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Abstract

The timing of life history events around reproduction and early development

is critical in population dynamics, and it can determine recruitment success,

species dispersal, and population connectivity. In ectotherms, as well as in

plants and fungi, phenology is mediated by the nonlinear effects of tempera-

ture on physiology and development, meaning that spatiotemporal variation

in temperature can exert powerful controls on the timing of local reproduction

and recruitment. Here, we examine reproduction phenology (fertilization of

embryos, duration of embryonic development during brooding, and larval

release) of the intertidal acorn barnacle Semibalanus balanoides in 2002–2004
and in 2019–2024 at up to eight sites along a steep temperature gradient in the

northwest Atlantic Ocean. At each site and year, we assessed how phenology

varied with intertidal temperature, estimated with a hybrid atmosphere–ocean
data assimilation model. Although within-site reproduction was delayed due

to interannual and decadal fall warming (3.7 days per 1�C), fertilization at all

sites in all years still occurred within a 1-month timeframe. In contrast, latitu-

dinal differences in intertidal temperature resulted in substantially different

brooding durations (up to 95 days difference) and, by extension, larval release

timing (e.g., Dec 18 vs. Apr 4). Consequently, lower latitude larvae tended to

enter the water column at the start of winter, while higher latitude larvae were

not released until spring. These different larval release times result in regional

differences in temperature-mediated larval development, potentially resulting

in lower latitude populations experiencing greater dispersal. Our study is one

of the first to evaluate these relationships through both space and time in nat-

ural populations, and we show that both spatial gradients and interannual var-

iation in the seasonal temperature cycle can mediate reproductive physiology

and dispersal of temperate and polar species.
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INTRODUCTION

Temperature drives both the timing of reproduction and
the rate of early development in plants, fungi, insects,
amphibians, and aquatic and marine invertebrates and
fishes (Andrew et al., 2018; Fern�andez-Pascual et al., 2021;
Fischer et al., 2016; Gillooly et al., 2002; Poloczanska
et al., 2013). Phenology (i.e., seasonal timing) of species
reproduction often exhibits plasticity in response to
temperature or temperature-mediated cues, allowing
populations to align with local conditions (e.g., Opdal
et al., 2024), likely facilitating population-wide reproduc-
tive synchrony and success (Olive, 1992). Temperature also
exerts strong, nonlinear effects on physiology and early
development, determining rates of processes ranging from
seed germination and fruit maturation in land plants to
embryonic and larval development in marine inverte-
brates, insects, and amphibians (Fern�andez-Pascual
et al., 2021; Fischer et al., 2016; Gillooly et al., 2002).
Species with wide geographic distributions may thus dis-
play a spatial mosaic of reproduction and recruitment
timing along latitudinal or altitudinal clines, with implica-
tions for population and community dynamics.

The timing of reproduction determines the conditions
experienced by progeny, which can have outsized
impacts on organisms with complex life cycles. Early
stages are often life cycle bottlenecks (Gosselin &
Qian, 1996; White & Harper, 1970), and in organisms
with sessile or slow-moving adult forms, these stages also
encompass the majority of dispersal potential. Realized
dispersal, however, is a function of both biophysical
transport processes and survivorship (Pineda et al., 2007).
Thus, in these organisms, reproduction timing can ulti-
mately impact the degree of propagule or larval exchange
between populations and, by extension, genetic structure
along the geographic range (Bowen et al., 2016;
Palumbi & Pinsky, 2013).

Particularly in high latitudes, many species reproduce
seasonally, due to physiological limitations on
reproduction, growth, and feeding during winter
(Conover, 1992; Pau et al., 2011), and as the climate
warms there is evidence of a commensurate shift in
reproductive phenology (e.g., Parmesan & Yohe, 2003;
Philippart et al., 2003). In temperate terrestrial sys-
tems, there has been an advancement of biological
spring and delay of fall (Parmesan & Yohe, 2003;
Peñuelas et al., 2009). Investigation of the impact of
warming on reproduction phenology in marine sys-
tems, however, has been more limited and has largely
focused on spring-reproducing seabirds, fish, zooplank-
ton, and phytoplankton (Poloczanska et al., 2013). In
aggregate, observed shifts in reproductive phenology
follow the expected pattern (earlier reproduction in

spring, delayed reproduction in fall), but there is an
enormous amount of variation across individual species
(Poloczanska et al., 2013; Staudinger et al., 2019).
Notably, few studies in any system have extended the
concept of seasonal reproduction timing to temperature
effects on early development, particularly in naturally
varying conditions (though see McGeady et al., 2021). Yet
quantifying the rates and impacts of species phenology
variability and change across communities is critical, as
these may alter species dispersal (Fuchs et al., 2020), with
consequences to species interactions and community
organization (Zou & Rudolf, 2023).

