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Local adaptation and phenotypic plasticity play key roles in mediating organisms’ ability to respond to spatio-
temporal variation in temperature. These two processes often act together to generate latitudinal or elevational
clines in acute temperature tolerance. Phenotypic plasticity is also subject to local adaptation, with the expec-
tation that populations inhabiting more variable environments should exhibit greater phenotypic plasticity of

LT . . . ..
In\?:sive species thermal tolerance. Here we examine the potential for local adaptation and developmental plasticity of thermal
Tunicate tolerance in the widespread invasive tunicate Botryllus schlosseri. By comparing five populations across a thermal

gradient spanning 4.4° of latitude in the northwest Atlantic, we demonstrate that warmer populations south of
the Gulf of Maine exhibit significantly increased (~0.2 °C) post-larval temperature tolerance relative to the
colder populations within it. We also show that B. schlosseri post-larvae possess a high degree of developmental
plasticity for this trait, shifting their median temperature of survival (LTs¢) upwards by as much as 0.18 °C per
1 °C increase in environmental temperature. Lastly, we found that populations vary in their degrees of devel-
opmental plasticity, with populations that experience more pronounced short-term temperature variability
exhibiting greater developmental plasticity, suggesting the local adaptation of developmental plasticity. By
comparing the thermal tolerance of populations across space and through time, we demonstrate how geography
and developmental plasticity have shaped thermal tolerance in B. schiosseri. These results help inform our un-
derstanding of how species are able to adjust their thermal physiology in new environments, including those
encountered during invasion and under increasingly novel climate conditions.

1. Introduction in temperature across a range of temporal scales, including tidal, diel,

seasonal, and interannual (Deser et al., 2010; Hochachka and Somero,

Temperature exerts broad influence on biological systems, from
setting rates of biochemical reactions to impacting the geographic dis-
tribution of species (Hochachka and Somero, 2002). Understanding how
species cope with changes in temperature is a fundamental concern of
ecophysiology and has broad implications in an era of global climate
change (Chown et al., 2010; Somero, 2010). For sessile marine ecto-
therms, which have limited capacity for behavioral thermoregulation,
the physiological effects of temperature can be especially pronounced
(e.g. Hofmann and Somero, 1995). Nonetheless, many marine in-
vertebrates have extensive geographic distributions and persist over
broad spatial gradients in temperature. Many such organisms, especially
those in coastal and intertidal environments, are subject to wide swings

2002). The persistence of marine ectotherms in the face of such
spatiotemporal variation demonstrates their ability to tune their physi-
ological performance to the prevailing temperature conditions.
Geographic variation in temperature is often reflected by clines in
the acute thermal tolerance of a focal species across its range (Fangue
et al., 2006; Kelly et al., 2012; Kuo and Sanford, 2009; Pereira et al.,
2017; Sasaki and Dam, 2019; Tepolt and Somero, 2014; Zippay and
Hofmann, 2010). For example, populations of the intertidal copepod
Tigriopus californicus exhibit increasing thermal tolerance with
decreasing latitude across a gradient spanning British Columbia to Baja
California (Pereira et al., 2017). Such patterns can arise through two
general mechanisms. First, provided sufficient heritable variation and

* Corresponding author. MIT-WHOI Joint Program in Oceanography/Applied Ocean Science and Engineering, Cambridge and Woods Hole, MA, USA.

E-mail address: ztobias@whoi.edu (Z. Tobias).

https://doi.org/10.1016/j.jtherbio.2023.103763

Received 27 September 2023; Received in revised form 26 October 2023; Accepted 19 November 2023

Available online 5 December 2023
0306-4565/© 2023 Elsevier Ltd. All rights reserved.


mailto:ztobias@whoi.edu
www.sciencedirect.com/science/journal/03064565
https://www.elsevier.com/locate/jtherbio
https://doi.org/10.1016/j.jtherbio.2023.103763
https://doi.org/10.1016/j.jtherbio.2023.103763
https://doi.org/10.1016/j.jtherbio.2023.103763
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtherbio.2023.103763&domain=pdf

Z. Tobias et al.

selective pressure, separate populations of a given species may evolve
different thermophysiological phenotypes (Angilletta, 2009). This type
of local adaptation, while historically considered to be rare in the marine
environment due to the assumption of widespread connectivity, has now
been demonstrated in a variety of systems (reviewed in Sanford and
Kelly, 2011). By contrast, individual organisms are also often capable of
altering their phenotypes depending on environmental conditions.
Phenotypic plasticity, the ability of an individual genotype to produce
multiple phenotypes depending on its environment (West-Eberhard,
2003), is pervasive in the ocean and is a key modality for coping with
environmental variability (Foo and Byrne, 2016; Padilla and Savedo,
2013; Somero, 2010). Phenotypic plasticity is itself subject to natural
selection, leading to the expectation that populations experiencing more
variable environments should exhibit greater acclimatory capacity
(Bradshaw, 1965; Levins, 1968).

