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ARTICLE INFO ABSTRACT

Handled by Ehud Spanier Many crustacean taxa mature at a smaller size in warmer thermal regimes. Over the past four decades, female
lobsters American lobster (Homarus americanus) in the rapidly warming Gulf of Maine have also been reported to
be maturing at significantly smaller sizes over time. Smaller females have lower fecundity, but whether they also
produce lower quality eggs and larvae has been unclear. Here we examine the hypothesis that smaller females
invest less energy per larva than larger females, thereby compromising post-hatch performance and survival. This
study used a combination of laboratory and field studies to assess the maternal size effect on embryos and larvae.
In a space-for-time comparison of lobsters from contrasting thermal regimes along the coast of New England, we
also investigated how lobster collected from populations in cooler northern regions may respond to future
warming. We found smaller females not only are less fecund, but their embryos are smaller and generally less
well invested with lipids than those from larger females. Furthermore, stage I larvae from smaller females are
smaller and have less energy reserves needed to survive starvation. Our geographic comparison also revealed that
female lobsters living in the warmer thermal regime of southern New England are more fecund and produced
larger eggs than females of the same size from colder regimes in the Gulf of Maine, and we cautiously interpret
this novel finding as evidence of a counter-gradient adaptation that could compensate for smaller maturation size
at lower latitudes, a phenomenon requiring further investigation. These results help to reveal the cascading
effects warming can have on important reproductive and larval survival traits on an economically important
species.
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marine organisms are forced to adapt in place (Calosi et al., 2016; Pal-
umbi et al., 2019), migrate (Pinsky et al., 2013, Allyn et al., 2020), or

1. Introduction

How marine invertebrates react to climate warming over their native
range, depends in part on how temperature affects key life-history traits.
Since 1980, NW Atlantic seawater temperature has increased 0.3 °C per
decade (Nixon et al., 2004; Mills et al., 2013; Seidov et al., 2021). In
response to the considerable post-industrial increases in COg2, global
temperatures have been, and are predicted to rise at an unprecedented
rate in the coming decades (Andrews et al., 2014; IPCC, 2021).
Depending on future greenhouse gas emissions, conservative estimates
of surface ocean (<100 m) temperature predict an increases of 0.6° to
2.4 °C by 2100 (Blunden and Arndt, 2013). As a result of this warming,

face extinction (Barnosky et al., 2011; Dulvy et al., 2003).

The body size at onset of maturity is one trait impacted by temper-
ature that has broad implications for survival and reproduction (Peters,
1983; Attard and Hudon, 1987; Moland et al., 2010; Garrido et al., 2015;
Barneche et al., 2018). In ectotherms, maturation tends to occur at
smaller sizes in warmer regimes (Deevey, 1960; Precht et al., 1973), a
relationship which has been termed the “Temperature Size Rule” (For-
ster and Hirst, 2012). Less well understood are the fitness consequences
of temperature-induced phenotypic shifts in maternal size for the in-
vestment in and performance of their offspring. “Space-for-time”
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comparisons of geographically separated subpopulations residing in
differing thermal regimes add additional insight into evaluating how
populations will respond to a changing environment (Blois et al., 2013).

The native range of the American lobster (Homarus americanus) spans
one of the steepest known latitudinal thermal gradients for a marine
species, with average summer surface sea temperatures roughly 12° C in
the northern extent of the range to 20° C in the southern extent (Fogarty,
1995). This creates a natural laboratory to conduct a space-for-time
substitution (sensu Lovell et al., 2023); comparing how range-related
temperature differences affect life history traits, such as size at matu-
rity and fecundity, embryo size and energy investment that ultimately
influence reproductive success. While it is well known that lobsters in
warmer, southern zones mature at a smaller size (Estrella and
McKiernan, 1989), recent surveys show that sustained warming over the
species’ range has induced a decrease in female size at maturity in all
locations (Waller et al., 2021). For example, Long Island Sound (Landers
et al., 2001), the Gulf of Maine (ASMFC, 2020; Pugh et al., 2013), and
the Bay of Fundy (Gaudette et al., 2014) all report steady declines in size
at maturity since the 1990s. In Maine, the mean size at maturity of
reproductive females has decreased by nearly 20% over the past two
decades (Waller et al., 2021). Despite initially faster growth rates in
warmer water, the earlier maturation of gonadal tissues taxes somatic
growth, causing adult lobsters to be smaller in warmer water (Aiken and
Waddy, 1976).

Maternal size is widely regarded as a governing factor in embryonic
and larval development, typically through greater investment in embryo
size and quality (Mousseau and Fox, 1998). Greater embryo size and
quality is broadly linked to greater survival rates (Vance, 1973) across
many different taxa including, polychaetes (Smith and Bolton, 2007)
lobsters (Moland et al., 2010), sea urchins (McAlister and Moran, 2013),
and fish (Hixon et al., 2014). From a fishery management standpoint,
the implications of smaller reproducing females on recruitment to the
lobster fishery is not fully understood. In lobsters, maternal body size is
significantly correlated to fecundity (Attard and Hudon, 1987, Waddy
etal., 1995, Koopman et al., 2014, Goldstein et al., 2022), and may limit
embryo production under future warming conditions. What is less well
known is how maternal body size specifically relates to embryo and
larval quality and performance.

