@° PLOS | ONE

Check for
updates

G OPEN ACCESS

Citation: Vinagre C, Mendonga V, Cereja R, Abreu-
Afonso F, Dias M, Mizrahi D, et al. (2018)
Ecological traps in shallow coastal waters—
Potential effect of heat-waves in tropical and

temperate organisms. PLoS ONE 13(2): e0192700.

https://doi.org/10.1371/journal.pone.0192700

Editor: Daniel E. Naya, Universidad de la Republica
Uruguay, URUGUAY

Received: July 3, 2017
Accepted: January 29, 2018
Published: February 8, 2018

Copyright: © 2018 Vinagre et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This study had the support of the
Portuguese Foundation for Science and
Technology through the WarmingWebs project,
PTDC/MAR-EST/2141/2012, the “Investigador
FCT” position granted to C. Vinagre and the
strategic project UID/MAR/04292/2013 granted to
MARE. The funders had no role in study design,
data collection and analysis, decision to publish, or
preparation of the manuscript.

RESEARCH ARTICLE

Ecological traps in shallow coastal waters—
Potential effect of heat-waves in tropical and
temperate organisms

Catarina Vinagre'*, Vanessa Mendonca', Rui Cereja’, Francisca Abreu-Afonso’,
Marta Dias’, Damian Mizrahi2, Augusto A. V. Flores?

1 MARE-Marine and Environmental Sciences Centre, Universidade de Lisboa, Faculdade de Ciéncias,
Campo Grande, Lisboa, Portugal, 2 Centro de Biologia Marinha, Universidade de Sdo Paulo, Rod. Manoel
Hipdlito do Rego, S&o Sebastido, SP, Brazil

* cmvinagre @fc.ul.pt

Abstract

Mortality of fish has been reported in tide pools during warm days. That means that tide
pools are potential ecological traps for coastal organisms, which happen when environmen-
tal changes cause maladaptive habitat selection. Heat-waves are predicted to increase in
intensity, duration and frequency, making it relevant to investigate the role of tide pools as
traps for coastal organisms. However, heat waves can also lead to acclimatization. If organ-
isms undergo acclimatization prior to being trapped in tide pools, their survival chances may
increase. Common tide pool species (46 species in total) were collected at a tropical and a
temperate area and their upper thermal limits estimated. They were maintained for 10 days
at their mean summer sea surface temperature +3°C, mimicking a heat-wave. Their upper
thermal limits were estimated again, after this acclimation period, to calculate each species’
acclimation response. The upper thermal limits of the organisms were compared to the tem-
peratures attained by tide pool waters to investigate if 1) tide pools could be considered eco-
logical traps and 2) if the increase in upper thermal limits elicited by the acclimation period
could make the organisms less vulnerable to this threat. Tropical tide pools were found to be
ecological traps for an important number of common coastal species, given that they can
attain temperatures higher than the upper thermal limits of most of those species. Tide
pools are not ecological traps in temperate zones. Tropical species have higher thermal lim-
its than temperate species, but lower acclimation response, that does not allow them to sur-
vive the maximum habitat temperature of tropical tide pools. This way, tropical coastal
organisms seem to be, not only more vulnerable to climate warming per se, but also to an
increase in the ecological trap effect of tide pools.

Introduction

Ecological traps, which happen when environmental changes cause maladaptive habitat selec-
tion, have been identified for many species, in diverse ecosystems, most of them terrestrial [1-
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3]. They are likely to increase local extinction risk, thus understanding where they may occur
and what species will be affected is important for conservation biology. Global warming has
the potential to dramatically change environments worldwide. These changes should occur at
rapid rates exposing animals to conditions they have not experienced in their evolutionary
history.

Shallow coastal waters are among the habitats where the impacts of climate warming will be
apparent more rapidly, making these areas useful natural laboratories, not only for the study of
community dynamics as they traditionally have been, but also for climate change research [4-
11]. Their low depth means that they have a lower thermal inertia than open-ocean waters,
and that their thermal regime is affected by both oceanographic and atmospheric conditions.
In fact, such habitats have been considered early warning systems for climate change impacts
[4]. These shallow coastal waters are among the most productive ecosystems in the world and
provide shelter and nursery grounds to many species, including important commercial species
of fish, crustaceans and cephalopods [12-14].