Investigating how thermal tolerance varies within a species both
across space and through time can inform us about how local adaptation
and phenotypic plasticity are operating in natural populations. How-
ever, most studies of intraspecific variation of thermal tolerance in
marine invertebrates focus on either the spatial or temporal dimension,
but not both (but see Crickenberger et al., 2015; Morley et al., 2012).
When the temporal scale of environmental temperature variation is less
than the generation time of the focal species, temporal variation in
thermal tolerance can generally be attributed to phenotypic plasticity.
Spatial variation in thermal tolerance, however, can be shaped by both
local adaptation and plasticity. By studying different populations both
across space and through time, one can assess how thermal tolerance is
shaped by both long-term temperature trends coincident with latitude
(potentially via local adaptation) and short-term variation due to more
rapid bouts of heating and cooling (via phenotypic plasticity). While
definitively disentangling the relative contributions of local adaptation
and plasticity to variation in a particular phenotype requires a reciprocal
transplant or common garden approach, ideally across multiple gener-
ations, a comparison among wild individuals from populations along a
latitudinal gradient can inform us of the potential for local adaptation. A
spatiotemporal approach can also reveal how the capacity for pheno-
typic plasticity differs among populations, testing the prediction that
populations experiencing more variable environments should exhibit
greater acclimatization potential.

Temperature tolerance is often not fixed throughout the life of an
individual, but rather can shift across ontogeny (Klockmann et al., 2017;
Komoroske et al., 2014; Pincebourde and Casas, 2015; Ruthsatz et al.,
2022). In general, it is early life history stages of marine species that are
most vulnerable to temperature stress (Collin et al., 2021; Pandori and
Sorte, 2019; Pineda et al., 2012; but see Peck et al., 2013; Tangwan-
charoen and Burton, 2014). Given the biphasic life history of many
marine organisms and the importance of larval dispersal, studying
thermal tolerance at early stages in development is critical for assessing
the sensitivity of marine species to climatic changes (Pandori and Sorte,
2019; Pankhurst and Munday, 2011; Przeslawski et al., 2015). Impor-
tantly, temperature tolerance of later life stages can be affected by the
thermal environment experienced by individuals earlier in ontogeny.
Developmental plasticity is a form of phenotypic plasticity and is a
critical means of coping with variability in the thermal environment,
especially for marine and aquatic organisms (Pottier et al., 2022).
Studies that simultaneously investigate how local adaptation and
developmental plasticity affect thermal tolerance in natural populations
of marine animals are rare (but see Pereira et al., 2017; Sasaki and Dam,
2020, 2019) but important for assessing species’ ability to cope with
increasing environmental stress. Here we use cross-population com-
parisons and natural temporal variability in environmental temperature
to investigate the potential for local adaptation and developmental
plasticity of thermal tolerance in post-larvae of the colonial tunicate
Botryllus schlosseri.

Botryllus schlosseri (Pallas, 1776) is an invasive ascidian that has
successfully colonized diverse habitats around the globe (invasions.si.
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edu/nemesis/species_summary/159373). In the northwest Atlantic,
where it is considered cryptogenic, B. schlosseri’s range extends from
Virginia, USA to Newfoundland, Canada. Botryllus schlosseri is thus
subject to a wide gradient of temperatures across this range, exceeding
30 °C in the summer in the south and reaching sub-zero temperatures
during the northern winters. Its persistence across this broad tempera-
ture gradient suggests the potential for local adaptation and/or pheno-
typic plasticity of thermal tolerance. Botryllus schlosseri larvae are
incredibly short-lived, spending mere hours in the water column, which
severely restricts their capacity for larval dispersal (Grosberg, 1987).
Instead, most long-distance dispersal is thought to be through relatively
infrequent anthropogenic translocation events or rafting on natural
substrates (Lacoursiere-Roussel et al., 2012; Thiel and Gutow, 2005;
Worcester, 1994). This results in limited gene flow and a high degree of
genetic differentiation among populations (Grosberg, 1987) (Tobias and
Tepolt, in prep), thus contributing to the high potential for local adap-
tation in this species. Furthermore, ascidians are known to be extremely
fast-evolving at the molecular level, exhibiting high mutation rates
(Tsagkogeorga et al., 2010, 2012; Vinson et al., 2005), which may
further potentiate adaptive divergence of thermal tolerance among
populations. In addition to its high potential for local adaptation,
B. schlosseri exhibits a high degree of physiological flexibility. Prior
studies have demonstrated pronounced plasticity for traits including
growth and reproductive effort in response to changes in temperature
(Newlon et al., 2003; Rinkevich et al., 1998). Botryllus schlosseri can also
establish in extremely thermally variable environments, for example, at
the mouths of large estuaries, where temperatures can fluctuate in
excess of 10 °C over the 6 h of a tidal period (AUTHOR, pers. obs.). This
suggests that individuals must be capable of tuning their physiology over
short temporal scales. This, coupled with its high potential for adaptive
divergence, make B. schlosseri an excellent system for testing predictions
about the evolution of phenotypic plasticity by comparing populations
experiencing differing levels of short-term temperature variability.

In the present study, we conduct experiments across a latitudinal and
temporal gradient in temperature to address three questions: 1) how
does local adaptation potentially shape thermal tolerance across pop-
ulations? 2) how does short-term temperature history affect subsequent
thermal tolerance through developmental plasticity? and 3) how does
the degree of developmental plasticity vary among populations, poten-
tially through local adaptation of phenotypic plasticity?

2. Materials and Methods
2.1. Sites

Lethal tolerance of 50% survival (LT5p) experiments were conducted
during the summer of 2022 at five sites in the northeastern USA: Rutgers
University Marine Field Station, Tuckerton, NJ (RUTG), Falmouth
Harbor, Falmouth, MA (FALM), Sandwich Marina, Sandwich, MA
(SAND), Chatham Fish Pier, Chatham, MA (CHAT), and Darling Marine
Center, Walpole, ME (DARL) (Fig. 1a, Table 1). For the three Massa-
chusetts sites, all experiments were conducted at Woods Hole Oceano-
graphic Institution. For RUTG and DARL, experiments were conducted
over 2 weeks at the each field station.