Here, we examine phenology of the abundant acorn
barnacle Semibalanus balanoides in the northwest
Atlantic, which serves as an ideal system to measure phe-
nology and phenology change over a lengthy reproductive
cycle in a rapidly warming temperate region. Individuals
are obligate cross-fertilizing hermaphrodites, producing
one brood per year that is held in the mantle cavity over a
period of weeks to months (reviewed in Peterson, 1966;
Barnes, 1989; Anderson, 1994; Herrera et al., 2021).
Fertilization generally takes place in the fall, occurring
earlier in more northern populations, and at any given
site, timing can vary by as much as 13 days between indi-
viduals near the upper and lower limits of the population’s
vertical range relative to sea level (Crisp, 1959; Davenport
et al., 2005; Herrera et al., 2021; Peterson, 1966).
Fertilization may be delayed at temperatures <2�C, and it
may be inhibited at temperatures >15�C and by exposure
to regular periods of illumination ≥12 h (Barnes, 1963).
Photoperiod may thus contribute to broad latitudinal
trends in fertilization timing (across ~14� of latitude;
Davenport et al., 2005). However, because photoperiod at
high latitudes is a function of day of year, correlations
between raw field observations of fertilization timing and
photoperiod may also simply reflect this underlying corre-
lation. Fertilized embryos develop internally until larvae
are released in winter or spring (Crisp, 1954; Herrera
et al., 2021; Peterson, 1966). Both embryonic and larval
development times decrease exponentially with increasing
temperature (Barnes & Barnes, 1976; Crisp, 1959; Harms,
1984). Larval release can occur ~1 month after fertilization
near the lower latitude end of its range (Herrera
et al., 2021), while the northernmost populations might
brood embryos for more than 8 months (Peterson, 1966).
Depending on temperatures experienced during develop-
ment, larval duration can range from 10 to 90 days
(Barnes & Barnes, 1958; Harms, 1984; Peterson, 1966; per-
sonal observation). Such temperature-driven variability in
larval duration suggests that the point at which larval
release timing intersects with the seasonal cycle could dra-
matically impact larval development and dispersal
(Scheltema, 1986; Shanks, 2009).
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We measured the impacts of intertidal temperature
on the start and end of S. balanoides reproduction across
760 km (~3� of latitude) and 20 years. This spatial extent
encapsulates much of the central range of S. balanoides
in North America, and it includes three distinct tem-
perature regimes while minimizing differences in fall
photoperiod. Because we are most interested in the repro-
ductive processes affecting larval dispersal, we use
“reproduction” to refer to population-level measurements
of the female reproductive cycle, with focus on timing of
fertilization, length of time spent brooding the developing
embryos, and timing of larval release. We ask (1) How do
spatially and seasonally varying temperatures impact
brooding duration and larval release timing? (2) How
does interannual variation in temperature impact the
start of reproduction (i.e., fertilization timing), and is
there evidence of a temperature-driven phenology shift
due to regional warming over the 20-year period?

METHODS & MATERIALS

Study system

We studied intertidal barnacle populations along the
northwest Atlantic coast, which exhibits a sharp latitudi-
nal temperature gradient (Figure 1a). Sea surface temper-
atures (SSTs) and bottom water temperatures both tend
to increase from the northeast to the southwest and from
the coast to the shelf (Richaud et al., 2016). Air tempera-
tures in the region exhibit less of a latitudinal gradient,
with milder temperatures along the coast and cooler tem-
peratures inland (Figure 1b). In contrast to the sharp
temperature gradient, differences in fall photoperiod are
minimal, peaking at ~20 min difference between our
northernmost and southernmost study sites.

Importantly, the northwestern Atlantic is warming
faster than almost any other part of the global ocean
(Forsyth et al., 2015; Thomas et al., 2017). Air tempera-
tures in the region have also undergone “exceptional
warming,” partially induced by the warming trends in
SST (Karmalkar & Horton, 2021). We conducted our his-
torical field surveys during relatively cold years while our
modern surveys coincided with relatively warm years,
allowing us to examine ecological patterns driven by the
interannual variation around these long-term warming
trends (Forsyth et al., 2015; Thomas et al., 2017).