Among shallow-water habitats, tide pools are probably the best sentinels to assess the
impacts of global warming on marine assemblages. Tide pools add important niche space to
coastal habitats and commonly host diverse biological communities [15]. They often support
important macroalgal canopy [16, 17] that creates a tridimensional environment with abun-
dant shelter and food resources for small organisms that are in turn prey to secondary con-
sumers [18, 19]. While using the tide pool environment, however, small invertebrates and fish
find refuge from most predators, since low depth excludes large consumers. Due to these
favourable conditions, tide pools are often nursery areas for larvae and juveniles of marine fish
and shrimp [20-22]. However, these small water bodies have much lower thermal inertia than
surrounding nearshore waters, occasionally attaining exceedingly high temperatures, mostly
during summer ebb-tide periods and especially in higher tide pools [23]. Very fast variation of
air temperature can lead to lethal conditions and may result in mass mortality of many differ-
ent species, as repeatedly observed in tropical shores [23-25]. Natural selection of behavioral
and other physiological traits may not catch up with the ongoing trend of increased warming,
leading to maladaptive selection of tide-pool habitats [26-29]. This scenario is consistent to
the ecological trap concept, initially coined for maladaptive nesting bird strategies [1], and ver-
ified for a wide range of taxa [2, 3], including the well-known case of insect attraction to polar-
ized light causing death upon contact [2].

Heat-waves occur when the daily maximum temperature of more than five consecutive
days exceeds the average maximum temperature by 5°C (the average maximum being esti-
mated for the period 1961-1990). They are predicted to increase in intensity, duration and fre-
quency as a consequence of climate change. However, most studies on the effects of warming
on living organisms focus on mean temperatures and fail to address the potential impacts of
the predicted change in the severity and the temporal occurrence of heat waves [30]. Since tide
pool waters are very sensitive to heat waves, it becomes important to study the role of tide
pools as ecological traps. If heat-wave induced mortality events are already observed at tide
pools [24, 25], it is reasonable to assume they will become more frequent in the future due to
climate warming. However, heat waves can also lead to acclimatization of the upper thermal
limits of tide pool dwellers. If organisms undergo acclimatization prior to being trapped in
tide pools, their survival chances may increase.

Also relevant is the ongoing debate on whether tropical species are more vulnerable to cli-
mate warming than temperate species. This has important implications for conservation prior-
ities at a global scale. The rate of climate warming is predicted to be lower in the tropics than
in temperate zones [31, 32]. However, species that evolved in more thermally stable environ-
ments, like the tropics, may suffer disproportionately from small increases in temperature,
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while species that live in strongly seasonal environments, like temperate zones, prone to wider
temperature variation, may tolerate greater temperature shifts [33-36]. This way, tropical
organisms would be more vulnerable to future warming than their temperate counterparts
[33]. Although tolerating higher temperatures, tropical species exhibit lowest thermal plastic-
ity, as predicted by the “trade-off hypothesis” [37-39]. Moreover, several studies have shown
that more tolerant species are actually living closer to their upper thermal limits [23, 40, 41].

Thermal vulnerability will ultimately depend on the organisms’ thermal window, acclima-
tion response and genetic adaptation potential [42], which remain unknown for most species.
Evaluating the effects of heat waves on tropical and temperate species, particularly on whether
warming episodes elicit an increase of their thermal limits, and by how much, is a critical task
for a more realistic assessment of the impact of global warming on coastal marine organisms.
In the present work, we set out to test if an increase in temperature, consistent with that
attained by subtidal waters during heat waves (10 days at +3°C = “heat wave experiment”) [43,
44] can elicit an increase in the upper thermal limits of tropical and temperate coastal organ-
isms. We aimed to test realistic temperatures and we used a dynamic method, the critical ther-
mal maximum, which mimics the natural thermal ramp that occurs in tide pools in summer
[23], to determine the upper thermal limits of these organisms, before and after the “heat wave
experiment”. Finally, we compared the temperatures attained at natural tide pools and the
upper thermal limits of the organisms tested to verify if (1) tide pools could be considered eco-
logical traps, and whether (2) the increase in upper thermal limits elicited by the “heat wave
experiment” could acclimate tested organisms, reducing their vulnerability to further heat
stress. The effects of region (tropical vs temperate) and taxonomic group (mollusks, crusta-
ceans and fish) on the acclimation response, and both the average and the among-individual
variation of upper thermal limits (respectively indicating tolerance and potential for local
selection), were tested.

