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\bstract

\ review of temperature and salinity effects on rotifer population dynamics is presented together with
ariginal data of these effects for three clones of Brachionus plicatilis. There is a clear relationship between
emperaturc and the intrinsic rate of increase, r: an increase of temperature — within the natural
cnvironmental range — produces an exponential increase of ». and the stope of the response depends on
ihe genotype. The effect of salinity is also genetically dependent; the highest r for each clone is observed
At the salinity close to that of its environmental origin. The response of r to temperature is mainly a
consequence of the response of the individual rates of development and reproductive timing. The effect
of temperature on fecundity (number of descendents per individual life time) is negligible when tempera-
wre values are within the normal habitat ranges. On the other hand, salinity seems to affect primarily
jecundity. The interaction salinity-temperature may be important in clones or species living in fluctuating

cwvironnients with positive response to the more frequent combinations found in the correspanding

habitats.

Introduction

I xtended studies of aquatic populations usually
.onfirm a community typology that matches
cuvironmental heterogeneity. The main factors
determining the community typology are most fre-
quently (1) temperature, (2) salinity and the pa-
| uneters associated with it, and (3) trophic status
vI'the waters. For instance, principal components
.malysis, for data on the species abundance in
sooplanctonic communities from a wide range of
conditions, usually identify, as the first principal
components, variables that are highly correlated
with the above mentioned factors (e.g., Miracle,
1974; Armengol, 1978; Miracle efal., 1987,
Nogrady, 1988). Temperature, salinity and food
are also the most frequently studied factors in life
history analysis.

This paper reviews results of laboratory experi-

ments on the relationships of temperature and
safinity to the intrinsic rate of population increase.
r. which is assumed to be the best measure of
fitness in non-saturated environments. Rotifers in
strongly fluctuating planktonic environments,
which have to adapt to regulur colonizing cvents,
may frequently be subject to selection for high r.
The paper is divided into two main sections. In
the first, a brief bibliographic review of the effects
of temperature and salinity on population dynam-
ics paramcters is given. Physiologic cffects on
individual rotifers will aiso be summarized to help
interpret the effects on populations. In the second,
original data combining the two factors from a
series of cxperiments will be discussed. Our in-
tention is to evaluate the interaction between tem-
perature and salinity, i.e., the dependence of the
cffect of one factor on the levet of the other,



‘Temperature: effects on individuals

Ihe direct positive effect of temperature on
physiological rates in individual rotifers and on
rotifer  populations have been clearly demon-
strated. Several of these studies deal with the
relationship between temperature and duration of
embryonic development. Vinberg & Gatkovskaya
(1979), Herzig (1Y83), Duncan (1983) and
Gatkavskaya (1987) have summarized data on
the subject. The duration of embryonic develop-
ment (D) in rotifers is a curvilinear function of
temperature {7), which can be adequately de-
seribed by Belehradek's equation 1/D = a(T - by
{a.be, fited parameters) or Arrhenius’ equation
1/ = ae *'(Waltz, 1983} as in other organisms
(UHerzig, 1983). However other equations have
also been  proposed as  best fit (ie,
1D =a+ bT + 77, Galkovskaya, 1987;
1:D = uc"’, Duncan, 1983). Furthermore, when
homogeneous data from onc species, studied by
the samc author, in alimited range of temperatures,
are used, the relationship between 1/D and T is
nearly lincar (Edmondson, 1965; Pourriot &
Deluzarches, 1971). The slope of the curve and
the absolute rate values are dependent on geno-
tvpe. Cold-water adapted species (Galkovskaya,

1987 or clones (Pourriot & Deluzarches, 1971)
have lower slopes and globally smaller rates than
warm-water adapted ones. Therefore, in many
cases, cold-adapted species show faster low-
temperature development but much slower high-
temperature development than warm-adapted
species and vice versa. However, other factors
such as the r-K strategy of the species have to be
considered. The effect of temperature is also de-
pendent on its stability. If temperature fluctuates
around a mean value, the cgg development time
deviates from that at the constant mean (Ruttner-
Kolisko, 1975, 1978}; it is shortened, as would be
expected, by the cffect of oscillating temperaturc
on the metabolism. Figure 1 presents idealized
responses to tempcerature change of activities and
functions discussed in this section.

{t is often assumed that duration of embryonic
development is only dependent upon the tempera-
ture (Herzig, 1983). However, relations with other
parameters have also been described. mainly with
egg volume (Pourriot & Deluzarches, 1971)
which is in turn dependent on temperaturc
(Pourriot, 1973a) or on the feeding conditions of
the mother (Yufera, 1987).

Duration of the pre-reproductive period is als¢
a clear function of temperature. Its variation
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Fig. 1 ldeal curves showing relationships between temperature and (A) oxygen consumption, {B) activity (filtration rate}
(C) inverse of development rate, and (D) intrinsic rate of growth.

parallcls that of egg development. Thus, under the
same feeding conditions the ratio postembryonic/-
embryonic development time remains quite con-
stant (Pourriot & Deluzarches, 1971; Ruttner-
Kolisko, 1975). However, when rotifers are sub-
jected to fluctuating temperature, the above
mentioned ratio could be very different because
there is some evidence (Ruttner-Kolisko, 1978)
that the duration of the pre-reproductive period
does not deviate significantly from that obtained
at the corresponding mean temperature.

