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ABSTRACT The upper temperature tolerance of 10 commercially important South American bivalve 
species (Gari solida, Semele solida, Semele corrugata, Protothaca thaca, Venus antiqua. Tagelus 
dombeii, Ensis macha, Aulacomya ater, Choromytilus chorus and Argopecten purpura tus) off Peru and 
Chile was determined and compared in order to study some of the effects of El Nino. Due to higher 
habitat temperatures in Peru, LTs0 (lethal temperatures for 50% of an experimental population) are 
higher than in Chile. In Chile LTs0 for 6 of 8 species studied varied only by 1.2"C. This might be 
explained by the similar temperatures and living conditions in the habitats of these species. Especially 
for Peru, observed differences in LTSo could be related to different geographical distributions. For all 
species temperature increases recorded during the strongest El Nino of this century (1982-83) did not 
exceed the temperature tolerance interval, TT1 (difference between after 24 h and mean annual 
water temperature). It is noted that all species studied here are tolerant of temperature conditions 
occurring during moderate El Niiio events. 
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INTRODUCTION 

Temperature is one of the most important environ- 
mental factors controlling the latitudinal distribution of 
marine benthic organisms. According to Vasil'eva 
(1978) the temperature tolerance of molluscs complies 
with their distribution. But, within one distribution 
area, temperature tolerance can also play a role in the 
zonation of species. Johnson (1965), Jansson (1967) 
and Ansell et al. (1980a) stated that upper temperature 
tolerance decreases with increasing distance from 
shore and with depth. Furthermore, Wilson (1981) 
found the upper depth limit of infaunal organisms 
buried in the substratum to be set by the upper tem- 
perature tolerance. 

Mortality is a sigmoid function of temperature 
(Wolcott 1973, Hines et al. 1980), i.e. within a small 
temperature interval mortality increases from a low 
proportion to almost 100%. One way to deal with the 
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temperature tolerance of different species or popula- 
tions is the estimation of a temperature value lying 
within this interval (e.g. the temperature causing 50 % 
mortality, LTso). Adult individuals are able to acclirnate 
to a certain range of environmental temperatures 
(Theede 1972), therefore, such estimated values 
are only valid for a fixed acclimation temperature. Wil- 
son (1978) and Ansell et al. (1980b) stated that due to 
acclimation lethal habitat tenlperatures seldom occur. 
When considering the ecological importance of tem- 
perature tolerance, so-called sublethal factors have to 
be taken into account: Read & Cumming (1967) for 
example found upper temperature tolerance in Mytilus 
edulis to be about 28 "C. But during times of poor feed- 
ing conditions they observed high mortalities at 20 "C. 
Among various factors this can be explained by a 
higher demand of metabolic energy during higher but 
still sublethal temperatures. So, the scope of growth 
decreases and might even become negative (Widdows 
1976). 

Water temperatures in the upwelliny system of Peru 
and Chile show little seasonal variability, while in the 
North Sea, annual water temperature variations of up 
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to 20°C are not unusual (Arntz & Arancibia 1988). Dur- 
ing a 2 yr investigation period in Peru and Chile 
annual water temperatures varied only by about 5°C 
(pers. obs.). Furthermore, a characteristic of this 
upwelling system is similar water conditions over a 
broad range of latitudes along the South American 
Pacific coast, which implies a broad distribution range 
of many marine species in this area. Marine species in 
this ecosystem therefore seem to be adapted to fairly 
constant water temperatures, and it can be assumed 
that the annual water temperature cycle plays only a 
minor role in the distribution pattern and ecological 
success of sublittoral organisms in this area. However, 
this ecosystem is affected at irregular time intervals by 
a climate phenomenon called El Nino (EN) which leads 
to a sudden temperature increase (Arntz & Fahrbach 
1991). During the strongest EN of this century, in 
1982-83, temperatures of up to 10°C above normal 
were recorded. High mortality rates in many marine 
species demonstrate the importance of EN (Arntz & 
Valdivia 1985, Arntz et al. 1988). Due to high primary 
production (Ryther 1969) suspension-feeding bivalves 
in the Peruvian and Chiiean niarine ecosystem car, 
establish high biomasses and therefore several bivalve 
species are exploited commercially by Peruvian and 
Chilean small-scale (artisanal) fisheries. During EN 
1982-83 catches of some bivalve species declined due 
to high mortality rates while other species, especially 
Argopecten purpuratus, increased their biomass, lead- 
ing to a biomass boom (Arntz & Fahrbach 1991). 

The objective of this paper was to determine and 
compare the upper temperature tolerance of the most 
important commercially exploited bivalves of Peru and 
Chile to study the possible effects of the sudden tem- 
perature increases which occur during EN. 