Material and methods

The authors declare that the experiments followed the Portuguese and Brazilian legislation for
animal experimentation. Ethics committees in Portugal and Brazil specifically authorized this
experiment. Authorization document 0421/000/000/2013 from the Portuguese authorities
(DGAYV) and 13.1.981.53.7 from the Brazilian authorities (CEUA, USP—Ribeirio Preto).

Study areas

Mollusks, crustaceans and fish were collected in a tropical and a temperate coastal area, in
Southeastern Brazil (Sdo Sebastido-Ubatuba, Sao Paulo State) and Central Portugal Portugal
(Cascais—Avencas), respectively, in the summer of 2015. Two sites, distanced approximately 70
km, were chosen in each area for the sampling of organisms (23°49’S; 45°25°W and 23°27’S;
45°03’W in Brazil and 38°41’ N; 9°21' W and 38° 26’N; 8°50'W in Portugal). Tides are semidi-
urnal in both areas. All the tide pools selected for this study (seven pools in each area) were
located in the lower intertidal, where a higher diversity of species occurs. Similarly sized pools
were selected, with a mean depth of 0.3 m and a maximum depth of 0.5 m. All species exam-
ined in this study make extensive use of lower tide pools. In order to assess whether or not
tide-pools may act as ecological traps in the sampled regions, temperature datasets obtained
using Onset Hobo V2 and Maxim iButtons probes deployed at the bottom of random tide
pools during the summer of 2014 and 2015 at Cascais-Avencas (summer 2014, 2015, Central
Portugal), and during the summer of 2016 at Calhetas (Sao Sebastido, Brazil), were examined.
First, we compared equivalent datasets at specific periods from just a few days before (3-6 d)
to the end of the warmest season in central Portugal (maximum daily averages over 26°C,
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from June 19 to September 22) and the warmest season in Sdo Paulo, Brazil (over 27°C, from
January 3 to March 20), according to historical data (weatherspark.com). Then we compiled
all available data for a more precise estimation of extreme temperature percentiles (Pgg 5, Pog o,
pos), which unlike maximum temperature records are not affected by sample size (Fig 1).

Species tested

In total 46 coastal species were tested, 23 tropical species and 23 temperate species. Both tran-
sient and resident species were tested. The tropical species studied were the mollusks Lottia
subrugosa (d’Orbigny, 1846), Morula nodulosa (C.B. Adams, 1845), Echinolittorina lineolata
(d’Orbigny, 1840), Stramonita haemastoma (Linnaeus, 1767), Strombus pugilis Linnaeus, 1758,
Tegula viridula (Gmelin, 1791); the crustaceans Callinectes danae Smith, 1869, Clibanarius
antillensis Stimpson, 1859, Epialtus brasiliensis Dana, 1852, Eriphia gonagra (Fabricius, 1781),
Eurypanopeus abbreviatus (Stimpson 1860), Menippe nodifrons Stimpson 1859, Microphrys
bicornutus (Latreille, 1825), Pachygrapsus transversus (Gibbes 1850), Pagurus brevidactylus
(Stimpson, 1859), Palaemon northropi (Rankin 1898), Panopeus americanus Saussure, 1857;
and the teleost fish Abudefduf saxatilis (Linnaeus, 1758), Bathygobius soporator (Valenciennes
1837), Diplodus argenteus (Valenciennes, 1830), Eucinostomus melanopterus (Bleeker 1863),
Odontesthes argentinensis (Valenciennes, 1835) and Scartella cristata (Linnaeus 1758).

The temperate species studied were the mollusks Acanthochitona crinita (Pennant, 1777),
Calliostoma zizyphinum (Linnaeus, 1758), Cerithium vulgatum Bruguiere, 1792, Gibbula umbi-
licalis (da Costa, 1778), Lepidochitona cinerea (Linnaeus, 1767), Melarhaphe neritoides (Lin-
naeus, 1758), Nassarius reticulatus (Linnaeus, 1758), Ocenebra erinaceus (Linnaeus, 1758),
Phorcus lineatus (da Costa, 1778), Mytilus galloprovincialis Lamarck, 1819; the crustaceans
Pagurus prideaux Leach, 1815, Pagurus bernhardus (Linnaeus, 1758), Palaemon elegans
(Rathke 1837), Palaemon serratus (Pennant 1777), Pirimela denticulata (Montagu, 1808),
Lophozozymus incisus (Milne-Edwards 1834); and the teleost fish Coryphoblennius galerita
(Linnaeus, 1758), Diplodus sargus (Linnaeus, 1758), Gobius paganellus Linnaeus, 1758, Lepado-
gaster lepadogaster (Bonnaterre, 1788), Lipophrys pholis (Linnaeus, 1758), Pomatoschistus
microps (Kroyer 1838) and Syngnathus acus Linnaeus, 1758.