The present study investigated the quantity and quality of embryos,
as well as the performance of larvae originating from female lobsters
collected over a naturally occurring range of sizes from three locations
along the east coast of the United States spanning a steep latitudinal
gradient in summer temperatures. In southern New England, the warmer
extent of the species’ range, females mature earlier and at smaller sizes
than those in the cooler, northeastern Gulf of Maine and Bay of Fundy
(Estrella and McKiernan, 1989, Waller et al., 2021). This latitudinal
gradient allowed the comparison among sexually mature lobsters from
sub-populations residing in different thermal regimes to determine how
maternal body size relates to fecundity, embryo size, energy content,
fatty acid profile, and total lipid content. In the context of a
space-for-time substitution, differences in lobsters from the warmest
regime may help predict expected changes in lobsters originating from
cooler water under future warming. Furthermore, laboratory experi-
ments were used to assess growth and survival under starvation of larvae
from females collected from Boothbay harbor and Casco Bay in Midcoast
Maine, where there was access to reproductive females that spanned a
relatively large range of sizes. From these observations, inferences were
made regarding the effects of future warming on key life-history traits in
the American lobster.

2. Methods
2.1. Study areas and lobster collection

The relationship between maternal body size and embryo metrics
such as fecundity, embryo volume, dry weight, and energy content
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(maternal investment) was investigated at three study regions: Down-
east, ME (DE), Midcoast, ME (MC), and Rhode Island (RI) (Fig. 1). These
regions differ in their thermal regime, with RI, the southernmost study
area, having the warmest summer temperatures and becoming deeply
stratified during the warm growing season with average summer tem-
peratures exceeding 20 °C. DE in the eastern Gulf of Maine, by contrast,
has the coldest summer temperatures where proximity to the Bay of
Fundy and the Eastern Maine Coastal Current ensures the water column
remains well mixed and cool throughout the year, and average summer
temperatures tend not to exceed ~12 °C. MC represents the intermediate
conditions typical of the western Gulf of Maine (GoM). MC is separated
from the eastern GoM by the Penobscot River discharge and is not as
strongly influenced by the Eastern Maine Coastal Current. A lower de-
gree of mixing allows for some degree of thermal stratification in the MC
during the summer and average surface temperatures reach ~16-18 °C.
Although RI once had a thriving lobster fishery, rising temperatures
coupled with a high rate of shell disease resulted in the lobster popu-
lation center shifting northward and offshore (Le Bris et al., 2018, Casey
et al.,, 2022), leading to lower rates of recruitment and a decline in
lobster landings (Wahle et al., 2009, Oppenheim et al., 2019).

2.2. Fecundity, embryo size, and calorimetry

Ovigerous female lobsters were collected at three study sites along
the New England coast of the USA: RI (n=65), MC (n=60), and DE
(n=60). Lobsters from RI were collected via the state’s inshore trawl
survey, while those collected within the GoM (MC+DE) were provided
opportunistically by lobstermen. Lobsters from DE were collected from
the Machias Bay area in Maine’s Lobster Management Zone A, roughly
between 44.4° N and 44.7° N. Lobsters from MC were collected from the
Casco Bay area in Lobster Management Zone F, roughly between 43.4° N
and 43.7° N. Egg extrusion is temperature dependent, and begins first in
warmer southern waters, and then progresses up the coast. Lobsters
from RI were therefore sampled first during September 2018, followed
by MC in October and DE in November.

The total number of embryos carried by each female was estimated
using a non-invasive technique to calculate the volume of the brooded
clutch (Currie et al.,, 2010). The clutch of embryos is assumed to
approximate the shape of a half cylinder. Briefly, the length and depth
(averaged from five measurements along the length of the embryo mass)
of each clutch was measured at the dock and the volume calculated
using the equation for a half cylinder: %*0.535 where D is the average
depth of the egg mass (cylinder radius), L is the length of the clutch, and
0.535 is the packing efficiency of loosely packed spheres which accounts
for interstitial space between individual embryos (Currie et al., 2010).

The average volume of an individual embryo was calculated from a
subsample of embryos collected from one pleopod from each female and
frozen in a —80° C freezer to preserve them for lipid analysis and calo-
rimetry. Diameters of embryos were measured on the short and long axis
of 10 embryos using ImageJ software (Schindelin et al., 2012). Embryo
volume was calculated as a sphere with the equation % whereris % the
average of the short and long radius of the embryo diameter. The
number of embryos, or fecundity, was calculated by dividing the volume
of the clutch by the average embryo volume for each female.