MATERIAL AND METHODS 

Bivalves were collected by SCUBA divers in the Bay 
of Independencia, Peru (14" 15'S, 76" 10' W) and the 
Bay of Dichato, Chile (36" 32'S, 73" 57' W) (Fig. 1). 
Species were sampled in the sublittoral at between 2 
and 16 m depth at different sites. Water temperature 
and sallnity were recorded at the sampling sites at 
monthly intervals. Annual water temperatures in both 
areas showed little variation (Peru: between 16 and 
21°C; Chile: between 12 and 16"C), salinity in Peru 
varied between 35.0 and and in Chile between 
30 and 34 'Xm. In Peru the species studied were Gari sol- 
ida, Semele solida, Semele corrugata and Argopecten 
purpuratus and in Chile G. solida, S. solida, Protothaca 
thaca, Venus antiqua, Tagelus dombeii, Ensis macha, 
Choromytilus chorus and Aulacomya ater. AU species 
are exploited commercially in Peru and Chile. Individ- 

lndependencia 

Fig. 1. Location of the 2 investigation areas 

uals were kept in aquaria with flowing unfiltered sea- 
water for 1 wk at water temperatures of 16°C (Peru) 
and 13 "C (Chile) (except for A.  purpuratus from Peru, 
for which experiments were carried out in late summer 
at a temperature of 19°C). During the acclimation 
period animals fed on natural seston. Living conditions 
did not differ substantially from natural conditions. 
The experiments were performed with adult individu- 
als of equal size. 

Upper temperature tolerance was studied in the fol- 
lowing way. For each species experimental popula- 
tions of 20 individuals were placed in aquaria with dif- 
ferent experimental temperatures. Temperatures were 
maintained constant (k 0.3 "C) by electric heaters and a 
high oxygen concentration was obtained by aeration. 
To prevent evaporation from affecting the salinity the 
aquaria were covered with transparent lids. To distin- 
guish between living and dead specimens, inactive 
individuals were stimulated mechanically. If no reac- 
tion was observed those individuals were removed to 
cool water for at least 24 h to see if recovery took place, 
which however occurred very seldom. 

For technical reasons, 2 different methods were used 
in both study areas. In Peru dead individuals were 
removed at certain time intervals until 50% of a popu- 
lation was dead. Thus, during this time-mortality 
approach (Bliss 1937) for different temperatures the 
times leading to a 50% response (i.e. mortality) were 
estimated. In Chile after 24 h at different temperatures 
the number of dead animals was determined and mor- 
tality (expressed as percentage of the original number 
present in each experimental aquarium) was calcu- 
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Table 1 .  Experimental temperatures and time intervals for the 
determination of the upper temperature tolerance of bivalve 

species from Peru and Chile 

Area Date Temp. ("C) Time interval (h)  

Peru Aug-Sep 1990, 23, 25, 27, 0.5, l ,  3 ,  6 ,  
Feb 1991 29, 32,  34, 12, 18, 24, 

36 36, 48, 60, 
72, 84, 96 

Chlle Jul-Aug l991 20, 22, 24, Always 24 h 
25, 26, 28 20 1 I I I I I 

0 20 40 60 80 100 

T ~ m e  to 50% mortality [h] 

Fig. 2. Plot of temperature and time to 5 0 %  mortality for 4 
lated (dosage-mortality approach). Hence, different Pe ruv~an  bivalve species 
responses for given temperatures associated with a 
fixed time were calculated. To compare the different 
lethal temperatures of the 2 locations all values were The investigation areas are  separated by 22" latitude 
related to 24 h and temperatures causing a 50 % lethal and therefore are chararacterized by different water 
response (LT5, after 24 h) were estimated. Table 1 temperatures. In order to compare the effect of a sud- 
gives experimental temperatures, time intervals and den temperature increase in 2 areas with different 
dates of experiments. 

analysis the 95 % confidence intervals 
of LTso were calculated applying stan- 
dard statistical methods [Eqs. (2) & (3), 
from Snedecor & Cochran 19801: / : ;U; 

,.- M 22 20 22 26 

. 
-- T. dombeii 

-- 

-- 

-- 

-- 
L I 

20 22 24 X 28 

The nonlinear relationships be- 
tween time and lethal temperatures -- G. solida W 

(Peru) and between temperature 
,o -- 70 

dosage and mortality (Chde) were plot- 
ted (Figs. 2 & 3, respectively). From 

50 '- so 

these plots the LT,, after 24 h were m -- 30 

determined graphically. Confidence 0 - ,a 

S(pyx) = ~,,,:'(l/n + x2/Xx2) (2) 