Acclimation conditions and critical thermal maxima

The organisms were collected in tide pools, by hand or with hand-nets, and transported to the lab-
oratory. They were kept in closed-system aquaria with constant temperature, aerated sea water
and salinity of 35%o. The dissolved O, level varied between 95% and 100%. Each individual aquar-
ium was 25 x 25 x 25 cm. The individuals of each species were randomly placed in two aquaria,
species were separated to avoid the additional stress of inter-species agonistic relations and/or
predator-prey behavior. Organisms were fed daily ad libitum and starved for 24h prior to temper-
ature trials. Fish, crabs and shrimp were fed with frozen shrimp muscle and commercial fish pel-
lets (commercial brand Continente, Portugal). Omnivorous and herbivorous mollusks were given
natural rocks covered with the macroalgae Ulva sp. and commercial fish pellets.

Organisms were kept for seven days at the same temperature as the habitat temperature
found in the natural environment at the time of capture, 29.0°C (+0.5°C) for tropical organ-
isms and 22.0°C (+£0.5°C) for temperate ones, to ensure that all had a similar recent thermal
history and minimal thermal disturbance. At the end of this 7-day period, the critical thermal
maximum (CTMax) was determined for a subset of these organisms to determine control val-
ues of CTMax (CTMaX ontrol)-

Afterwards, organisms were acclimated for 10 days at 3°C above the acclimation tempera-
ture, 32°C for tropical organisms and 25°C for temperate ones, mimicking a heat wave period
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Fig 1. Overall temperature frequency distributions at tide-pools continuously monitored at Avencas (Portugal) and Calhetas
(Brazil) during summer. Data from Avencas was obtained from six replicate pools; two sampled at 15 min intervals in 2014 over 4 d
and four sampled hourly in 2015 over 2d. Data from Calhetas was obtained from six replicate pools sampled continuously over 56 d
at 2 h intervals during the summer of 2015/6.

https://doi.org/10.1371/journal.pone.0192700.9001

in nature [43, 44]. At the end of this 10 day-period, CTMax was estimated for another subset
of individuals of each species (CTMax gays)- Although the experiment was sequential, differ-
ent organisms of each species were tested in each CTMax trial, i.e. no organism was exposed to
more than one CTMax trial (all individuals that were subjected to a CTMax trial were excluded
from the remaining experiment).

The CTMax method is a widely used dynamic method of quantifying the upper thermal
limits of ectothermic vertebrates and invertebrates [23, 45-49]. It is determined by exposing
the organisms to a constant thermal ramp until a critical point is reached (e.g. loss of balance
[50-52]). [46] defined CTMax as the “arithmetic mean of the collective thermal points at
which the end-point is reached”, the end-point being loss of equilibrium. In shrimp and fish,
loss of equilibrium was defined as the point when individuals could not swim straight and
started moving in an angled position. Crabs were forced upside down with tweezers, and an
end-point was recorded if they were unable to get back upright. These criteria are the same fol-
lowed by [53] and [23, 54]. Gastropods were placed in a transparent container and allowed to
attach to its walls and move around, inactive specimens were discarded [55]. Every 10 min,
containers were tipped over to identify which organisms could remain attached and which had
reached CTMax, by losing their attachment [56]. Bivalves were continuously observed and
CTMax was determined when they opened their valves and relaxed their foot muscle,
simultaneously.

All organisms were subjected to a thermostatic bath with a constant rate of water-tempera-
ture increase of 1°C/15 min, with constant aeration and observation, until they reached the
end-point. This temperature ramp is consistent to what can be found in tide pools during sum-
mer days, following the recommendations of [57] for the use of ecologically realistic warming
ramps. The experiments were carried out in shaded day light (14 L; 10D). The temperature at
which each animal reached its end-point was measured with a digital thermometer and
registered.

The total length of all individuals was measured at the end of the CTMax experiment
(Table 1). Fish were measured with an ichthyometer (total length) and shrimps (total length),
crabs (maximum carapace width) and mollusks (maximum shell length) with a digital slide
caliper. Sample sizes were similar to those used by [46], [53] and [23, 54] (Table 1).