Embryo dry weight was measured from a subsample of 10 lobsters
(30 embryos per lobster) from each of the three regions. Ovigerous fe-
males were chosen to represent the full size spectrum of lobsters sampled
in the region. A single, extra-large female was included in the DE
dataset, this female had the largest CL of lobsters sampled in any region
(CL=165 mm). This individual was included to investigate whether a
significantly larger female produced embryos of significantly higher
quality. Embryos were placed into tins and left in a drying oven for a
minimum of 48 h at 60° C and then weighed (Mettler Toledo ML204
scale) to determine dry weight. The same embryos were then combusted
in a mini-bomb calorimeter (Parr 6200 Isoperibol Calorimeter) to
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Fig. 1. Summer sea surface temperature and seasonal climatology of thermal depth profiles to 100 m averaged from 2011 to 2020 for each of the three study regions.
Nearshore waters of Rhode Island do not exceed 60 m. Data source: FVCOM (https://www.fvcom.org), scale bar is approximate.

determine energy in Joules (J) or kiloJoules (kJ) depending on magni-
tude. The total amount of energy a female invests (EI) in her brood was
calculated as:

EI = #embryos*(J/embryo)

To statistically evaluate maternal size and regional effects on the
response variables fecundity, embryo size, dry weight and energy con-
tent we conducted an analysis of covariance with region as a categorical
variable with three levels (RI, MC, DE) and maternal carapace length
(CL) as a continuous variable. All statistical analyses were conducted in
JMP Pro statistical software (v.15.2.0). Data for these response variables
and carapace length were log transformed prior to analysis. If we found a
significant interaction between region and maternal size, separate re-
gressions for each region were performed.

2.3. Embryo lipid and fatty acid content

For lipid and fatty acid profiling we adopted a different sampling
approach. It was not cost effective to assess embryo lipid content for
individual mothers as we did for fecundity, embryo volume, and dry
weight. Instead, embryos from multiple females were pooled within
selected size classes and compared. We used three non-overlapping
maternal size classes: Small (80-90 mm CL), Medium (100-110 mm
CL), and Large (130-140 mm CL). All three size classes were available in
MC and DE, but the medium and large size classes were not available in
RI. Seven females were selected for each of the size classes available in
each region. Therefore, we subsampled 7 females from RI, and 21 each
from MC and DE, for a total of 49 females. From each female we sampled
30 embryos, which were pooled by size class and region to homogenize
the embryos from the females in each group for a total of 210 embryos (7
females*30 embryos per female) for each region and size class available.

The pooled embryos were then further subdivided into three replicate
subsamples each containing 70 embryos.

Total lipid content and fatty acid profiles were analyzed by Bigelow
Analytical Services (Bigelow Laboratory for Ocean Sciences, East Boot-
hbay, ME). Briefly, embryos were oven dried (60 °C) and weighed to the
nearest microgram. Lipids were extracted using a slightly modified
Folch et al. (1957) method, as described in McMeans et al. (2012).
Samples were extracted 3X using 2 mL of 2:1 (v/v) chloroform:methanol
and pooled, after which polar impurities were removed by adding
1.6 mL NaCl solution (0.9% w/v) and discarded following centrifuga-
tion. The resulting lipid-containing solvent was concentrated to 2 mL
and 2 aliquots (100 pL each) were removed and evaporated to dryness to
quantify total lipid gravimetrically. Fatty acids in the lipid extracts were
derivatized to fatty acid methyl esters (FAME) using sulfuric acid as the
catalyst (Christie and Han, 2012). The FAME were then extracted 2X
using hexanes: diethyl ether (1:1; v/v), after which they were dried
under a gentle stream of extra dry nitrogen gas. The FAME were sepa-
rated and analyzed using a gas chromatograph (GC) (Shimadzu-2010
Plus, Nakagyo-ku, Kyoto, Japan) equipped with an SP-2560 column
(Sigma-Aldrich, St. Louis, Missouri). All solvents used in the extraction
and FAME derivatization procedures were of high purity HPLC grade
(>99%). The FAME were identified and quantified by retention time
matching and a 5-point calibration curve, respectively, using a reference
standard (GLC-463, Nu-Chek Prep, Inc., Waterville, Minnesota). A
known concentration of 5 alpha-cholestane (C8003, Sigma-Aldrich, St.
Louis, Missouri) was added to each sample prior to extraction to act as a
surrogate internal standard to estimate extraction and instrument re-
covery efficiency. Individual fatty acid contents were expressed as
percent (molar) of total quantified fatty acid methyl esters (FAME).

For statistical analysis, maternal size was treated as a categorical
variable with three size levels, rather than a continuous variable as it
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had been in the previous analysis. In the analysis of MC and DE all three
maternal size levels were represented and were tested with a full 2-way
ANOVA followed by a Tukey’s HSD post-hoc test. Individual 2-way
ANOVA factor results for each dependent variable can be found in
Table 3. For RI however, the medium and large sizes were absent,
necessitating a separate single factor ANOVA comparing all three re-
gions using only females in the small maternal size category (supple-
mentary material Fig. S1, and S2) in order to test for a regional effect.

2.4. Larval growth experiment

Experiments to determine maternal size effects on larval size and
growth were carried out at the Bigelow Laboratory for Ocean Sciences.
We only evaluated maternal size effects on larval performance for lob-
sters originating from MC. Ovigerous lobster with embryos near hatch-
ing were collected opportunistically by local harvesters, and held in a
flow through tank at ambient temperature in the hatchery at the Uni-
versity of Maine’s Darling Marine Center. Lobsters were held 2-3 per
tank until hatch (typically no longer than 2 weeks), with larger/more
aggressive individuals being isolated.