Post-embryonic growth is aiso highly depend-
ent on temperature. Growth in length in rotifers
can be described by the Bertalanffy equation
(Lebedeva & Gerasinova, 19855 Carmona et al.,
this volume), Growth is almost totally restricted
10 the juvenile period (defined as lasting until the
laying of the first egg): the growth rate undergoes
u sharp decrease coincident with the beginning of
reproduction and from then on, matter and energy
are directed towards reproduction instead of
grawth. The somatic growth rate in juveniles is a
clear function of temperature as well as the dura-
tion of the growth period. Consequently, the cal-
culated @, for both somatic growth (during the
pre-reproductive period) and egg development are
similar, ranging approximately from 2 to 3
{Lebedeva & Gerasimova, 1985, Pourriot &
Deluzarches, 1971, Duncan, 1983).

Very few studies exist on the effect of tempera-
wre on rotifer metabolism, and they have variable
results. Pourriot (1973b) and Galkovskaya et al.
(1987) find an exponential increase in oxygen con-
sumption with temperature. On the other hand,
tpp & Lewis (1980), studying a clone of
. plicatilis, suggest that there is a plateau in oxy-
ven consumption, within the range of environ-
niental temperatures in which the rotifer is most
frequently found. The species studied by Pourriot
£1973b) and Galkovskaya eral. (1987) were
Rrachionus calyciflorus and Rinoglena frontalis.
(), Was higher for B. calyciflorus (Q,q = 2.3-2.4)
and much lower for the cold stenotherm
R frontalis (Q,, = 1.4). Thus, the oxygen con-
sumption for R. frontalis is higher than that of
R. calycifiorus at low temperatures, but much
lower at medium and high temperatures. This

§3

behaviour of cold vs. warm water species is simi-
lar to the trends described for egg development
time.

Galkoskaya (1987) also reports data on O,
consumption in natural populations of Brachionus
calveiflorus and Hexarthra mira; the same expo-
nential function was found but with smaller slope
than the cultivated individuals. Another dif-
ference was that, after a maximum, a sharp decline
occurred when temperatures were too high.
H. mira, usually occurring in lower temperatures
than B. calvciflorus, also showed lower O, con-
sumption. Other metabolic rates have rarcly been
studied. Nitrogen excretion rates, investigated for
B. calveiflorus by Galkovskaya eral. (1987),
shawed the same exponential function with tem-
perature as O, consumption and a quite similar
Q1 (=22}

“There is also only fragmentary information on
rotifer activities, but from this, it seems that there
exists a clear response to temperature. The
observed response, when a wide range of tempera-
tures is tested, could be interpreted either as a
sigmoid curve with a decline at unsuitably high
temperatures, or as two sigmoid functions with a
plateau, at a specific optimum range of tempera-
tures, in between. Tested activities are mainly fil-
tration and ingestion rates (Hirayama & Ogawa,
1972; Galkovskaya, 1987), and locomotion (Epp
& Lewis, 1984, Snelt et al., 1987), with interpre-
tation of the obtained results varying amongst the
authors. Rates of beat of vibratile flames and of
output from the contractile vesicles in Asplanchnu
have been also investigated (Pontin, 1966). Up to
24 C, the relationship between the activity of
vibratile flames and temperature is a exponential
function.

Temperature: effects on populations
The intrinsic ra‘e of increase

From comparison of the maximum rates of
increase of zooplanktonic organisms (Allan,
1976, 1980) it can be inferred that (1)rotifers
show amongst the highest r values of all
zooplankton species, and (2)that the crucial
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advantage of one species against another, under
i particular set of conditions, may lic in how r
responds to any one of the changing conditions.
Maorcover. r summarizes all life tables parameters,
because it combines survival, fecundity and the
timing of development and reproduction. For this
reason, we will center the review mainly on this
parameter, and secondarily on life span as a
meisure of the stabibity or replacement time of the
wenerations,

table 1 compiles literature data on intrinsic
rtes of increase neasured at different tempera-
tures. Because of the important influence of other
factors on r, mainly genotypes and food quantity
and quality. we have only included data sets from
cxperiments conducied at different temperatures
by the same author, so that all other conditions
wonthd vemain the same. [n addition, it should also
be considered that the different authors estimate
» values by different methods: they may be ob-
tained from individual, batch or continuous cul-
tures, and by means of different mathematical
approaches.