Sample and data collection

Semibalanus balanoides reproduction was measured in
rocky intertidal habitat at eight sites (Figure 1a) during

two historical years (2002–2003 and 2003–2004). Modern
sampling was carried out at a subset of four sites
(Figure 1a) during three years (2020–2021, 2021–2022
and 2022–2023), with additional sampling at one site dur-
ing two more modern years (Falmouth, Massachusetts;
2019–2020 and 2023–2024). In two instances, due to lim-
ited site access, samples were not collected from the same
shore as in the original survey. In these cases, new study
sites were established in the same water body, within
~10 km of the original. Locations and study years are
listed in Appendix S1: Table S1.

Up to 100 adult S. balanoides were collected at each
site every 2–4 weeks during the early fall (Sep–Nov),
then every 1–2 weeks during the late fall/winter/spring
until population-wide larval release was observed.
Individuals were collected haphazardly from across
each population’s vertical range and horizontal extent
to account for heterogeneity within the population.
Lone individuals (>1 body length away from other
adult barnacles) were excluded from sampling because
these are unlikely to be reproductively active (Herrera
et al., 2019).

Individuals were evaluated using a dissecting micro-
scope, and their reproductive stage was scored from 0 to
5, based on a simplification of acorn barnacle embryonic
development stages described in Crisp (1954) and
Anderson (1994) (Table 1). For all analyses, the numbers
of adults per sample with each score were converted to
proportions to normalize for sample size during weeks
when 100 adults could not be collected (due to poor
weather or tide conditions). For visualization, embryo
scores were aggregated to three categories: non-brooding
adults, adults with early-stage embryos, and adults with
late-stage embryos (Table 1). For final analyses, embryo
scores were further aggregated into adults with and with-
out fertilized embryos (Table 1).

Phenology analysis

To reveal reproductive phenology patterns, we derived
and standardized our reproduction timeseries, estimated
the midpoints of fertilization and larval release, and cal-
culated brooding duration for each site and year.

We used logistic regression to characterize each tran-
sition between brooding and non-brooding adults, first
scaling proportions so that values for brooding adults at
each site/year reached 100% (field measurements all
included measurements of 0% brooding, so no scaling
was needed to standardize minimum values). This
ensured that the logistic regression curves were compara-
ble across sites and years and that our analyses of repro-
duction timing were limited to only those individuals
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that underwent reproduction (as, in five cases, 10%–21%
of adults lacked embryos even during peak brooding, pos-
sibly indicating that they were never fertilized). Each
series was separated into a fertilization and larval release
series, following the increase and decrease, respectively,
of brooding adults. For the point of transition, we
selected the midpoint of dates when scaled proportions of
brooding adults exceeded 95%. This threshold was chosen
so that the transition between each fertilization and lar-
val release series corresponded with the approximate

midpoint of peak brooding and fitted logistic curves
aligned well with field data (assessed visually). Logistic
regressions were conducted using the glm function in R
(R Core Team, 2021) with a quasi-binomial error distri-
bution and logit link function. Resulting regression coef-
ficients were used to estimate the date when scaled
proportions of brooding adults were equal to 50%,
representing the midpoints of fertilization [F50] and lar-
val release [LR50]. Across all years and sites, fertilization
and larval release were highly synchronous within each

F I GURE 1 Average sea surface (a) and air (b) temperatures during Oct–Nov–Dec 2019–2023, highlighting spatial gradients. Note that
the color scales differ between each panel. Panels (c) and (d) show temperature difference between historical (2001–2005) and modern

(2019–2023) sampling periods during Oct–Nov–Dec (c) and Jan–Feb–Mar (d) in both air and water temperatures (with air temperatures

displayed over land only). Points denote locations of intertidal field sites. Circles denote sites with barnacle reproduction data collected in

both 2002–2004 and 2020–2023, and triangles denote sites where data were collected in 2002–2004 only (Appendix S1: Table S1). Additional

data were also collected in Falmouth in 2019–2020 and 2023–2024. Site codes: Damariscotta/the Darling Marine Center (DMC), Oak Bluffs

(OB), Mt. Hope (MH), Noyes Neck (NN). Sea surface temperature data source: OSTIA satellite data products (Good et al., 2020). Air

temperature data source: NARR climate data products (Mesinger et al., 2006).
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population, and midpoint estimates generally matched
scaled field measurements. Time that the population
spent brooding embryos was estimated as the number of

days between F50 and LR50 (see Figure 2a,b for an exam-
ple). When field measurements of reproduction began
after population-wide fertilization was already underway,

TAB L E 1 Description of scores used to rate embryonic development of Semibalanus balanoides, modified from Crisp (1954) and

Anderson (1994).

