on the boat
and arriving to the lab, where they were fed to the lobster larvae, the handling of the
zooplankton changed as the experiment progressed. We started out with collecting the
samples on the boat, transporting the whole sample in a plastic container placed in a
cooler with ice packs, and sieving the zooplankton back in the lab. As the experiment
progressed, we started sieving on the boat, as to be more aware of the amount of

zooplankton for each size fraction that was collected as to not overcrowd the containers.



In the last sampling we put the whole sample that was collected on the boat into a cooler
packed with ice and provided with additional aeration, and then sieved this sample back
in the lab. These different manipulations seem to have progressively increased the
percentage of zooplankton that survived, with lower survival being observed in my first
attempts and higher survival in the later attempts. This was observed when feeding the
lobster larvae. Tows to sample zooplankton were done as needed throughout the

experiment, with six sampling days occurring throughout the course of the study.

In preparation for the experiment, the zooplankton samples were sieved, whether on the
boat or in the lab (see above), using sieves of different mesh sizes, to create three size
fraction treatments: >1000 pm, 1000-710 pm, and 710-500 um. These samples were
stored in large holding tanks (50x27x30 cm) with forced aeration, and they were fed
Isochrysis and Tetraselmis algal cultures that had been obtained from the Huntsman
Marine Science Centre. We regularly (every 1-2 days) stopped the aeration and cleaned
the dead zooplankton out of the holding tanks to reduce the chance of bacterial build up,

in hopes of reducing mortality in the samples.

Main experiment: set up

The main experiment was conducted from August 24 — September 30, 2023. It consisted
of four treatments, one based on each of the three zooplankton size fractions (>1000 pum,
1000-710 pm, 710-500 pum) and one control group that was not fed anything. The
purpose of the control group was to determine if some of the larvae would survive and
moult without food, since larvae sometimes hatch with reserves and can survive off these

reserves for some time and in some cases moult to SII without any exogenous supply of



food (Ennis 1995). Since the objective of this experiment is to determine how external
food sources impact larval success, it was important to determine how larvae in my

experiment manage to develop based solely on yolk reserves.

Each treatment had 24 replicates, for a total sample size of 96 lobster larvae. These 96
larvae were all held individually in separate containers (same as used in the preliminary
experiment) without water flow but with additional aeration, and hence each
container/larva represents one replicate. A single larva was placed in each container to
avoid cannibalism and competition for food, as well as allowing for myself to be able to
monitor the development of individual larvae. The 96 larvae and containers were held on
shelves of four different shelving units, with the same number of replicates of the

different treatment conditions randomly interspersed on a given zebra unit (Fig. 1).

These 96 replicates involved recently-hatched (i.e., within 15 hours) larvae that were
sampled on 14 occasions between August18, 2023 and August 24, 2023, but larvae from
different batches (i.e., hatch dates) were always randomly interspersed between the
treatments, which resulted in there being no significant difference in hatch date of larvae
used in the different zooplankton treatments (ANOVA, F3 ¢2= 0.162, P=0.921). For each
of the feeding treatments, the larvae were given food in excess of satiation, meaning that
the larvae were given food in excess of what they could eat, so that the availability of
prey items was never limited. This was done by replacing zooplankton every 3-4 days,
and was confirmed by the abundance of live zooplankton left when the water was
changed. During each feeding session, a 250 ml beaker was used to scoop the
zooplankton from the middle of the tank, while aeration was kept on to allow for proper

mixing of the zooplankton, and then pouring this into the respective larval tanks. Larvae
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in the control group were given 250 ml of filtered sea water during these feeding
sessions. A sample of each zooplankton treatment group, obtained in the same manner as
the zooplankton for the feeding treatments, was preserved each time larvae were fed, for

later identification and description of the communities that were fed to the larvae.

Figure 1: One of the four Zebra fish shelving units that held the containers that housed
individual lobster larvae during this study. Colours represent different zooplankton food
treatments (>1000 pum, 1000-710 pum, 710-500 pm, control [no zooplankton]), which
were distributed equally among the different shelves of the four Zebra fish units, and then
randomly within each shelf. Two units had three shelves (as shown here) and two had
five shelves, all with six containers, resulting in a total of 96 individual larvae, and hence
24 replicates per treatment.