CIgs = Pp ' f0.05 s ( ~ ~ ~ ~ )  (3) W 

70 

where S, = the square root of mean 
5l 

square error from regression analysis, 
and CI,, is the 95% confidence interval. 3l 

Confidence intervals of LT5, (from o 

mated by linear regression analysis: a 
logarithmic transformation of the time W S. solida W 

-- -- E. rnacha 

gave a linear relationship (Wallis 70 -- TO -- 
1977) and the LT,, after 24 h were cal- 50 -- 50 -- 
culated applying the equation: 

m -- 30 -- - 
LT,, = a + blog(t) 8 

(1) s 1 0 - -  10 -- 
I P l 

24 26 22 24 X 28 
where t = time (h),  and a,  b are con- 
stants of the regression equations. 

By means of a linear regression 6- 

intervals for LTso (from Peru) were esti- 50 
I 

22 24 26 28 

-- V. antiqua 
-- 70 

-- 50 

-- 30 

-- ,O 
P 0 

'- C. chorus 
-- 

- -  

-- 

- -  

Chile) were estimated by probit analy- 20 22 24 26 28 
P 

20 22 24 28 28 

sis (Fisher & Yates 1963, Cavalli- Temperature [ "C]  

Sforza 1972). Fig. 3. Plot of mortality and temperature for 8 Chilean bivalve species 
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Table 2. Parameters a and b of the linear regression analysis Tagelus dombeii, Ensis macha, Choromytilus chorus 
(Eq. 1) to calculate the LT50 of Peruvian species after 24 h. and Aulacomya ater only vary by 1.2'C. Table 3 also 

rZ = correlation coefficient gives the lethal temperatures determined graphically. 
Regression and graphical methods led to very similar 
results. In Fig. 4 the TT1 for all species are given, and 
show a rather homogeneous distribution. 

Semele solida 37.344 -6.403 
S. corrugata 38.896 -6.029 
Argopectan purpuratus 34.861 -4.274 0.94 DISCUSSION 

water temperatures the 'temperature tolerance inter- 
val' (TTI, in "C) was developed. TT1 is defined as the 
interval by which temperatures may suddenly increase 
above the mean annual water temperature without 
killing more than 50 % of the population: 

TT1 = LTso - T, (4 

where T, = mean annual water temperature, calcu- 
lated from monthly recordings. 

RESULTS 

Temperatures associated with 50% mortality are 
plotted for each time interval in Fig. 2 (Peru), while in 
Fig. 3 (Chile) mortality is plotted against temperature. 
In Fig. 3 there is a typical sigmoid relationship 
between mortality and temperature. Table 2 gives a 
summary of the linear regression analysis performed 
using Eq. (1) to calculate the LT,, after 24 h. The 
together with their 95% confidence intervals for all 
species from 2 areas are shown in Table 3. Individuals 
from Peru acclimated to higher water temperatures 
have higher lethal temperatures than those from Chile. 
In Chile, the of Semele solida, Venus antiqua, 

The LTs0 of the 2 species studied in both areas (Gan 
soljda and Semele solida), are about 3°C higher in 
Peru than in Chile. This can be explained by associ- 
ated differences in acclimation temperature: mean 
water temperatures at the sampling sites in Peru are 
about 2 to 5°C higher than in Chile. All individuals 
from Chile were sampled in the sublittoral zone of a 
rather small area (12 km2) with very similar tempera- 
ture conditions. This might explain why 6 of 8 Chilean 
species (S.  solida, Venus antiqua, Tagelus dombeii, 
Ensis macha, Choromytilus chorus and Aulacomya ater) 
have very similar LTSOr between 25.1 and 26.3 'C. Sim- 
ilar temperature tolerance may therefore be explained 
as an adaptation to the similar temperature conditions 
in the Peruvian and Chilean upwelling system. 

However, this statement does not seem to account 
fully for all species studied here. In Chile, Gari solida 
seems to have a rather low LTSo and Profothaca thaca a 
rather high LTSo. In Peru the LTs0 of Semele corrugata 
and Argopecten purpuratus were higher than that of 
the other 2 species (G. solida and S. solida). These dif- 
ferences can be explained partly by their lstribution 
areas, given together with the prevailing water tem- 
peratures in Table 4 (Bernard 1983). According to 
Bernard (1983), S. corrugata and A. purpuratus have 
northern distribution limits of 2" S and 6" S respec- 

Table 3. Lethal temperatures for 50% of an experimental population after 24 h (LT,,) for 10 bivalve species of Peru and Ch~le 
determined graphically, and statistically by regression (Peru) or probit (Chile) analysis. Upper and lower 95% confidence inter- 

vals are given as well as the acclirnation temperature (AT) 

