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Abstract Warming of the world’s oceans is predicted
to have many negative effects on organisms as they have
optimal thermal windows. In coastal waters, however,
both temperatures and pCO, (pH) exhibit diel variations,
and biological performances are likely to be modulated by
physical and chemical environmental changes. To under-
stand how coastal zooplankton respond to the combined
impacts of heat shock and increased pCO,, the benthic
copepod Tigriopus japonicus were treated at temperatures
of 24, 28, 32 and 36 °C to simulate natural coastal tempera-
tures experienced in warming events, when acclimated in
the short term to either ambient (LC, 390 patm) or future
CO, (HC, 1000 patm). HC and heat shock did not induce
any mortality of T. japonicus, though respiration increased
up to 32 °C before being depressed at 36 °C. Feeding rate
peaked at 28 °C but did not differ between CO, treatments.
Expression of heat shock proteins (Asps mRNA) was posi-
tively related to temperature, with no significant differences
between the CO, concentrations. Nauplii production was
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not affected across all treatments. Our results demonstrate
that 7. japonicus responds more sensitively to heat shocks
rather than to seawater acidification; however, ocean acidi-
fication may synergistically act with ocean warming to
mediate the energy allocation of copepods.

Introduction

Increasing global temperatures are broadly predicted to
cause changes to the distributions of species. While virtu-
ally all biological processes are affected by temperature,
there is recent recognition that the degree to which spe-
cies are affected will be determined in part by their inher-
ent ability to acclimate and adapt to increased temperatures
(Sanford and Kelly 2011). In addition, many habitats dem-
onstrate large variability in environmental conditions, both
spatially and temporally, altering predicted biological out-
comes (Helmuth et al. 2006; Mislan et al. 2014). Coastal
marine environments in particular are usually characterized
by large changes in both chemical and physical properties,
with diel, seasonal and inter-annual perturbations of tem-
perature, pH and oxygen along with tide cycle, upwelling
events and biological activities (Duarte et al. 2013; Mar-
shall et al. 2011; Melzner et al. 2013).

Organisms inhabiting coastal waters experience strong
fluctuations of temperature both daily and seasonally
(Davison and Pearson 1996). Moreover, sea surface tem-
perature (SST) has been increasing in the last several dec-
ades, with shallow coastal waters being strongly impacted
(Lima and Wethey 2012), and surface ocean temperature
likely to further increase between 0.6 and 2.0 °C by the
end of this century (Stocker et al. 2013). Importantly, in
addition to this rise in mean temperature, there will be an
increase in temperature variation, leading to more extreme
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heating events (Jentsch et al. 2007). For example, Xiamen
Bay (Fujian, China) typically has regular, semidiurnal tides
(Hu et al. 1988), and water temperatures in the intertidal
pools can have a daily temperature range of 25 °C, reaching
over 45 °C during low tide in a summer afternoon (Dong
et al. personal communication).

Aquatic organisms have different scopes for tem-
perature adaptation and their fitness, and performance
can be mediated by the degree to which environmental
temperature (and variation) overlaps with their thermal
window (Portner and Farrell 2008). Though most inter-
tidal animals have developed effective behavioral and
physiological adaptations for surviving in this highly
variable and harsh environment (Marshall et al. 2011;
Somero 2010; Tomanek and Somero 2000), many
are still living near their upper thermal limits (Still-
man and Somero 2000), meaning that extreme heating
events can have deleterious biological effects (Portner
2012).

Along with the ocean warming, increasing dissolution of
atmospheric CO, into seawater is decreasing global aver-
age pH in surface oceans, causing ocean acidification (OA),
and this acidification is superimposed onto natural fluctua-
tions in pH in coastal waters (Cai et al. 2011; Capone and
Hutchins 2013). For example, the surface seawater pH can
range from 7.85 to 8.15 in the California upwelling sys-
tem, and this range will be further lowered to 7.50-7.70
given the continuing and rapid increase in CO, emission
due to anthropogenic activities (Capone and Hutchins
2013; Sabine et al. 2004). Moreover, eutrophication could
contribute additional drop of pH in subsurface of coastal
waters, causing more stressful acidification of coastal areas
(Cai et al. 2011).

While OA is known to have various effects on processes
such as calcification (Comeau et al. 2015; Gao et al. 1993;
Ries et al. 2009), other physiological processes in zoo-
plankton such as respiration (Li and Gao 2012; Thomsen
and Melzner 2010), pH regulation (Portner et al. 2010),
feeding (Dupont and Thorndyke 2008; Li and Gao 2012),
egg production and nauplius development (Kurihara et al.
2004) were well documented. There were also some studies
focus on the combined effects of OA with rising tempera-
ture (Munday et al. 2009; Parker et al. 2009). For exam-
ple, the thermal window of fishes may be narrowed under
acidified conditions (Portner et al. 2010; Portner and Farrell
2008), reducing their thermal scope and fitness with respect
to warming. However, what is unknown is how marine
organisms, particularly intertidal ectotherms, will respond
to rapid and extreme heating events when they are exposed
to acidified conditions.