Main experiment: data collection and analysis
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The state of each lobster larva was monitored 2-3 times per day over the course of the
experiment. During this monitoring | noted whether each larva was alive and its stage (Sl,
SII, SHI, SIV). The water and zooplankton were changed every 3-4 days in all containers
with fresh filtered sea water and live zooplankton of varying sizes, as described above.
Temperature and salinity were monitored daily, as these factors impact development and
survival of lobster larvae (Eckman 1996). Throughout the experiment the temperature
was kept between 13-14 °C and the salinity between 30-33 ppt. Dechlorinated water was
occasionally added when the tanks reached a salinity above the threshold upper value of

34 ppt.

| used three metrics to compare the development success of larvae in the different
zooplankton size fraction treatments, i.e., survival, intermoult period, and body size (i.e.,
carapace length). For survival | quantified the percent of individuals that survived
between successive moults, and also the percentage of individuals that completed
development to the final stage, i.e., SIV. Inter-moult duration was measured as the time
between moults, and the larvae were assessed for moulting two to three times per day.
Carapace length (CL) for each larva that successfully made it to the next stage was
measured live, with the larva placed on a welled slide with a damp piece of paper towel,
to reduce its movements while | measured it. The CL for the stage | larvae was not
measured because there was concern of harming the larvae through manipulation, and
because it was thought that the moults of the stage I larvae could be collected, and CL
could be measured from the moult. I realized that measuring the moults was not a viable
option for obtaining the CL of the larvae, since the larvae were consuming their moult

soon after moulting and only a few were able to be collected. Due to this | started to

12



measure the CL of the larvae live. Therefore, the CL of the individual stage | larvae that
were used in the experiment is not known, but the CL of all subsequent stages (SII-SIV)
is.

The zooplankton samples from each treatment that were preserved at time of feeding
were analysed by identifying the species and counting the total number of each species in
each sample. There were also a few misidentifications of the zooplankton when analysing
the samples that were caught in validating the identification by an experienced
taxonomist (Marie-Josée Maltais). A small size fraction sample from September 1, 2023,
had one Tortanus discaudatus that was incorrectly identified as Centropages spp. A small
size fraction sample from August 24, 2023, had 7 Tortanus discaudatus that were
incorrectly identified as Centropages spp. Lastly a mid size fraction sample from
September 1, 2023, had one Tortanus discaudatus that was incorrectly identified as
Centropages spp. These errors probably did not affect any of my conclusions as only a
few samples had misidentifications (3 out of 15), and only one of those samples had more

than one misidentification.
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A chi-square analysis was used to test for significant differences in survival rate between
zooplankton feeding treatments (control was not included in this analysis as only one
made it to stage I1). ANOVA was used to test for significant differences in (i) carapace
length at each successive moult (S1l, SIIl and SIV analysed separately) depending on
zooplankton feeding treatment, and (ii) inter-moult duration (all stages analysed

separately) among larvae raised on the three zooplankton feeding treatments.

To help determine if the larvae were developing normally, and hence how “successful”
my protocol was, | compared my three metrics of development to lab and natural data.
The survival and inter-moult duration in my study were compared to a lab study that used
an artificial diet of Artemia nauplii to feed their larvae (MacKenzie 1988). Survival rate
was compared using a chi-square test to survival of larvae from that lab study that were
raised at similar temperature (14.7 °C versus 13.2 °C) as in my study and were from same
general region (southwest Nova Scotia). A t-test was used to compare the CL of my stage
IV larvae to stage IV larvae that were caught in the Bay of Fundy, and hence had
completed their entire development in nature. | did not compare the CL of my larvae to
that of MacKenzie (1988) since | had access to CL measurements of stage IV larvae that
developed naturally in my study area. This is a better comparison to my data to since the
larvae developed on a natural diet, as did the larvae in my study, and not on an artificial
diet like in MacKenzie (1988). Additionally, this comparison is better than the
comparison to MacKenzie (1988) since it contains larvae that are only from my study
region, as some larvae from the MacKenzie (1988) study are from my study region, but

some are also from outside my study region. This has the potential to cause



inconsistencies between my results and MacKenzie’s (1988) results that are due to
geographical differences. Since | have access to more comparable data for the CL than
MacKenzie (1988), | used it which was not the case for survival and inter-moult duration,

therefore | used MacKenzie (1988) as a comparison for those two metrics.



