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Department of Fish and Wildlife permit SC-13357 from sites
along the Californian coast between the latitudes of 357N and
427N from February to June 2016 (fig. 1; table 1). Whereas geo-
graphical ranges of these species overlap around the San Fran-
cisco Bay region on the central California coast, several display
predominantly southerly distributions (being rarely sighted
northward of southern Oregon), including D. albopunctata, H.
opalescens, O. rosacea, and T. maculata (Goddard et al. 2016).
All specimens were collected from low- to mid-intertidal zones
during low tide, and the vast majority were found submerged,
sheltering in tidal pools.

After collection, specimens were transported back to re-
search aquaria in Tiburon, California, and held in 26-L poly-
ethylene flow-through seawater tanks (one tank per species
per collection site) under common-garden acclimation con-
ditions (137517C, 315 3:5 psu, �x 5 SD) for at least 3 d (max-
imum 14 d) before transfer to flow-through experimental acclima-
tion tanks. Animals were acclimated to one of two temperatures,
137517C or 177517C (315 3:5 psu, �x 5 SD), where they were
held for 11–31 d before heat tolerance measurement (table 1).
Specimens from each collection site were divided as evenly as
possible between acclimation treatments. Acclimation tempera-

Figure 1. Maps of sea surface temperatures and collection sites for nudibranch species along the coast of California. All individuals were collected
from near-shore intertidal environments. Collections were conducted at Trinidad (41703006.200N,2124707058.500W; A), Fort Ross (38730020.600N,
2123714003.900W;B), BodegaBay (38722012.400N,2123704029.100W;C), Pillar Point (37729042.200N,2122729051.400W;D), andAvila Beach (35710040.700N,
2120744025.200W; E), California. Overlain are satellite-derived mean sea surface temperature data for February 2016 (left) and May 2016 (right) from
NASA Earth Observations (https://neo.sci.gsfc.nasa.gov), illustrating the strong coastal sea surface temperature shifts that occur with upwelling
in spring.
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tures were selected to reflect current annual mean habitat tem-
perature experienced in the low-intertidal zone at Fort Ross,
California (12:6751:87C, �x 5 SD), and predicted future mean
global temperature increase at the end of the century under the
IPCC (2014) A1FI scenario. Constant acclimation temperatures
wereused in this study inorder topermit comparisonof estimates
of nudibranch heat tolerance with those provided for other ec-
tothermic taxa in recent meta-analyses (Overgaard et al. 2011;
Gunderson and Stillman 2015). Specimens were starved through-
out the acclimation period. For the purposes of measuring heat
tolerance and tolerance plasticity, prolonged starvation was un-
likely to have acted as an added stressor, as multiple individuals
not used in thermal tolerance tests persisted and reproduced over
a 4-mo period without feeding.

Habitat Temperatures

In order to accurately capture the fine-scale spatial and temporal
thermal heterogeneity characteristic of intertidal zone habitats,
meandailymaximumandabsolutemaximumhabitat temperature
data were calculated from data collected with iButton loggers de-
ployed to record under-rock temperatures in the mid-intertidal
zone at Fort Ross (July 1, 2015, 00:14 PST, to July 31, 2015, 23:52
PST and July 1, 2016, 00:12 PST, to July 31, 2016, 23:31 PST;
Gunderson et al., unpublished data), Bodega Bay (July 18, 2004,
04:00 PST, to July 31, 2004, 23:50 PST and July 1, 2007, 12:00 PST
to July 31, 2007, 23:30 PST), and Lompoc Landing (near Avila),
California (July 6, 2004, 16:00 PST, to July 20, 2004, 21:10 PST;
data from the Intertidal Biomimic Logger Database maintained
by Dr. Brian Helmuth; Helmuth et al. 2016).

