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ABSTRACT: Warming and enhanced ultraviolet B (UVB) radiation are 2 global stressors acting
across the ocean. We tested their effects on the survival and performance (consumption rates and
activity) on the zoea I stage of the Chilean kelp crab Taliepus dentatus. Our goal was to resolve
whether these stressors, when acting concurrently, had additive or interactive effects, either syn-
ergistic or antagonistic. A multifactorial experiment of 4 temperatures and 3 UVB irradiance levels
was run. The larvae showed a significant increase in mortality with increasing temperature. Expo-
sure to UVB reduced the thermal tolerance of the larvae by a significant increase of their mortality
rate. Oxygen consumption increased as temperature increased. When exposed to UVB radiation,
larval oxygen consumption increased significantly for all the temperatures tested. Two statistical
models of joint effects confirmed that the combined effect of both stressors was additive, with no
interaction, either synergistic or antagonistic. One of them, the independent action (IA) model,
also revealed that concurrent effects on mortality remained additive when doubling the UVB
dose. Additivity of the stressors improved the predictability of their effects on larval mortality.
Exposure to UVB radiation increased mortality rates by 1.5 times at any temperature tested,
independently of the dose.
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INTRODUCTION

Ozone is continuously produced, destroyed and
circulated in the stratosphere by a variety of natural
factors (Crutzen 1971, Wofsy et al. 1975). During
recent decades the emission of chlorofluorocarbon
compounds (CFCs) has led to a reduction of ozone
concentration in the atmosphere (Weatherhead &
Andersen 2006), resulting in an increase of ultra-
violet B (UVB) radiation reaching Earth (Munakata et
al. 2009). The largest zonal average increase of UVB
irradiance since the 1970s has been recorded in the
Southern Hemisphere, where the stratospheric ozone
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decline has been greatest (Herman 2010, Agusti et
al. 2015). UVB radiation penetrates to considerable
depths into the water column in clear oceanic waters
(Tedetti & Sempéré 2006), damaging marine organ-
isms especially in the Southern Hemisphere, where
incident UVB radiation is higher (Ditsch 1974,
Llabrés et al. 2013). Marine organisms show mecha-
nisms of photoprotection to avoid deleterious effects
of ultraviolet radiation. These mechanisms include
production of antioxidant enzymes (e.g. Hylander &
Hansson 2010), pigmentation (e.g. Hansson et al.
2007), or ingestion of particles that can aid in protec-
tion such as mycosporine-like amino acids (MAAs;
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Helbling et al. 2002, Rocco et al. 2002, Tartarotti &
Sommaruga 2006). Avoidance by migration is
another response (Hansson et al. 2007, Hylander &
Hansson 2010, Zengling et al. 2010). Despite these
mechanisms, experimental studies have shown that
elevated UVB radiation has significant impacts on
marine biota (Hader et al. 2011).

In a large meta-analysis, Llabrés et al. (2013) found
that the impacts of increased UVB radiation resulted
in a significant increase in the mortality of marine
biota, with early stages such as eggs and larvae
being the most sensitive to UVB (Llabrés et al. 2013).
For instance, it is known that UVB radiation causes
mortality to encapsulated molluskan embryos (Care-
foot et al. 1998, Przeslawski 2004). Marine organisms
from the Southern Hemisphere seem to be less vul-
nerable to UVB radiation than those from the North-
ern Hemisphere (Llabrés et al. 2013, Agusti et al.
2015), but they are still affected, possibly because of
strong selective pressure under the recent elevated
UVB regimes in the Southern Hemisphere (Agusti et
al. 2015).

In addition to changes in the stratospheric ozone
layer, Earth is also experiencing substantial changes
in temperature. Earth's temperature is increasing
due to anthropogenic greenhouse gas emissions
(Trenberth et al. 2007). These changes have been
observed in the atmosphere and the ocean, but not
all of the regions are warming. As an example, a
decrease in temperature of both air and water has
been reported along the coast of Chile, at a rate of
0.2°C per decade (Falvey & Garreaud 2009).
Changes in temperature regimes affect marine eco-
systems by influencing reproductive success (Portner
& Knust 2007), recruitment (Jorda et al. 2012), devel-
opment (O'Connor et al. 2007), mortality (Coma et al.
2009, Jorda et al. 2012) and changing the geographi-
cal distribution of organisms (Hawkins et al. 2008).
Ectothermic animals are extremely dependent on the
temperature window of their natural environment
(Portner 2001).

Thermal tolerance windows differ among species
depending on the range of environmental tempera-
tures in their habitat (Pértner 2001, Somero 2010),
and vary greatly across developmental stages (Anger
et al. 2003, Parker et al. 2009, Weiss et al. 2010,
Storch et al. 2011). While adult organisms are often
protected from physiological extremes (e.g. by shells
and operculi of mollusks), their pelagic eggs or lar-
vae may be highly vulnerable because they may
experience strong short and long-term temperature
fluctuations in the water column (Anger et al. 2003).
Moreover, temperature may also influence dispersal

since larval development time is affected (O'Connor
et al. 2007). Temperature changes therefore affect
marine organisms, particularly larval stages, across a
broad range of processes and scales (Duarte 2007).

A stressor is any environmental factor that reduces
survival or performance of optimum conditions (Folt
et al.1999). Increasingly stressful conditions such as
shifts in temperature might decrease the ability of
organisms to cope with other concurrent stressors,
such as ultraviolet radiation. Thus, understanding
the complex responses of organisms to environmen-
tal changes requires addressing the interaction
between concurrent stresses (Duarte 2014). The mul-
tiple stresses concept, developed originally in the
toxicology literature (Heugens et al. 2001), is now
used more broadly to refer to the presence of accu-
mulated stressors, not necessarily including pollu-
tants, which have been identified as responsible for
population declines and community changes in
aquatic systems (e.g. Schisler et al. 2000). Multifacto-
rial studies can help to analyze deviations from linear
responses and test for additive effects of joint stres-
sors (Echeveste et al. 2011, Sett et al. 2014). Models
such as concentration addition and independent
action (IA) have been developed to estimate the toxi-
city of chemical mixtures in organisms (Payne et al.
2001). IA is widely used in toxicology and has been
successfully applied to test the interaction between
stressors other than toxic chemicals in zooplankton
(Coors & De Meester 2008). When using IA the stres-
sors are assumed to act on different systems in the
organism. UVB radiation affects cells by damaging
their DNA and increasing oxidative stress (Sinha &
Hader 2002, Hader et al. 2011), while temperature
affects the organismal metabolic rates of processes.
Multi-stressor studies have already shown that the
prevailing type of stressor interaction is synergistic
over additive effects and that early life stages are
more sensitive; in these studies, temperature and
ocean acidification have received most attention
(Byrne & Przeslawski 2013, Kroeker et al. 2013, Ban
et al. 2014, Przeslawski et al. 2015). The influence of
the concurrent stress of temperature and UVB has
mostly focused on coral reefs (Ferrier-Pages et al.
2007, Ban et al. 2014). Improved understanding the
concurrent effects of temperature and UVB on mar-
ine organisms in general, and particularly on their
most vulnerable stages, is needed to predict
responses to global change.