2.2. Environmental temperature

Short-term environmental temperature data from all sites were
collected with HOBO loggers while experiments were being run. Long-
term field temperatures were obtained with HOBO loggers (for FALM
and SAND) or from publicly available sources (for CHAT, DARL, RUTG)
(see Supplementary Materials).

2.3. Experimentation

The day prior to each experiment, 24 adult B. schlosseri colonies were
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Fig. 1. Sites differ in mean summer temperature trends and the extent of daily variability. (A) Map of sites. (B) Mean daily environmental temperatures at study sites
during the late spring, summer, and early fall of 2022. (C) Environmental temperature data during a five-day period from July 17-22, 2022. Note the differences in
temperature variability among sites. Temperature data for SAND is missing due to temperature logger failure.

Table 1

Collection site information, with LTso and the lower and upper bounds of 95% confidence intervals.
Site Code Lat Lon Oozooids Clutches LTso (°C) Lower Upper
Tuckerton, NJ RUTG 39.509 —74.325 900 24 32.21 32.15 32.28
Falmouth, MA FALM 41.548 —70.603 769 18 32.21 32.15 32.27
Chatham, MA CHAT 41.689 —69.951 731 10 32.24 32.17 32.32
Sandwich, MA SAND 41.772 —70.503 1003 22 32.01 31.95 32.06
Walpole, ME DARL 43.935 —69.581 325 19 32.06 32.00 32.12

collected by hand from the underside of floating docks and other sub-
strates. Colonies were transported back to the laboratory and placed into
individual 3.5 x 2 x 2" wells of polycarbonate compartment boxes with
~200 ml of local seawater. Each well was fitted with five 3 x 2” extra-
thick microscope slides (Fisherbrand, Pittsburgh, PA, USA) along the
bottom and side walls. Colonies were left overnight at room temperature
and allowed to release larvae.

The following morning, each well was checked for larval release and
settlement on the slides. To facilitate counting, oozooids (settled and
metamorphosed larvae) were thinned to a maximum of 35 individuals
per slide. Oozooids were then censused under a Stemi dissecting ste-
reomicroscope (Zeiss, Oberkochen, Germany) at 50 x magnification and
examined for a heartbeat and typical development. All those showing
slowed (tail still present) or abnormal development were removed prior
to the experiment.

The five slides from each clutch (offspring of a single clonal colony)
were partitioned across five temperature treatments, consisting of set
temperatures of 30.0, 30.6, 31.1, 31.7, and 32.2 °C. These temperatures
were selected based on pilot experiments run in the summer of 2021 in
Woods Hole, MA and were chosen to yield approximately 100% survival
at the lower end, 100% mortality at the higher end, and intermediate
survivorship in between. The heat exposures were performed in poly-
carbonate 4’-deep 1/3 pans (Cambro, Huntington Beach, CA, USA)
equipped with programmable 25 W glass aquarium heaters (YOFOTHS,
Shenzhen, Guangdong, China) and HOBO Pendant temperature loggers
(Onset, Bourne, MA, USA). While temperatures were set using the pro-
grammable aquarium heaters, the temperatures used for downstream
analysis were those recorded by the temperature loggers.

Heat exposures lasted for 20 h, starting from the ambient

temperature of local seawater with a ramp speed of approximately 4 °C/
h. After exposure, survivorship was assessed through a second census.
All individuals without a detectable heartbeat were considered dead.

LTso experiments were repeated through time across the summer at
each site with the exception of CHAT. Because environmental temper-
ature varied across the summer, even during the course of the two-week-
long field excursions at RUTG and DARL, we used temporal variation in
environmental temperature as a proxy for developmental temperature
(see 2.4. Data analysis), essentially providing pseudo-developmental
temperature treatments. While our design does not directly manipu-
late developmental temperature, by investigating how heat tolerance
varies across short-term changes in environmental temperature we are
able to make inferences about how developmental plasticity is operating
in natural populations.

2.4. Data analysis

All data analysis was performed in R v. 4.1.2 (R Core Team, 2013).
To investigate differences in thermal tolerance among sites, we first used
the R package drc v. 3.0.1 (Ritz et al., 2015) to derive LTs( estimates for
each population. Two-parameter (slope and midpoint [i.e. LTsg])
log-logistic curves were fit to the binomial survivorship data. To test for
significance of population-level differences in LTs), a model with sepa-
rately estimated LTso values for each population was compared to a
jointly-estimated LTs5o model using a likelihood ratio test. Post-hoc
comparisons between population pairs were made using the same
approach, using Bonferroni-corrected p-values to account for multiple
comparisons.
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2.4.1. Model

While the package drc allows for a comparison of response curves
among categorical variables (i.e. population), it does not contain an
accessible functionality for investigating the effect of continuous vari-
ables (i.e. environmental temperature). In order to explore the effect of
short-term temperature history on thermal tolerance through develop-
mental plasticity, we created a separate statistical model, reparamete-
rizing a conventional logistic regression model in terms of LTs.