In the scenario of climate change, therefore, it is crucial
to investigate the combined effects of reduced pH and heat
shock on growth, reproduction and related physiological
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performances of intertidal animals. In the present study,
we simulated the temperature change observed in natural
coastal waters to test the hypothesis that combined effects
of OA and extreme heating events increase the costs for
somatic maintenance and allocate less energy for growth
and reproduction, and show adverse effects on the physi-
ological processes of a benthic copepod Tigriopus japoni-
cus Mori. This ecologically important species spreads
widely in the coastal waters of western Pacific (China,
Japan and Korea) (Jung et al. 2006) and is a common spe-
cies in the tidal pools on rocky shore where environmen-
tal conditions such as temperature and pH demonstrate
large daily and seasonal variations (Davenport et al. 1997,
McAllen et al. 1999). This species has been extensively
studied and is seen as a promising model species for eco-
toxicology study given the fully sequenced mitochondrial
DNA (Machida et al. 2002; Raisuddin et al. 2007) and can
be cultured for several years in indoor conditions (Uye
2005). The species could therefore be taken as a model for
studying the relationship between physiological response
to temperature fluctuation and pH decline in highly vari-
able coastal areas.

Materials and methods
Experimental setup

This experiment was designed to test the responses of T.
Jjaponicus to combined heat shock, which they naturally
experience in tidal pools during low tide, and the reduced
pH under a future OA scenario. It has been shown that pH
in intertidal zone could be varied by 0.5 unit during day and
night and by more than 1 unit seasonally (Wootton et al.
2008). In the present study, the copepod individuals were
acclimated to a short period of different CO, treatments
(ambient CO,, LC: 390 patm, ca. pH 8.15; HC: 1000 patm,
a decrease of ca. 0.4 unit compare with LC) at 20 °C for
24 h, exposed to one of five different temperatures (20, 24,
28, 32 or 36 °C) for 4 h, and returned to 20 °C while being
maintained at either LC or HC (see Fig. 1 for experimental
design). This heat exposure period was chosen to simulate
elevated temperature at low tide in Xiamen Bay. There is a
regular semidiurnal tide, which experiences twice of both
rising tide and falling tide in 24 h and requires ca. 6 h for
a single rising or falling tide, and the surface (1 m layer)
seawater temperature of high tide ranges 24.2-27.2 and
12.2-16.4 °C in summer and winter, respectively. Water
temperature in intertidal pools during low tides can surpass
45 °C on summer afternoons (Marine Biological Labora-
tory, Fujian Institute of Oceanology and Division of Marine
Biology, Dept. of Biology, Amoy University, 1960). Three
different categories of responses to experimental treatments
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Fig. 1 Draft of the main design and the timing of each measurement
of this study. Expressions below or above the dark filled rectangle,
circle or up arrows indicate that specific experiment implement.
Copepod treated with LC (390 patm) and HC (1000 patm) was given
gradually increased, constant and gradually decreased temperature
(7 h in total), where the respiration rate was measured after the tem-
perature attain the set value (1.5-5.5 h); Tigriopus japonicus accli-
mated with respective heat shock treatments for 4 h (5.5 h point) were
sampled for hsp 70/hsp 90 mRNA expression test; feeding experi-
ment was carried out for 24 h after 7-h heat shock; female produc-
tion was measured for 48 h after heat shock treatments; mortality of
T. japonicus was monitored after 7-h heat shock and the subsequent
72-h culture. Each measurement was an individual experiment, and
sample used in one experiment will not be used again

were quantified, physiological (respiration, feeding rate and
mortality), molecular (levels of heat shock proteins mRNA)
and reproduction (nauplii production).

Adult T. japonicus used in this experiment were origi-
nally collected from the rocky shore of Xiamen Bay
(24°43'N, 118°10’E) and have been cultured in the labora-
tory in an incubator for 2 years at 20 °C with light intensity
of 30 umol m~2 s~! (12:12 L:D cycle) (a mixed population
of male and female with a density of ca. 500 individuals
per liter). To maintain optimal conditions, copepods were
cultured with offshore seawater (SEATS station, South
China Sea, salinity 33 ppt), filtered (0.22 um), autoclaved
at 105 °C and then bubbled with air until pH stabilized at
~8.15. For the entire culture period, the copepods were only
fed on the single diatom Phaeodactylum tricornutum Boh-
lin with the initial concentration of ~5 x 10* cells ml~"'.