In this study, we tested the sensitivity of marine
zoea I larvae of the crab Taliepus dentatus to joint
effects of temperature and UVB radiation, with the
ultimate goal of elucidating whether the interaction
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between increasing temperature and UVB radiation
leads to multiplicative synergistic or antagonistic
effects that deviate from those expected under the
assumption of additivity of single-stressor effects. We
chose T. dentatus as our model species because it is a
common kelp crab inhabiting the near shore rocky
habitats of the Chilean and Peruvian coast. More-
over, larval stages of this species are neustonic
(Palma et al. 2006, Pardo et al. 2007, Mujica & Nava
2010), and can therefore be affected by UVB radia-
tion, and exhibit a clear thermal tolerance window
(Storch et al. 2009). Crustacean and fish larvae are
the most sensitive to increased UVB radiation (Llabrés
et al. 2013). Southern South America receives ele-
vated UV radiation due to reduced stratospheric
ozone levels, which may particularly impact larvae
inhabiting surface waters (Mujica & Nava 2010). Pre-
vious studies have already shown the vulnerability of
these larval stages to temperature changes (Storch et
al. 2009). Departures from the narrow optimal tem-
perature range of zoea larvae can affect both metab-
olism and behaviour of the larvae (Storch et al. 2009).
For example, the influence of upwelling, frequent in
this region, generates periods where water tempera-
ture is below the optimum reported for the larval
stage of these species (Storch et al. 2011). Predicted
long-term changes in seawater temperatures in this
geographic region associated with climate change
highlight the relevance of evaluating the interplay
between these 2 critical environmental factors, i.e.
temperature and UVB radiation, on larval develop-
ment (Falvey & Garreaud 2009).

MATERIALS AND METHODS

To meet the goal of evaluating the influence of
temperature and UVB radiation on first life stage
(zoea I) of the Chilean kelp crab Taliepus dentatus,
we conducted laboratory experiments exposing lar-
vae to simultaneous variations in both factors, testing
the effects on survival, metabolism and larval activ-
ity. The experiments were conducted at Estacion
Costera de Investigaciones Marinas (ECIM), in Las
Cruces (33°29'S, 71°38' W), in Central Chile. This
region is characterized by a narrow continental shelf,
and nearshore hydrography is dominated by wind-
induced upwelling during austral spring and early
summer (Strub et al.1998). There is large thermal
oscillation in sea surface temperature over the year,
with a minimal temperature of 11°C and a maximum
temperature of 21°C during the warmest months
(Kaplan et al. 2003).

Experimental design

Brooding females of Taliepus dentatus were col-
lected from Las Cruces area by local professional
divers between October and December 2011, and
transported to the laboratory of ECIM. Females
were maintained individually in 50 1 aquaria with
running seawater at the experimental temperatures
(see below), and approximately 34 ppt salinity.
Females were kept at experimental temperatures
(see below) for at least 5 d to allow embryo accli-
mation. They were fed with algae (Lessonia trabec-
ulata) and monitored daily until they were ready to
spawn. Most often larvae hatched during the night
or early morning. Newly hatched larvae from each
female were collected and transferred to labeled
0.5 1 culture vessels with a constant density of 40
individuals per vessel (all replicates contained the
same number of larvae). Larvae were maintained in
the same temperature controlled conditions as adult
females. Both adults and larvae were exposed to a
light:dark photoperiod (12:12 h) using fluorescent
lamps (photosynthetically active radiation [PAR]).
Approximately 75% of the seawater of the culture
vessels was changed daily with UV-treated, filtered
and aerated seawater. Freshly hatched Artemia were
added daily to feed the larvae.

In order to test the sensitivity of marine zoea I
larvae of Taliepus dentatus to joint effects of tem-
perature and UVB, we carried out laboratory exper-
iments under indoor conditions, implementing a fac-
torial design to test of range of combinations of
temperature and UVB radiation. We used 4 ex-
perimental temperatures covering the full range
between the lowest and highest temperature ob-
served in the study area (11, 15, 19 and 23°C) using
thermoregulated baths. These temperatures are
within the natural thermal oscillation of sea surface
temperature in the area in austral spring and sum-
mer (Kaplan et al. 2003, Vargas et al. 2004, Pulgar
et al. 2006), including the optimum temperature of
15°C for zoea I larvae (Storch et al. 2011). The upper
thermal limit is reported to occur between 19 and
23°C (Storch et al. 2011) and for this reason we set
in 23°C as our upper experimental temperature.
Temperature was monitored every minute in all
experiments using Onset TidbiT temperature log-
gers. This information allowed us to confirm that
our experimental temperatures did not vary over
the course of the experiment.

Besides temperature treatments described above,
larvae were exposed to 2 levels of underwater UVB
radiation for 6 h each day (between 10:00 and
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16:00 h): 0.7 (low) and 1.5 (high) W m~2. These UVB
levels represented daily doses of 15.2 and 32.4 kJ m™
respectively. Larvae were also exposed to a control
treatment without UVB radiation (PAR only). Radia-
tion intensities were selected taking into account nat-
ural radiation and the attenuation between water
surface and 50 cm deep on a sunny day in ECIM
coast. We provided UVB radiation under laboratory
conditions using UVB-313 EL lamps (Q-LAB), emit-
ting in the range of 280 to 360 nm, with a peak at 313
nm. The timing of the treatment (10:00 to 16:00 h)
corresponded to the time of day when the highest
UVB levels are recorded daily in Las Cruces area
(B. Carreja pers. obs.). We measured radiation inten-
sities with a PMA 2100 radiometer and a UVB sensor
(Model 6, Serial 14400, Solar Light Company) sub-
merged in the incubation tank.

Each of the vessels containing larvae was ran-
domly assigned to one experimental condition of
UVB and temperature. We did not use larvae from
the same female in the same experimental condi-
tion, and larvae from the same female were not
replicated in the whole range of experimental con-
dition. The experimental runs lasted 4 d. Between 5
and 13 replicates were run in most cases for the 2
temperatures closer to the optimum (15 and 19°C)
and between 3 and 4 replicates for the extreme tem-
peratures, due to low hatching and survival rates
(Table 1).

We measured larval mortality and performance
during the first 4 d after hatching. The duration of the
zoea | stage is approximately 10 d (Fagetti & Cam-
podoénico 1971). Larval performance was assessed by
measuring their oxygen consumption at the middle of
the experimental period (second day).