We defined pj(x) as the survival probability at experimental tem-
perature x of individuals collected at sitej (j=1,2, ..., J)onday k (k =1,
2, ..., mj). The analysis was performed under the general model:

e
pi(x) =————F——
)
l+e

where gj is the LTsg at site j for individuals collected on day k. Under
this model, the parameters aj and gy represent the slope and LTsg,
respectively (Fig. S1). This is analogous to the model used above in the R
package drc. Indeed, both approaches yield near identical LTso values
(Fig. S2).

To assess the effect of environmental temperature on survival
probability through developmental plasticity, we introduced a linear
dependence of g (LTs0) on environmental temperature:

@

gk =coj +cij o Ty 2

such that gj is modulated by a constant cgj, a plasticity parameter czj,
and environmental temperature Tji. c; is referred to as the plasticity
parameter, as it relates the environmental temperature experienced by
oozooids as embryos during development to heat tolerance post-
settlement. Greater values of c; indicate greater levels of plasticity,
with each increment in developmental temperature inducing a greater
upward shift in thermal tolerance. ¢y has a limited biological interpre-
tation (i.e. basal thermal tolerance at a developmental temperature of
0 °C) and is not a focus of our study. We defined Ty as the mean tem-
perature of the day prior to collection and chose this rather than an
earlier day or longer time period because it would be less likely to
impose biases in developmental stage among sites/collection days due to
the temperature-dependence of development. Thus, the full model can
be written as:

x
ajx® (1 (OijI,lT/k>
e

p(x)=—F—
ajke <l’c(,f+(ifc1ﬂ,>
1+e

We used a maximum likelihood approach to fit this model, esti-
mating the parameters aj, Cojk, and cjx for each combination of site and
collection day. Because clutches born from adults collected on the same
day experienced the same field temperatures, grouping by collection day
provides the most granular perspective. We used the R package bbmle
(Bolker, 2022) to perform maximum likelihood estimation, using its core
function mle2 with default parameters, apart from using Nelder-Mead as
the optimization algorithm (Nelder and Mead, 1965).

Clutches from adults collected from CHAT and a small number of
additional clutches were excluded from these analyses. Because CHAT is
only represented by a single collection date, oozooids from this site all
experienced the same field temperatures, precluding an analysis of how
thermal tolerance is influenced by developmental temperature.
Oozooids belonging to one clutch from an adult collected at RUTG on
June 5th exhibited 100% survival across the experimental temperatures,
precluding fitting a survivorship curve. Two clutches from adults
collected at DARL on August 29th were also excluded, as there was only
one experimental temperature of the five with intermediate survivorship

3
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(not 100% survival/mortality). This results in an inability to accurately
estimate the a and g parameters. See Figs. S3-54 for plots of raw data for
these two collection dates. With these clutches excluded from the
dataset, we used three separate tests to evaluate 1) the potential for local
adaptation of thermal tolerance among sites, 2) whether short-term
temperature history affects temperature tolerance through develop-
mental plasticity, and 3) how the degree of developmental plasticity
varies among sites. See Supplementary Materials and Fig. 2 for detail on
null models used for these tests.

3. Results
3.1. Environmental temperature

While data was missing from SAND for 2022, sites mostly followed
the expected latitudinal trend in environmental temperature, with more
southern sites exhibiting higher mean daily temperatures over the
course of the summer (Fig. 1b). The exception to this pattern is RUTG
showing lower daily mean temperature than expected, falling in be-
tween two more northern populations on Cape Cod, FALM and CHAT.

Sites also differed in their degree of short-term (tidal or diel) tem-
perature variability (Fig. 1c). Both CHAT and RUTG exhibit pronounced
tidal fluctuations in temperature across the summer months, with mean
daily ranges of 5.24 and 4.05 °C, respectively. DARL showed some tidal
variation in temperature, though to a lesser extent (mean daily range of
1.84 °C). FALM exhibited the least short-term variability, fluctuating
slightly over a diel period (mean daily range of 1.05 °C). SAND, while
missing from the 2022 temperature data, showed pronounced tidal
variability in the summer of 2021 (mean daily range of 3.42 °C), a
pattern that is likely to hold across years (Fig. S5).

3.2. Thermal tolerance experiment

In total across the five sites, 3728 oozooids from 93 clutches were
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Fig. 2. Schematic of null and general statistical models. Upper left represents
the null hypothesis that there is no differentiation among populations (i.e.
single, global estimates of ¢ and c¢;), and is depicted by three identical, over-
lapping lines. Lower left represents the null hypothesis that there is no
phenotypic plasticity for thermal tolerance (i.e. population-specific estimates of
cop, 1 globally fixed at 0). Upper right represents the null hypothesis that there
is no difference among populations in their degree of phenotypic plasticity (i.e.
population-specific estimates of co, a single, global estimate of c;). The lower
right depicts the general model, which allows each population to vary with
respect to model parameters (population-specific estimates of ¢ and c;). See
Supplemental Materials for additional information on null model design.
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included in 24 experiments across the summer (Table 1, Fig. S6). Using
the R package drc, the LT5( estimates at each site ranged from 32.01 to
32.24 °C. A model including separate LT5, estimates for each population
explained the data significantly better than a model with a jointly esti-
mated LTsq value (4%(4) = 77.30, p = 6.66 x 1079), indicating a sig-
nificant effect of site. Post-hoc comparisons revealed that sites in the
Gulf of Maine (DARL and SAND) exhibited significantly lower LTsg
values than sites further to the south (CHAT, FALM, and RUTG) (Fig. 3,
Table S1).