Area Species LTso ("c) 95% confidence intervals AT 
Graphically Statistically Upper Lower ("c) 

Peru Cari solida 
Semele solida 
S. corrugata 
Artopecten purpuratus 

Chile G. solida 
S. solida 
Protothaca thaca 
Venus antiqua 
Tagelus dombeii 
Ensis macha 
Choromytilus chorus 
Aulacomya ater 
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Peru 
0 Chile 

Fig. 4 .  TT1 (temperature tolerance interval) of 10 bivalve 
species of Peru and Chile 

tively while G. solida and S. solida are found up to 
14" S and 12" S only (the value for G. solida was cor- 
rected according to own observations). On the other 
hand, the geographical distribution does not explain 
all findings regarding different LT,,. This is particu- 
larly true for F! thaca, which has a comparatively high 

10 - 

Bay ot 

Pacific coast 

I I I I 
50 10 30 20 10 0 

40 

Mean distribution range [latitude "S] 

LT50 = 30.177 - 0.123 MD; P= 0.40 
MT = 23.574 - 0.246 MD; r2= 0.57 

Fig 5 Overlay plot of LT,, after 24 h (0) and temperature 
range (m and vertical bars) against mean bstnbution of 10  
South Amencan bivalve species Regression equations and 
regression hnes of the relationship LT,, and mean dlstnbution 
(MD) as well as mean temperature (MT) and mean distnbu- 
tion are  given Semele corrugata is not included in the regres- 
sion of mean temperature and mean distnbution because 
these values probably are not correct, see text Data see 
Tables 3 & 4 Aa Aulacomya ater, A p  Argopecten purpura- 
tus, Cc Choromytllus chorus, Em Ensls macha Gs Gan 

LTSo but a similar distribution area to the other Chilean solida, Pt. ~rotothaca thaca; Sc: S corrugata; Ss: S. solida; 

species. Other factors affecting the estimated tempera- Td: Tagelus dombeu; Va: Venus antiqua. (C): Chile; (P): ~ e r u  

ture tolerance could be the burrowing depths of the 
infaunal species (except Aulacomya ater  and Choro- 
mytilus chorus all species studied here are infaunal). In 11" further north than stated by Bernard (1983). (It is 
Peru as well as in Chile G. solida had the lowest LT5, exploited commercially at  14" S, Bay of Independen- 
and from all infaunal species studied, G. solida belongs cia, Peru; pers. obs.) Also, to the author's knowledge, 
to the group with the deepest vertical distribution no Semele corrugata are found up to 45" S (Chile). It is 
(Urban 1992). difficult to distinguish S. solida and S. corrugata; there- 

In several cases the results from Bernard (1983) are fore, most likely recordings of S. corrugata so far south 
incomplete: Gari solida is found up to 14" S, which is are the result of rnisidentification. Thus, S. corrugata 

has a more northerly distribution than S. 
solida and the distribution areas of both 

Table 4.  LTs0 after 24 h for 10 South Amencan bivalve species compared species overlap at ca 140 S,  ~~~~~i~~ that 
with their distribution areas (in latitudes along the west coast of the the given latitude range for S. corrugata is 
South American continent) and temperature range (from Bernard 1983). 
'Corrected according to own observations; see text. Genera as in Table 3 its corresponding upper tempera- 

ture range value (21 "C) seems to be too 

Species LT50 Distribution Temperature 
( "c )  area range ("C) 

G. solida 24.4, 26.9 ( '14" S) 25" S - 54" S 9 - 26 
E. macha 25.3 33" S - 54" S 4 - 22 
S. solida 25.4, 28.5 12" S - 45" S 10 - 26 
A.  ater 25.8 12" S - 54" S 0 - 24 
T dombeLi 25.9 9" N - 43" S 8 - 32 
V antiqua 26.3 33" S - 54" S 4 - 20 
C. chorus 26.5 6" S - 55" S -1 - 30 
P thaca 27.9 12" S - 45" S 5 - 26 
A.  purpuratus 29.0 6" S - 30" S 8 - 28 
S. corrugata 30.6 2 " S - 4 5 " S ( ' = 1 4 " S ? )  8 - 2 1  

low. Very Likely, temperatures at  2' S are 
higher than 21 "C. This assumption is sup- 
ported in Fig. 5, showing the overlay plot of 
the temperature range and LTSo against the 
mean distribution. In this plot most of the 
LTs0 values lie on or near the upper end of 
the corresponding temperature range, pre- 
sented as vertical bars. An exception is 
S. corrugata. Following the pattern of the 
other species, for S. corrugata a n  upper 
temperature range value from 8 up to 29 "C 
could be possible. The regression line fit- 
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ted to the LT,, values in Fig. 5 indicates that, progress- 
ing from southern latitudes towards the equator, the 
means of the distribution range have higher associated 

values. This can be explained by increasing habi- 
tat temperatures towards the equator as shown by the 
regression line fitted to the mean temperatures. 