Table 1. Number of replicates for each combination of UVB
radiation daily dose (kJ m~2) and temperature for the exper-
iments conducted using Zoea I larvae of Taliepus dentatus

Temperature UVB Survival O, consump-
(°C) (kJ m™2) tion
11 0 4 4
11 15.12 4 4
15 0 12 11
15 15.12 7 6
15 32.4 5 5
19 0 13 9
19 15.12 7 5
19 32.4 6 4
23 0 3 3
23 15.12 4 3

Survival

To measure larval survival, we counted the number
of larvae that were alive and dead immediately after
turning off the UVB lamps (in all treatments, whether
exposed or not to UVB radiation). Larvae were
considered dead when they could not swim and
remained motionless on the bottom of the flasks.
Mortality was monitored daily, after UVB experi-
mental exposition. We calculate mortality rate as the
slope of the linear regression between natural loga-
rithm of larval abundance and time (days).

We used linear regression to analyze the relation-
ships between mortality rate and temperature. To be
able to test the combined effect of UVB radiation and
temperature and to evaluate if the multiple stress
resulted in synergistic, additive or antagonistic effect
on the mortality rate of the larvae, we applied a
statistical model, analyzing the variance of the linear
relationships between mortality rate and tempera-
ture in absence and presence of UVB radiation,
following Echeveste et al. (2011):

Larval mortality = al + b1-T+ a2 (UV)
+ b2 - (UV-T)

where T'is the temperature, al is the intercept on the
y-axis of the linear regression, b1 is the slope of that
linear regression, a2 is the variation of the intercept
in the presence of UVB and b2 is the variation of the
slope in the presence of UVB. When UVB was not
present, the model applies the equation: larval mor-
tality = al + T-b1, that shows the effect of increasing
temperature on the different parameters studied.
When UVB radiation was present, the model applies
the equation: larval mortality = (al + a2) + T(b1 + b2),
that shows the joint action of increasing temperature
and presence of UVB on the different parameters
that are being studied.

In order to evaluate whether doubling UVB doses,
from 15.2 to 32.4 kJ m™2 could have a synergetic
effect with temperature increase on larvae mortality,
we used a joint effect model applied to test interac-
tion by multiple stressors in other planktonic organ-
isms (Coors & DeMeester 2008). As temperature and
UVB radiation may operate at different molecular
levels in larvae, we used an IA model of joint effects
that assumes additivity and denotes synergy and
antagonism by positive and negative deviations of
the observed relative to the predicted effect, respec-
tively, as described in the analysis of multiple effects
by toxic chemicals (Payne et al. 2001). The IA model
allowed us to estimate the expected joint effects of
both stressors.
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To develop the IA model, we chose as a control the
temperature treatment showing the lowest mortality
rate (15°C). The IA model calculates the predicted
effects eni; of a mixture of known composition by
using the expression (Payne et al. 2001):

emix = 1 = TI[1 - Ej] (2)

where E; is the effect of each single stressor i. IA is a
probabilistic model, i.e. E| is a fraction of a maximal
possible effect that cannot exceed 1. When this
model is applied to proliferative effects (products of
effects), a maximal effect e,y must be defined. For
this purpose, the maximal mortality rate observed on
the zoea I larvae during the experiment was used as
a reference point, and the effects of tested tempera-
ture and UVB radiation were expressed relative to
the maximal effect (Payne et al. 2001):

E; = e;/enax 3)

where g; is the effect of each single stressor i. We
identified as synergistic effect treatments when the
observed mortality rate was significantly higher than
the predicted mortality rate ey. Student's {-test was
used to test the significance of the differences be-
tween predicted and observed effects.

The models and statistic tests were analyzed using
the program JMP, Version 9.0. The significance level
was 5 %.

Oxygen consumption

We measured oxygen consumption after exposing
the larvae to UVB treatment during the second day of
experiment, between 17:00 and 20:00 h. Two larvae
were randomly selected and placed in Hamilton
microliter precision syringes (volume 500 pl), used as
closed respiration chambers. Larvae were at the
same temperature as in the experimental tempera-
ture treatment when we measured their respiration.
They were not exposed to UVB radiation while oxy-
gen was monitored in the respiration chambers.
Blanks were run to monitor oxygen consumption in
the seawater without the presence of larvae. Oxygen
partial pressures in the respiration chamber were
recorded by oxygen micro-optodes (needle-type
fiber-optic micro sensor with flat broken tip, dia-
meter: 140 pm) connected to a Microx TX2 (PreSens).
Optodes were calibrated using an oxygen-free
solution (1 g Na,SO;3; per 100 ml distilled water) to
calibrate 0% of oxygen and aerated seawater to
calibrate 100 % of oxygen. After calibration, 2 larvae
were carefully introduced into the precision syringes,

leaving a 40 pl volume. Next, the optode was
inserted in the syringe and the sensitive tip was posi-
tioned in the middle of the respiration chamber, leav-
ing enough space for the larvae to swim freely. Meas-
urements lasted until the oxygen tension in the
chamber decreased by 20%. At the end of the oxy-
gen measurement, larvae were removed from the
chambers, carefully dried on paper and weighed on a
Sartorius BP 211 D high-precision balance. Oxygen
consumption rates were expressed as pg O, mg™
larva h™'. Due to high larval mortality at the extreme
conditions, it was not possible to replicate all combi-
nations of temperatures and UVB levels (Table 1).
Thus, for extreme temperatures we could only per-
form oxygen uptake measurements under control
and the lower dose of UVB radiation. For this reason,
we conducted 2 different 2-way ANOVA testing on
(1) the influence of UVB across the wide range of
temperatures that included extreme temperature
conditions, and (2) the influence of the full range of
UVB levels using only the 2 temperatures closer to
the optimum temperature reported for this larval
stage (Storch et al. 2009). Tukey tests were applied to
determine differences between levels.

RESULTS

Larval survival declined with time and was
strongly dependent on the different treatments,
increasing with temperature and UVB (Fig. 1). Larval
mortality rate varied highly from 0.036 + 0.007 d~'
(mean + SE) observed at 11°C to 2.2 + 0.4 d~! at 23°C
for larvae exposed to UVB. Mortality rate increased
with increasing temperature both in the absence and
presence of UVB radiation. Precisely, in the absence
of UVB radiation larval mortality was —1.95 + (0.165 x
T)d™ (r? = 0.61, p < 0.0001), while in the presence of
UVB radiation mortality was —1.37 + (0.158 x T) d~!
(r> = 0.59, p < 0.0001). Similarly, larval mortality was
significantly higher, for all temperatures tested,
when exposed to UVB radiation (p < 0.0001). These
effects were best described by the statistical model,
which showed that both temperature and UVB radia-
tion had significant effects on larval mortality rate
(Table 2). Although the mortality rate was higher at
the highest temperature and in the presence of UVB
radiation, the interaction term between these param-
eters (b2 in Eq. 1) was not significant (Table 2), indi-
cating that the effects of temperature and UVB radi-
ation on larvae mortality rate were additive (Table 2).