Fertilization category Stage Score Description

Nonreproductive (unfertilized
or post-brooding)

Non-brooding 0 No eggs or tissue, or white tissue; white tissue may be “pock-marked”
if larvae were recently released

1 Yellow tissue that is becoming more egg-shaped

Fertilized and brooding Early embryos 2 Eggs visible, ovoid, translucent, and yellow

3 Eggs with just visible red eye spots

4 Eggs contain clear, brown eye spot, and nauplii body structure is
visible (eye spot and sometimes gut); eggs beginning to turn white

Late embryos 4b Nauplii are fully developed (eye spot, gut, and appendages are visible),
still contained in eggs

5 Nauplii are loose under membrane, or swim away when seawater is added

F I GURE 2 Reproduction phenology of Semibalanus balanoides populations in Halifax, Nova Scotia, Canada (a) and Falmouth,

Massachusetts, USA (b) in 2021–2022, alongside local intertidal temperatures (c, d). Bars in (a) and (b) indicate the population proportions

that contained early-stage embryos (light gray) and late-stage embryos (dark gray; Table 1), scaled so that values for fertilized embryos (both

early- and late-stage combined; black points) range from 0 to 1. Solid lines denote logistic regression curves, used to characterize fertilization

(blue) and larval release (green). Solid lines in (c) and (d) denote modeled intertidal temperatures at each site (see Methods 2.5). Dashed lines

denote estimated dates of 50% fertilization (F50) and larval release (LR50) at each site. Boxes in (c) and (d) delineate the estimated time for

population brooding (F50 to LR50).
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we only used estimates of F50 if the earliest scaled values
were <60% fertilized.

In three cases (Halifax 2003–2004 larval release, DMC
2003–2004 fertilization, Nahant 2020–2021 fertilization
and larval release), we recorded anomalously low fertili-
zation in the middle of the reproductive season, before
late-stage embryos were observed and, therefore,
before larval release could feasibly have occurred
(Appendix S1: Figure S4). For these cases, logistic regres-
sions were computed with a smaller subset of the fertili-
zation or larval release timeseries so that regression
curves were not skewed by the low fertilization values
(see Appendix S1: Section S3).

Modeled intertidal temperatures

To explore the relationships between intertidal tempera-
ture and reproductive phenology, we used the Noah land
surface temperature model (Noah LSM v1.91; Ek
et al., 2003), modified to simulate intertidal temperature
(Wethey et al., 2011) and parameterized for S. balanoides
body temperature following Herrera et al. (2019).
Temperature logger measurements were available for a
subset of sites and years, so these were used to assess
model accuracy.

Briefly, the modified Noah Intertidal Temperature
Model simulates heat transfer between the atmosphere, a
biotic layer of S. balanoides, and a substrate of solid gran-
ite, with periodic tidal flooding. For atmospheric forcing,
we used the National Centers for Environmental
Prediction (NCEP) North American Regional Reanalysis
(NARR) data products (downloaded from https://psl.noaa.
gov/) (Mesinger et al., 2006), as in Mislan and Wethey
(2011). This included air temperature (�K) at 2 m eleva-
tion, downward longwave radiation (W m−2), downward
shortwave solar radiation (W m−2), precipitation rate
(kg m−2 s−1), atmospheric pressure (Pa), relative humidity
(%) at 2 m, and wind velocities (m s−1) at 10 m, all at a 3-h
timestep and 32-km spatial resolution (see Figure 1b for
example). For ocean temperature forcing, we used the
Operational Sea Surface Temperature and Sea Ice Analysis
(OSTIA) reprocessed (1981-09-30 to 2022-05-31) and
OSTIA near-real time (2022-06-01 to 2023-12-31) satellite
data products (Good et al., 2020), which provided daily sea
surface temperatures (�K) at a 0.05� spatial resolution
(roughly 5 km in the study region; see Figure 1a for exam-
ple). Sea level height was estimated using the XTide tide
prediction software (v2.8.2, https://flaterco.com/xtide/)
and harmonics files that extend into Canada (https://
flaterco.com/xtide/files.html, 2011-04-10, Flater, 2005).
Substrate roughness height was set to 5 mm (roughly the
height of Semibalanus barnacles), and barnacle shell

albedo was set to 40% following Herrera et al. (2019).
Temperature exchange is simulated between 20 model
layers; we use temperatures from “layer 0” (i.e., the top-
most layer) to represent shell temperature.