CO, treatments and carbonate chemistry/water
conditions

To achieve the different CO, treatments, seawater was pre-
bubbled with air containing either ambient (390 patm, LC)
or elevated (1000 patm, HC) CO, concentrations using out-
door air and CO, chambers (HP1000G-D, Ruihua instru-
ment & equipment Co. Ltd., China), which controls the
CO, concentration with a variation <3 %. To ensure that
treatments were maintained throughout the experiment, pH

of the water was regularly measured with a pH meter (Met-
tler Toledo DL15 Titrator, Sweden), which was calibrated
with NBS buffer solution (Hanna). Parameters of carbon-
ate system (TA, DIC, HCO;™, CO32’ and CO,) were cal-
culated using the program of CO2SYS for Excel (Lewis
and Wallace 1998) with the known temperature, salinity
(measured with a handheld refractometer, S/Mill-E, Atago,
Japan), nutrients level (seawater forms seats station of
Southern China Sea; phosphate is undetectable and can be
ignored), pH and pCO,. The pCO, was used for calculation
according to the measured pCO, in CO, chambers with a
portable CO, detector (Vaisala, CARBOCAP-GM70, Fin-
land). Equilibrium constants for carbonic acid dissociation
(K, and K,) were from Roy et al. (1993), and KB for boric
acid was after Dickson (1990).

Heat shock treatments

To test the heat shock responses of 7. japonicus, a rectan-
gular container (length x width x height = 75 x 30 x 1
5 cm) made of transparent plastic was divided into five
compartments of equal size with plastic dividers. These
compartments were used as water baths, with the tempera-
ture in each regulated using either hot water or cold water
when required to maintain the predetermined temperature.
Five target temperatures were set, 20 °C (control), 24, 28,
32 and 36 °C. To simulate natural rates of warming expe-
rienced by the copepods on a daily basis, the copepods in
bottles with both LC and HC seawater were transferred to
21, 22,23 and 24 °C in one step, and then, temperature was
gradually increased during the next 1.5 h to attain target
temperatures. After reaching the target temperature, each
water bath was maintained at the designated temperature
for 4 h and then gradually decreased back to 20 °C at the
same rate as for the heating. The respiration rate was meas-
ured after the temperature attains the set value (1.5-5.5 h);
T. japonicus acclimated with respective heat shock for
4 h (5.5 h point) were sampled for hsp 70/hsp 90 mRNA
expression measurements; feeding experiment was carried
out for 24 h after 7-h heat shock; female production was
measured for 48 h after heat shock treatments; mortality
of T. japonicus was monitored after 7-h heat shock and the
subsequent 72-h culture (see Fig. 1 for a detailed diagram
of the experimental design). Individual copepods were only
used for one experiment (i.e., mortality, respiration, feed-
ing, hsp mRNA quantification and reproduction measure-
ments, below) so as to not confound other measurements.

Respiration rate and Q,,
The respiration rate of adult 7. japonicus (randomly col-

lected, mixed sex, no gravid female were used) was meas-
ured using an oxygen optode (Fibox3,Germany) in sealed
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20-ml PerkinElmer glass bottles, during the heat shock
treatment. Prior to heating, copepods were placed into bot-
tles containing either LC or HC water (n = 20 individuals
per bottle; n = 3 bottles per treatment) in which an oxygen
electrode sensor had been adhered to the inside bottle wall.
Oxygen consumption rates were continuously measured
over the period that temperature remained stable at the tar-
get value (see Fig. 1). No food was added during the respi-
ration trials.

Respiration rates were calculated from the change in
oxygen concentration in bottles during the 4-h incubation
period:

Respiration rate (ug 05ind. ™! h_l)
= (Kexll - control) x V x 60/N

where “K,,”” and “K ..~ were the oxygen changes per
min (ug ™! min™!) in experimental and control bottles
(bottles without copepod), “V” the bottle volume (1), “N”
the copepod number.

The metabolic sensitivity of T. japonicus under different
pH treatments can be expressed as the Q,,, reflecting the
change in metabolic rate over a 10 °C temperature gradi-
ent. The Q,, was calculated according to Atkin and Tjoel-
ker (2003): Q;y = 10¢1°P¢ * 19 where slope indicates the
regression slope of log10-transformed respiratory rates ver-
sus corresponding temperature points (20, 24, 28, 32 and
36 °C).