Very few species of rotifers have been studied
to determine the relationship between r and tem-
perature under laboratory controlled conditions.
Brachiones plicatiliv and B. calveiflorus are the
most studied. Different clones of these species
have maxima of r at different temperatures. This
may be attributed to (1) selection at the environ-
mental temperatures of origin, and (2) the inter-
action of food with temperature. This interaction
is a complicated balance between the cffect of
temperature on filtering rates, low when the tem-
peraturc is low, und the accelerated consumption
of food for growth and reproduction with increas-
ing temperatures. Thus, at low temperatures, if the
food level is low, the reduction of food intake rate
may not be compensated for by the corresponding
decrease of the metabolic rate. On the other hand,
at high temperatures the accelerated metabolism
could only be satisfied if there were high quantities
of food in the medium. This is clearly illustrated
by the data between the interaction of food den-
sity and temperature given by Starkweather
(1987, Table 1). However, it has aiso been
observed, especially at high temperatures, that an
exaggerated excess of food could be detrimental

as a result of the decomposition of the surplus
food (Stemberger & Gilbert, 1985; Galkovskaya.
1987).

From Table 1, three kinds of response can be
discriminated. The first 5 specics may be con-
sidered warm water adapted; they show their
highest or maximum r values at temperatures over
27 “C. These maxima range most frequently from
1 to 2. Exceptional r values of 2.8-2.9 have also
been found for clones with a high food supply.
acclimatized to high temperatures (37 °C)
Keratella cochlearis can be considered as a cold
water species, the studied clone has a very low
maximum r (<0.1) localized at 15 °C, which s
the result of a low fecundity and slow develop-
ment, thus, its longer life insures the maintenance
of us population. The studied clone of Brachiomu
angularis has an intermediate position; it reaches
a rather low maximum r (0.35) at 20 °C.

In the first group of species, the averaged rela-
tive increase of r, when the temperature rises from
20 10 25 °C, is around 10, per degree of tem-
perature increase, although it varies from 2 to
352;, which correspond to ratios ros.c/fy ¢
from 1.1 to 2.6 (mean around 1.5). Using the Q,,
concept for 7,

Q= 100nr, - Inr)UT, - T,),
we obtain values from 1.2 to 6.7 (mean around
2.3). Siightly smaller values of these parameter~
were found for increases from 25 to 30 °C. In
most cases within clones, the relationship
between r and temperature is almost lincar from
2010 30 °C.

On the other hand, the studied strain o
Keratella cochlearis showed much higher relative
increases: around 120°%, from 5 to 10 °C and
36°, from 1010 15 °C, with corresponding ratin
Foecltsec = T(Q1o = S0)and r 5. fryg ¢ = 28
(@0 = B). Brachionus angularis again had an intcr
mediate position.

Although data are very fragmentary, it can be
seen that if, for comparison, we plot (Fig. 2) the
three types of response of r with temperaturc.
standardizing the data of each clone to their cor-
responding maximum r value, ..., and thei
optimum temperature (i.e., temperature at which
ris maximum, T, ), a family of similar curves is

P

obtained. They are composite, highly asymmetric.
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/. 2. A, B, and C. Relative r values (r/r,,,. on the ordinate) as a function of the distance from the optimum temperature
{7~ T,  )onthe abeissa. D. Maximum #(r,,,, ) and its corresponding temperature (7, ) for the indicated rotifers. (1: Hirayama
& Kusano, 1980; 2: Snell, 1986: 3: Pascual & Yufora, 1983; 4: Walz, 1987; 5: Walz, 1983).
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curves divided by a sharp maximum. The left
slonc is higher than the right slope in the cold-
adapted species and the opposite occurs in warm-
adupled species. Relow this maximum, 7 is an
exponential function of temperature, but in a
howogeneous experiment and for a specific range
of temperature this function could be almost
lincar. This response (o temperature reflects
metabolic. cmhryonic and post-embryonic devel-
opment rates, and could be fitted to Belehradek's
or Arrhenius’ cquation. The second part of the
curve is most probably a disequilibrium between
reproduction and survival; reproduction at a too
carly stage, as a consequence of high temperature,
could diminish further survival (Snell & King,
1977). This is smost dramatic when the set of
envirommental conditions is not quite suitable for
the ratifer at the experimental temperature.

In most casces, in the first group of warm-water
species, net reproduction, R, varies little
(Hravama & Ogawa, 1972; King & Miracle,
19R0; Pourriot & Rougier, 1975; Halbach, 1970;
Ruttner-Kaolisko, 1972), within a certain tempera-
ture range. The effect of temperature on r is
mainly due to its cffect on metabolism and devel-
opment if the rotifer remains under a suitable sct
of conditions. R, is only low at the most extreme
Leimperatures.,

For species in colder temperatures, R, is also
variable (Walz, 1983, 1987) and has an important
ctfect on . n this case, values of R, are low owing
to the fact that reproduction starts very late, and
then the juvenile period constitutes a high per-
cetitage of the mean life span (approx. 509 at low
temperatures versus approx. 307%, at the optimum
temperature). Under these conditions the repro-
ductive period is short. This delay in initial repro-
duction reduces r by increasing the generation
time. At very high temperatures, gross repro-
duction may not vary, but low survival decreases
R, is we mentioned befure. At extreme values of
teiaperature gross reproduction diminishes aiso.