The IA model was applied in temperature treat-
ments where larvae were exposed to 2 levels of UVB



140 Mar Ecol Prog Ser 550: 135-145, 2016

100 - B —
g0 | 11°C ~ -

N ‘\‘+
60 | .
40 N

20 i

100

80 1

o0 \\‘ :é
401 {

20 1

100

Survival (%)
o
>

801 19°C Qs
"'. N
60 | { \ s Y

40 "\ N

N N
20 . N

100 = .\
N\
801 23°C .
60 1 c N
| -@- Control
40| _m-- LowUVB
20| A High UVB . ~

1 P ' 3 ' 4
Incubation time (d)

Fig. 1. Changes in the percent survival of Taliepus dentatus

zoea I larvae over time observed at combinations of

experimental temperature (11, 15, 19 and 23°C) and UVB

radiation treatments (control, low and high). The low and

high UVB treatments were 15.12 and 32.4 kJ m™2 daily
doses, respectively

(low and high), to check for possible stressor inter-
actions associated with the level of UVB irradiance.
Larval mortality increased relative to that in the con-
trol treatment (15°C) when larvae were exposed to
either UVB radiation or 19°C temperature (Fig. 2,
single stressors). The increase in mortality rate in
response to UVB at 15°C was higher at the highest
UVB dose tested (Fig. 2, single stressor). Larval mor-
tality also increased when exposed to multiple stres-
sors (i.e. to both increase in temperature to 19°C and
exposure to UVB radiation) but the observed mortal-
ity rate was similar to that predicted under additive
effects by the IA model (t=0.45,df =6, p= 0.33, and
t=0.02, df =5, p = 040, for low and high UVB,

Table 2. Results of the statistical model (Eq. 1) testing the

relationship between larval mortality of zoea I larvae of

Taliepus dentatus and temperature and exposure to UVB
radiation. *p < 0.05

Parameters Estimate P

al -1.90 £ 0.32 0.0001*
bl (Temperature) 0.16 £ 0.02 0.0001*
a2 (UVB) 0.47 +0.12 0.0003*
b2 (Temperature+UVB)  0.007 = 0.03 0.852

respectively), confirming, consistent with previous
analysis (Table 2), the lack of synergistic or antago-
nistic interaction between these 2 stressors when the
UVB dose was doubled (Fig. 2).

Oxygen consumption
Zoea I larvae exposed to UVB radiation showed the

highest oxygen consumption rates, and oxygen con-
sumption increased as temperatures departed from

p
oo T
15°C .|—< 1 Control
= UVB (low)
H UVB (high)
D—< M UVB + Temp
0 0.2 0.4 0.6 0.8 1

Relative mortality

Fig. 2. Observed concurrent effects of temperature and UVB
radiation on larval mortality of Taliepus dentatus and
additive effects of combined stressors predicted by the
independent action (IA) model. White bars show larvae not
exposed to UVB radiation, light grey bars larvae exposed to
low UVB radiation (UVB-L), and dark grey bars larvae
exposed to high UVB radiation (UVB-H), in each case at the
control temperature (15°C) and 19°C. Black bars show the
joint effects of UVB radiation and temperature predicted (P)
by the IA model. 'Single’ indicates treatments with 1
stressor, and ‘multiple’ indicates treatments with 2 stressors
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Table 3. Results of the 2-way ANOVA conducted to assess the
influence of UVB and temperature on oxygen consumption
(response variable) by zoea I larvae of Taliepus dentatus:
across the full range of experimental temperatures in combina-
tion with the control (no UVB radiation) and low UVB treat-
ment; and for 2 temperature treatments in combination with
the control and 2 UVB levels (low and high). High mortality
prevented analysis of oxygen consumption across the full range
of temperature treatments with high UVB levels. *p <0.05

Analysis Factor F df p
Four temperatures Temperature 10.02 1,97 0.002*
and low UVB UVB 345 3,97 0.019*

Interaction 0.33 1,97 0.8

Two temperatures Temperature 6.24 1,86 0.002*
and 2 UVB levels UVB 54 1,86 0.02*
Interaction 2.6 2,86 0.08

the optimum (15°C; Fig. 3). Moreover, oxygen con-
sumption increased with exposure to UVB radiation
with respect to the control in the same rates across
the experimental temperature range (the interaction
term was not significant: F= 0.33, df = 1,97, p = 0.8;
Table 3). Oxygen consumption was significantly
higher at 11 and 23°C than at 15 and 19°C (p < 0.05).
The same pattern was observed when we compared
UVB levels for 2 experimental temperatures (15 and
19°C; Fig. 3). Oxygen consumption increased under
UVB radiation (F= 5.4, df = 1,86, p = 0.02; Table 3)
and when temperature increased (F = 6.24, df = 1, 86,
p = 0.002; Table 2), but there was no significant inter-
action between UVB and temperature (interaction
term: F= 2,6, df = 2,86, p = 0.08; Fig. 3, Table 3).

DISCUSSION

Our results showed that survival and oxygen con-
sumption rate of the zoea I larvae stage of the
Chilean kelp crab Taliepus dentatus were signifi-
cantly affected by warming. UVB radiation also had a
significant effect, increasing larvae mortality and
oxygen consumption. However, our results show that
these 2 stressors operate on larval mortality through
additive, not synergistic, effects.

Temperature is a key driver of biological processes
(Duarte 2007) and changes in seawater temperature
can cause biological stress to early larvae stages of
marine organisms affecting their development,
behaviour and survival (Portner 2002, Anger et al.
2003, Storch et al. 2011). Zoea I larvae were highly
sensitive to temperature, as shown by the high
increase in mortality rate to the highest temperature
tested (23°C).