Data analyses

CTMax. The upper thermal limits for each species were calculated using the equation:
CTMaX(species) = Z(Tendfpoint n)/n

Where Teng-point is the temperature at which the end-point was reached for any given individ-
ual, and n stands for sample size.

To estimate intraspecific variability of the CTMax, the 95% confidence interval was esti-
mated for each species.

Acclimation response

The acclimation response was defined as the difference between the CTMax after warming
(CTMax;ggays) and the CTMax registered after the control period (CTMaX ontro)-
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Table 1. Taxonomic group, sample size and mean length of the individuals used to estimate the CTMaXconro1 and the CTMaxyg gays-

CTMax ontrol CTMaxig days

Taxonomic group Sample size Length (mm) s.d. Sample size Length (mm) s.d.
Tropical species
Lottia subrugosa Mollusca 19 13.4 3.2 20 13.0 1.9
Morula nodulosa Mollusca 29 16.0 2.9 21 17.8 1.8
Echinolittorina lineolata Mollusca 15 3.8 0.9 14 3.9 0.9
Stramonita haemastoma Mollusca 10 31.4 8.3 15 28.7 6.3
Strombus pugilis Mollusca 13 62.8 16.2 5 72.2 2.2
Tegula viridula Mollusca 15 23.1 1.1 10 21.2 2.3
Callinectes danae Crustacea 9 36.8 19.2 10 58.1 8.5
Clibanarius antillensis Crustacea 16 25.4 5.6 7 29.1 6.5
Epialtus brasiliensis Crustacea 15 5.3 1.1 19 5.1 0.8
Eriphia gonagra Crustacea 7 28.1 2.7 7 31.8 6.2
Eurypanopeus abbreviatus Crustacea 64 15.3 2.9 70 17.5 3.9
Menippe nodifrons Crustacea 39 24.9 7.6 48 22.0 7.1
Microphrys bicornutus Crustacea 5 13.6 4.2 6 6.0 1.4
Pachygrapsus transversus Crustacea 32 10.8 3.9 33 13.7 4.3
Pagurus brevidactylus Crustacea 12 18.4 4.8 10 15.7 2.7
Palaemon northropi Crustacea 55 24.7 7.6 57 25.2 4.6
Panopeus americanus Crustacea 17 7.8 2.3 12 8.3 1.3
Abudefduf saxatilis Fish 16 22.1 5.6 15 23.8 2.9
Bathygobius soporator Fish 14 36.1 15.4 19 31.0 11.9
Diplodus argenteus Fish 7 44.1 84 12 45.5 11.3
Eucinostomus melanopterus Fish 12 30.3 8.6 7 29.8 6.3
Odontesthes argentinensis Fish 11 35.2 12.0 7 45.5 12.0
Scartella cristata Fish 25 41.7 11.5 19 42.2 16.9
Temperate species
Acantochitona crinita Mollusca 7 9.1 1.7 5 13.0 2.4
Calliostoma zizyphinum Mollusca 6 16.2 3.9 9 13.0 1.8
Cerithium vulgatum Mollusca 9 35.0 3.8 9 34.6 4.4
Gibbula umbilicalis Mollusca 10 11.7 2.6 6 10.8 1.0
Lepidochitona cinerea Mollusca 10 10.0 2.8 12 7.8 2.0
Melarhaphe neritoides Mollusca 34 3.2 0.7 23 3.3 0.6
Nassarius reticulatus Mollusca 20 19.6 3.1 25 17.3 4.4
Ocenebra erinaceus Mollusca 10 24.2 2.7 13 23.8 2.9
Phorcus lineatus Mollusca 19 14.2 24 17 12.4 1.7
Mytilus galloprovincialis Mollusca 92 19.5 6.1 85 21.2 5.2
Pagurus prideaux Crustacea 11 26.6 8.3 18 25.8 6.3
Pagurus bernhardus Crustacea 5 21.0 5.6 7 22.8 8.0
Palaemon elegans Crustacea 37 27.0 7.6 37 26.9 5.7
Palaemon serratus Crustacea 26 30.8 9.0 41 34.1 11.4
Pirimela denticulata Crustacea 5 15.2 1.6 5 15.6 1.2
Lophozozymus incisus Crustacea 11 22.2 7.2 10 17.9 3.5
Coryphoblennius galerita Fish 22 23.9 4.6 27 27.5 7.1
Diplodus sargus Fish 10 44.8 11.2 14 39.1 8.7
Gobius paganellus Fish 10 42.6 8.0 12 45.9 9.3
Lepadogaster lepadogaster Fish 10 61.7 16.2 19 57.4 11.4
Lipophrys pholis Fish 9 52.8 9.3 7 424 6.8