Feeding rate

The feeding rate was quantified at both LC and HC fol-
lowing the heat shock treatments. As the effects of OA
and heat shock may be sustained following removal of the
elevated temperature, and because 7. japonicus primar-
ily feed during the dark (Stearns 1986), the energy con-
sumption (metabolism) and acquisition (feeding) may not
temporally coincide (Li and Gao 2012). Therefore, feed-
ing assays were run immediately following return of the
water temperature to 20 °C, when copepods were trans-
ferred to 110-ml polyethylene bottles containing seawa-
ter pre-equilibrated with either LC or HC (as appropriate,
n = 30 bottles per CO, and heat shock combination) at a
density of 20 individuals per bottle. P. tricornutum were
added at a concentration of 5 x 10* cells ml~!. To control
for growth of the diatoms over the period of the feeding
trials, 20 replicate (each temperature or CO, had 2 repli-
cates) bottles containing only diatoms were established.
All bottles were then transferred into a dark incubator
and held at 20 °C for 24 h, following which feeding and
filtering rates were calculated according to Frost (1972)
with changes in diatom cell concentrations that measured
with a coulter counter (Z2, Beckman Coulter, USA):
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Feeding rate (cells ind.”! h*1> =V/N x (ln Ci—In C[f)/t

X (C,f - Co)/(ln Cy —1In C())
Filtering rate (ml ind.”! h_l> =V/N x (ln Ci—1In th)/t

where “V” the volume (ml) of culture, “N” the copepod
number in each replicate, “C,” the initial cell concentra-
tion, “C,” cell concentration in the control bottle after 24 h
(1), “C,/” cell concentration in the experimental bottle after
24 h.

Reproductive output

Following the heat shock trial, female T. japonicus with egg
sacs were randomly selected and transferred into six-well
culture plates (n = 1 per well, n = 4-6 replicates per treat-
ment) to test the effects of short-term OA and heat shock on
nauplii production. Nauplii production requires a period of
up to 2 days (Hildebrandt et al. 2014; Kurihara et al. 2004);
thus, we checked the nauplii production in the subsequent
2 days after the heat shock to determine the temperature
or/and OA effects. During the test, copepod was fed with
P. tricornutum at a concentration of 5 x 10* cells ml1~! for
2 days under both LC and HC condition at 20 °C. Water in
the wells was changed daily and the number of nauplii in
the wells enumerated.

Mortality

The mortality of copepods was quantified immediately and
for the 3 days following the heat shock trial as described
above (n = 20 individuals per bottle; n = 3 bottles per
treatment). Live animals that were not used for other meas-
urements (i.e., reproductive output and heat shock protein
production, below) were held at 20 °C in their respective
LC or HC conditions and fed with P. tricornutum at a con-
centration of 5 x 10* cells ml~'. The culture water was
changed daily with water pre-bubbled to the appropriate
CO, conditions.

Hsp 70 and hsp 90 measurements

To quantify the production of heat shock proteins under the
different treatments, a subsample of 7. japonicus was taken
immediately following the heat shock experiment, washed
using phosphate buffer (PBS) for 2-3 times and trans-
ferred into 1.5-ml centrifuge tubes containing 0.6 ml PBS
(pH 7.80). Specimens were frozen with liquid nitrogen and
stored at —80 °C for further processing.

Total RNA was isolated from ca. 50 individuals per
treatment (n = 3-7) using Trizol reagent (Invitrogen,
Carlsbad, CA, USA). The first strand of cDNA was
synthesized using total RNA as a template. Reverse
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Table 1 Primer oligonucleotide
sequences used for hsp 70/hsp

90 mRNA expression analysis
of Tigriopus japonicus

Name Sequences References

TIJHsp70-RTF AATTCGCCGACAAGCTCAAG Rhee et al. (2009)
TJHsp70-RTR CATACCTCCGGGCATTCCAC Rhee et al. (2009)
TJHsp90-RTF CATTCTCAACGCATCCACC Rhee et al. (2009)
TIHsp90-RTR AGTTCGGGCATCTCTTCGG Rhee et al. (2009)

TJ18SF
TI18SR

TCGGGCTGTCTCGTTGGTGATTC
TGCCACAGTCGACAGTTGATAGG

Hwang et al. (2010)

Hwang et al. (2010)

transcriptase (RT) reactions were performed using Prime-
Script™ RT reagent Kit with cDNA Eraser (TAKARA,
Shiga, Japan). A partial sequence of the /8S gene was
selected as a reference housekeeping gene to normalize
the level of expression. The /8S gene is a reliable house-
keeping gene as previous studies described (Hwang et al.
2010). The levels of hsp 70 and hsp 90 expression were
quantified using real-time quantitative PCR with primers
(Table 1). PCR efficiency of each primer pair was deter-
mined by performing standard curves from serial dilu-
tions to ensure that PCR efficiency ranged from 95 to
101 % (R*> > 0.99). PCR was carried out in an ABI 7500
real-time PCR system (Applied Biosystems, MA, USA)
in a 20 ul reaction volume containing 10 pl of 2 x Fast-
Start DNA Universal SYBR Green Master (Roche,
Germany), 0.8 pl of each primer (10 nmol/pl), 1 pl of
cDNA template and 7.4 1 of RNase-free water. The PCR
conditions were as follows: 94 °C/4 min; 35 cycles of
94 °C/30 s, 55 °C/30 s, 72 °C/30 s; and 72 °C/7 min and
melt curve confirmation at 95 °C/min, 55 °C/1 min, 80
cycles of 55 °C/10 s with 0.5 °C increase per cycle. All
samples were measured in triplicate. Ct (dR) values were
analyzed using the ABI 7500 system software (Applied
Biosystems, MA, USA). The expression values of hsp 70
and hsp 90 mRNA for the various heat treatments were
determined as the relative value of /8S using 274ACT
method for experimental against control treatment (Pfaffl
2001). These experiments were carried out in three tech-
nical replicates.