UVB radiation also stressed T. dentatus larvae,
causing an increase in mortality as the UVB dose
increased. This observation also agrees with previ-
ous studies conducted with early-hatched crab larvae
and other crustacean larvae showing increased
mortality under UVB radiation (Hovel & Morgan
1999, MacFadyen et al. 2004, Hernandez Moresino &
Helbling 2010, Llabrés et al. 2013). Larval mortality
could be related to the failure of the photo-repair
systems when the dose exceeds the system tolerance
limits (Damkaer et al. 1981, Damkaer & Dey 1983).
Indeed, increased mortality has been identified as
the main effect of UVB radiation on marine biota
(Llabrés et al. 2013), with early stages of marine
organisms identified as the most sensitive to UVB
radiation (Hader et al. 2011, Llabrés et al. 2013). Our
high experimental UVB dose mimicked the upper
range of natural UVB radiation in central Chile in
springtime, where the specimens were collected.
Therefore, the current natural UVB conditions in the
study area seem to influence larval survival, consid-
ering that larvae of this species have been reported
in the neuston (Palma et al. 2006, Pardo et al. 2007,
Mujica & Nava 2010) and the peak of reproduction of
brachyuran crabs match the highest UVB levels in
the southeast Pacific. Moreover, in southern Chile,
where larvae of T. dentatus are more sensible to high
temperatures (Storch et al. 2009), UVB radiation
can reach twice our maximum experimental levels
(Huovinen et al. 2006). It is also important to remark
that our study was conducted with the larval stage of
T. dentatus that shows the greatest tolerance to tem-
perature variation (Storch et al. 2011). Therefore, we
can predict a stronger effect of temperature and UVB
on larval mortality at later stages of larval develop-
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Fig. 3. Average (+SE) oxygen consumption of Taliepus den-
tatus zoea I larvae under a range of combined temperature
and UVB radiation treatments



142 Mar Ecol Prog Ser 550: 135-145, 2016

ment in southern Chile, and also on physiological
indicators.

We showed that the oxygen consumption of zoea [
larval stage increased as temperature departed from
the optimum (15°C), showing a Qo of 1.5. Our results
agree with previous studies that described a non-
linear exponential increase in oxygen consumption
with temperature in T. dentatus larvae (Storch et al.
2009). Oxygen consumption comprises the energy
demand for both maintenance and swimming activity
and thus includes elements of performance or aero-
bic scope that are crucial in setting the thermal
tolerance of zoea I (Portner & Knust 2007, Portner &
Farrell 2008). We also observed an increase in
oxygen consumption following exposure to UVB, as
previously described in other organisms, where it
was related to increasing stress (Wieland & Kiihl
2000, Alemanni et al. 2003). Oxygen consumption
increase was also related to increasing larval activity
(Alemanni et al. 2003), although this hypothesis
could not be tested properly in our study due to the
high larval mortality observed under UVB. Warming
produces a mismatch between oxygen consumption
and demand (Frederich & Poértner 2000), due to a lim-
ited capacity of ventilation at extreme temperatures
(Frederich & Portner 2000). This mismatch appears
above 19°C, as described by Storch et al. (2009),
helping to explain the high mortality rate that we
observed in our study. This suggests that UVB radia-
tion increased zoea I oxygen demand, reducing their
capacity to support thermal stress.

Increased UVB radiation and warming can affect
physiological processes in different ways, so that
organisms exposed to their joint effect may experi-
ence impacts across a broader suite of physiological
traits than when these stresses act in isolation, ampli-
fying the consequences of environmental stress (Folt
et al. 1999). We found that both stressors have signif-
icant additive effects on larval mortality, and expo-
sure to UVB increased T. dentatus mortality rate by
1.5 times (as the ratio of the linear regression’s inter-
cepts in presence and absence of UVB). Additivity of
the joint effects of temperature and UVB radiation on
larval mortality rate benefits larval survival, in con-
trast to a synergistic effect, as additive implies a sum
of each individual effect and synergism implies that
the combined effect is higher than the sum of individ-
ual effects (Folt et al. 1999). Other studies addressing
temperature effects with concurrent stressors (e.g.
acidification, light, UVB) found synergistic effects
(Herndndez Moresino & Helbling 2010, Kroeker et al.
2013, Ban et al. 2014, Przeslawski et al. 2015). The
additivity found in this study might be related to

some degree of adaptation of zoea I larvae to local
changes in environmental conditions. Heritable va-
riation in organisms’' responses to environmental
changes has already been reported in other marine
organisms (Foo et al. 2012). Moreover, Storch et al.
(2009) were able to identify differences in the ther-
mal tolerance between T. dentatus zoea I larvae sam-
pled from South and Central Chile coastal locations,
with larvae from the southern site being less tolerant
to temperature increase. Selection for most resistant
organisms to UVB could have occurred in the area in
response to a 7 to 14% decrease in stratospheric
ozone over southern Chile between 1970 and 2012
(Agusti et al. 2015). The significant tolerance to UVB
radiation in early stages and organisms from the
Southern Hemisphere (Agusti et al. 2015) has been
attributed to prolonged exposure to increased UVB,
forcing adaptive responses and the selection of the
more resistant genotypes.

The impact of global change on natural systems
results from a range of concurrent stressors (Duarte
2014). The cumulative effects of multiple stressors on
marine organisms, biogeochemistry and ecosystems
remain largely unknown (Crain et al. 2008, Achter-
berg 2014, Duarte 2014). There are still few studies
assessing the magnitude and mode of interacting
effects (additive vs. interactive), but different works
have already demonstrated that inferences made
from single-factor experiments are not valid for pre-
diction of joint effects (Hoffman et al. 2003, Gian-
guzza et al. 2014). For instance, Przeslawski et al.
(2005) showed for mollusk larvae that the inter-
actions could be complex, as increasing the degree of
stress due to concurrent stressors, like UV radiation
that increased its effect on larval mortality (up to 12
times) when it was combined with other stressors.

Our analysis identified additive effects of UVB
radiation and temperature on a species that inhabits
a region exposed to high UVB radiation (Herman
2010, Agusti et al. 2015) and to wide diurnal and sea-
sonal temperature variations (Kaplan et al. 2003).
Our results predict that zoea I larvae mortality is
expected to increase by 1.5 times when exposed to
ambient levels of UVB radiation in surface waters
and temperatures that deviate from the optimum.
This effect is higher than the average effect of UVB
on mortality of marine organisms (Llabrés et al.
2013). Additive effects allow a more reliable predic-
tion of responses to multiple stresses than is possible
when interactions between temperature and UVB
radiation occur, and also allow cumulative impacts to
be resolved (Duarte 2014). Synergistic interactions,
in contrast, are considered extremely complex and
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challenging to predict (Przeslawski et al. 2015). So,
even if this species is living in an area with a slight
drop in temperature (Falvey & Garreaud 2009), we
can predict a joint effect of UVB radiation and tem-
perature when the high temperature peak during the
day coincides with high UVB conditions. Whether
the results presented here are specific to the model
species tested or whether warming and UVB radia-
tion act, when concurrent, in an additive manner
across taxa needs to be resolved by extending the
approach presented here to other species.

Acknowledgements. This research is a contribution to the
LINCGlobal program (CSIC_PUC) and funded by the pro-
jects MEDEICG (CTM2009-07013) and EstresX (CTM2012-
32603) of the Spanish Ministry of Economy and Competi-
tiveness. We also acknowledge the assistance provided by
the staff of the ECIM and local funding provided by Fonde-
cyt 1130976.