For these experiments, two size categories of ovigerous females were
used “Smaller” (80-93 mm CL) and “Larger” (107-136 mm CL). Due to
the availability of egg bearing females, the size ranges differ from those
used for the analyses of embryos, but nonetheless provide an assessment
of maternal size effects over a similar range of female sizes (Fig. 2).
Larvae from at least three mothers in each size class were combined. For
each size class approximately 1000 larvae were divided about equally
into four communal rearing tanks. Rearing tanks were maintained at 16°
C and kept well-aerated and circulated to keep planktonic food well
mixed and reduce the probability of cannibalism. Each day larvae were
fed to saturation with nauplii of Artemia salina (1-3 days post hatch).
During larval stages I (SI) and II (SII), five larvae from each rearing tank
were selected randomly and photographed (Canon EOS Rebel T3i,
Japan) under a dissecting microscope (Olympus SX 61). Carapace length
was measured in profile from the back of the eye to the posterior edge of
the carapace using NIH-ImageJ software (NIH, USA). For dry weights,
five larvae from each rearing tank were removed, rinsed three times in
deionized water to remove salt and then placed into pre-weighted tin
boats. Samples were desiccated in a drying oven at 40 °C for 48+ hrs and
weighed (dry weight). Effect of maternal size on the mean length and
mass of the larval stages was evaluated using t-tests.

2.5. Larval starvation experiments

The effect of maternal size on the rate of mass loss during starvation
for larvae was determined by placing a random sample of 25 newly
hatched larvae from smaller and larger mothers individually into 1 L
Mason jars in filtered seawater. Jars were maintained at 16 °C for 5 days
with no food supply. Salinity and temperature were measured daily to
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ensure consistency. Each day, five larvae were randomly removed from
each treatment and transferred to a drying oven (60 °C) for 48 hrs, after
which dry mass was recorded. Rate of mass loss over time was evaluated
for both maternal size classes using a homogeneity of regression.

An additional starvation experiment was carried out to determine
whether a larva’s ability to endure starvation depended on maternal
size. 30 SI larvae from three mothers in each size class were placed
individually into starvation chambers maintained at 18° C for a total of
n=90 larvae from each size class. The larvae were monitored daily for
changes in behavior related to starvation: cessation of active swimming
followed by sinking to the bottom of their enclosure and remaining in a
state of immobility. If larvae remained inactive after a gentle stirring of
the chamber, the trial was discontinued for that individual and the time
(days) to starvation recorded. The time to inactivity was analyzed using
a survival analysis with a log-rank test comparing larvae from the
different maternal size classes (JMP Pro statistical software; v.15.2.0).

A summary of sampling strategy and statistical treatment for the
maternal size variable in all analyses can be found in Table 1.

3. Results
3.1. Embryo characteristics

Regional differences were evident in the smaller size of sexually
mature lobsters from southern New England (mature females rarely
exceeded 90 mm CL) compared to those from the Gulf of Maine which
spanned a greater size-range. This phenomenon limited the degree to
which it is possible to compare maternal size effects across regions for
the entire range of possible sizes. Nonetheless, comparisons between the
smaller size females across the three regions and the three size classes in
the MC and DE regions show clear maternal size effects in embryo
metrics and clutch size.

We found a significant positive relationship between maternal size
and fecundity, as well as a significant regional effect, as depicted in
Fig. 3A; Table 2. A post-hoc analysis of the regional effect using Tukey’s
HSD found that RI differed significantly from DE (p=0.002), but only
marginally so from MC (p=0.084). This regional effect leads females
from RI to produce more embryos than same-sized females from the
other regions. In other words, an ovigerous female at 90 mm from RI is
estimated to have a fecundity of 8763 embryos, some 25-51% higher
than ovigerous females in MC (6989 embryos) or DE (5814 embryos),
respectively. While there was no significant interactive effect detected- i.
e. the slopes for all three fecundity curves were the same- there was a
marginally significant difference detected (Table 2). A greater sample
size may have been able to detect an interactive effect, leading to
fecundity curves with separate slopes for each region. Supplemental
Material Table S1 includes regression parameters for the relationship
between egg number (fecundity) and CL for alternative versions of the
relationship, one assuming parallel slopes but different intercepts

Maternal size classes for impacts on embryos

s

Mejium

LarEe

R R R Bl EEREEEEERY ERRERPRE

80 90 100 110

120 130 140

Smaller

Larger

Maternal size classes for impacts on larvae

Fig. 2. Carapace length ranges of female lobsters sampled for embryos and larvae in this study. Because of limited larval availability, we used two wider maternal
size classes for larval investigations than the three for embryos. And whereas the embryonic comparisons were made across three regions (Downeast, Midcoast and

Rhode Island), the larval study was restricted to mid-coast Maine.
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Table 1
Sampling strategy by region, sample size, and data collected.
Sample size, Lobster size/ Females collected from  Subsample: Subsample: Smaller Smaller
size class, [CL variable each region 10 females per region Small (80-90 mm CL), (80-93 mm CL) (80-93 mm CL)
typel DE (n=60), representative of full size Medium (100-110 mm CL)  Larger Larger
MC (n=60), spectrum. Large (130-140 mm CL) (107-136 mm CL) (107-136 mm CL)
RI (n=65). [Continuous variable] [Categorical variable] [Categorical variable] [Categorical
[Continuous variable] variable]

Downeast, Maine embryo quantity
estimate, embryo
volume
embryo quantity
estimate, embryo
volume

investment

embryo mass, J/embryo,
Energetic investment

Midcoast, Maine

Rhode Island embryo mass, J/embryo,

Energetic investment

embryo quantity
estimate, embryo
volume

embryo mass, calories, Energetic

Lipids, EPA, DHA, DHA:EPA

Larval starvation
duration (SI)

Larval length (SI, SII),
Larval mass (SI, SII),
Larval starvation mass
(SD

Lipids, EPA, DHA, DHA:EPA

Lipids, EPA, DHA, DHA:EPA

among the three regions, as depicted in Fig. 3, and the other with in-
dependent slopes. By both analyses RI lobsters have higher fecundity in
maternal sizes overlapping with the other two regions.