After removing clutches from CHAT and from adults collected on
June 5th at RUTG and August 29th at DARL, 2907 oozooids from 80
clutches across 21 collection days at four sites remained for investigating
the effect of environmental temperature history on thermal tolerance
using our statistical model. Plotting the estimated LTsq for each collec-
tion day against the mean environmental temperature the day prior to
collection demonstrated a clear relationship between thermal tolerance
and the temperature experienced during development (Fig. 4). All sites
exhibited some degree of developmental plasticity, with warmer field
temperatures prior to collection resulting in higher LT5 values. How-
ever, the degree of developmental plasticity, represented by the c;
plasticity parameter in the model, varied by site (Fig. 5). Sites that
experienced more short-term temperature variability exhibited higher
estimates for ¢; (RUTG c; = 0.184; SAND c; = 0.187) and thus greater
developmental plasticity for thermal tolerance. FALM, the site with the
least short-term temperature variability (c; = 0.070), correspondingly
exhibited the least developmental plasticity. DARL, with intermediate
temperature variability, showed intermediate plasticity (c; = 0.142),
though this estimate is subject to great uncertainty due to small sample
size and a small range of field temperatures during the experimental
period. In addition to LTso being sensitive to environmental tempera-
tures, survivorship curves also became steeper with increasing devel-
opmental temperatures, as indicated by upward shifts in the a parameter
(Fig. 6).

A likelihood ratio test comparing our full model against a “no dif-
ferentiation” null model (Fig. 2, upper left) in which ¢y and c; are fixed
across populations revealed a significant effect of site (y%(6) = 227.43, p
= 2.71 x 107*%), indicating that each population’s thermal tolerances
responded differently to environmental temperature. A second likeli-
hood ratio test comparing our full model against a “no plasticity” null
model (Fig. 2, lower left) in which ¢ is allowed to vary by population
but c; is fixed at zero revealed a significant effect of environmental
temperature history on thermal tolerance (y(4) = 1072.58, p = 3.33 x
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107231, indicating the presence of developmental plasticity. A third
likelihood ratio test comparing our full model against a “no difference in
plasticity” null model (Fig. 2, upper right) in which ¢y is allowed to vary
by population but c; is shared among sites revealed that sites signifi-
cantly differ in their degree of developmental plasticity (y%(3) = 373.24,
p=1.28x10"%),

It is possible that our experimental design allowed for some pre-
selection of embryos to occur. If elevated environmental temperatures
were lethal to some heat-sensitive embryos during development, this
would have biased our study to include more heat-tolerant individuals.
Thus, it is conceivable that the observed pattern of higher thermal
tolerance in response to greater environmental temperatures could be a
result of environmentally imposed selection prior to experimentation.
However, we find this unlikely, as we typically observed 100% survi-
vorship at our lowest experimental temperature (~30.5 °C), which was
significantly warmer than field temperatures.

4. Discussion

How local adaptation and phenotypic plasticity contribute to spe-
cies’ ability to cope with spatiotemporal variation in temperature has
broad implications for persistence in a rapidly changing environment
(Donelson et al., 2019; Gunderson and Stillman, 2015; Hoffmann and
Sgro, 2011; Seebacher et al., 2015; Somero, 2010). Here, we demon-
strate that post-larvae (0ozooids) of the invasive tunicate Botryllus
schlosseri exhibit differentiation of thermal tolerance among populations
and possess pronounced developmental plasticity. We also show that
populations vary in their degrees of developmental plasticity and that
this trend coincides with the extent of short-term environmental tem-
perature variability, with populations in more variable environments
exhibiting greater developmental plasticity. This observation demon-
strates the potential for local adaptation of phenotypic plasticity in this
system.

Species persistence in new or changing environments relies in large
part upon an ability to shift ecologically relevant phenotypes through
local adaptation, phenotypic plasticity, or both (Somero, 2010). How-
ever, how local adaptation and phenotypic plasticity interact to promote
adaptive responses to novel conditions remains poorly understood
(Ghalambor et al., 2007). Given the importance of thermal tolerance in
shaping the biogeographic distributions of species (Sunday et al., 2012),
our study highlights the importance of understanding the potential
contributions of thermal adaptation and plasticity in the context of
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species invasions and global change.

4.1. Spatial variation of thermal tolerance

We found that populations differed in their thermal tolerance, and
that these differences were broadly consistent with latitude. Populations
south of the Gulf of Maine (CHAT, FALM, and RUTG) possessed higher
LTsg values than those within it (SAND and DARL), matching prevailing
environmental temperatures: the Gulf of Maine, bounded by Cape Cod
and Nova Scotia, harbors cooler waters than those further south (Fig. 1).
That we observe differentiation in thermal tolerance across this break,
with populations clustering according to their latitudinal position rela-
tive to Cape Cod, may suggest local adaptation to temperature among
populations of B. schlosseri. However, because individuals were taken

from the wild and not lab-reared in a common garden, we cannot rule
out an effect of environment. Indeed, our temporal data demonstrate a
high degree of phenotypic plasticity for this trait (see below). Thus, the
differences in the environmental temperatures at the times of collection
at each site have likely also contributed to the differences we observe in
temperature tolerance among populations.