LITERATURE CITED

Achterberg EP (2014) Grand challenges in marine bio-
geochemistry. Front Mar Sci 1:7

Agusti S, Llabrés M, Carreja B, Fernandez M, Duarte CM
(2014) Contrasting sensitivity of marine biota to UV-B
radiation between Southern and Northern hemispheres.
Estuar Coasts 38:1126-1133

Alemanni ME, Lozada M, Zagarese HE (2003) Assessing
sublethal effects of ultraviolet radiation in juvenile rain-
bow trout (Oncorhynchus mykiss). Photochem Photobiol
Sci 2:867-870

Anger K, Thatje S, Lovrich G, Calcagno J (2003) Larval an
early juvenile development of Paralomis granulosa
reared at different temperatures: tolerance of cold and
food limitation in a lithodid crab from high latitudes. Mar
Ecol Prog Ser 253:243-251

Ban SS, Graham Na J, Connolly SR (2014) Evidence for
multiple stressor interactions and effects on coral reefs.
Glob Change Biol 20:681-697

Byrne M, Przeslawski R (2013) Multistressor impacts of
warming and acidification of the ocean on marine inver-
tebrates' life histories. Integr Comp Biol 53:582-596

Carefoot TH, Harris M, Taylor BE, Donovan D, Karentz D
(1998) Mycosporine-like amino acids: possible UV pro-
tection in eggs of the sea hare Aplysia dactylomela. Mar
Biol 130:389-396

Coma R, Ribes M, Serrano E, Jiménez E, Salat J, Pascual J
(2009) Global warming-enhanced stratification and mass
mortality events in the Mediterranean. Proc Natl Acad
Sci USA 106:6176-6181

Coors A, De Meester L (2008) Synergistic, antagonistic and
additive effects of multiple stressors: predation threat,
parasitism and pesticide exposure in Daphnia magna.
J Appl Ecol 45:1820-1828

Crain CM, Kroeker K, Halpern BS (2008) Interactive and
cumulative effects of multiple human stressors in marine
systems. Ecol Lett 11:1304-1315

[] Crutzen PJ (1971) Ozone production rates in an oxygen-

hydrogen-nitrogen oxide atmosphere. J Geophys Res 76:
7311-07327

Damkaer DM, Dey DB (1983) UV damage and photoreacti-
vation potentials of larval shrimp, Pandalus platyceros,
and adult euphausiids, Thysanoessa raschii. Oecologia
60:169-175

Damkaer D, Dey D, Heron G (1981) Dose/dose-rate
responses of shrimp larvae to UV-B radiation. Oecologia
48:178-182

Duarte CM (2007) Marine ecology warms up to theory.
Trends Ecol Evol 22:331-333

Duarte CM (2014) Global change and the future ocean: a
grand challenge for marine sciences. Front Mater Sci 1:
1-16

Ditsch H (1974) The ozone distribution in the atmosphere.
Can J Chem 52:1491-1504

Echeveste P, Agusti S, Dachs J (2011) Cell size dependence
of additive versus synergetic effects of UV radiation and
PAHs on oceanic phytoplankton. Environ Pollut 159:
1307-1316

Fagetti E, Campodoénico I (1971) Desarrollo larval en el
laboratorio de Taliepus dentatus (Milne-Edwards)
(Crustacea Brachyura: Majidae Acanthonychinae).
Revista Biologia Marina 14: 1-14

Falvey M, Garreaud RD (2009) Regional cooling in a warm-
ing world: recent temperature trends in the southeast
Pacific and along the west coast of subtropical South
America (1979-2006). J Geophys Res 114:D04102, doi:
10.1029/2008JD010519

Ferrier-Pages C, Richard C, Forcioli D, Allemand D, Pichon
M, Malcolm Shick J (2007) Effects of temperature and
UV radiation increases on the photosynthetic efficiency
in four scleractinian coral species. Biol Bull 213:76-87

Folt CL, Chen CY, Moore MV, Burnaford J, Henry R, Hall J,
Baumgartner K (1999) Synergism and antagonism
among multiple stressors. Limnol Oceanogr 44:864-877

Foo SA, Dworjanyn SA, Poore AGB, Byrne M (2012) Adap-
tive capacity of the habitat modifying sea urchin Cen-
trostephanus rodgersii to ocean warming and ocean
acidification: performance of early embryos. PLoS ONE
7:e42497

Frederich M, Portner HO (2000) Oxygen limitation of
thermal tolerance defined by cardiac and ventilatory
performance in spider crab, Maja squinado. Am J Physiol
279:R1531-R1538

Gianguzza P, Visconti G, Gianguzza F, Vizzini S, Sara G,
Dupont S (2014) Temperature modulates the response of
the thermophilous sea urchin Arbacia lixula early life
stages to CO,-driven acidification. Mar Environ Res 93:
70-77

Hader DP, Helbling EW, Williamson CE, Worrest RC (2011)
Effects of UV radiation on aquatic ecosystems and inter-
actions with climate change. Photochem Photobiol Sci
10:242-260

Hansson LA, Hylander S, Sommaruga R (2007) Escape from
UV threats in zooplankton: a cocktail of behavior and
protective pigmentation. Ecology 88:1932-1939

Hawkins SJ, Mooren PJ, Burrows MT, Poloczanska E and
others (2008) Complex interactions in a rapidly changing
world: responses of rocky shore communities to recent
climate change. Clim Res 37:123-133

Helbling EW, Zaratti F, Sala LO, Palenque ER, Menchi CF,
Villafane VE (2002) Mycosporine-like amino acids pro-
tect the copepod Boeckella titicacae (Harding) against
high levels of solar UVR. J Plankton Res 24:225-234

Herman JR (2010) Global increase in UV irradiance during
the past 30 years (1979-2008) estimated from satellite


http://dx.doi.org/10.1029/2009JD012219
http://dx.doi.org/10.1093/plankt/24.3.225
http://dx.doi.org/10.3354/cr00768
http://dx.doi.org/10.1890/06-2038.1
http://dx.doi.org/10.1039/c0pp90036b
http://dx.doi.org/10.1016/j.marenvres.2013.07.008
http://dx.doi.org/10.1371/journal.pone.0042497
http://dx.doi.org/10.4319/lo.1999.44.3_part_2.0864
http://dx.doi.org/10.2307/25066620
http://dx.doi.org/10.1016/j.envpol.2011.01.023
http://dx.doi.org/10.1139/v74-220
http://dx.doi.org/10.3389/fmars.2014.00063
http://dx.doi.org/10.1016/j.tree.2007.04.001
http://dx.doi.org/10.1007/BF00347960
http://dx.doi.org/10.1007/BF00379518
http://dx.doi.org/10.1029/JC076i030p07311
http://dx.doi.org/10.1111/j.1461-0248.2008.01253.x
http://dx.doi.org/10.1111/j.1365-2664.2008.01566.x
http://dx.doi.org/10.1073/pnas.0805801106
http://dx.doi.org/10.1007/s002270050259
http://dx.doi.org/10.1093/icb/ict049
http://dx.doi.org/10.1111/gcb.12453
http://dx.doi.org/10.3354/meps253243
http://dx.doi.org/10.1039/b301564e
http://dx.doi.org/10.1007/s12237-014-9790-9
http://dx.doi.org/10.3389/fmars.2014.00007