Embryo volume also increased significantly with maternal carapace
length (Fig. 3B; Table 2) with a significant regional effect also being
detected. A post-hoc analysis of the regional effect using Tukey’s HSD
found that in the overlapping female size range embryos from RI were
significantly larger than those from MC (p=0.014), but only marginally
larger than those from DE (p=0.072). This suggests females from RI

produce larger embryos than same-sized females from the other regions.
At 90 mm an ovigerous female from RI is expected to have embryos
measuring 2.25 pL, roughly 6-7% larger than a similarly sized ovigerous
female from MC (2.10 uL) and DE (2.12 plL) respectively. Again, a
marginally significant interactive term was detected and the relevant
exponential parameters for the relationship assuming parallel slopes and
different slopes can be found in the supplementary material Table S2.
Both versions of the model once more support the conclusion that size-
for-size females from RI produced larger embryos than those from the
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Fig. 3. A) The number of embryos, and B) average volume of individual embryos (ul) within a clutch of Homarus americanus as a function of female size. Colored lines
represent the linear regression for each region. See Table 2 for statistical analysis.

Table 2

Summary of ANCOVA statistics for log-transformed egg metrics and carapace length in RI, MC, and DE depicted in Fig. 3+4. Significant relationships are marked with

*, relationships which are marginally significant, i.e. #=0.1, are marked with ".

Dependent Embryo number Embryo volume Embryo dry weight Energy (J) Mass-specific energy Total Energetic
variable (uL) (mg) (J/mg) Investment (kJ)
ANCOVA Region: Region: Region: Region: Region: Region:
results F= 6.14; p=0.003* F=4.38; F=0.43; F=0.437; F=1.72; F=1.58;
CL: p= 0.014* p=0.654 p= 0.651 p=0.197 p=0.225
F=74.53; CL: CL: CL: CL: CL:
p < 0.001* F=22.71; p<0.001*  F=6.04; p=0.021* F=9.55; F= 5.40; F=48.82; p<0.001*
Region x CL Region x CL Region x CL p=0.005* p=0.028* Region x CL Interaction:
Interaction: Interaction: Interaction: Region x CL Region x CL Interaction: F=2.62;
F=2.70; F=2.56; F=0.30; Interaction: F=0.68; p=0.093"
p=0.070" p=0.081" p=0.743 F=0.25; p=0.514
p=0.779
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other two regions.

In the further analyses of embryo mass and energetic content we
consistently found significantly positive maternal size effects, but no
regional effect or interaction (Fig. 4; Table 2). We therefore combined all
females across regions for these analyses. Thus, embryo dry weight
increased significantly with maternal size (Fig. 4A) with the average
embryo weighing 1.11 (+/-0.02 SE) mg and increasing at an average
rate of 0.003 mg per mm of maternal carapace length. Accordingly,
whole-embryo energy content (J/embryo) (Fig. 4B), mass-specific en-
ergy content (Fig. 4C), and whole-clutch energy content (Fig. 4D), all
scaled positively with maternal size. Thus the energetic content of an
average embryo was 28.7 (+/- 0.63 SE) J increasing at a rate of 0.09 J
per mm of maternal size. The mass-specific energy content averaged
25.7 (+/- 0.13 SE) J per mg of embryo dry weight changing at a rate of
0.02 J per mg with each added millimeter of maternal carapace length.

Using the product of the number of embryos in a clutch (fecundity)
and embryo energy content, we calculated the energetic investment
represented by a clutch. Not surprisingly larger females invested
significantly more energy (kJ) per clutch than smaller females (Fig. 4D,
Table 2). On average females invested roughly 360 (+/- 58.5 SE) kJ into
a clutch with an increase of 14.5kJ for each added millimeter of
maternal carapace length.

For our analysis of maternal size effects on embryo lipid content we
compared three size classes of ovigerous females across the two ther-
mally contrasting regions of Maine, DE and MC. Total lipid content of
the individual embryos was significantly greater in the larger maternal
size classes (Fig. 5A; Table 3). Embryos of medium (Tukey’s HSD, p =
0.026) and large (Tukey’s HSD, p = 0.006) sized lobsters contained
significantly more lipids than small lobsters, but no difference was
detected between medium and large sized females (Tukey’s HSD, p =
0.757). When normalized to the dry weight of the embryo, there was no
significant relationship between maternal size and mass-specific lipid
content of embryos (Fig. 5B; Table 3).