Statistical analysis

Respiration, feeding and filtering rates, reproductive output
and HSP production were analyzed using two-way analysis
of variance (ANOVA), with both CO, concentration (two
levels: LC vs. HC) and temperature (five levels: 20, 24, 28,
32 or 36 °C) being fixed and orthogonal (n = 3). Where
significant effects were detected, pairwise post hoc com-
parison of means was made to determine which factors dif-
fered. O, rate was calculated for the range of temperature
treatments and compared between CO, treatments using a
one-way ANOVA.

Results
Experimental conditions

During the experiment, the carbonate system was signifi-
cantly different between LC and HC treatments, but stable
across all temperature treatments (Table 2). As an exam-
ple, before and after the respiration experiment the mean
pH values in LC and HC were ca. 8.14 and 7.80, respec-
tively (Table 2). HC significantly enhanced the DIC by
9.1-16.2 %, the HCO;™ by 13.6-20.9 % and the CO, by
152.3 %, but decreased the CO32_ by 40.4—48.9 % across
all temperature treatments (all p < 0.05, Table 2).

Respiration rate, Q,, and mortality

No mortality of 7. japonicus was recorded in either LC or
HC during heat shock treatments or in the subsequent 3-day
post heat shock culture. For both LC and HC treatments,
respiration rates increased with temperature up to 32 °C, but
declined under HC and remained steady under LC at 36 °C
(Fig. 2a). Respiration rate differed significantly among all
temperatures, except between 20 and 24 °C and between 32
and 36 °C (Fyp = 11.2, p < 0.001, pairwise comparisons).
There was also a significant effect of CO, concentration on
respiration rate (Fig. 2 a, b; Fy,, = 10.7, p < 0.005), with
increased respiration of HC animals by 99 % (24 °C) and
60 % (28 °C) in comparison with the LC animals (Fig. 2a).
Qo decreased by 30.6 % from LC (2.04 £ 0.29) to HC treat-
ments (1.42 &+ 0.22) (F, 4 = 8.8, p < 0.05) (Fig. 2¢). There
was no significant interactive effect of elevated CO, and
temperature on respiration (F, », = 1.3, p > 0.05) (Table 3).

Feeding and filtering rates

The feeding experiment was carried out for 24 h under con-
stant temperature of 20 °C after the heat shock treatment
as described before. Heat shock, but not CO,, affected both
the filtering (temperature, F,,q = 6.3, p < 0.004; CO,,
Fiy = 0.004, p > 0.9) and feeding rates (temperature,
F, 20 = 6.9, p <0.003; CO,, F, 5, = 0.14, p > 0.7) of cope-
pods (Fig. 3 a, b). Both feeding and filtering rates initially
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Table 2 Calculated parameters of seawater carbonate system (TA, DIC, HCO;™, CO32_, CO,) at the initial and after the respiration experiment

pHygs pCO, (uatm) TA (umol Kg™!)  DIC (umol Kg~!) HCO;~ (umol Kg~!) CO;2~ (umol Kg~!) CO,* (umol Kg™!)

Before
20

LC 8.14+0.01 399 £3.6  2040.6 +36.9 1820.5 £ 29.5 1649.0 £ 23.7 158.4+5.9 13.0+0.1

HC 7.834+0.01 1007.0+13.5 225134183 21499+ 17.0 2022.6 £15.8 944 +1.6 329+04
After
20