The life span

Table 2 compiles all the data found on mean life
span at different temperatures. Most littoral-

benthic rotifers {especially bdelloids: Ricei, 1978;
Lebedeva & Gerasimova, 1987, but also Lecare
tenuiseta, Hummon & Bevelhymer, 1979) have
much longer life spans than planktonic rotifers, as
expected by their occupation of more stablc
environments. However, there are exceptions.
such as Euchlanis dilatata which showed the
shortest of all the reviewed life spans. Apart from
the littoral-benthic species, the mean life span
varics, most frequently, from 3 to 20 days, and the
ratio between life spans for a 5 °C increase iy
most frequently from 1.2 to 2, which indicates
diminutions between 4 and 209, (averages 1.6,
1n°,).

Within a species, clones show longer life spans
according to size and their adaptation to colde
temperatures {King & Miracle, 1981). Also the lifc
span of cold-adapted Keratellu cochlearis is some-
what longer than that of the other studied plank-
tonic species.

Life span decrcases with a risc of temperature.
the relationship again being similar to the duration
of embryonic and post-embryonic development,
intervals between egg depasitions, etc. Life span
matches the corresponding acceleration of repro
ductive effort (descendants per female per day)
with temperaturc, and an inverse relationship
exists between the two responses. As Snell &
King (1977) pointed out, reproduction decreases
the probabitity of future survival, However, in this
casc the physiological basis for an inverse re-
lationship between reproduction and survival i
the acceleration of development, the organism:
more or less attain their potential number of de-
scendents during their life time, but over a longa
or shorter period with different timings.

Salinity effects on individuals

Total dissolved salts and relative specific ionic
concentrations are important factors condition
ing rotifer distribution (Ruttner-Kolisko, 1971,
Miracle er al., 1987). Several rotifer genera have
halobiont species living in a very wide range ol
salinities. Brachionus, Hexathra, Notholea, Syr
chaeta are the most relevant. Moreover a numba
of essentially freshwater forms can also be sait

tolerant to a certain extent. Nevertheless, studies
on salinity effects on rotifer individuals or popu-
lations are extremely scarce.

Osmotic regulation has seldom been investi-
gated. However, there is good evidence to suggest
that highly evolved rotifers can regulate the salt
concentration of the pseudocoelomic fluid by
means of their flame cells and contractile vesicle.
This has been confirmed for Asplachna (Pontin,
1964, 1966; Braun er al., 1966) in which larger
species or forms have a higher number of flame
hulbs and in which the vibratile flames show an
activity inversely related to the concentration of
the medium. In addition, when the animal is
placed in a more dilute medium, the pro-
tonephridium responds by sodium conservation,
increased water excretion and decreased total
solute excretion, Kabai & Gilbert (1978) relate the
osmoregulatory capacity of these viviparous
srganisms to the independence of the embryos
from the external environment, supported by the
negligible effects that very severe osmotic de-
creases (10-100 fold dilutions of the normal
medium) had on the response of body wall-
outgrowth to tocopherol, in A. sieboldi. At ex-
reme dilutions, A. sicholdi fecundity was drasti-
ully reduced. There is also evidence, from clec-
won microscopy studies of protonephridia
(Clément, 1968), that Notommuta cepeus also

Concentration of

Body Fluid
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osmoregulates. 1t seems however that both
(Asplanchna and Notommata) are incapable of
hypoosmotic regulation. These rotifers, as well as
other rotifers, may behave as a group of ‘essen-
tially freshwater species that are salt tolerant’ as
described in Bayly (1972). These animals are
hyperosmotic regulators until the salinity of the
external medium more or less coincides with that
of the body fluids (Fig. 3, A). At this point, many
specics reach their upper limit of tolerance, which
may be widened by acclimatization through
increases of the isosmotic point. Other species of
this group which are somewhat more salt tolerant,
behave as osmoconformers for salinities over
isosmoticy. Many rotifer species could be placed
in this group although little or no information
exists on this subject.

Of the typical halobiont species which can
tolerate a wide range of salinities, only Brachionus
plicatilis has been studied. According to Epp &
Winston (1977), B. plicatilis showed a very close
correspondence between internal and external
osmolarity within the range 41 to 957 mQOsmol 1 !
with slight but consistent trend towards hyper-
osmolarity, which was more pronounced as the
osmotic pressure of the external medium
decreased. This could be represented as Fig. 3
(B). B. plicatilis, together with H. fennica and
H. jenkinae were cited by Bayly (1972) as belong-

Concentration of

Medium

i 3. Ideal relationships expected in rotifers among those proposed for other invertebrates (Bayly, 1972). {A) Hyperosmotic
regulation 1ill isosmotic point with different acclimations in freshwater species: {B) curyhaline halobiont species.
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ing to the group of ‘halobiont but entirely non- the external concentration, in osmo-conformers .
marine forms which nsmoconform’, He considers They relate this to the assumption of Pouts & ‘ g s = gu
that osmotic regulation of extracellular fluids is Perry (1964) that osmo-conformers respond to 3 e 2 g = S
not necessary for successful colonization of saline any change in the accustomed osmotic concen- g ;E :'_—* E,-E %E S °§ ey
waters. All the body cells of the animal may be tration by reducing their metabolism. This may be i Y a% iR 85 S 3 §§
uble to tolerate or regulate their osmolarity instead true for concentrations well befow the optimum, & } = & 3 - E& 27
of having a group of specialized cells of a specific such as those described above, when the body :
organ 1egulating the internal fluids. Copepods of cells are beyond their upper limit of tolerance or '
these groups, according to Bayly (1972), are capa- regulation. Epp & Winston (1978) also found that 2 3
hle of slight hyperosmotic regulation, which can activity and O, consumption were less reduced in = [ §§§ p
be improved with previous acclimatization his- previously acclimatized rotifers, especially at the 138 5
lory, but they arc incapable of any hyposmotic higher of the above mentioned concentrations. ? es - 3
regulation. i =5 Yoo g