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are
two essential fatty-acids which are particularly important for larval
development (Masuda, 2003). Our analysis revealed no significant
relationship between maternal size and total EPA content of embryos
(Fig. 6A; Table 3). When normalized to the mass of the embryo, there
was still no significant relationship between maternal size and
mass-specific EPA content (Fig. 6C; Table 3).

In contrast to EPA content, maternal size had a significant effect on
total DHA content of embryos (Fig. 6B; Table 3). Embryos from large
lobsters contained significantly more DHA than either small (Tukey’s
HSD, p=0.017) or medium (Tukey’s HSD, p=0.030) sized lobsters.
However, there was no significant relationship between mass-specific
DHA content and maternal size (Fig. 6D; Table 3), but further analysis
revealed a significant effect of region between DE and MC.

3.2. Larval characteristics

Maternal size had a significant effect on the mass (Fig. 7A) of the
hatched larvae at both developmental stages. At stage I, larvae from
larger females were roughly 18% heavier than larvae from smaller fe-
males (t(360)=-3.15, p=0.002), and 37% larger at stage II (t(165)=-
3.21, p=0.002). Similarly maternal size had a significant effect on the

Table 3
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length (Fig. 7B) of larvae at both stages. Stage I larvae, hatched from
larger females were 8% larger than larvae hatched from smaller females
at both stage I (t(366)=-14.78, p<0.001), and stage II (¢(181)=-4.35,
p<0.001).

3.3. Starvation experiments

During starvation, Stage 1 larvae lost a significant amount of mass
over a 5-day period (Fig. 8A; Fy 56=15.22; p<0.001, R?=0.35). There
was no evidence that maternal size affected the rate of absolute mass loss
during starvation. The average mass loss for larvae from both maternal
size classes was 0.08 (+/- 0.02 SE) mg per day over the course of 5 days.
But because of their lower average starting weight, after 5 days larvae
from smaller mothers lost a larger percent of their weight (~38%) than
those from larger mothers (~30%).

In a separate experiment larvae from larger mothers took signifi-
cantly longer to reach a state of starvation (as determined by a behav-
ioral endpoint) (Fig. 8B; Xi 180=3.86; p=0.049). Larvae from smaller
mothers had an LDs (time until half of larvae were starved) of 7.39 (+/-
0.33 SE) days, while those from larger mothers had an LDs( of 8.08 (/-
0.37 SE) days. Additionally, the larva which remained in treatment the
longest from small mothers lasted 14 days, while its counterpart from
large mothers lasted 15 days.

4. Discussion

This study found a significant positive impact of maternal body size
on fecundity, energy content and size of the individual embryos and
larvae, and, in turn, the ability of larvae to endure starvation. As in most
invertebrates (Peters, 1983) and fishes (Barneche et al., 2018), the size
at onset of maturity in the American lobster is highly responsive to
temperature which is well documented along the thermal gradient of the
species range (Estrella et al., 1989), and more recently in the Gulf of
Maine after decades of rapid ocean warming (Waller et al., 2021). These
changes have important implications for reproductive performance, but
are poorly understood, revealing the necessity for ongoing monitoring of
life-history traits which may be impacted by a changing environment.
For instance, population models relying on estimates of average fecun-
dity may need these parameters updated to reflect declining maternal
size associated with warming. Our study of maternal size effects on
embryonic and larval traits under three contrasting thermal regimes
allowed for a space-for-time substitution through regional comparisons,
giving new insight into how life history traits may change under future
conditions.

Fecundity, for example, is well known to increase with the size of
female clawed lobsters (e.g., H. americanus - Herrick, 1911; Attard and
Hudon, 1987; Koopman et al., 2014; H. gammarus - Lizarraga-Cubedo
et al., 2003). Our results agree, but the space-for-time substitution adds
new insight in finding that lobsters at the warmer southern end of the
species’ range not only mature at a smaller size and do not achieve the
large sizes seen to the north, but they also produce more eggs and larger
eggs than their northern counterparts of the same size. We address this
phenomenon in more depth under Regional Effects below.

We also found that larger females produce not only larger eggs, but
more energy rich ones. This combination enhances the probability that

Summary of ANOVA statistics for lipid content and fatty-acid profile in MC, and DE depicted in Fig. 5+6. Significant relationships are marked with *, relationships
which are marginally significant, i.e. =0.1, are marked with ". Additional comparison of RI, MC, and DE can be found in Figs S1+2.

Dependent variable  Total lipids (ung)  Mass-specific lipids (ug/mg)  Total EPA (ug) Total DHA (ug)  Mass-specific EPA (ug/mg)  Mass-specific DHA (ug/mg)
2-Way ANOVA Region: Region: Region: Region: Region: Region:
results F=0.04; F=1.92; F=0.41; F=1.34; F=1.03; p=0.328 F=6.51; p=0.023*
p=0.849 p=0.187 p=0.53 p=0.266 CL: CL:
CL: CL: CL: CL: F=2.11; F=1.26;
F=7.04; F=2.87; F=3.03; F=6.21; p=0.158 p=0.314
p=0.008* p=0.090" p=0.081" p=0.012*
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Fig. 6. Essential fatty-acid content of Homarus americanus embryos as a function of maternal size class A) Total Eicosapentaenoic acid (EPA) content of an average
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larger larvae will survive low food concentrations during early devel-
opment (Anderson, 1988; Moland et al., 2010). However, while vari-
ables related to embryo quality, such as embryo volume (Fig. 3B), dry
weight (Fig. 4A), caloric content (Fig. 4B+C) and lipid profile (Figs. 5, 6)

showed significant relationships with maternal size, the correlations
were significantly weaker than the relationship between maternal size
and fecundity. Therefore, the data suggest that embryo quality is more
constrained than fecundity. In other words, it appears that resources
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Fig. 8. A) Mass of larvae from smaller (80-93 mm) and larger (108-136 mm)
female Homarus americanus over the course of five days of starvation. B) Sur-
vival plot showing proportion of larvae from smaller and larger mothers still
active after consecutive days of starvation.