Modeled solar heating and tidal flooding also depend
on the orientation of the shore, the slope of the rocky
substrate, and the height of the barnacles relative to sea
level, which all vary by site. Orientation of the shore at
each site was estimated to the nearest 10� using Google
Maps. Height of barnacle habitat was estimated as one
half of the local mean high water height (i.e., the
“mid-intertidal”). Local substrate slope (either 45, 67.5, or
90�) was selected to match majority of barnacle habitat
(summarized in Appendix S1: Table S1). The resulting
model output estimated S. balanoides body temperature
for each site and year at a 30-min temporal resolution. For
all analyses, modeled temperatures were subsampled
hourly, and any gaps in the resulting series were line-
arly interpolated. Hourly values were filtered with the
low-pass PL64 filter (Rosenfeld, 1983) in MATLAB
(R2021b) using a cutoff of 33 h, to remove high-
frequency variability (Appendix S1: Figure S2). To
assess model precision, we calculated mean error
(ME) and root mean square error (RMSE) for the devia-
tion between model predictions and in situ tempera-
ture logger measurement data, available for a subset of
sites and years (Appendix S1: Figure S3 and Table S2).
Logger data were also subsampled hourly and filtered
before calculation of error statistics.

Temperature analysis

To analyze the impacts of temperature on S. balanoides
phenology, we refer to the following periods: “early fall”
(defined as Sep 22 to Nov 20) and “fall” (defined as Sep
22 to Dec 22). To visualize regional atmospheric and
ocean warming, we used the gridded NARR air tempera-
ture at 2 m and OSTIA SST data products, calculating
(1) average temperatures during Oct–Nov–Dec (~fall,
simplified for computational purposes) and Jan–Feb–Mar
(~winter) during 2001–2005 and 2019–2023, and (2) the
temperature change between these two periods.

To explore how fall warming impacted timing of fer-
tilization, we calculated the average fall intertidal tem-
perature at each site across all sampled years and the
average date of F50. For each site, we subtracted
the year-specific values from these averages to determine
fall temperature anomaly and F50 anomaly, and we com-
pared the values via linear regression. Three fertilization
series included subzero temperatures during early fall
when fertilization typically occurred (see Results).
Because cold conditions may also impact the timing of
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fertilization (Barnes, 1963), these three estimates of F50
were excluded from the regression analysis.

To determine whether intertidal temperatures impa-
cted barnacle brooding, we evaluated brooding duration
as a function of average temperature. Intertidal tempera-
tures were subset and averaged for each site and year,
according to the estimated start and end dates of
brooding (F50 and LR50; see Figure 2c,d for examples).
We expected a nonlinear relationship between brooding
duration and temperature, so brooding duration esti-
mates were ln-transformed and then modeled as a func-
tion of average (filtered) intertidal temperature during
brooding via linear regression. For all analyses, we used
p < 0.05 as our significance threshold. All analyses were
conducted in R (v4.1.1).

RESULTS

We found that all S. balanoides populations initiated
reproduction in the fall. Fertilization (F50) occurred at all
sites between Oct 24 and Nov 22, with no consistent lati-
tudinal pattern (Figure 3a). Typically, populations

completed fertilization (i.e., proportions increased from
~0% to near-peak values) in 2–4 weeks, though occasion-
ally this process took up to ~6 weeks (e.g., Nahant in
Figure 3c). In 25 out of 30 cases, populations achieved
>90% fertilization, and more than half (n = 16) achieved
98%–100%. Of the five cases with lower peaks in
population-wide fertilization, two occurred at Nahant
(in 2003–2004 and 2022–2023), and three occurred at
other sites (Halifax in 2002–2003, Oak Bluffs in
2002–2003, and Falmouth in 2022–2023).

In some cases, fully fertilized populations contained
early-stage embryos for over a month before the appear-
ance of late-stage embryos (e.g., Figure 2a), while in other
cases late-stage embryos appeared within 2 weeks of peak
fertilization (e.g., Figure 2b), indicating that embryonic
development rates varied between sites and years.
Consequently, some populations in some years (n = 10)
contained as much as 85%–100% late-stage embryos, indi-
cating high levels of reproductive activity across the pop-
ulation. Other populations/years (n = 7) contained at
most 65% late-stage embryos during any given week of
the year, indicating lower reproductive success or possi-
bly a lower degree of fine-scale synchrony.