144 Mar Ecol Prog Ser 550: 135-145, 2016

data. J Geophys Res 115:D04203, doi: 10.1029/2009JD
012219

Hernédndez Moresino RD, Helbling EW (2010) Combined
effects of UVR and temperature on the survival of crab
larvae (Zoea I) from Patagonia: the Role of UV absorbing
compounds. Mar Drugs 8:1681-1698

Heugens EH, Hendriks AJ, Dekker T, van Straalen NM,
Admiraal W (2001) A review of the effects of multiple
stressors on aquatic organisms and analysis of uncer-
tainty factors for use in risk assessment. Crit Rev Toxicol
31:247-284

Hoffman JR, Hansen LJ, Klinger T (2003) Interactions
between UV radiation and temperature limit inferences
from single-factor experiments. J Phycol 39:268-272

Hovel KA, Morgan SG (1999) Susceptibility of estuarine
crab larvae to ultraviolet radiation. J Exp Mar Biol Ecol
237:107-125

Huovinen P, Gémez I, Lovengreen C (2006) A five-year
study of solar ultraviolet radiation in southern Chile (39°
S): potential impact on physiology of coastal marine
algae? Photochem Photobiol 82:515-522

Hylander S, Hansson LA (2010) Vertical migration mitigates
UV effects on zooplankton community composition.
J Plankton Res 32:971-980

Jorda G, Marba N, Duarte CM (2012) Mediterranean sea-
grass vulnerable to regional climate warming. Nat Clim
Change 2:821-824

Kaplan DM, Largier JL, Navarrete S, Guinez R, Castilla JC
(2003) Large diurnal temperature fluctuations in the
nearshore water column. Estuar Coast Shelf Sci 57:
385-398

Kroeker KJ, Kordas RL, Crim R, Hendriks IE and others
(2013) Impacts of ocean acidification on marine organ-
isms: quantifying sensitivities and interaction with
warming. Glob Change Biol 19:1884-1896

Llabrés M, Agusti S, Ferndndez M, Canepa A, Maurin F,
Vidal F, Duarte CM (2013) Impact of elevated UVB
radiation on marine biota: a meta-analysis. Glob Ecol
Biogeogr 22:131-144

MacFadyen EJ, Williamson CE, Grad G, Lowery M, Jeffrey
WH, Mitchell DL (2004) Molecular response to climate
change: temperature dependence of UV-induced DNA
damage and repair in the freshwater crustacean Daphnia
pulicaria. Glob Change Biol 10:408-416

Mujica A, Nava ML (2010) Vertical distribution of plank-
tonic decapods crustacean larvae in oriental channels of
the Chiloé Island, Chile. Lat Am J Aquat Res 38:95-106

Munakata N, Kazadzis S, Bolseé D, Schuch N and others
(2009) Variations and trends of biologically effective
doses of solar ultraviolet radiation in Asia, Europe and
South America from 1999 to 2007. Photochem Photobiol
Sci 8:1117-1124

O'Connor MI, Bruno JF, Gaines SD, Halpern BS, Lester SE,
Kinlan BP, Weiss M (2007) Temperature control of larval
dispersal and the implications for marine ecology, evolu-
tion and conservation. Proc Natl Acad Sci USA 104:
1266-1271

Palma AT, Pardo LM, Veas R, Cartes C and others (2006)
Coastal brachyuran decapods : settlement and recruit-
ment under contrasting coastal geometry conditions.
Mar Ecol Prog Ser 316:139-153

[] Pardo LM, Palma AT, Prieto C, Sepulveda P, Valdivia I,

Ojeda FP (2007) Processes regulating early post-settle-
ment habitat use in a subtidal assemblage of brachyuran
decapods. J Exp Mar Biol Ecol 344:10-22

Parker LM, Ross PM, O'Connor WA (2009) The effect of
ocean acidification and temperature on the fertilization
and embryonic development of the Sydney rock oyster
Saccostrea glomerata (Gould 1850). Glob Change Biol
15:2123-2136

Payne J, Scholze M, Kortenkamp A (2001) Mixtures of four
organochlorines enhance human breast cancer cell pro-
liferation. Environ Health Perspect 109:391-397

Portner HO (2001) Climate change and temperature-
dependent biogeography: oxygen limitation of thermal
tolerance in animals. Naturwissenschaften 88:137-146

Portner HO (2002) Review: climate variations and the phys-
iological basis of temperature dependent biogeography:
systemic to molecular hierarchy of thermal tolerance in
animals. Comp Biochem Physiol A 132:739-761

Portner HO, Farrell AP (2008) Physiology and climate
change. Science 322:690-692

Portner HO, Knust R (2007) Climate change affects marine
fishes through the oxygen limitation of thermal toler-
ance. Science 315:95-97

Przeslawski R (2004) A review of the effects of environmen-
tal stress on embryonic development within intertidal
gastropod egg masses. Molluscan Res 24:43-63

Przeslawski R, Davis AR, Benkendorff D (2005) Synergistic
effects associated with climate change and the develope-
ment of rocky shore mollusc. Glob Change Biol 11:
515-522

Przeslawski R, Byrne M, Mellin C (2015) A review and meta-
analysis of the effects of multiple abiotic stressors on
marine embryos and larvae. Glob Change Biol 21:
2122-2140

Pulgar JM, Ojeda FP, Bozinovic F (2006) Intraspecific geo-
graphic and seasonal physiological variability in an inter-
tidal fish, Girella laevifrons, along a climatic gradient.
J Fish Biol 68:975-981

Rocco VE, Oppezzo O, Pizarro R, Sommaruga R, Ferraro M,
Zagarese HE (2002) Ultraviolet damage and counter-
acting mechanisms in the freshwater copepod Boeckella
poppei from the Antarctic Peninsula. Limnol Oceanogr
47:829-836

Schisler GJ, Bergersen EP, Walker PG (2000) Effects of
multiple stressors on morbidity and mortality of finger-
ling rainbow trout infected with Myxobolus cerebralis.
Trans Am Fish Soc 129:859-865

Sett S, Bach LT, Schulz KG, Koch-Klavsen S, Lebrato M,
Riebesell U (2014) Temperature modulates coccolitho-
phorid sensitivity of growth, photosynthesis and calcifi-
cation to increasing seawater pCO,. PLoS ONE 9:e88308

Sinha RP, Hader DP (2002) UV-induced DNA damage and
repair: a review. Photochem Photobiol Sci 1:225-236