Results

Development success and survival

Some larvae from all zooplankton feeding treatments successfully made it to stage IV,
but none did from the control group (Fig. 2). The survival rate for larvae regardless of
food treatment (all treatments pooled) from stage | to stage IV was 11%. The survival
rate for larvae from stage | to IV from the MacKenzie (1988) lab study was 70%. The
stage--specific survival rate for the larvae regardless of food treatment was 31% (SI-SlI),
73% (SII-SII), and 50% (SII-SIV) (Fig. 2). Survival rates for each transition period
were lower than results found by MacKenzie (1988) but markedly less so for the stage Il
to I11 and stage 111 to IV transition periods then the stage | to Il transition (Fig. 2).
MacKenzie (1988) reported stage-specific survival rates of 96% (SI-SIlI), 95% (SI11-SlII)

and 90% (SHI-SIV).
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Figure 2: Survival rate (%) of different stages of American lobster larvae (Homarus
americanus) fed different sizes of mixed-assemblage zooplankton sampled in nature. The
number of larvae at the beginning of each transition is provided above each bar, as are p-
values resulting from Chi square tests comparing survival rates of different size fractions
of zooplankton (not including MacKenzie (1988) or control).

Inter-moult duration (average +/- SD) for stage | to 1V, regardless of zooplankton feeding
treatment, was 38 +/- 5 days. This is comparable to, albeit slightly longer than, what was
seen in the MacKenzie (1988) study, with 36 days being the mean inter-moult duration
for stage | to IV. On a stage-specific level, regardless of zooplankton feeding treatment,
the inter-moult duration for the stage I to Il transition (18 +/- 3) was much longer than the
stage Il to 111 (11 +/- 2) and the stage 11l to IV (9 +/- 3) transitions (F2,42=39.78, p< 0.001)
(Fig. 3). In the MacKenzie (1988) lab study the inter-moult period from stage 1 to Il (8
days) was markedly shorter than what was seen in my study, whereas the inter-moult
period from stage Il to 111 (12 days) and stage 111 to IV (16 days) were actually longer
(Fig. 3). Another metric that was used to assess development of the lobster larvae is
carapace length. The average carapace length for stage IV larvae in my study (5.3+/
0.2mm) was significantly (t22=3.61, p=0.002) larger than that of same-stage larvae in

nature (4.6 +/- 0.7mm).
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Figure 3: Inter-moult period (days) between stages of American lobster larvae (Homarus
americanus) fed different sizes of mixed-assemblage zooplankton sampled in nature,
with red circles representing the average inter-moult period seen in MacKenzie’s (1988)
study. The number of larvae at the beginning of each transition is provided above each
box, as are p-values resulting from ANOVA tests comparing the inter-moult of the larvae
given different size fractions of zooplankton (not including MacKenzie (1988)).

Zooplankton size fractions

There were only significant differences in the survival rate of larvae that were given
different size fractions of zooplankton for the stage I to Il transition (X?1= 6.415, p=
0.040), with larvae fed the small (710-500 um) zooplankton size fraction having a
significantly (p = 0.011) lower survival rate to stage Il (13%) than larvae fed the mid
(710-1000um) (46%) zooplankton food treatment (Fig. 2). The mid and large
zooplankton treatments had positive residuals for the alive larvae and negative residuals
for the dead larvae, meaning that they had more larvae than expected under the null

hypothesis (i.e., proportion of alive to dead being the same across zooplankton food



treatments) that were alive and fewer that were dead. In contrast, the small size class had
the opposite, with negative residuals for the alive larvae and positive residuals for the
dead, meaning that fewer than the expected lived and more than expected died (Table 1).
The food treatment had no significant effect on the survival rate of stage Il (X?1= 0.936,

p=0.626) or stage I1l larvae (X?=0.311, p= 0.856) (Fig. 2).

Table 1: Residuals and residuals adjusted for sample size of chi-square test of the survival
of larvae from stage | to 11 when fed different sizes of mixed-assemblages zooplankton
sampled in nature.

Treatment Residuals Adjusted residuals

>1000 alive 0.2462 0.362

>1000 dead -0.1633 -0.362
710-1000 alive 1.354 1.99
710-1000 dead -0.8981 -1.99
500-710 alive -1.6002 -2.352
500-710 dead 1.0614 2.352

There was a marginally non-significant difference in the first inter-moult period (SI-SII)
between zooplankton size fractions (F2,10=3.27, p=0.060), with the mean duration being
greatest (i.e., 21 days) on the same zooplankton size fraction (i.e., small) that resulted in
the lowest success for this moult transition (Fig. 3). There were no significant differences
in the inter-moult duration between larvae on the different zooplankton treatments for the
stage Il to 111 (F2,16=0.58 p=0.573) and stage 11l to IV (t>=1.69, p=0.233 for medium
versus large zooplankton [only 1 larva in small food treatment]) (Fig. 3) transitions. Size

fraction of zooplankton fed to the larvae did not have a significant effect on their



carapace length at any stage (SII: F2,16=0.48 p=0.629; SllI: F2,12=1.84, p=0.2; SIV:

F25=0.9, p=0.464) (Fig. 4).
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Figure 4: Carapace length (mm) at each stage (excluding stage I, see methods) of
American lobster larvae (Homarus americanus) fed different sizes of mixed-assemblage
zooplankton sampled in nature. The number of larvae at each stage is provided on the top
of each box, as are p-values resulting from ANOVAs comparing the carapace length of
larvae given different size fractions of zooplankton (not including larvae developed in
nature).

Zooplankton assemblages varied between size fraction and larval moulting transition. In
the first moulting transition (SI-11) Cancer spp. zoea was the most common zooplankton
for the large and small size fractions. Centropages spp. was the most common
zooplankton in the mid size fraction. Calanus finmarchicus was the second most common
zooplankton species in the large and mid size fractions and was almost non-existent in the
small size fraction. In the stage Il to Il transition the Centropages spp. were the most
common in the mid and small size fraction. The zooplankton communities were not
characterised for the large size fraction for the duration of the stage Il to Il transition

(Fig. 5). Overall, there were more zooplankton fed to the larvae during the stage 11 to 11l



transition than in the stage I to Il transition, as the number of individual zooplankton fed
to a larvae ranged between 3 to 1423 for a given feeding during the stage 1 to Il
transition, and ranged between 30 to 1784 for a given feeding during the stage Il to 111
transition. The average number of individual zooplankton fed at a single feeding to a

larva was 370 during the stage I to Il transition and 842 during the stage Il to I11
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Figure 5: Mean (+/- SD) abundance of species from replicate samples taken at the same
time as samples that were fed to the larvae, depending on size fraction (>1000 pum, 710-
1000 pum, and 500-710 um) for the dates associated with the a) stage | to stage 11
transition (August 24, August 28, and September 1, 2023) and b) stage Il to stage IlI
transition (September 8, 12, and 15 2023). Collection of zooplankton was done through
surface tows.



Discussion

Despite some evidence of sub-optimal development, this study developed a protocol that
has the potential to become a useful tool for future research into American lobster larval
feeding ecology. Development was seemingly sub-optimal considering the proportion of
larvae that made it to successive moult stages and the time they required to do so,
particularly for the stage I to Il transition, but there was successful development of larvae
in all feeding treatments to the end of their larval phase. | saw significant differences in
survival, and marginally non-significant differences in inter-moult duration, between
larvae that were fed different size fractions of mixed zooplankton assemblages, which
provides evidence that this protocol, upon improvements, can be used to address

questions regarding lobster larval ecology.

Development success of larvae in my study

Many newly hatched stage I larvae successfully completed their development in my
experimental set up. More specifically, 11% (8/72) of the stage I larvae fed zooplankton
successfully moulted into stage IV larvae, which is the last of the lobster’s larval stage,
and the stage that makes the transition to the seafloor. Some larvae from all zooplankton
size fraction treatments made it to stage IV. Zooplankton as a food source was essential
to the development of the lobster larvae in my study, as none (0/24) of the larvae in the
control treatment, i.e., without an exogenous source of food, successfully moulted to
stage IV. Only one of these larvae (4%) successfully moulted to stage Il, compared to

31% for larvae that were provided zooplankton.



Prezoea sometimes hatch before using up all yolk reserves, which can then serve as a
source of energy to assist the development of the first larval stage (Ennis 1995). The
amount of yolk reserve available to stage I larvae after hatch is variable, and often nil, but
it can sometimes provide a sufficient source of energy to support moult to stage Il (Anger
et al 1985), as was observed for 1 larva in the control treatment in this study. In one
extreme case, Anger et al. (1985) found that larvae hatched from one particular female
had a similar success rate of moulting to stage 11 whether they were fed an exogenous

source of food or not.