Little or no information exists on osmoregu- ' ¥ ege oz € 5
lation in others rotifers, although gencra such as Salinity effects on populations = Eigi it E
Sinchacta and Notholea are subdivided in an array 2 g8 b
ol species oceupying almost all types of waters, The direct effects of salinity on life history traits 0 2 M 3
including estuarine and marine environments. are strongly dependent on the species and geno- ] ( 2 ¥955 £ | ii

There is some cvidence that metabolic and type. Raising rotifers at two salinities, 0.2 an¢ R [ 103 _§§
activity responses to salinity correspond to an 0.4 g1~ !, Lansing (1942) found that the mean lifc z o g=s° . ?E
optimum curve with a more or less extensive span of Rotifer vulgaris (= Rotaria rotatoria E o e Z 2
platcau. Both the shape and position of the maxi- decreases with salinity, without any significam E - oS - .
mum with respect to the salinity axis. is strongly variation in fecundity, while Proales sp. shows ] o o ° { > 2 : P
dependent on genotype. Each species or clone has small lifc span increase, but a reduction in the ERI £ ! H z
a particular optimum curve and no general trend number of eggs laid per day. According o 3 i i asze sz " 2 ‘ ! LER 5
of adirect or inverse response to salinity has been Aranovich & Spektorova (1974), Brachioms ,' - sesa 33 2 < . ! :: é’
found. Work in rotifers on activity response to calvciflorus decreases its survival as the salinit i i cez 22 < - \ b .84 .‘3
salinily is restricted to B. plicatilis. An optimum rises from 2 to 10 g1~ !, the negative slope beiny z - eoss e | \ g; =
curve can he extrapolated from the data of progressively steeped. In addition, fecundity de 5 = 3 ) EES E]
Hirayama & Ogawa (1972) on filtration rates, creased with salinity, but levelled off at the highest g @ 3 \ EE 3
with a maximum occurring at moderate salinities salinities assayed. Thus the decrease in growt! j = i g385 g ol g—.,: 2
(- 12g1 ') Data on oxygen consumption is rate when salinity increases above the optimum : - 2 [l e is 3
very fragmentary but Ruttner-Kolisko (1972) is due first to a decrease in fecundity and second ‘ . 38 | i i ‘Z‘
found rates to be low at salinities of 1 g1 ' com- to a decrease in survival. : - g / ‘ i s E!
pared 1o a maximum rate at 17gl ' and a rate Aranovich & Spektorova (1974) also observed - 2228 b = 5 -
only slightly below the maximum at 35 ¢ (. Epp that survival was higher if gradual acclimatization b :f A = i =E 5
& Winston (1974) studied rates from 10 to was performed. Such acclimatization seem ' - J M “ - 2 5?; O
100 mQOsmol, cuorresponding  approximately to important in the response of rotifers to salinity H ? “l 243 | EX \ z j‘zu Z5
0.35-3.5 2! ! salinity, which are too low for the This has also been pointed out before in relatic e 2% £ 2 } v 53T 5%
normal behavior of B. plicatilis. These authors to osmoregulation, metabolism and activity. : }'3 < ‘ °% & f; -2 2 ':':';
found that rotifers. preadapted to higher salinities Table 3 compiles al the data that we couid find 5 . |2 2
(487 mOsmol), showed a reduction in O, con- on parthenogenetic rates of increase in rotifers, & . g E “é
sumiption and activity when transferred to the different salinities. These studies are limited t: 2 t 2 2 3 Py
above mentioned low salinities, which was more two species of Brachionus, B. plicatilis aml 2 . é 3 z]z8 < 2
pronounced the lower the salinity. These results B. dimidiatus. The halobiont species B. plicatiii o E§ ‘i 2338 *_;Eé’ 3 5? ég €
were interpreted by the authors as being a con- grows in a very broad range of salinities, but dat - (g3 (g T £ %
sequence of tissue hydration and the dilution of on r, for most B. plicatilis clones, can be inter I &7 T2

active ions and enzymes, which follows the fall of preted as an optimum curve with a maximum o
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a plateau located at moderate salinities between
10-20 gl ' Some clones originally from
southern latitudes and high salinity show rather
high rates at high salinities (Pascual & Yufera,
1983 Sncll, 19%6; however, in Snell, 1986, r was
estimated from batch culture growth curves,
measured at different time intervals and with a
higli percentage of mixis in the intermediate salini-
tics).

Increased food increises r and broadens the
range of tolerance, but, in contrast 1o the response
to temperature, the maximum is maintained at
about the same position on the salinity axis
(tuble 3, Tubzens, 1981).