F I GURE 3 Summary of estimated F50 (a) and LR50 (b) dates for all sampling sites and years. Panels (c) and (d) show a subset of

phenology data series, to illustrate the patterns of reproductive timing through space (c) and time (d). Polygons denote the proportion of

each population over the course of each year containing fertilized embryos (i.e., early- and late-stages combined; Table 1), scaled so that all

series range from 0 to 1. Data in panel (c) are presented for all eight study sites, collected in 2003–2004. Data in panel (d) are presented for

Falmouth, Massachusetts, organized chronologically. In the first and last sampling year at Falmouth, sampling began after December 1; a

vertical dashed line on Dec 1 was thus added to emphasize that fertilization patterns can only be surmised from the middle 5 years, when

sampling began earlier. Colors in panels (a), (b), and (d) denote sampling year. Colors in panel (c) denote sample site.
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Intertidal temperatures during modern surveys were
substantially warmer than during historical surveys
(average 2.4�C warmer in Oct-Nov-Dec [OND], with a
range of 2.1 to 2.8�C; 3.7�C in Jan-Feb-Mar [JFM], with
a range of 2.5 to 5.4�C). In OND, when S. balanoides fer-
tilization takes place, temperature change between his-
torical and modern years was more pronounced in the
Gulf of Maine waters (Figure 1c). In JFM, temperature
change was greater overall, particularly in air tempera-
tures around Nova Scotia and southern New England
(Figure 1d). Corresponding fall intertidal temperature
anomalies significantly correlated with anomalies in F50
(F1,9 = 7.257; R2 = 0.446; p = 0.025): At a given site, a
warmer fall tended to result in delayed fertilization
(3.7 days per 1�C of warming; 95% CI 0.6 to 6.8;
Figure 4). Thus, fertilization during modern survey years
occurred as much as 20 days later than it had at the same
site during historical surveys.

Larval release was highly variable, spanning as lit-
tle as 1 week to more than 2 months. Across sites,
brooding and embryonic development was longer in
higher latitude populations than at lower latitude sites
(Figures 2 and 3c). Larval release, therefore, varied
substantially by latitude: LR50 took place between
December 18 and January 29 at sites on Cape Cod and
south (Falmouth, Oak Bluffs, Mt. Hope, Noyes Neck),
while LR50 occurred between January 24 and April
4 at northern sites (Halifax, Newagen, Damariscotta,
Nahant; Figure 3b). This corresponded to brooding

durations of 47–88 days at lower latitudes and
76–143 days at higher latitudes.

Latitudinal differences in brooding duration were
largely maintained across years, despite substantial
warming throughout the region: the two higher lati-
tude sites (Newagen and Halifax) consistently brooded
embryos for >110 days (128–143 days at Newagen,
113–120 days at Halifax), and Falmouth (south of Cape
Cod) consistently brooded for <70 days (47–67 days).
Only Nahant exhibited highly variable brooding:
>110 days in 2 years (112 and 124 days), and <85 days
in 2 years (76 and 83 days). Much of the spatial and tem-
poral variation was explained by temperature. Brooding
duration decreased exponentially with increasing inter-
tidal temperature (F1,16 = 26.8; R2 = 0.626; p << 0.001);
warmer temperatures at lower latitudes and, to a lesser
extent, in warmer years correlated with much shorter
brood duration and, therefore, earlier larval release
(Figure 5).

DISCUSSION

Temperature-driven patterns and shifts in phenology
have been documented in field studies of a wide range of
species (Inouye, 2022; Poloczanska et al., 2013), but the
consequences of phenology on temperature-mediated
development are seldom explored in natural systems,
though these relationships may be key to understanding

F I GURE 4 Average fall intertidal temperatures during survey years (a), and the relationship between fall temperature anomaly and

fertilization delay (b). Fall temperature anomalies were calculated as the site- and year-specific fall temperature minus the average

site-specific fall temperature across all years with F50 observations. Point shape in (a) and (b) denotes whether filtered temperature series

included any subzero values in early fall (triangles). Three such points in panel (b) were excluded from the linear model, because the

presence of below-freezing temperatures may have separately contributed to fertilization timing. The blue line (and gray shading) in panel