(Continued)
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Table 1. (Continued)

CTMaxXontrol CTMax days
Taxonomic group Sample size Length (mm) s.d. Sample size Length (mm) s.d.
Pomatoschistus microps Fish 16 28.4 31 18 27.7 3.4
Syngnathus acus Fish 6 106.0 11.6 5 70.0 33.6

s.d. stands for standard deviation.

https://doi.org/10.1371/journal.pone.0192700.t001

Statistical analyses

T-tests were conducted to investigate if CTMaX onero1 Values were different from the CTMaxogays
values for each species. Factorial analyses of variance (ANOVA) were conducted to test the effect
of region (tropical vs temperate) and taxonomic group (Mollusca vs Crustacea vs Teleostea) in
CTMax ontro> acclimation response and 95% confidence interval (of the CTMax qn¢r01), USing esti-
mates measured of each species as replicates. The effect of tide pool was also tested in a similar
way. Prior to these tests, normality and homoscedasticity were confirmed.

The phylogenetic independent contrasts method was used in a linear-regression analysis
between CTMax_ oniro and acclimation response to test the “trade-off” hypothesis. Tests were
performed using the software COMPARE, version 4.6b [58], including a nested, hierarchical
random term representing taxonomic affinities of the taxa (phylum/class/order/family/genus/
spp) to account for non-independence of data, since no phylogenetic tree is available for all
taxa included in this study.

Results

The highest CTMax ontro1 Was that of the tropical mollusk S. haemastoma, 41.90°C, while the
highest CTMax ontro1 fOr temperate species was that of the mollusk M. galloprovincialis,
40.74°C (Fig 2). The mean CTMaX onro for tropical species was 39.86°C, while for temperate
species it was 33.48°C (Fig 3). The tropical species with the lowest CTMax ontro, 36.61°C, was
the fish D. argenteus, while the lowest CTMax oo Of temperate species was 30.24°C for the
mollusk N. reticulatus (Fig 2).

The tropical species with the highest acclimation response, 1.40°C, was D. argenteus, while
the temperate species with the highest acclimation response, 3.35°C, was N. reticulatus, mean-
ing that the species with the lowest CTMax_on0] Were the ones with the highest acclimation
response, both for tropical and temperate species (Figs 2 and 4).

Of the 23 tropical species tested, 13 could not acclimate, while for the 23 temperate species
tested, only 5 did not acclimate (Figs 5 and 6). The mean acclimation response of the tropical
species was 0.38°C, while for the temperate species it was 1.47°C (Figs 4 and 5). The mean 95%
confidence interval of the CTMaxX ontrol Values was 0.5 for tropical organisms and 0.8 for tempe-
rates organisms (Fig 4). A negative significant correlation was found between acclimation
response and CTMaxontrol, With acclimation response decreasing with increasing CTMaxXontrol
(r*=0.42, P < 0.05).

The effect of region (tropical vs temperate) was significant for CTMaxXon¢ro1, 95% confi-
dence interval and acclimation response (Table 2). The effect of taxonomic group (Mollusca vs
Crustacea vs Teleostei) was not significant for any of the variables tested (Table 2). The effect
of tide pool was not significant (p > 0.01).

Among tropical species, only 3 out of 23 species presented a CTMaxX o0 above the maxi-
mum habitat temperature (MHT = 41.5°C) and only 2 species had a CTMaxogays above MHT,
rendering tide pool as effective ecological traps in the tropics when temperature reaches MHT
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https://doi.org/10.1371/journal.pone.0192700.9002

(Fig 2). This was remarkably different for temperate species since 21 out of the 23 species
tested presented a CTMaXconerol above MHT (30.6°C) and all species had a CTMax gdays above
MHT (Fig 2). When the percentile 99.5 of water temperature is used as a reference, 21 out of
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Fig 3. Distribution of the values of CTMax_,uro1 Of tropical and temperate organisms.
https://doi.org/10.1371/journal.pone.0192700.9003
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23 tropical species have CTMax ontrol Values above it and 20 out of 23 have a CTMaxgdays
above it, while all temperate species tested present a CTMaXconerol and a CTMax; ggays well
above this reference temperature (Fig 2).