It has been proposed that measures of fitness
of rotifer populations are better based on the pro-
duction of sexual resting eggs, rather than on
parthenogenctic growth rates. Several studies
have been carried out to determine the importance
of sexual reproduction in refation to temperature
(Hino & MHirano, 1984; Snell, 1985) and salinity
(1o, 196{t; Lubzens et al., 1980; Lubzens, 1981
Hino & HHirano, 1988, Snell, 1985; Lubzenser al.,

1985). The reproductive response curve of sexual
females to an environmental gradient is more
constrained and peaked than that of asexual
females, with maxima located at the optimal con-
ditions which are probably the same for both
amictic and mictic growth. However, the sexual
or asexual reproductive responses to temperaturc
are very different, because sexual reproduction is
much diminished at extreme temperatures, and
male rates of increase do not follow the same
patterns as those of amictic females. By contrast,
in a salinity gradient, the maximal sexual repro-
ductive effort is more or less coincident with the
optimum salinity for parthenogenetic growth.

Interaction between temperature and salinity

1n order to establish the combined effect of tem-
perature and salinity on the intrinsic rate of
increase, r, we followed individual cultures of
three clones of Brachionus plicatilis (CU, SPO.
and FCA; Serra & Miracle, 1983, 1985, 1987.

cu SPO FCA
~— ] Jk\ 1 g_ ________
D B N 14 e 1/
) , -~ ) ] ——
154 AN E ] * ] //
- j,‘ \\\\\,j o) ]g
104, T~ 13 1
1 ol 1 ‘
] b
: Jo .y 4° e
] N 3
81 o 1= g
1° e ]
T LR L T T T
12 24 9 12 24 9 12 24

Salinity (g/l)

Fig. 4. rvalues of three clones of Brachiomus plicatifis growing at the indicated salinities and at 20 °C (dotted lines), 25 < C (sol!

linesh, and 30 € {dashed fines). Closed symbols represent the values calculated for amictic females; open symbols correspon:!

ta the tetal number of females {mictic phus amictic). The triangles indicate which clone shows a maximum r at each temperatue.
salinity combination.

Serra, 1987), at three salinities (9, 12, and
24 gl ';diluted sea water), and at three tempera-
tures (20, 25, and 30 ° C). The r values were calcu-
tated from daily survival and fecundity schedules
from sets of 50 newborn females grown at each of
the nine experimental conditions and observed
until their death. They were derived from parents
coming from log-phase cultures pre-adapted at
the corresponding experimental combinations.
The cultures were grown at light and the medium
containing 0.5 x 10° cell mi~ ' of Terraselmis sp.
was renewed daily.

Two types of r values were calculated. The first
wype considered only the amictic females - dis-
regarding the mictic ones — and assumed that all
their daughters were amictic females. Thus, it esti-
inates the intrinsic rate of increase, assuming the
absence of mixis. The second type included all
individuals either mictic or amictic. Both r values
were computed using an integrated solution of the
lotka's integral equation, assuming a negalive
cxponential interpolation between the observed
survival schedules (Serra, 1987).

Figure 4 shows the effects of genotype, tem-
perature and salinity on r. The r values calculated
from the subset of amictic females have a clearer
pattern in relation to these factors; becausc of
this, we will focus on it. The main feature is an
increase of r as the temperature rises, showing
most frequently a linear relationship for our data
points. These r values, within a temperature,
showed great variability due to clone and salinity,
nut they never overlapped with those at other
temperatures. The slope of the r-temperature rela-
sionship varies for the different clones. Clone CU,
higger in size and, according 1o its origin, adapted
i lower temperatures shows a much smaller
slope than the other two clones (Fig. 5). The same
comments made before for the duration of
«mbryonic development (in different species,
Pourriot & Rouger, 1975, or clones, Amrén, 1964)
r oxygen consumption (Pourriot, 1973b) could
ne applied here. At low temperature, cold-adapted
wenotypes have relatively higher r than more
thermophilic ones, while the latter have relatively
ligher rates at higher temperatures. The same
“esults are obtained in other studies when dif-
‘erent B. plicatilis clones are compared. In Fig. §
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we have plotted together our results on the
response of r to temperature and those calculated
from data of King & Miracle (1981), where also
a bigger clone (SP) was compared with two
smaller and more thermophilic clones.

The effect of salinity on the intrinsic rate of
increase is less pronounced than that of tempera-
ture. It is conditioned mainly by clone, but has a
high interaction with temperature. Thus, for clone
CU the highest value of r has been found at
middle salinity, while SPO shows a decrease of »
as the salinity rises. The FCA clone shows a trend
to maintain high r values at high salinity, most
notably when temperature is high.

Figure 4 indicates which clone would hypotheti-
cally be dominant in each condition (triangle vs.
circles). According to these results, CU would
have advantage in relatively cold and low salinity
waters, SPO in warm waters with relatively low
salinities, and FCA in warm waters with high
salinities. FCA shows also a good response to
conditions where salinity and temperature arc
positively correlated.