LC 812+£0.03 399.0+£3.6 1984.1 £1354 1765.0 £+ 106.4 1598.6 £ 85.9 153.5 £ 20.7 129 +£0.2

HC 7.794+0.01 1007.0£13.5 2126241054 2036.0+94.1 1918 £ 85.8 85.1 8.8 329+£04
24

LC 814+£0.02 399.0£3.6 2041.4+775 1821.1 £ 63.4 1649.4 £ 52.0 158.6 £ 11.5 13.0 £ 0.1

HC 7.804+0.03 1007.0£13.5 2072.5+39.6 1987.2+35.2 1873.3 £32.1 81.0+34 329+04
28

LC 814+£001 399.0£3.6 2040.6 +36.9 1820.5 +29.5 1649 £ 23.7 1584 +5.9 13.0£0.1

HC 7.79+£0.01 1007.0+13.5 2125.7+93.1 2035.7 + 84.0 1917.8 £76.9 85.0£73 329+04
32

LC 814+0.01 399.0+£36 20589+51.2 18358 £42.2 1661.8 £ 34.8 1609 £ 7.5 13.0£0.1

HC 7.81£0.01 1007.0+£13.5 22346£111.2 2134.6+99.0 2008.4 + 89.8 93.3+9.6 329+04
36

LC 815+0.02 399.0+3.6 2077.5+675 1851.3 £55.2 1674.8 £45.3 163.5 £ 10.0 13.0+0.1

HC 7.83+£0.02 1007.0£13.5 22294 +18.3 2131.0+£17.8 2005.7 £ 16.8 92.24+0.8 33.1£03

Parameters of total alkalinity (TA), dissolved inorganic carbon (DIC), HCO;™, CO32’ and dissolved aqueous carbon dioxide (CO,*) were cal-
culated based on the known value of pHygg, pCO,, salinity, nutrient concentration and temperature using the CO2Sys.exe program. Data are the

mean =+ SD of 3 measurements

showed a positive relationship with temperature (this trend
was present from 24 °C for HC group) but reached maxi-
mum values at 28 °C, from which they declined to the min-
imum values at 36 °C (Fig. 3a, b). There was no significant
interactive effect of elevated CO, and temperature on feed-
ing and filtering rates (F 5o = 1.3, p > 0.05) (Table 3).

Hsp 70 and hsp 90 mRNA

Hsp 70 and hsp 90 mRNA production showed a positive
relationship with temperature rise, but were not affected by
elevated CO, (F 3, = 0.45, p > 0.5). Hsp 70 mRNA lev-
els increased from 20 to 24 °C and did not change from
28 to 32 °C, before rapidly increasing to 36 °C (Fig. 4a,
Fy3 = 7.7, p < 0.001, pairwise comparisons). Hsp 90
showed the same pattern as hsp 70, except that the increase
with temperature was more consistent in the LC treatment
than under HC conditions (Fig. 4b, Temp x CO, interac-
tion: F, 3, = 2.9, p <0.05) (Table 3).

Reproductive output
Neither the heat shock nor CO, treatments caused any

changes in the production rate of nauplii in the 2 days fol-
lowing the heat shock (Table 4; all p > 0.3).

@ Springer

Discussion

Warming of the world’s oceans is already driving species
range shifts and changes to community assemblages (Wer-
nberg et al. 2012). Yet, the underlying mechanisms for these
changes are often not well understood. In coastal waters in
particular, where daily variation can be greater than sea-
sonal change (Helmuth et al. 2006), biological responses are
more likely to be a result of short-term extreme events than
changes to average conditions (Helmuth et al. 2014). Here,
we show that combined heat shock and OA did not affect the
mortality of 7. japonicus, a copepod which inhabits a highly
variable intertidal environment, even though they were cul-
tured under indoor condition for 2 years in this study. The
mechanism underlying this resistance is likely to be twofold,
according to the present results, the regulation of metabolic
rates and the production of protective heat shock proteins.
Below the upper thermal limit, metabolic rates in
aquatic invertebrates are predominantly driven by tem-
perature (Perry et al. 2005; Rosenzweig et al. 2008). In
addition, temperature variation is known to dramatically
mediate physiological processes such as the respiration,
enzyme activity, production and development of organ-
isms (Angilletta 2009; Portner and Farrell 2008). In face of
the extreme temperature, organisms can passively mediate
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rate during the 4 h under respective stable temperature conditions.
Data are the mean £ SD of 3 measurements. The “*” above the sym-
bol indicates significant differences between treatments at p < 0.05
level

their metabolism, for example, through a reduction in their
metabolic rate below the basal level (called dormancy),
which is seen as an energy conservation process (Marshall
et al. 2011; McAllen et al. 1999). Further, upper thermal
tolerance limits differ among species and different popu-
lations of the same species from different environments
(Stillman and Somero 2000). In particular, populations that
inhabit variable environments and are exposed to extremes
tend to demonstrate physiological coping mechanisms
(Willmer et al. 2005). In the present study, there was no
mortality of 7. japonicus that long term cultured in indoor
condition, even in the most extreme temperature and CO,
treatments, which could be expected as 7. japonicus inhabit

Table 3 Two-way ANOVA results for female production, respiration,
hsp 70, hsp 90, grazing and filtering rate of CO, and temperature on
T. japonicus