are partitioned preferentially towards producing a greater quantity
of moderately provisioned embryos, rather than fewer well provi-
sioned embryos.

4.1. Maternal size effects on embryo quality

In general, we found larger female lobsters produced embryos with a
greater amount of total lipids and one essential fatty acid (DHA) (Figs. 5,
6). Lipids and fatty-acids provide high-density bioenergetic fuel and the
structural components for the growth of larval and juvenile crustaceans
(Watanabe, 1993; Bascur et al., 2018). In addition, the larger lipid
content provides an energetic buffer during times of low food supply or
high metabolic cost. Of the suite of fatty acids measured, the essential
omega-3 fatty acids EPA (eicosapentaenoic acid, 20:5w3) and DHA
(docosahexaenoic acid, 22:6w3) are of particular importance (Masuda,
2003). These specific long-chain polyunsaturated fatty acids (LC-PUFAs)
molecules must be obtained from dietary sources, although there is some
small amount of chain elongation from the omega-3 parent ALA
(a-linolenic acid, 18:3w3), but this pathway represents only a small
percentage of the total LC-PUFAs available to the animal (Arts et al.,
2001). The significant increase in total DHA within the embryos with
increased maternal size suggests that larger females produce higher
quality embryos (Fig. 6B). Previous studies on American lobster larvae
(Homarus americanus) have found them to be reliant on LC-PUFAs in the
diet (Tlusty et al., 2005; Beltz et al., 2007). Tlusty et al. (2005) observed
higher survival and growth rates in lobster larvae fed diets enriched with
omega-3 fatty acids compared with those fed unenriched diets. De-
ficiencies in DHA and EPA have been further linked to a change in the
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level and temporal pattern of neuronal proliferation in the brains of
lobsters (Beltz et al., 2007; van der Meeren et al., 2009) and reduced
developmental rates in crustacean larvae (Siu et al., 2007; Andres et al.,
2010; Beder et al., 2018). When normalized for mass of the embryos,
mass-specific lipid, EPA, and DHA quantities did not scale significantly
to maternal size (Figs. 5, 6). Since maternal size had a significant effect
on total quantities, the absence of a significant maternal size effect in
these mass-specific lipid values means that relative fatty acid investment
into embryos remains roughly constant over the range of female size. In
short, larger females are able to maintain mass-specific investment
in embryo quality, even while producing a greater quantity of
embryos. That the concentration of lipids was not found to scale with
maternal size suggests that other sources of energy may account for the
higher caloric concentration per unit weight of the embryo. This dif-
ference between lipid and caloric content may mean that lobsters store a
significant amount of energy in molecules other than fatty acids, such as
carbohydrates, or glycogen, which have been demonstrated to be
important energy stores in other crustaceans (Sanchez-paz et al., 2006).

4.2. Maternal size effects on larval traits

Consistent with the patterns observed for embryos, our results indi-
cate that larger ovigerous lobsters produce larger larvae that are better
able survive periods of starvation. Length and mass can have important
implications for the survival of larvae (Anderson, 1988; Garrido et al.,
2015). For example, larger larvae have higher movement efficiency
allowing them travel further with the same energy reserves (Peters,
1983). Size can also impact the breadth of prey size that a plankto-
trophic predator such as lobster larvae can handle (Vucic-Pestic et al.,
2010). Conversely, greater size serves as a refuge from predation by
other planktotrophs, as a larger larva may have outgrown their preda-
tor’s preferred prey size (Nowlin et al., 2006, Almeida et al., 2011,
Zhang et al., 2017).

The ability to withstand starvation is important for the survival of
lobster larvae. The reliance of recruitment on the overlap between the
timing of larvae hatching and the timing of peak abundance of their prey
suggests that food limitation may play an important role in recruitment
for this species (Carloni et al., 2018, 2024). Larger larvae with more
energy stores are more likely to survive starvation than smaller ones.
This was supported by our starvation experiments showing that
although the rate of mass loss during starvation does not differ, larvae
from smaller mothers are themselves smaller, and so may reach a crit-
ically low mass earlier during starvation (Fig. 8A). Importantly, during
starvation lobster larvae reach a “point of no return” beyond which they
will be unable to survive even if fed to satiation (Abrunhosa and Kittaka,
1997). Results from behavioral experiments showed that after just a few
days of starvation, active swimming stops and the larva sinks to the
bottom of their enclosure. Larvae from larger mothers maintained active
swimming for a greater amount of time than larvae from smaller
mothers (Fig. 8B). With such high mortality rates during planktonic
stages, small changes in survival can have measurable impacts on larval
recruitment (Thorson, 1950; Grosberg and Levitan, 1992).