There has been somewhat limited investigation of the thermal
tolerance of B. schlosseri, with most studies focusing on a single popu-
lation and time of year (Brunetti et al., 1980; Epelbaum et al., 2009).
Sorte et al. (2011) found that adult colonies of B. schlosseri from Mas-
sachusetts had greater heat tolerance than those from California,
consistent with higher summer temperatures in the northwest Atlantic.
Interestingly, for both of their populations, adult LTsq values were lower
than those reported here (Sorte et al., 2011). This suggests that adults
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Fig. 6. Survivorship curves become steeper with increasing environmental temperature, as represented by upward shifts in the a parameter. (A) Survivorship curves
for the three days of collection at SAND. As the summer progresses and temperatures rise, the curves steepen. Symbols (triangle, diamond, and square) denote each
day of collection and are repeated in panel B. (B) Estimates for a increase with increasing environmental temperatures. Line represents linear regression of a against
environmental temperature. Different axis scales have been used for each panel to highlight relationships within each site.

may be more sensitive to heat than oozooids, which is contrary to ex-
pectations (Pandori and Sorte, 2019). However, methodological differ-
ences, such as the length of heat exposure, which was slightly shorter in
our study (20 vs. 24 h), could also contribute to the observed differences.

While the geographic differentiation of thermal tolerance could be
an effect of the environment, B. schlosseri and ascidians more generally
possess several characteristics that promote local adaptation. First, tu-
nicates are considered to have extremely high rates of molecular evo-
lution (Berna and Alvarez-Valin, 2014; Denoeud et al., 2010;
Tsagkogeorga et al., 2010, 2012; Vinson et al., 2005). Second, ascidian
populations tend to harbor remarkable levels of genetic diversity, even
in putatively bottlenecked invasive populations (Reem et al., 2013; Rius
et al., 2008; Zhan et al., 2015) (Tobias and Tepolt, in prep.). Such
standing genetic diversity can serve as a pool of adaptive variation upon
which natural selection can act to drive local adaptation (Barrett and
Schluter, 2008). Third, ascidians tend to exhibit extremely restricted
larval dispersal, with B. schlosseri larvae typically only settling on the
scale of a few meters from their parent colony (Grosberg, 1987). This can
result in markedly high levels of genetic differentiation across small
spatial scales (Grosberg, 1987; Yund and O’Neil, 2000) (Tobias and
Tepolt, in prep.), contributing to the high potential for evolutionary
divergence of thermal tolerance in B. schlosseri.

Despite historical assumptions of the limited potential for local
adaptation in marine systems, many recent studies have demonstrated
local adaptation in marine organisms (DuBois et al., 2022; Kuo and
Sanford, 2009; Pereira et al., 2017; reviewed in Sanford and Kelly,
2011). For example, in a multigenerational common garden experiment
using the intertidal snail Nucella canaliculata, Kuo and Sanford (2009)
demonstrated evolutionary divergence of upper thermal limits among
populations. Beyond this single example, recent work has shown that the
evolutionary differentiation of thermal limits is more pervasive in the
marine environment than on land (Sasaki et al., 2022). Marine organ-
isms, especially those that are sessile, generally have more limited ca-
pacity for behavioral thermoregulation and more restricted access to
thermal refugia than terrestrial species (Antao et al., 2020; Pinsky et al.,
2019; Sunday et al., 2015). This likely renders them more susceptible to
natural selection, driving local adaptation of thermal physiology (Sasaki

et al., 2022). This greater potential for thermal adaptation in the ocean
has implications for marine species persistence under a changing
climate. Evolutionary differences in thermal physiology among pop-
ulations can confound predictions of distributional shifts under future
climate scenarios, and render highly locally adapted species more sus-
ceptible to climatic changes (Bennett et al., 2019). Conversely, local
adaptation to heterogeneous environments can promote persistence by
preserving adaptive variation that can be redistributed via natural
dispersal or programs of assisted gene flow (Aitken and Whitlock, 2013;
Garant et al., 2007). Clearly, the consequences of local adaptation in the
ocean for species persistence are complex and rely heavily on the po-
tential for species to adapt on contemporary time scales.

4.2. Developmental plasticity of thermal tolerance

In addition to differences among sites, we found that the mean
temperature of the day prior to collection had a strong effect on the
measured thermal tolerance of B. schlosseri oozooids (Fig. 4). This
demonstrates a clear effect of environment on thermal tolerance and
suggests the presence of developmental plasticity in this system.
Developmental plasticity may thus be a key mechanism by which
B. schlosseri oozooids cope with temperature stress.

Developmental plasticity of thermal tolerance has been demon-
strated in a wide variety of taxa and is especially pervasive in marine and
aquatic organisms (Pottier et al., 2022). In a recent meta-analysis,
Pottier et al. (2022) synthesized the findings of 150 experimental
studies investigating developmental plasticity of thermal tolerance.
Using acclimation response ratios (ARRs), or the change in thermal
tolerance for a 1 °C increase in developmental temperature, they found
that marine and aquatic animals tend to be much more plastic than
terrestrial animals (mean ARR of 0.209 vs. 0.051). Our estimates of cq,
which is analogous to ARR, were 0.184 and 0.187 for RUTG and SAND,
respectively, slightly lower but comparable to the mean ARR for marine
and aquatic organisms found by Pottier et al. (2022). Given the perva-
siveness of developmental plasticity of temperature tolerance in the
marine realm, it is not altogether surprising that we observe this in
B. schlosseri. However, our study represents an important first step in
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understanding this phenomenon in ascidians.