During EN 1982-83 Argopecten purpuratus was 
favoured by the high temperatures while Semele cor- 
rugata suffered a high mortality rate. Wolff (1985), fol- 
lowing Waller (1969), considered that A.  purpuratus is 
the relict of a miocene tropical fauna and therefore is 
well adapted to high temperatures. It seems contradic- 
tory that S. corrugata has a higher LTs0 (30.6"C) than 
A.  purpuratus (29°C). This may however be explained 
by the fact that the sampling site of the S. corrugata 
population is located at 5 m depth, while that of A. pur- 
puratus was at 10 m. EN events therefore affect water 
temperatures of this latter sampling site more than that 
of A. purpuratus. Of all stations, the highest annual 
variability of water temperature was observed at the 
station where S. corrugata was sampled (Urban 1992). 
According to Johnson (1965), Jansson (1967) and 
Ansell et al. (1980a) this is probably the reason fs: a 
higher LTs0 of S. corrugata in this region. 

This investigation was performed to study some of 
the effects of EN on bivalves. Bivalves cannot escape 
EN by moving to other areas as has been reported for 
many pelagic species (Arntz & Fahrbach 1991). To 
study the temperature effects of EN the temperature 
tolerance interval is a helpful measure. In Fig. 4 the 
rather homogeneous distribution of the TT1 indicates 
that the higher LTs0 of the Peruvian species (which are 
distributed nearer the equator and therefore are 
affected more strongly by EN than the Chilean spe- 
cies) are probably a result of different acclimation tem- 
peratures, rather than genetic differences. Fig. 4 also 
shows that even a temperature increase of 10 "C, which 
probably occurs only once or twice every century (e.g. 
1982-83) lies within the TTI. Therefore, it seems that 
generally the studied populations are not strongly 
affected by EN. However, it has to be taken into 
account that: 

(1) The LT,, values were calculated for 24 h. EN 
on the other hand lasts several months. Ansell et al. 
(1980a, b) stated for 6 bivalve species that most mortal- 
ity occurs during the first 24 h. Fig. 2 shows that there 
are still individuals dying during the following days. 

(2) EN is not only linked to increasing temperatures 
but also to a decrease of primary production (Barber & 

Chavez 1986, Carrasco & Santander 1987). Therefore, 
sublethal temperatures as well - during weaker EN 
for example -could lead to mortality, as was reported 
by Read & Cumrning (1967) for mussels. 

(3) In this study only adult individuals were consid- 
ered. Loosanoff et al. (1951) and Kinne (1970) reported 

that larvae are much more sensitive to increasing tem- 
perature than adults. Therefore, EN probably affects 
recruitment. 

(4) Temperature tolerance depends on acclimation 
temperature. Therefore, the full tolerance potential is 
not recorded if lethal temperatures are calculated on 
the basis of 1 acclimation temperature only. However, 
this error can be assumed to be small because the vari- 
ability of annual water temperature in both studying 
areas is also small (<5"C). Fry et al. (1942, 1946; in 
Brett 1956) reported for 2 fish species a l "C increase 
of the upper lethal temperature for every 3 to 7°C 
increase in acclimation temperature. During EN the 
temperature changes are so rapid that acclimation is 
not likely to occur. 

EN occurs every 4 to 7 yr, in most cases leading only 
to temperature increases of about 5°C. It is probable 
that these EN do not cause high mortality rates and 
that the populations are not in danger of extinction. 
Taking into account that (1) under higher temperatures 
more metabolic energy is necessary, (2) that poor feed- 
ing conditions could increase the negative effect of 
high temperatures and (3) that larvae are more sensi- 
tive towards high temperatures, significant negative 
effects on growth, recruitment and production may fol- 
low for some of the species studied here, depending on 
their living and reproductive strategies (Urban 1992). 

The situation is different however during a 'Super El 
Nirio', like the event of 1982-83, which can lead to a 
temperature increase of 10°C above normal. Although 
the TT1 permits a short-term temperature increase of 
10°C for 24 h, this 1982-83 EN that lasted several 
months caused high mortality rates and it has been 
reported that some of the species studied here became 
locally extinct (see review by Arntz & Fahrbach 1991). 
After such an EN it might take years until those popu- 
lation~ affected have recovered. 
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