SS DF MS F P
Female production
Cco, 2842 1 2.842  0.167 0.685
Temperature 92.728 4 23.182  1.362 0.265
CO, * temperature 34018 4 8.504 0.500 0.736
Respiration
CO, 0.003 1 0.003 10.720 0.004
Temperature 0.011 4 0.003 11.200 0.000
CO, * temperature 0.001 4 0.000 1.312 0.300
Hsp70
Cco, 35.138 4 8.785 7.744 0.000
Temperature 0.431 0.431 0.380 0.542
CO, * temperature 0.702 4 0.175 0.155 0.960
Hsp90
CO, 73.870 4 18.468 30.765 0.000
Temperature 0.243 1 0.243  0.404 0.529
CO, * temperature 6.986 4 1.747 2910 0.037
Grazing
Cco, 120,45.453 120,45.453  0.148 0.704
Temperature 2,270912.733 4 567,728.183 6.982 0.001
CO, * temperature  320,373.711 4 80,093.428 0.985 0.438
Filtering
CO, 0.000 1 0.000 0.004 0.949
Temperature 0.001 4 0.000 6.323 0.002
CO, * temperature 0.000 4 0.000 0.851 0.510

the nearshore zone and are known to be a tolerant species
with strong adaptive ability (Davenport et al. 1997; Kwok
and Leung 2005). The used indoor cultured species which
can be considered as representative for copepod long term
acclimated under constant condition (type of stable condi-
tion) and may helpful to clarify the responses to the sudden
heat shocks under OA condition.

Both elevated temperature and pCO, affect the meta-
bolic rate of the copepods. The respiration rate of 7. brevi-
cornis is known to have a linear relationship with tempera-
ture increases from 5 to 30 °C; however, at temperatures
above 35 °C the respiration rate is not stimulated further
(McAllen et al. 1999), which is in accordance with our pre-
sent result. Yet, the effects of CO, on respiration of cope-
pods are not consistent among taxa; high CO, elevates
respiration in Centropages tenuiremis (Li and Gao 2012),
but it only had a significant effect on respiration of Acartia
clausi in combination with high temperature (Zervoudaki
et al. 2013). In another recent study, elevated temperature
but not CO, significantly stimulated the respiration of
female Calanus hyperboreus (Hildebrandt et al. 2014). The
different responses of the aerobic performance to OA may
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be related to differential resistance or energy requirements
among species, especially under extreme thermal condi-
tions, at which thermal windows will potentially be nar-
rowed (Portner and Farrell 2008).

Increasing metabolic rate under future OA conditions
may relate to acid—base regulation in many marine animals,
which is an energy-demanding process that can be affected
by seawater acidification due to the changed pH gradient
between intracellular and extracellular compartments (Port-
ner et al. 2000). Therefore, it is not surprising that enhanced
metabolic rate or Na/K™ ATPase activities (an indicator of
ion regulatory ability) can be evident in moderate hyper-
capnic conditions (Melzner et al. 2009; Wood et al. 2008).
In the present study, short-term exposure to acidification
caused elevated respiration in T. japonicus. Yet, Tigrio-
pus spp. are known to have excellent osmoregulation and/
or hemolymph regulation ability (Davenport et al. 1997),
likely because of the coastal areas they inhabit in always
with a large natural range of environmental variations
(salinity, pCO,, etc.). It is likely that respiration was stimu-
lated at 24 and 28 °C under OA but not in higher tempera-
tures (32 and 36 °C) because the combined effects caused
metabolic down-regulation at a lower temperature (e.g.,
also demonstrated in Calanus glacialis; Hildebrandt et al.
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2014). It is possible, therefore, that the elevated respira-
tion rates seen here are a shock response to the shorter-term
exposure to acidified conditions. Indeed, changes to meta-
bolic processes in response to acidification are generally
followed by an increase in energy acquisition or metabolic
cost (Thor and Oliva 2015; Thomsen and Melzner 2010),
a mechanism that has been shown to increase survival in
several taxa (Burnell et al. 2013; Tunnicliffe et al. 2009),
and the response that is tested could be mediated by food
concentration in the same species within different popula-
tions (Thor and Oliva 2015).