(b) indicates the best fit linear model (±95% CI).
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current and future population connectivity. One such
example is the hypothesis that, notwithstanding any
effects of phenology, organisms at higher latitudes should
experience greater dispersal (Brown, 2014a, 2014b;
Janzen, 1967). In terrestrial systems, the seasonal temper-
ature cycle at higher latitudes is thought to facilitate
acclimation to a wider range of temperatures, such that
dispersal stages will experience higher survivorship
despite steep altitudinal temperature clines (Janzen,
1967). In marine systems, the lower average temperatures
at higher latitudes should result in slower development
rates (Brown, 2014a; O’Connor et al., 2007), giving dis-
persal stages more time to disperse (Scheltema, 1986;
Shanks, 2009). This hypothesis for marine systems was
tested with modeled annual mean surface temperature,
annual mean current velocity, and frequency of different
developmental modes (planktotrophic or lecithotrophic),
and potential dispersal was instead predicted to be
smallest at midlatitudes (~30� N and S), indicating the
importance of spatial variations in physical transport
(Álvarez-Noriega et al., 2020). We show here that phenol-
ogy may similarly upend simple spatial predictions of
dispersal.

We found that S. balanoides brooding duration expo-
nentially decreased with increasing average intertidal
temperature, following general expectations for ecto-
therms (Gillooly et al., 2002), causing lower latitude
populations to release larvae up to 3.5 months earlier
than higher latitude populations. These differences may
have significant impacts on the conditions larvae experi-
ence post-hatching, and they may, counterintuitively,
allow for greater dispersal for lower latitude populations.

Higher latitude larvae are generally released in spring
when waters are warming. These larvae are more likely
to experience a more food-rich environment, and the
warmer temperatures will likely speed up larval develop-
ment (Figure 6). Conversely, lower latitude larvae tend to
be released in winter when nearshore waters are still
cooling, which may facilitate slower development and
greater overall dispersal (Figure 6), provided that bio-
physical transport processes are comparable across
months and sites (Cowen & Sponaugle, 2009).

This regional asynchrony in larval release occurred
even though all populations in all years began repro-
duction within the same 1-month timeframe. That is,
fertilization (F50) displayed little regional or temporal
variability despite the wide range of temperature con-
ditions across sites in each year, as was reported in pre-
vious field studies (Davenport et al., 2005). However,
the timing of fertilization at each site varied
year-to-year, and we show that this was driven, at least
in part, by a combination of warming-induced delays
and disruption by subzero temperatures, although this
variation was on the order of ~3 weeks. Latitudinal dif-
ferences in brooding duration were largely maintained
across years, despite substantial warming throughout
the region. Only one site (Nahant, Massachusetts)
exhibited particularly variable brooding duration
(up to 50-days difference). This site, located between
sites to the north and south that exhibited less varia-
tion, might represent a transition zone between the
two temperature regimes, requiring greater plasticity
from barnacle populations to respond to the dominant
conditions in any given year.

F I GURE 5 Dependence of brooding duration on intertidal temperatures. Note that the y-axis is log-scaled. Blue line (and shading)

indicates linear model (±95% CI).
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Many hypotheses have been put forth to explain the
possible adaptive advantages of S. balanoides reproduc-
tion and larval release timing. It has been hypothesized
that S. balanoides release larvae in response to increased
phytoplankton concentrations, so that larvae can access
food-rich waters (Starr et al., 1991). Other studies, how-
ever, found that larvae were released in response to tur-
bidity and winter storms, leading the authors to theorize
that this behavior facilitates larval transport offshore,
to avoid cannibalism and predation on larvae by
bottom-dwelling suspension feeders (Gyory et al., 2013;
Gyory & Pineda, 2011). In some of the northernmost
populations of S. balanoides, larval release must take
place before adults are encased in ice for the winter (oth-
erwise resulting in reproductive failure; Peterson, 1966).
Ultimately, life cycle event timing is determined by a
combination of physiological, behavioral, and evolution-
ary processes, making the task of predicting future
change a challenging one. It follows that even straightfor-
ward spatial gradients in temperature can result in com-
plex biological responses and that spatial gradients alone
may not suffice for predicting how populations are
responding to warming.