There was evidence that the development success of lobster larvae in my experiment was
somewhat sub-optimal, in comparison to a previous lab study and limited relevant field
data. We know little about survival rates of lobster larvae in nature, but this has been
quantified in other lab studies. One such lab study, which involved lobster from
southwest Nova Scotia, and hence not very far from my study site, was that by
MacKenzie (1988), which reported much higher survival rates to stage 1V than | found in
my study. With the data from all zooplankton size fractions pooled, survival from stage |
to IV in my study was 11%, compared to 70% in MacKenzie’s study. This survival
difference was particularly pronounced for the transition between stage I and I, where it
was 96% in MacKenzie’s study compared to only 31% in mine. The survival rate of
larvae in my study increased markedly after the transition from stage | to stage 1, from
31% up to 73% and 50% for stage 11 to 111 and stage 11l to 1V, respectively, although
these survival rates were still lower than those in MacKenzie’s study, at 95% and 90% for

stage Il to 11l and stage 11l to IV.



That the development of lobster larvae in my experiment from stage I to 11 was sub-
optimal is also indicated by their inter-moult period, which was considerably longer in
my study (mean = 18 days) than in MacKenzie’s (mean = 8 days). This difference was
likely not related to temperature, because MacKenzie obtained these numbers at 12°C
and | obtained mine at 12.6°C. Interestingly, MacKenzie actually reported longer inter-
moult periods for the stage Il to 111 (12 verses 11 days) and stage 111 to IV (16 verses 9
days) transitions than what was seen in my study, although it must be noted that the
average temperature for stage Il to 111 and stage 111 to IV was 1.7°C (SlI-111) and 1.9°C
(SHH-1V) higher in my study than in Mackenzie’s since the latter was done at constant
temperature but | raised the temperature in my study to reflect summer warming. It is
important to take temperature into consideration when making these comparisons since it
affects inter-moult duration, with generally shorter inter-moult durations occurring at
higher temperatures, therefore higher temperature could have some of a role in the shorter
inter-moult duration seen in my study for stage Il to 111 and 111 to 1V larvae, but due it is

thought that factors other than temperature attribute to this difference.

One possible reason for the seemingly sub-optimal development of lobster larvae in my
study is that feeding conditions may have been relatively poor, particularly in the
beginning of the study. Due to a high mortality rate of the zooplankton early in the
experiment, the number of individuals that were fed to the larvae was less in the
beginning of the experiment than later. This could potentially explain the relatively low
survival rate and longer inter-moult period in the stage | to 1l transition compared to the
stage Il to 11l and stage 11l to IV transitions. Additionally, MacKenzie used an artificial

diet, which allows for a consistent delivery and optimal condition of food and may



explain the better performance of larvae in his study than in mine. It is important to
stress, however, that raising larvae on artificial diets tells us relatively little about their
development in nature, which is the overarching goal to which my study aims to

contribute.

I did not compare the size (carapace length) of my larvae to those in MacKenzie’s study
because it only reported carapace length data for larvae from lobsters from the
Northumberland Strait, where lobsters (and potentially their larvae) are markedly smaller.
Instead, | compared the size of my stage IV larvae to stage IV larvae that developed in
nature in my study area, since this was the most comparable data available. The carapace
length of stage 1V larvae in my experiment was significantly larger than that of stage IV
larvae that were caught in nature, in the same area that the berried females were collected
from. Despite not doing as well as larvae in the MacKenzie (1988) study, larvae that
completed their development in my experiment had sizes that compared favourably to

larvae that were recently caught in nature in my study area.

Development of larvae fed different size fractions of zooplankton samples

Development success of larvae in my study showed some differences between
experimental zooplankton prey size fractions, but only when considering the transition
from larval stage | to 11, with lower survival rate and a longer inter-moult duration, albeit
marginally not significant, for larvae fed the small zooplankton size fraction than larvae
in the mid and large zooplankton treatments. The type of zooplankton available to the
larvae did not affect their carapace length. The reason for the higher development success
in mid and large zooplankton size fractions is unknown but could be due to greater total

abundance of zooplankton overall, the presence of Calanus finmarchicus, and/or greater



abundance of Centropages spp. in these feeding treatments. There were no carry over
effects of the apparent poorer feeding conditions experienced by the stage | larvae that
survived on a diet of small zooplankton, since these differences in survival and inter-
moult duration were only evident in the stage I to 1 transition and not past this first
moult. Seeing differences in the survival and development of larvae given access to
different diets indicates that we may be able to use an experimental set up similar to that
used in this study to manipulate the species and abundance of prey that lobster larvae
experience, and quantify the impact these manipulations have on their development

SUCCesS.