Discussion

This work shows, for the first time, the role of tide pools as ecological traps in tropical coastal
areas. Mortality in tropical tide pools had been previously reported by [24], which observed

3 1

Acclimation (°C)
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Fig 5. Distribution of the values of acclimation response of tropical and temperate organisms.

https://doi.org/10.1371/journal.pone.0192700.9005
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Table 2. ANOVA results for the effect of latitud
interval (CI) and acclimation.

df MS
Region:R 1 450.9
Taxon: T 2 5.6
RXT 2 2.3
Residual 40 3.5

Significant results are presented in bold.

https://doi.org/10.1371/journal.pone.0192700.t002

that the surgeon fish Acanthurus triostegus and the blenny Istiblennius edentulous died when
tide pool water temperature reached 37°C. However, no study had previously tried to thor-
oughly test the upper thermal limits of the most common species that occur in tide pools and
compare them to the extreme temperatures that tide pool waters can attain.

In this study it became evident that the vast majority of the tropical species tested had
upper thermal limits below the maximum habitat temperature (MHT) of tide pools (Figs 1
and 2), with the exception of three gastropods, the limpet L. subrugosa and the sea snails, M.
nodulosa and S. haemastoma. Additionally, it was shown that the acclimation response of such
organisms, after a short-term period at +3°C, was very small or non-existent (Figs 2 and 6). In
fact, two of the three species that had an upper thermal limit above the MHT, L. subrugosa and
the sea snails, M. nodulosa, presented a decrease in upper thermal limit, after the acclimation
period, that placed them below the MHT. Leaving S. haemastoma as the only tropical species
with an upper thermal limit above MHT and that was also able to increase that upper thermal
limit, by 1.31°C, after the acclimation period (Figs 2 and 6).

It can thus be concluded that tropical tide pools are ecological traps, where most of the spe-
cies tested risk not surviving during the ebb tide in warm summer days and heat waves. This
has the potential to result in important population losses in tropical coastal areas where tide

e (tropical vs temperate) and taxonomic group (Mollusca vs Crustacea vs Fish) on CTMaX_ ontrol, 95% confidence

CTMaxcontrol
Average 95% CI Acclimation
F p-value MS F p-value MS F p-value
128.9 <0.0001 1.26 7.6 <0.001 12.5 16 <0.0001
1.6 0.212 0.1 0.7 0.513 0 0 0.956
0.7 0.529 0.3 1.6 0.220 0.1 0.1 0.926
0.2 0.8
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pools are abundant. It also incurs important problems for recruitment, since many of the
organisms that use tide pools as refuge, are juveniles. [20, 21] suggested that tide pools are
alternative nursery areas for coastal fish, given the high densities of larvae and juveniles of
some marine fishes found in tide pools. In the present study, all of the tropical fish collected in
tide pools and tested were juveniles (Table 1). All of the five tropical fish species studied had
upper thermal limits below the MHT and only two species, D. argenteus and E. melanopterus,
showed some acclimation response, albeit not enough to increase their upper thermal limits
above the MHT (Fig 2). When these fish juveniles stay in tide pools during the warmest sum-
mer days, they are likely to not survive and thus will not contribute to the adult stocks of their
species. As climate warming progresses and mean and extreme temperatures increase, the eco-
logical trap effect of tropical tide pools is likely to increase even more with potentially severe
effects for the population sizes of the common coastal species that get trapped in them. This
gives support to the hypothesis that tropical species will suffer disproportionally from small
increases in temperature, because they are already living very close to their thermal limits [23,
33-35, 40, 41].

The present work also gives an important contribution to the debate on whether the tropi-
cal or temperate species are more vulnerable to climate warming [33, 59], since it shows that
the ecological trap effect of tide pools is likely to be severe in the tropics but not relevant in
temperate areas. In fact, the results from the present study indicate that tide pools are probably
not ecological traps in temperate areas, since their maximum water temperature is well below
the upper thermal limits of most of the organisms tested, meaning that temperate organisms
have a considerable thermal safety margin in these environments (Figs 1 and 2). It also shows
that after a short period of time (10 days) at only +3°C, the majority of temperate organisms
tested were able to increase their upper thermal limits well above the maximum temperature
attained by tide pool waters (Figs 1 and 2). This shows that temperate organisms seem well
equipped to face todays’ thermal extremes and also future higher temperatures.