Steep temporal and spatial temperature gradients are
common in terrestrial and aquatic environments, so any
species with broad distributions may exhibit variable
reproductive phenology due to temperature-driven effects
on physiology like those described here. Yet, while labo-
ratory studies have shown that processes such as embry-
onic development are closely tied to temperature
(Gillooly et al., 2002), the effects on progeny emergence
in natural populations over their distributional range are

not well known except in the cases of vital agriculture or
fishery species. For example, laboratory studies of the
American and Norway lobsters showed that embryonic
development shortens with increased temperature, and
indeed, warmer coastal temperatures have coincided with
earlier onset of hatching in both species (Goldstein &
Watson III, 2015; Haarr et al., 2020; McGeady et al.,
2021). Similar temperature impacts were found on the
growing season of tomatoes in California; the time
required for fruit to reach maturity, estimated using a
degree-day model, was longest in the two northern
counties, and average growing season decreased over
time in all five counties due to warming (Pathak &
Stoddard, 2018). Thus, temperature impacts on reproduc-
tive physiology and development may have far-reaching
implications for ecosystems, agriculture, and food secu-
rity, unless organisms (or farmers/fishers) are able to
plastically respond to (or predict and plan for) environ-
mental change (e.g., McGeady et al., 2021; Opdal
et al., 2024).

Even straightforward spatial gradients in temperature
can result in complex biological responses, and spatial
gradients alone may not suffice for predicting how
populations respond to warming. Despite this, spatial
gradients in temperature are often used in studies as a
proxy for future warming scenarios in a “space-for-time”
substitution (Lovell et al., 2023; Pickett, 1989; Raventos
et al., 2021; Zografou et al., 2020), but our results corrob-
orate that trends in space and time are not always compa-
rable. We found modest evidence of warming-induced
delays in fertilization, but this did not translate to a lati-
tudinal pattern in fertilization timing. Overall, we

F I GURE 6 A schematic summary of our findings, along with our predictions for how temperature-mediated larval release timing may

impact dispersal potential in this system. Color bars are 5-year sea surface temperature climatologies for Halifax and Falmouth, with labels

for select dates including maximum and minimum temperatures.
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emphasize the importance of detailed field measurements
collected over long periods of time to disentangle the var-
ious processes involved in reproductive phenology and to
inform predictions about how ecosystems will change
with future warming.

There has been increasing interest in predicting how
climate change may impact population dynamics and
connectivity (e.g., Fuchs et al., 2020), but predictions are
seldom extended to lengthier physiological processes like
brooding or fruiting (though see McGeady et al., 2021;
Pathak & Stoddard, 2018), and testing with field
measurements is needed. We saw evidence of a
warming-induced delay in fall reproduction, consistent
with data for other species (Poloczanska et al., 2013 sup-
plementary material). The effect was subtle: <5-day delay
for every degree of warming (Figure 4). Ultimately, phe-
nology shifts due to climate change impacts on physiology
will be difficult to predict. Reproduction encompasses sev-
eral physiological processes that each interact with tem-
perature, during which temperature itself fluctuates
(e.g., hourly, daily, fortnightly, seasonally). Moreover,
mobile species might also migrate to habitats with dif-
ferent temperature regimes during reproduction and
brooding (Cowan et al., 2007; Opdal et al., 2024),
adding further complexity to anticipated thermal expe-
rience. Lastly, certain aspects of reproduction
(e.g., larval release) are behavioral, and changes to the
process can be instantaneous (e.g., halting fertilization
during particularly cold conditions, releasing larvae in
response to turbidity from storms or phytoplankton
blooms).

CONCLUSIONS

As scientists work to predict and plan for ecosystem
response to climate change, our findings highlight the
difficulty of simple predictions, particularly for regions
with substantial spatial and seasonal temperature varia-
tion and for organisms whose reproductive cycles span a
large portion of that variation. Especially in highly sea-
sonal systems, reproductive phenology controls the food
and temperature conditions experienced by progeny,
impacting mortality, dispersal, and recruitment (Pineda
et al., 2007). Differences in dispersal may in turn impact
population recovery from disturbance (Mullineaux
et al., 2018), meta-population stability (Bani et al., 2021),
local and regional species diversity (Bowen et al., 2016;
Zou & Rudolf, 2023), and the rate of range shifts and
expansions of both native and invasive species (Fuchs
et al., 2020; Giménez et al., 2020; Poloczanska
et al., 2013). We found that expected effects of latitudinal
temperature on S. balanoides brooding duration may

result in counter-intuitive patterns of dispersal versus lat-
itude, indicating the importance of accounting for the full
thermal history of an organism during reproduction in
order to accurately predict phenology and the slew of
potential knock-on effects for progeny.
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