Somero GN (2010) The physiology of climate change: how
potentials for acclimatization and genetic adaptation will
determine ‘winners’ and 'losers’. J Exp Biol 213:912-920

Storch D, Santelices P, Barria J, Cabeza K, Portner HO,
Fernandez M (2009) Thermal tolerance of crustacean lar-
vae (zoea I) in two different populations of the kelp crab
Taliepus dentatus (Milne-Edwards). J Exp Biol 212:
1371-1376

Storch D, Fernandez M, Navarrete S, Portner HO (2011)
Thermal tolerance of larval stages of the Chilean kelp
crab Taliepus dentatus. Mar Ecol Prog Ser 429:157-167

Strub PT, Mesias JM, Montecino V, Rutllant J, Salinas S
(1998) Coastal ocean circulation off western South Amer-
ica. In: Robinson AR, Brink KH (eds) The sea. John Wiley
& Sons, New York, NY, p 273-314


http://dx.doi.org/10.3354/meps09059
http://dx.doi.org/10.1242/jeb.030205
http://dx.doi.org/10.1242/jeb.037473
http://dx.doi.org/10.1039/b201230h
http://dx.doi.org/10.1371/journal.pone.0088308
http://dx.doi.org/10.1577/1548-8659(2000)129%3C0859%3AEOMSOM%3E2.3.CO%3B2
http://dx.doi.org/10.4319/lo.2002.47.3.0829
http://dx.doi.org/10.1111/j.0022-1112.2006.00979.x
http://dx.doi.org/10.1111/gcb.12833
http://dx.doi.org/10.1111/j.1365-2486.2005.00918.x
http://dx.doi.org/10.1071/MR04001
http://dx.doi.org/10.1126/science.1135471
http://dx.doi.org/10.1126/science.1163156
http://dx.doi.org/10.1016/S1095-6433(02)00045-4
http://dx.doi.org/10.1007/s001140100216
http://dx.doi.org/10.1289/ehp.01109391
http://dx.doi.org/10.1111/j.1365-2486.2009.01895.x
http://dx.doi.org/10.1016/j.jembe.2006.12.024
http://dx.doi.org/10.3354/meps316139
http://dx.doi.org/10.1073/pnas.0603422104
http://dx.doi.org/10.1039/b906975e
http://dx.doi.org/10.3856/vol38-issue1-fulltext-9
http://dx.doi.org/10.1111/j.1529-8817.2003.00750.x
http://dx.doi.org/10.1111/j.1466-8238.2012.00784.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23505245&dopt=Abstract
http://dx.doi.org/10.1016/S0272-7714(02)00363-3
http://dx.doi.org/10.1093/plankt/fbq037
http://dx.doi.org/10.1562/2005-07-05-RA-601
http://dx.doi.org/10.1016/S0022-0981(98)00221-4
http://dx.doi.org/10.1046/j.1529-8817.2003.01111.x
http://dx.doi.org/10.1080/20014091111695
http://dx.doi.org/10.3390/md8051681

Carreja et al.: Additive UVB and temperature effects on kelp crab 145

[] Tartarotti B, Sommaruga R (2006) Seasonal and ontogenetic ment of invertebrates in central Chile. Estuar Coast Shelf
changes of mycosporine-like amino acids in planktonic Sci 61:603-612
organisms from an alpine lake. Limnol Oceanogr 51: [] Weatherhead EC, Andersen SB (2006) The search for signs
1530-1541 of recovery of the ozone layer. Nature 441:39-45
[] Tedetti M, Sempéré R (2006) Penetration of ultraviolet radi- [] Weiss M, Thatje S, Heilmayer O (2010) Temperature effects
ation in the marine environment. A review. Photochem on zoeal morphometric traits and intraspecific variability
Photobiol 82:389-397 in the hairy crab Cancer setosus across latitude. Helgol
Trenberth KE, Jones PD, Ambenje P, Bojariu R and others Mar Res 64:125-133
(2007) Observations: surface and atmospheric climate [] Wieland A, Kiithl M (2000) Irradiance and temperature regu-
change. In: Solomon S, Qin D, Manning H, Chen Z and lation of oxygenic photosynthesis and O, consumption in
others (eds) Climate change 2007: the physical science a hypersaline cyanobacterial mat (Solar Lake, Egypt).
basis. Contribution of Working Group I to the Fourth Mar Biol 137:71-85
Assessment report of the Intergovernmental Panel on [] Wofsy C, Mcelroy MB, Yung YL (1975) The chemistry of
Climate Change. Cambridge University Press, Cam- atmospheric bromine. Geophys Res Lett 2:215-218
bridge, p 237-336 [1 Zengling MA, Wei LI, Kunshan GAO (2010) Horizontal mi-
[1 Vargas CA, Narvdez DA, Pinones A, Venegas RM, Navar- gration of Acartia pacifica Steuer (Copepoda) in response
rete SA (2004) Internal tidal bore warm fronts and settle- to UV-radiation. J Photochem Photobiol B 101:233-237
Editorial responsibility: Steven Morgan, Submitted: October 20, 2015; Accepted: March 30, 2016

Bodega Bay, California, USA Proofs received from author(s): May 15, 2016


http://dx.doi.org/10.1016/j.jphotobiol.2010.07.008
http://dx.doi.org/10.1029/GL002i006p00215
http://dx.doi.org/10.1007/s002270000331
http://dx.doi.org/10.1007/s10152-009-0173-8
http://dx.doi.org/10.1038/nature04746
http://dx.doi.org/10.1016/j.ecss.2004.07.006
http://dx.doi.org/10.1562/2005-11-09-IR-733
http://dx.doi.org/10.4319/lo.2006.51.3.1530

	cite10: 
	cite12: 
	cite21: 
	cite16: 
	cite30: 
	cite18: 
	cite32: 
	cite27: 
	cite41: 
	cite4: 
	cite36: 
	cite50: 
	cite34: 
	cite52: 
	cite45: 
	cite54: 
	cite47: 
	cite61: 
	cite56: 
	cite49: 
	cite63: 
	cite65: 
	cite72: 
	cite67: 
	cite74: 
	cite69: 
	cite76: 
	cite83: 
	cite78: 
	cite85: 
	cite90: 
	cite87: 
	cite1: 
	cite92: 
	cite5: 
	cite9: 
	cite13: 
	cite20: 
	cite22: 
	cite15: 
	cite24: 
	cite17: 
	cite26: 
	cite40: 
	cite28: 
	cite42: 
	cite35: 
	cite37: 
	cite44: 
	cite39: 
	cite46: 
	cite55: 
	cite48: 
	cite71: 
	cite57: 
	cite59: 
	cite73: 
	cite80: 
	cite68: 
	cite82: 
	cite91: 
	cite93: 
	cite88: 
	cite95: 
	cite7: 