To avoid mortality as temperature increases, the ele-
vated metabolic demands must be met by increased con-
sumption of food (Burnell et al. 2013). Feeding and filter-
ing rates in T. japonicus increased from 20 to 28 °C, but
decreased above 28 °C, with the lowest feeding and filter-
ing rates at 36 °C. In contrast, metabolic rate continued
to increase to 32 °C, before being suppressed at 36 °C.
Therefore, at the highest temperature the copepods had
higher metabolic demands than they were able to service
with feeding, meaning that they were drawing on ener-
getic reserves. While there was no mortality from this sin-
gle extreme heating event, subsequent events or sustained
extreme warming (e.g., the 5 weeks of warming observed
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Table 4 Nauplii production of Tigriopus japonicus (ind.”" 2 days™') in the 2 days following heat shock at temperatures of 20-36 °C for 7 h

Temperature (°C)

36

32

28

24

20

14.60 + 3.71
10.60 £ 0.89

13.00 & 4.69
13.50 £ 5.07

15.75 £7.37 11.33 £3.27 12.60 + 1.95
14.67 +4.27 12.75 £5.62

14.20 +4.32

LC

HC

Following the heat shock, T. japonicus were maintained in either their LC or HC treatment, but the temperature was reduced back to 20 °C to simulate being re-immersed in seawater. (n = 3—-6

individuals per mean)

in Western Australia) (Wernberg et al. 2012) may cause
mortality because of cumulative effects and metabolic debt.
Indeed, such mismatch between metabolic rates and feed-
ing are becoming increasingly recognized in invertebrates
(Lemoine and Burkepile 2012) and may lead to mortality
on longer time scales (Mertens et al. in press). Alterna-
tively, the mismatch between energy acquisition (reduced
feeding) and consumption (higher respiration) may also be
due to the exposure duration to such extreme fluctuations
not being sufficient for the copepods to adapt (Li and Gao
2012), but subsequent events combined with the short gen-
eration time of these animals may enable them to adapt to
these new conditions. For example, acclimated to higher
temperatures and OA for longer periods (5 weeks), the
intertidal snail Littorina littorea show enhanced feeding
compared with individuals acclimated for shorter periods
(2 weeks) (Russell et al. 2013). Further, enhanced graz-
ing rate of micro-zooplankton as a consequence of OA and
enhanced temperature was also observed based on a ca.
20-day mesocosm study (Kim et al. 2010). In these cases,
long-term survival under altered conditions seems to be
related to increasing consumption of food to compensate
for increased metabolic costs.

Heat shock proteins, a defensive strategy that can play a
critical protective role when exposed to extreme tempera-
ture stress, were strongly up-regulated in response to warm-
ing in T. japonicus (Raisuddin et al. 2007; Rhee et al. 2009).
HSPs are important molecular chaperones which help avoid
damage of cells by aiding in the repair of nucleoprotein
and in preventing coagulation (Bierkens 2000), potentially
improving the adaptive ability of organisms against high
temperature and other various environmental stresses (Oht-
suka and Hata 2000). Thus, enhanced expression of HSPs
under thermal stress is a common defense strategy (Feder
and Hofmann 1999; Lee et al. 2008). Again, the 100 % sur-
vival of T. japonicus indicates that these copepods are resist-
ant to thermal stress, and it is likely that this is at least par-
tially a result of the protective effects of heat shock protein
that evidenced in up-regulated Asp 70 and hsp 90 mRNA.
However, the synthesis and function of heat shock pro-
teins are energy-intensive, meaning that more energy must
be allocated into somatic maintenance in high temperature
(Sokolova et al. 2012). Whether this extra cost contributes
to the increased metabolic rate in elevated temperature is
unclear, especially as the highest ~sp mRNA expression
was at 36 °C when metabolic rate was depressed. Regard-
less, the extra energy that needs to be allocated to metabolic
processes and HSP production results in less energy being
allocated to growth and reproduction (Sokolova et al. 2012).
Thus, under extended or repeated heating events, increased
individual survival would come at the expense of population
growth through reduced reproductive output (Hofmann and
Todgham 2010).
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While OA is ongoing with ocean warming, heat
shock in intertidal areas or coastal waters could reduce
the overall physiological performances (Marshall et al.
2011), thereby strongly influencing population dynam-
ics of rocky intertidal species (Garrabou et al. 2009).
Therefore, understanding the combined effects of acidi-
fication and warming in the context of natural fluc-
tuation in abiotic conditions will provide insights into
the potential influences of global change on species
inhabiting coastal environments. For most experimental
studies on marine organisms, their growth conditions
are usually quite different from that in the sea, since
they are often grown in vessels under constant condi-
tions during experimental periods. Therefore, it has
to be pointed out that cautions in interpreting the data
obtained in enclosures should be taken, especially to
reflect ecological or global change impacts. The cope-
pod used in this study was maintained under indoor
constant temperature and light for almost 2 years,
which may lead to evolutionary changes in its physio-
logical characteristics. Consequently, the data obtained
here can only reflect the copepod’s conditional
responses to future climate changes. To achieve the
goal we aimed, further tests in the laboratory and/or in
filed are needed to address the copepod’s responses to
multiple stressors. Obviously, multifaceted, but long-
term, in situ experiments are needed to shed light on
whether species inhabiting marine harsh environments
can adapt to, and survive, global changes superimposed
on the natural variation in abiotic conditions (Russell
et al. 2012).
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