Furthermore, although the upper thermal limits of tropical organisms were significantly
higher than those of temperate organisms, the mean acclimation response of the tropical spe-
cies was significantly lower than that of temperate organisms. Also, the mean of the 95% confi-
dence interval (of the CTMaXon01) Of the tropical species was much lower than that of
temperate species. The low intraspecific variation in the upper thermal limits exhibited by
tropical species in comparison to that of temperate species indicates that such species have
lower phenotypic variation suggesting a lower evolutionary potential to deal with current and
future warming via the process of natural selection [34].

Other authors had previously reported that species adapted to high temperatures, with very
high upper limits, seemed to have done so at the expense of the phenotypic plasticity of those
limits, thus revealing an evolutionary trade-off between upper thermal limits and acclimation
response [42, 60]. In addition, their upper thermal limits are very close to the maximum habi-
tat temperature, meaning that their safety margin towards naturally occurring extreme tem-
perature is reduced [23, 42, 61-63].

The data from the present study support the trade-off hypothesis. Not only was a negative
correlation found between CTMax_ o0 and acclimation response, with acclimation response
decreasing with increasing CTMax onerol, but interestingly, the species with the lowest CTMax-
controb D argenteus among the tropical species and N. reticulatus among the temperate species,
were also the ones with the highest acclimation response. The most important difference
between these two species being that D. argenteus upper thermal limit was still below the MHT
after the acclimation, while the upper thermal limit of N. reticulatus was well above the MHT
after the acclimation, meaning that for the temperate species acclimation is an effective way of
increasing survival chances in tide pools, but it is not for the tropical species.
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The results from the present study largely corroborate those reported by [23], which studied
the thermal limits of 35 subtidal and intertidal coastal species and the acclimation response of
8 intertidal species in a long-term experiment, at the same study areas. They concluded that all
species had some acclimation response with the exception of the two gobid fish tested, B.
soporator (tropical) and P. microps (temperate). However, in the present study the temperate
gobid P. microps as well as Gobius paganellus did acclimate, indicating that thermal tolerance
of gobiid fish populations may change in time.

[23] found that the taxonomic group (decapod crustaceans vs teleost fish) did not have an
effect on the thermal limit, nor on the acclimation response of the organisms tested. The pres-
ent work, which tested mollusks, crustaceans and teleost fish, came to a similar conclusion.
Similar studies with amphibians [64] and insects [61] also concluded that warming in the trop-
ics will have more deleterious consequences than in the temperate zones. [61] pointed out that
the data available for several invertebrate and vertebrate taxa suggested that this is a general
pattern for terrestrial ectotherms. The results from the present study, along with those from
[23], provide a strong indication that such general pattern can be extended to coastal marine
ectotherms.

Underlying this general pattern is certainly a physiological process that sets the thermal lim-
its of ectotherms. [65] put forward the idea that there is a unifying principle among metazoans,
where the borders of the thermal tolerance window are characterized by the onset of internal
systemic hypoxia despite fully oxygenated waters, resulting in anaerobic metabolism that can-
not be sustained for long periods of time [65-67]. This phenomena along with the general
exponential increase in metabolism with warming found for ectotherms [68-70] probably
drives the observed latitudinal patterns in thermal vulnerability.

In conclusion, the present work showed that tropical tide pools are ecological traps for an
important number of common coastal species, given that they can attain temperatures consid-
erably higher than their upper thermal limits. Tide pools are not ecological traps in temperate
zones because their maximum temperatures are well below the upper thermal limits of most of
the common tide pool species. Although tropical species have higher thermal limits than tem-
perate species, they have lower acclimation response, which does not allow them to increase
their upper thermal limits above the maximum habitat temperature of tide pools, when
exposed to an acclimation period of 10 days at +3°C. This way, tropical coastal organisms
seem to be not only more vulnerable to climate warming per se, but also to an increase in the
ecological trap effect of tide pools. This effect could have important consequences for recruit-
ment of juveniles to the adult stocks of subtidal organisms that use tide pools during their juve-
nile phase.

However, it must be considered that more prolonged, frequent and stronger acclimation
periods, produced by natural heat waves, may elicit a stronger acclimation response than that
observed in this study. Also, epigenetic inheritance may result in transgenerational acclimation
to higher temperatures. Organisms surviving extreme heat waves and breeding thereafter may
produce a progeny with higher thermal limits, as has been shown in the tropical fish Achantho-
chromis polyacanthus [71]. Future studies that replicate future environmental conditions and
their effects over the present and future generations of organisms should elucidate the differ-
ential effect of climate warming on tropical and temperate coastal organisms and the potential
deleterious effects of tide pools.
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