To our knowledge, our study comprises the first investigation of
developmental plasticity of tolerance to any abiotic stressor, including
temperature, in an ascidian. However, previous studies have investi-
gated other types of phenotypic plasticity in ascidians (Chadwick-Fur-
man and Weissman, 1995; Newlon et al., 2003; Renborg et al., 2014).
For example, Renborg et al. (2014) demonstrated that sensitivity to
salinity in embryos of Ciona intestinalis depended on the salinity of the
parental environment prior to embryogenesis, establishing trans-
generational plasticity of salinity tolerance. Given the long-standing
consideration of the role for phenotypic plasticity in species invasions
(see below) and the remarkable success of ascidians as an invasive taxon
(Zhan et al., 2015), further study of phenotypic plasticity in ascidians is
warranted.

Phenotypic plasticity has long been thought to play a major role in
the success of invasive species (Baker, 1965; Davidson et al., 2011;
Richards et al., 2006). Generalist species with broad ecological toler-
ances and pronounced phenotypic plasticity have been assumed to be
ideal invaders (Daehler, 2003; Higgins and Richardson, 2014). This
extends to thermophysiological phenotypes. For example, the wide-
spread invasive European green crab, Carcinus maenas, has extreme
thermal breadth, with limits far surpassing those of co-occurring native
species (Tepolt and Somero, 2014). Additionally, it exhibits pronounced
thermal phenotypic plasticity, shifting its upper and lower limits sub-
stantially in response to short-term acclimation. While its invasive status
in unclear in the northwest Atlantic, B. schlosseri is an invasive species
elsewhere and has established in waters spanning a vast thermal
gradient. Its persistence across this broad gradient suggests a pro-
nounced ability to cope with spatially variable environmental temper-
atures, whether through local adaptation, phenotypic plasticity, or both.
Given our observations, it is likely that developmental plasticity has
played some role in its ability to thrive across diverse habitats. Further
study is warranted to investigate how other types of phenotypic plas-
ticity, for example, acclimatization in adults or transgenerational plas-
ticity, may also shape the thermal tolerance of this species.

While we ascribe temporal variation in thermal tolerance to
phenotypic plasticity, it is worth noting that there may be a hereditary
component as well. Fluctuating selection by environmental temperature
may result in shifts in the genotypic composition of B. schlosseri pop-
ulations, with more heat-sensitive genotypes produced earlier in the
summer and more heat-tolerant genotypes later in the summer. While
this may contribute to the patterns described at sites sampled over many
months (e.g. FALM), because in some cases we are describing variation
across limited duration (e.g. less than 2 weeks at RUTG), we consider it
more likely that phenotypic plasticity plays a dominant role.

4.3. Potential for local adaptation of developmental plasticity

Theory predicts that populations in more variable environments
should evolve greater phenotypic plasticity (Bradshaw, 1965; Levins,
1968; Schlichting, 1986). While evidence for this prediction for thermal
tolerance is equivocal (see meta-analysis by Barley et al., 2021), we
found that sites experiencing more short-term temperature variability
harbored populations with greater degrees of developmental plasticity,
consistent with local adaptation of phenotypic plasticity. Again, because
the individuals used in these experiments were born from wild-collected
adults, it is impossible to disentangle the effects of environment from
heredity with our data. Nonetheless, given the high potential for local
adaptation in this system (see above), it is likely that it plays some role in
generating the patterns observed here.

Despite predictions for the evolution of phenotypic plasticity in
variable environments, there are surprisingly few studies demonstrating
local adaptation of phenotypic plasticity (Hendry, 2016). Many, like
ours, relate differentiation in phenotypic plasticity to the degree of
environmental heterogeneity experienced by populations (De Meester,
1996; Diaz et al., 2021; Gianoli and Gonzalez-Teuber, 2005; Phillips
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et al., 2016; Reger et al., 2018; Richter-Boix et al., 2015). Others use
experimental evolution approaches, comparing lineages reared in con-
stant conditions to those reared in a variable environment (Condon
et al.,, 2014; Leggett et al., 2013; Reboud and Bell, 1997). While not
definitive, our results add to a growing body of literature demonstrating
the potential for local adaptation of phenotypic plasticity in natural
populations.

Notably, plasticity in one life stage can affect plasticity at later life
stages (Beaman et al., 2016). For example, Healy et al. (2019) demon-
strated that developmental temperature can affect acclimatory capacity
at later life stages in the intertidal copepod Tigriopus californicus. Simi-
larly, this cascading effect can also apply across generations through
transgenerational plasticity (Donelson et al., 2018). If the adult
B. schlosseri colonies from which larvae were collected experienced a
warmer or more variable thermal environment during their lifetime, it
may be advantageous for their larvae to exhibit developmental plasticity
for temperature tolerance, generating a pattern like that which we found
in our study. Reaction norm shape in offspring has been shown to
depend in part on parental environment (Cavieres et al., 2019; Donelson
et al., 2016; Salinas et al., 2013; Stein et al., 2018; Sturiale and Bailey,
2021; Wadgymar et al., 2018). Despite these examples, the relationship
between transgenerational plasticity and within-generation plasticity
remains understudied (Donelan et al., 2020; Donelson et al., 2018), but
interactions between the two could play some role in our observation of
increased developmental plasticity at sites with more short-term tem-
perature variability. Manipulative multi-generational experiments
would have to be performed to test this potential in more detail.