This behaviour of clones is quite closely
adjusted ta the one expected if they were adapted
to their habitats. Thus, the origin of FCA is a
coastal marsh with highly variablc salinity, reach-
ing more than 35g1 '. We obtained this clone
from the Institute of Fisherics Research of
Castellon, where it was cultured in sea water and
at approximately 26 “C. SPO was isolated by us
from a relatively stable coastal lagoon, in where
salinity was [3 gl ! and temperature, 26.6 *C.
Finally, CU was isolated from a endorreic
athafasic fagoon, which, at the time of colfection,
had a salinity of 25gi ' and a temperature of
17 °C.

The response of r to some combinations of
temperature and salinily suggests a synergestic
effect between these parameters, which has been
explared studying their additive interaction. The
interaction (r 4, Fig. 6) has been calculated as
the difference between the observed value of 7, at
cach condition combination, and the expected
value of r assuming an additive effect of salinity
and temperature. The expected r is calculated as
the addition of the following three terms:
(1) grand mcan for the clone, (2) the deviation o
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this grand mean of the averaged r for the specific
wmperature, and (3) the deviation from this grand
mean of the averaged r for the specific salinity.
The results are shown in Fig. 6.

‘The most interesting response is that of FCA.
Ttshows a strong interaction between the studied
factors. At the high salinity-high temperature, at
middie salinity-middle tecmperature, and at low
suiinity-fow temperature £ CA has a higher r than
would be expected without interaction. This can
be retuted to the fact that a positive correlation
betwe:n temperature and salinity is frequent in
the natural waters of Mediterranean region, where
in swnmer high temperature and dryness causes
an increase of water safinity. Thus, FCA. the
clone isolated from u variable marsh, seems to be
adapted to the fluctuations of natural conditions.

l-or ¢lones CU, the interaction between tem-

)

perature and salinity is more complex. This clone
shows a relative advantage at low and wmiddle
levels of both salinity and temperature, and if onfy
these conditions are considered, the pattern of
CU is similar to that of FCA; the r is above the
expected value at both low-low and middie-
middle combinations. Finally, clone SPO pres-
ents a ‘smooth relief, pointing out a poor response
to specific combinations of temperature and
salinity,

To investigate the underlying causes of the
obtained variation of r, we have explored the refa-
tionships between r and other life history traits.
being particularly easy for global - age inde-
pendent — life history traits. An approximation of
rcould be obtained from the net reproductive rate.
R,,. and the cohort generation time, T, ie.
v IN(R,)T, . In turn, R, can be decomposed in

FCA
slope sPO
r vs. T
1.04
cu

0.51 \ LA
t*\‘b
sSP
0.0 T T —r v —r -
150 200 250 300
LENGTH, pm

Fie. 5. The stope of the relationship between r and temperature as a function of the mean body length of four Brachionus plicatii
strains. measured al two fixed temperatures (data for LA, MC, and SP strains were obtained from King & Miracle, 198(h
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lig. 6. Salinity-temperature interaction, ry  (days !, sce text) for three clones of Brachionus plicatlis cultured at the indicated
cunditions, The bars represent that part of r which is due to interaction, and are solid until the interaction equals zero and empty
when it is positive.



the product between the duration of life. measured
as the mean expectancy of life, e,. and the average
number of daughters per day: Fy = R, /e,

As expected, r and T, (Fig. 7) are refated by an
asynthotic inverse curve. The values are mainly
arranged according to temperature, and there are
not clear distinctions between values belonging to
different clones or salinities. Looking at the slope
of this relationship, it is observed that the covaria-
tion between r and 7, is high at 25 °C, lower at
1.0 . 10 °C, and nearly zero at 20 °C.

1 The mean expectancy of life, e,, presents a
] I °© pattern similar to T, in its relationship with r
(Fig. 8). This similarity could be expected as a
05 - R Y o] consequence of the relationship between T, and
o e the duration of life.
1 The relationship between r and F, is also
0.0 . strongly dependent on temperature (Fig. 9), and
. within the same temperature, a linear correfation

between r and Fy has been found. When a

functional regression analysis between these

parameters was performed, lines with similar

Jlopes were obtained.

200C 25°C 30°C
cu o © )
sPo & s A
FCA O 0 -

2.0 -

Te (d)

Fig T Relationship between £ and the cohort generation time, T, (days), in Brachionus plicaiilis.
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Our results show that temperature not only
affects the r values, but also the relationships
between r and the other demographic parameters
analyzed. In contrast, genotype and salinity do
not cause special relationships between the
studied traits.

Two important conclusions can be deduced
from our results: (1) At changing tcmperaturcs
the rate of growth and life span or generation time
arc adaptatively and physiologically adjusted. so
the number of descendants per female (R,)
remains constant. If we plot (Fig. 8) the relation
between r, and T, by inferring r, from the poten-
tial R,, (the maximum R,, found in our results; i.e.,
24) by r.=1n24/T.. we obtain a linc which
matches almost cxactly that of expected r assum-
ing constancy in the r relative 1o life span (dotied
line in Fig. 8). (2) Both salinity and genotype have
important effects on fecundity. which can be seen
in the relationship between r and £ at different
temperaturcs. On the other hand, their effect on
life span is much less apparent.