The ratio of individual zooplankton per liter of water was much higher in my study than
was found in nature during our plankton tows. More specifically, when | estimated the
density of zooplankton in nature by considering the number of individuals sampled and
the volume of water filtered, | found that one of the tows had 0.1 individuals per liter and
another had 0.3 individuals per litre, which is one to several orders of magnitude less than
was given to my larvae in the experimental set up, with 3 individual per liter being the
least and 1784 individuals per liter being the most. This provide compelling evidence that
food was generally not limited in my study compared to what is available in nature,
notwithstanding uncertainties concerning conditions of the zooplankton and behaviour of
the lobster larvae. This does bring into question my earlier suggestion that poor feeding
conditions were responsible for the lower development success | saw in the stage | to Il
transition, given that | seem to have been feeding larvae much more than what they
encounter in nature. One possibility is that the zooplankton could have died before the

larvae consumed them. Although I did provide lobster larvae with high concentrations of



zooplankton, most of these may have died soon thereafter, and hence quickly became
unavailable to the lobster larvae. There was indeed considerable zooplankton mortality
shortly after they were brought back to the lab, and placed in holding aquaria, especially

in the beginning of the experiment.

Improvements to protocol

There are important considerations related to potential improvements to the experimental
approach used in this study. After seeing high mortality of the zooplankton between the
time they were sampled and the time they were fed to lobster larvae, certain precautions
were used to lessen this mortality. Initially zooplankton were transported from collection
in the field to the lab at very high densities, and they were sieved into the different size
fractions in the lab. This was thought to be a potential cause for the high zooplankton
mortality, possibly due to mechanical stress during rinsing and low oxygen due to high
concentrations of zooplankton when transporting. Sieving practices were changed by
sieving the zooplankton into their size fractions immediately after collection, in the field,
which allowed us to be more aware of the amount of zooplankton that was collected for
each treatment, and therefore not overcrowding the containers with zooplankton and
decrease the density of zooplankton in the container. The zooplankton were also
transported in lower densities from the field to the lab, which was to increase the oxygen
available to the zooplankton, in hopes of reducing their mortality. Furthermore, the
duration of the tows was shortened, to reduce the physical damage during the tow and
make the rinsing quicker on the boat, to shorten the amount of time that the zooplankton

spent out of water. It was also observed that there was a high mortality of the



zooplankton that were stored in the lab over a short period of time after arriving in the
lab. A precaution that was used that was thought to reduce the high mortality rate after
the live zooplankton were stored in the lab was to clean the holding tanks more
frequently to remove dead zooplankton and avoid bacteria from building up. The
evidence that protocol modifications were beneficial is that the samples later in the
experiment had a higher abundance of zooplankton than those earlier in the study,
particularly the first 3 feeding trials. For example, | estimated that an average of 370
(range = 3 - 1423) individual zooplankton were fed to the larvae during the stage I to Il
transition, compared to an average of 842 individuals (range=30-1784) during the stage 11
to 111 transition. Further improvements could involve transporting the zooplankton in a
container with aeration to allow for sufficient oxygen during transportation, which might
further reduce mortality of the zooplankton while transporting them to the lab. Another
precaution that could be beneficial to lowering the zooplankton mortality in future
experiments is using aquaria that are designed to hold delicate planktonic organisms,
such as kreisel aquaria, to reduce the mortality that is caused by the zooplankton being
kept in a standard aquarium, by maintaining a rotating laminar flow in the cylindrical

shaped tank.

Conclusion

With improvements, the lab protocol developed in this study should provide a useful tool
to support novel research into the feeding ecology of American lobster larvae. The main
indicators of this are that (i) | was able to raise larvae successfully from stage I to IV, (ii)

these larvae showed inter-moult periods in later stages (SII-111 and S1II-1V) that were



similar to those observed in other studies that raised lobster larvae in the lab, and (iii) the
carapace length of my stage IV larvae compared favourably to that of larvae that
developed in nature. In comparison to a lab study that raised lobster larvae on an artificial
diet of Artemia nauplii, the survival rate of lobster larvae in my study was lower,
particularly in stage I to Il transition, and the inter-moult duration for stage | larvae was
longer. The lower survival and longer inter-moult duration occurring in the stage I to 11
transition suggests that food may have been limiting in this transition period, given that
improvement in feeding conditions in later stages corresponded with an increase in
survival and relatively shorter inter-moult duration. Seeing differences in survival and
development of larvae that were fed different zooplankton size fractions suggests that this
protocol could be used, with improvements to zooplankton husbandry, to test novel

questions regarding the feeding ecology of lobster larvae.
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