4.4. Steepening of survivorship curves and the limits of thermal tolerance

While the main metric of interest in our study was LTs(, we have also
shown that the steepness of the survivorship curves, as contained within
the a parameter in our model, increases with greater developmental
temperature (Fig. 6). This steepening effect suggests that 1) develop-
ment at elevated temperatures reduces inter-individual variation in
thermal tolerance and 2) there may be relatively hard upper limits for
thermal tolerance in this system. There is undoubtedly variation for
thermal tolerance within populations of B. schlosseri: some 00zooids
survive at a particular experimental temperature while others die. It is
apparent from this steepening observation that the capacity for devel-
opmental plasticity is not equal across individuals. Higher develop-
mental temperatures seem to allow those oozooids with lower basal
thermal tolerance to shift their probability of survival upwards, while
those with higher basal thermal tolerance are more constrained, leading
to a steepening of the survivorship curve. This observation is consistent
with studies that demonstrate a negative relationship between basal
thermal tolerance and thermal tolerance plasticity (Faulkner et al.,
2014; Kelly et al., 2017; Morgan et al., 2020; Phillips et al., 2016; Sasaki
and Dam, 2021, 2019; Stillman, 2003; but see Calosi et al., 2008), which
may be indicative of a trade-off (Barley et al., 2021; van Heerwaarden
and Kellermann, 2020).

Constraints on the plasticity and evolution of upper thermal limits
appear to be common across taxa, while lower limits appear to be more
labile (Gaston and Chown, 1999; Munoz et al., 2014; Phillips et al.,
2016; van Heerwaarden et al., 2016). For example, in the tsetse fly,
Glossina pallidipes, acclimation temperature had a pronounced effect on
tolerance to cold temperatures, but upper thermal limits were less
flexible (Terblanche and Chown, 2006). The meta-analysis by Pottier
et al. (2022) found that while marine and aquatic organisms exhibit
greater levels of developmental plasticity for heat tolerance, this shift is
unlikely to perfectly compensate for anticipated levels of warming
(Gunderson and Stillman, 2015). On an evolutionary scale, there may be
strong phylogenetic constraints on upper thermal limit evolution (Kel-
lermann et al., 2012). Several meta-analyses have demonstrated that
while lower thermal limits vary with latitude, as would be expected
through directional selection on temperature tolerance, upper thermal
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limits appear to be rather inflexible, again pointing towards the poten-
tial importance of evolutionary constraints on upper thermal limits
(Aragjo et al., 2013; Hoffmann et al., 2013; Sunday et al., 2019).

While we are not aware of studies that explicitly discuss this pattern
of survivorship curve steepening, several have demonstrated this effect
as a component of plasticity and/or adaptation of heat tolerance (Pereira
et al., 2017; Rebolledo et al., 2021; Sasaki and Dam, 2019, 2021). For
example, Sasaki and Dam (2019) compared thermal tolerance and its
plasticity across populations of the coastal and estuarine copepod
Acartia tonsa. At increased developmental temperatures, not only did
LTs increase, but so did the steepness of the survivorship curves (p.
4153, Fig. 2). Correspondingly, they showed that thermal limits (as re-
flected in LTy, or the temperature inducing 10% survival) were less
labile than LTsg (their Fig. S2); if limits shift less than midpoints in
response to higher developmental temperatures, curves necessarily
become steeper. This pattern was also observed in a related study
investigating adaptation of thermal tolerance in A. tonsa via experi-
mental evolution (Sasaki and Dam, 2021), suggesting that both plas-
ticity and evolutionary adaptation can have this effect. While it seems
there has been minimal attention on this phenomenon on survivorship
curve steepening, these examples indicate that it may be widespread.
Given its potential implications for the evolution and plasticity of upper
thermal limits, further investigation is warranted.

5. Conclusions

We have shown that temperature tolerance in B. schlosseri 0ozooids
varies by population across a latitudinal gradient, that tolerance is
influenced environmental temperature through developmental plas-
ticity, and that the degree of developmental plasticity varies according
to the level of short-term temperature variability at each site. Together,
these results demonstrate how local adaptation and phenotypic plas-
ticity may underly spatiotemporal variation of temperature tolerance in
this system. Importantly, our findings suggest the potential for local
adaptation of developmental plasticity, with populations inhabiting
more thermally variable sites exhibiting greater levels of plasticity.
While further investigation using a multigenerational approach would
be necessary to fully disentangle the relative contributions of heritable
versus environmental effects, by taking advantage of natural spatio-
temporal variability in temperature, our study documents important
patterns of temperature tolerance that could have implications for spe-
cies invasions and population persistence in an era of global change.

Organisms in all habitats are under increasing threat of climatic
changes, but it is marine ectotherms that are considered most at risk
with an increase in global temperatures (Pinsky et al., 2019). Many
marine species are living near their upper thermal limits (Pinsky et al.,
2019), and the rate of warming may exceed the ability of evolution
and/or phenotypic plasticity to buffer species against its effects (Bennett
etal., 2021; Gunderson and Stillman, 2015). Despite some ability to shift
thermal tolerance upward in response to elevated temperatures, the
steepening of survivorship curves observed here and in other studies
suggests that there may be strong constraints on the plasticity and
evolution of upper thermal limits in the ocean. In the absence of wide-
spread adjustments to thermal niches, we may expect to see increasing
rates of marine extirpation and range shifts (Donelson et al., 2019;
Sunday et al., 2012). Indeed, it has been demonstrated that distribu-
tional shifts in the ocean track climate velocities more closely than on
land (Lenoir et al., 2020). Understanding the interplay between evolu-
tionary adaptation, phenotypic plasticity, and range shifts in response to
climate warming is key to making predictions about species persistence
in the modern ocean (Donelson et al., 2019).
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