2o 20°Cc_25°C 30°C 20°C_25'C_30°C
. - : cu [e] [ /] ] 2.0 cu o) © A )
I ° SPO & L) a r : SPO A ry .‘. =
™" N FCA 1O 0 . ™ ] ECA © «
15 1.5 — - .
® E
- 3 E e - . -
=
¢ ] : o/n,/’/o -t 049 Fg + 0.17
1.0 1.0- /g/ 1.c.c:0.73 #
. 0 ; ///'/‘
Ao © o °©
k o A — 1.0.33 Fg + 0.20
0.5 o k ® lc.c.: 0,95 &8
3 A o... 0.5 il 2
o o ] 0. o o
4 - r. 037 Fq + 0,05
A 4 lcc.:0.92 wa
0.0 ER e s " T v T T e —T a
° : 10 15 0.0 T r y - Y " -
[0} 1 2 3 4
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fie. 8. Relationship between r and the mean life expectancy, e, . in Brachionus plicatilis. The dotted line has been calculated o

v ¢ = K. K being the mverage of the ;- e, for the 27 experiments. that is K = 6.3. This equation that assumes the potential

pospulation growth througheut the life of an individual is the same for all conditions, i.e., assumes that the intrinsic ratc of increas
relative o difespan is constant.

Fy (otfspring-@-'.d-")

"2 9. Relationship between r and the reproductive cffort, F, average offspring per female and day of life) in Brachionu
“earifis. The relationship is plotted for cach temperature, indicating the corresponding regression equation with its significance
(Le.c., lincar correlation coefficient).
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( cneral considerations

On the busis of laborutory studies we observe that
remperature has a direct effecton r. This influence
is muinly derived from the response direct of QC—
velopmentaf rates or metabolic activities to in-
creasing temperature, and the resultant r values
reach 1 maximum. Beyond this point, 7 sharply
decreases (Fig. 2). The temperature of the maxi-
mum is the upper timit for the normal function!ng
of the animal in the particular set of remaining
conditions. The slope of the exponential curve
and the temperature at which the maximum oc-
curs depend on genotype (Fig. 2), and cold-. or
warin-adapted genotypes are clearly diﬁcrenua}
ed. Cold-adapted specics or clones have in
gencral, smaller slapes than warm-adapted ones
(Fig. 2). This confirms the general observ?uon
that cold-adapted species have relatively higher
rates of increase at lower temperatures than
warm-adapted ones, and the latter have rglalively
higher rates at higher temperatures. It is interest-
ing 1o note also that within species colc!-aduptc@
genotypes have a karger size (Fig. 5). This trend is
cuincident with the direct effect of temperature on
the size of genotypically identical individuals,
which have a bigger size when reared at low tem-
pesatures {Serra & Miracle, 1987). Slope and
temperature of the maximum are also more or less
influenced by environmental factors. Food in par-
ticular determings the temperature limits between
which the response of r is exponential (Table 1).
The cffect of temperature on net fecundity, Ro.
is negligibfe within normal temperature limits. On
the other hand, life span shows an inverse rela-
tionship with temperature, as expected by the
acceleration of development rates. Thus, tem-
perature {within suitable values for the norr-nal
functioning of the organisms) influences the tim-
ing. but not fertility (i.e., the number of des-
cendents per individual), and an increase of r
results from the acceleration of development. The
decrease of r when temperature values move
beyond suitabic limits is due first to a decrease in
survival and, if values become more exireme,
additionally to a decrease in gross reproduction.
On the other hand, the direct effect of salinity
on r depends on the genotype: the same findings

can be observed in other invertebrates (Fava
etal., 1983). The genotype is adapted to an
optimum salinity in which r is maximum. Then, r
decreases as salinity conditions move away from
this optimum. The decrease of r is due first to a
decrease of fertility and, if salinity moves sti)
farther from the optimum, a decrease of survival.
In the responsc of rotifer rate of increase, the
interaction of temperature-salinity is important.
In our studies of Brachionus plicatilis clones from
habitats with greatly fluctuating temperature and
salinity, a positive interaction or beneficial effect
is found for the low/low and high/high tem-
perature/salinity combinations within the norm'al
limits of those factors in the habitats. Kinne in
several papers (reviewed in Kinne, 1970,
Alderdice, 1972) found similar results for other
invertebrates and fishes. However, this is not
general and Dorgelo (1976) compiles other benefi-
cial combinations for survival in crustaceans,
such as high/low temperature/salinity com_bina-
tions in the tropics. The responses of species or
ecotypes seem to match their habitats of origin. In
temperate climates a positive correlation belw&?cn
temperature and salinity is usually fo}lnd du'rllng
the annual cycle. Temperature-salinity positive
interactions in B. plicatilis ecotypes correspond to
the expected annual covariation of those factor:
in their habitats. In the tropics, where temperaturc
is more constant and salinity varies with the wet-
dry seasons (corresponding to summer and win-
ter) other factors may be more important. A!so in
coastal brackish water environments the intet-
action between continental and marine water:
could determine different salinity-temperatur.
relationships.
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