4.3. Regional effects

The geographical regions used in this study reflect the broad thermal
regime occupied by this species allowing for a space-for-time substitu-
tion. In the process of conducting this study, the widely recognized trend
that lobsters in southern warmer regions tend to be smaller than their
counterparts in cooler thermal regimes to the north was confirmed
(Estrella and McKiernan, 1989, Goldstein et al., 2022). Warming over
the recent decades has also been linked to a decrease in the size at
maturity of adult females (Waller et al., 2021; Aiken and Waddy, 1976).
Because of their smaller size, lobsters in southern regions tend not to be
as fecund as their northern counterparts.

However, when normalized to carapace length, the smaller lobsters
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in RI were actually more fecund than the same sized females in cooler DE
(and marginally so for MC as well). Moreover, the individual embryos
from mothers of the same size were larger in RI than those in MC (and
marginally so for DE). We speculate that these regional effects provide
evidence for counter-gradient adaptation in lobster that may genetically
pre-dispose lobsters to compensate for the more limited egg production
associated with smaller adult size in warmer waters (Levins, 1968;
Conover and Schultz, 1995). Another potential source for the greater
reproductive capacity of RI females at a given size could be age and
reproductive experience (Herrick, 1911). As the onset of maturity in-
duces a decrease in growth-rate for female lobster, small females from an
early-maturing population (RI) may in fact be older and have more
reproductive experience than females from later-maturing populations
of a similar size (MC+DE) (Aiken and Waddy, 1976). In American lob-
ster (Ouellet and Plante, 2004) and fish (Trippel et al., 1997) primipa-
rous (first time breeder) females have been shown to produce undersized
larvae, and maternal age has been linked to offspring quality in many
other species (Benton et al., 2008; Plaistow et al., 2015; Coakley et al.,
2018). Maternal size, therefore, may only play a partial role in embryo
size and fecundity. It is important to keep in mind, however, that adult
lobster are not static, and have the ability to move and follow a preferred
thermal envelope (constrained of course by their regional climate).
Thermally motivated movement represents a potential confounding
factor beyond the scope of this paper.

Larvae die for a number of reasons: predation, starvation, disease,
physiological stress etc. (Anderson, 1988). Species responses to these
pressures often involve adaptive trade-offs. For example, starvation and
predation may be overcome through production of larger larvae with
greater energy reserves, the trade-off being reduced fecundity or
diminished dispersal potential (Allen et al., 2008). A widely held
explanation for why a large diversity of marine invertebrates and fish
tend to produce large numbers of planktonic offspring relates to
bet-hedging - the advantage of spreading risk over several potential
outcomes in a variable environment difficult to predict (Winemiller and
Rose, 1993). Within its own phyletic constraints, there is evidence that
the life history traits of Homarus americanus represent adaptations
consistent with that hypothesis. For example, among clawed lobsters
and crayfishes (clade Astacidea) the shallow coastal dwelling lobsters (e.
g., Homarus spp.) have relatively high fecundity and planktotrophic
larvae, whereas their freshwater (e.g., Orconectes spp.) and deep sea (e.
g., Metanephrops spp.) counterparts have lecithotrophic larvae and
abbreviated development (Wahle et al., 2012). At the extreme end of the
scale, tropical spiny lobsters (clade Palinuridae) produce embryos
smaller than those of Homarus and in numbers 1-2 orders of magnitude
greater, a suite of traits which allow spiny lobsters to exploit a mild
environment with more constant conditions and food supply (Wahle
et al., 2020). Still, geographic differences in these traits among sub-
populations (e.g., southern and northern) reveal plasticity in the
response to environmental variability, providing a natural experiment in
the form of a space-for-time substitution that is useful in the context of
understanding the impacts of a climate that is changing rapidly relative
to the generation time of the species.

5. Conclusion

In a rapidly warming ocean it is important to parameterize species’
responses to the changing environment (Pershing et al., 2015). For
commercial species such as the American lobster, understanding how
climate change affects life history traits is especially important because
changes in these traits can affect the sustainability of current fishing
rates. The impact of thermal regime on lobster size of maturity has long
been evident in geographic comparisons among subpopulations along
New England’s steep thermal gradient (Estrella and McKiernan, 1989)
and within single populations over time (Waller et al., 2021). These
biological changes may have important demographic consequences. Our
results suggest that larger maternal size confers reproductive benefits
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not only in terms of fecundity, but also to individual embryos and their
resulting larvae. At a population level, declining embryo production per
female due to smaller size could be balanced by rapid maturation under
warmer temperatures bolstering the number of reproductive in-
dividuals. The addition of declines in embryonic and larval quality re-
ported here, suggests that the larvae of these smaller individuals may
experience greater mortality rates prior to settlement, leading to a net
loss in productivity for the population. However, there is also evidence
for significant phenotypic variability with a presumed genetic under-
pinning. Whether this is evidence of counter-gradient variation, or the
effect of age/reproductive experience in the American lobster remains a
question for further study. Therefore, when considering how other
marine crustaceans may adapt to future warming conditions, it is
important to consider the effect of warming waters on body size,
maturation and their cascading effect on important traits related to
reproduction and larval survival.
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