Experimental Protocol

Determination of Heat Tolerance (CTmax), Heat Tolerance Plasticity,
and Thermal Safety Margins. Inherent heat tolerance (CTmax)
was defined in this study as the body temperature at which a

specimen lost neuromuscular coordination in the foot muscle
such that it could no longer maintain attachment to the sub-
strate (McMahon 1990; Lutterschmidt and Hutchison 1997;
Clarke et al. 2000; Hoefnagel and Verberk 2017). To determine
CTmax of foot function, we used a modified version of a protocol
applied previously in the sea hare Aplysia californica (Re et al.
2013). Each specimen was placed alone on the side of a lightly
aerated 250-mL glass beaker modified with a 1-cm-wide strip of
artificial turf grass installed at the water’s surface to prevent es-
cape. Beakers were placed in a 13.5-L water jacket, and individuals
were held for 30 min at their respective acclimation temperature
before experimentation.Water temperaturewas thenraisedata rate
of 17C every 15 min using a Fisher Scientific Isotemp water bath,
and temperature data were recorded with iButton Thermochron
loggers (Maxim Integrated, San Jose, CA). The time and tem-
perature atwhich a specimenbegan to showsignsof thermal stress
(e.g., lost attachment to the glass, displayed contortedmantle, and
entered heat coma) were recorded, after which specimens were
gently prodded for a period of 2–3 s every 10–15 min until they
ceased reacting to this stimulus. A specimen’s CTmax was then
recorded as the temperature at which response to mechanical
stimulation had ceased. Nonresponsive individuals were im-
mediately returned to their acclimation temperature for recovery,
and all individuals successfully recovered after heat shock.
Heat tolerance plasticity was calculated as the change in upper

heat tolerance limit with a given change in acclimation temper-
ature and is hereafter referred to as the acclimation response ra-
tio (ARR; Hutchison 1961; Gunderson and Stillman 2015):

CTmax 177C 2 CTmax 137C

1772137C
:

Thermal safety margins (TSMs) were calculated as the difference
between CTmax measured in 137C-held specimens and (1) the
mean daily maximum and (2) the absolute maximum habitat tem-
perature recorded in the mid-intertidal zone at the collection site

Table 1: Nudibranch collection location and acclimation information

Species and
collection details

Collection details Acclimation
period (d)Location n Date

Doriopsilla albopunctata/fulva Avilaa/Bodega Bayb/Pillar Pointc 7/19/24 June/June/February 2016 11–13
Doris odhneri Bodega Bayb 3 June 2016 13–15
Hermissenda opalescens Avilaa/Bodega Bayb 10/19 June/February 2016 11–31
Okenia rosacea Bodega Bayb/Fort Rossd/Pillar

Pointc/Trinidade

32/6/24/12 June/June/February/May
2016

13–30

Phidiana hiltoni Avilaa 2 June 2016 11–13
Triopha maculata Bodega Bayb 16 June 2016 13–15
Triopha catalinae Bodega Bayb 9 June 2016 13–15

aAvila, California (35710040.700N, 120744025.200W).
bBodega Bay, California (38722012.400N, 123704029.100W).
cPillar Point, California (3772903800N, 12273000000W).
dFort Ross, California (38730020.600N, 123714003.900W).
eTrinidad, California (41703006.200N, 124707058.500W).
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from the warmest month of the year (July for all sites). TSMs were
calculated for each population at their respective site of collection.

Respirometry. Rates of oxygen consumption (V
�
O2) were mea-

sured twice for each specimen: once immediately before deter-
mination of CTmax and once approximately 1 h after heat shock.
At both time points, specimens showed very little physical ac-
tivity, and thus, V

�
O2 likely approximates standard (or resting)

aerobic metabolic rate. V
�
O2 was determined using a PreSens

Fibox 3 sensor (PreSens Precision Sensing; PST6v541 software)
in closed-system 70-mL airtight vials fitted with planar optode
spots (diameter 0.5 cm; PreSens Precision Sensing) and calibrated
with seawater at 100% and 0% O2 saturation. Vials were filled
with seawater at the acclimation temperature, sealed, and then
placed in a circulating water bath at the corresponding accli-
mation temperature in the dark for 30 min before measurement
of PO2. Measurements were taken every 20min for 2 h. The water
in each vial was stirred (via lids fitted with magnetic stir bars)
during measurement to prevent oxygen gradients from devel-
oping. Vials containing no nudibranchs (i.e., “blank” controls)
were run in tandem with all experimental measurements of V

�
O2.

After respirometry, all specimens were patted dry, weighed, and
stored at 2807C. V

�
O2 measurements were then normalized by

corresponding mass to give mass-specific estimates of standard
metabolic rate for each specimen. Thermal sensitivity of mass-
specific V

�
O2 (Q10) was calculated for each species over the range

of acclimation temperatures used in this study (i.e., 137–177C;
Hochachka and Somero 2001).

Data Analyses

Statistical Analyses. Our design included four predictor vari-
ables: three categorical (species, collection site, and acclimation
temperature) and one continuous (body mass). Dependent vari-
ables were upper heat tolerance limit (CTmax), plasticity of upper
heat tolerance limit (ARR), basalmetabolic rate (BMR), andQ10 of
BMR. As some of our dependent variables (e.g., BMR) are known
to be correlated with body mass, we performed correlation anal-
yses against body mass for all dependent variables to determine
which required application of covariate statistical analyses.
Differences in upper heat tolerance limits (CTmax) within a spe-

cies across acclimation temperature were examined separately for
each species using linear mixed-effects models with acclimation
temperatureas afixed factor andcollection site as a randomfactor.
Differences in upper heat tolerance limits (CTmax) across species
at a common acclimation temperature (137C) were examined us-
ing a linear mixed-effects model with species as a fixed factor and
collection site as a random factor. All linear models were per-
formedusing the “lme”package in the statistical softwareprogram
R (ver. 3.2.2). General linear hypotheses and multiple compari-
sons for these nonparametric models were with the “glht” func-
tion in R. Data were tested for normality using the “shapiro.test”
function of the “stats” package in R. Metabolic rate data were
strongly leptokurtic (kurtosisp 56) and were transformed using
a Lambert W # Gaussian transformation via the “MLE_Lam-
bertW” function of the “LambertW” package in R to generate a

normal distribution. In order to assess the effects of acute heat
shockonaerobicmetabolic rate ineachspecies,weuseda repeated-
measures two-way ANOVA to compare pre– and post–heat ex-
posure V

�
O2 with heat stress and acclimation temperature as fixed

effects and individual organism as the correlation factor.

Testing the Trade-Off Hypothesis of Thermal Adaptation. The
trade-off hypothesis of thermal adaptation predicts that heat tol-
erance and tolerance plasticity should be negatively correlated
such that species displaying high heat tolerance should exhibit
correspondingly low heat tolerance plasticity. In order to test this
assumption, goodness of fit was examined using a linearmodel of
ARR as a function of CTmax for each species. However, because
closely related species share a common ancestry, their physio-
logical data are not independent and thus require phylogenetic
consideration to assess species-level differences (Garland and
Adolph 1994). We used the commonly applied phylogenetically
independent contrasts (PICs)method to estimate the evolutionary
correlation between characters and to apply phylogenetic cor-
rection to our heat tolerance and plasticity data.
The phylogeny used to generate PICs was gathered from pub-

licly available cytochrome c oxidase subunit I molecular sequence
data in the National Center for Biotechnology Information se-
quence database (table 2). Sequences were aligned using the pro-
gram Geneious R10 (ver. 10.0.5; Kearse et al. 2012). A multiple
sequence alignment using a progressive pairwise alignment al-
gorithmwas performed using global alignment with free end gaps
and 65% similarity cost matrix with the Geneious R10 Aligner
plug-in. Tree building was conducted in Geneious R10 by neigh-
bor joiningwith aTamura-Neigeneticdistancemodel, and the tree
was rooted with the outgroup species A. californica. We assessed
support for the relationships by running 100 bootstrap replicates
(Felsenstein 1985), and the tree was visualized using the ggtree
package in R (Yu et al. 2016). PICs of ARRs and CTmax were
generated using the multi2di and pic.x/y functions of the phytools
and ape packages in R (Revell 2012). These contrasts were used
in subsequent linear regression analysis, and the regressions were
forced through the origin following standard procedures for anal-
yses of independent contrasts (Garland et al. 1992).

Table 2: National Center for Biotechnology Information
GenBank accession numbers for cytochrome c oxidase
subunit I sequences (658 bp) used in phylogenetic analysis

Species Accession no. Reference

Aplysia californica AF077759 M. Medina and P. J.
Walsh, unpublished
manuscript

Hermissenda
opalescens

KU950161 Lindsay and Valdés 2016

Triopha maculata HM162691 Pola and Gosliner 2010
Triopha catalinae HM162690 Pola and Gosliner 2010
Okenia rosacea KF192605 Palomar et al. 2014
Doriopsilla
albopunctata

KR002485 Hoover et al. 2015

Doriopsilla fulva KR002500 Hoover et al. 2015
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