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ABSTRACT

Eutrophic temperate and sub-tropical lakes often exhibit a marked vertical structure during the warm season that
involves important spatial differences of physical, chemical and biological variables. Therefore, zooplankton is
exposed to a highly heterogeneous environment in the vertical dimension. In this work, We analyze the depth-
distribution of the cladocerddaphnia ambiguan the eutrophic, monomictic lake El Plateado at midday and midnight,
along with its relationship with the vertical distribution of water temperature and dissolved oxygen concentration. We
also attempt to define whether or not this population exhibits a diel vertical migration. The results show significant
changes in the day/night vertical distributiorDofambiguaduring its growing season, with the exception of the last

date. Also, the data revealed that average depth selediea@inpigusbecomes shallower with time, and the amplitude

of the vertical migration decreases throughout the season. During the period of lake stratification, temperature appears
positively correlated, and oxygen negatively correlated to the frequerzyashbigualt is suggested that oxygen
concentration plays a crucial role in modulating the vertical migration behadoaafbiguan lake El Plateado, which

has important consequences for understanding the atypical pattern of population dynamics exhibited by this species.
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RESUMEN

Los lagos templados y sub-tropicales a menudo presentan una marcada estructura vertical durante la estacion calid:
que involucra importantes diferencias espaciales de variables fisicas, quimicas y biolégicas. El zooplancton se
encuentra por ello expuesto a un ambiente marcadamente heterogéneo en su dimension vertical. En este trabaj
analizamos la distribucioén vertical del cladoderambiguaen el lago eutréfico y monomictico El Plateado, a mediodia

y amedianoche, y surelacion con la distribucion vertical de latemperatura del aguay concentracién de oxigeno disuelto.
Intentamos también definir si esta poblacién exhibe o no una conducta de migracion vertical. Los resultados muestran
cambios significativos en la distribucion vertical dia/noch®dambiguadurante su periodo de crecimiento, con
excepcion de la ultima fecha. Los datos revelan también que la profundidad promedio selecciobadmpimyua
disminuye en el tiempo, asi como la amplitud de la migracion vertical. Dentro del periodo de estratificacion del lago,
la temperatura aparece positivamente correlacionada y el oxigeno negativamente correlacionado con la frecuencia de
D. ambigua Se sugiere que la concentracion de oxigeno juega un papel crucial en la modulacién de la conducta de
migracion vertical dd. ambiguaen el lago El Plateado, con importantes consecuencias para el entendimiento del
patrén atipico de dindmica poblacional que presenta esta especie.

Palabras clave:Chile, Daphnia migracion vertical, seleccion de profundidad, zooplancton.

INTRODUCTION consequently, the water-density is lower in the

upper meters of the water column. During the

In lakes, the vertical dimension of the systenwarm season of monomictic temperate and
should not be disregarded, since both watesubtropical lakes, with the exception of shallow
conditions and resources of every freshwateponds, the kinetic energy supplied by wind is able
population show a marked, though not necessarilyp mix only the upper part of the water column,
overlapping, spatial structure. In temperate andhile the lower part is resistant to mixing, which
subtropical lakes the water temperature igauses thermal stratification (Hutchinson 1957)
normally higher near the surface and,and a well defined epilimnion (a superficial, less
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dense and warmer water-layer) separated fromand demographic- costs and benefits imposed by
deeper, more dense and cooler layer owater conditions at each depth, in any given time.
hypolimnion. This strong spatial heterogeneity of This situation poses the question about depth-
the environment of freshwater organisms can bgelection patterns in the field, namely: which is
enhanced by other physical, chemical andhe vertical distribution of zooplankters in nature
biological processes (Watanabe 1992). Whiland how could it be related to the environmental
photosynthesis is confined to the illuminatedconditions of the system? With the exception of
layers of water, accumulation of organic particlesome data collected in Rapel reservoir by Zufiiga
by settling is higher in deeper waters, wher& Araya (1982) and Andrew et al. (1989), no
community respiration rate is enhanced andtudy has dealt with this topic in Chilean lake-
oxygen concentration decreases, specially iacosystems. The first study reported the vertical
productive systems. In eutrophic systems, thdistribution of zooplankton only at two autumn
oxygen depletion in the hypolimnion may causelose dates during one non-specified time of the
the development of a deep hypoxic zone durinday. The work of Andrew et al. (1989) dealt with
the stratification phase. zooplankton respiration, being the vertical distri-
On the other hand, most pelagic fish require aution a subsidiary element. These authors pro-
minimum of visible light to search for their prey,vided data of a 24-h period in early spring, per-
and therefore predation pressure on the zooplankermed no statistical analysis to the distribution
ton is generally restricted to the upper illumi-of zooplankton, and did not provide an ecological
nated part (during daytime) of the water columrexplanation to the observed vertical trend.
(Zaret 1980, Gliwicz & Pijanowska 1989). A particular case of depth-selection behavior is
Since both phytoplankton growth and prey conthe diel vertical migration exhibited by many
sumption by fish are restricted to the upper watersooplankton species in marine and freshwater
due to the light-dependence of these processesystems (Hutchinson 1967, Lampert 1989, De
the zooplankton may be able to exploit a largeMeester et al. 1999). The normal pattern of diel
spatial segment of the lake, in the vertical dimenvertical migration behavior is characterized by an
sion. ascending movement of the zooplankters at
Because the above-mentioned vertical heterevening, followed by a descending movement at
geneity in the physical and biological environ-dawn. In this way, during stagnation the zoop-
ment, the fitness of zooplankters and their poterlankters exploit the epilimnion during the night
tial for population growth are strongly dependenf{when there is not enough visible light for fish
on the depth in which they are located at a givepredators), and stay in the hypolimnion during
time. the day hiding from visually-oriented predators.
In epilimnetic waters, relatively high tempera-Theoretical studies show that this behavioral pat-
tures enhance zooplankton fitness through intern could be both an optimal (Mangel & Clark,
creasing developmental rates, decreasing time i®88, Fiksen & Giske 1995, Fiksen 1997), and an
first reproduction and increasing intrinsic rate ofevolutionary-stable-strategy (Gabriel & Thomas
population growth (McLaren 1963, Hall 1964,1988).
Bottrell 1975a, 1975b, Bottrell et al. 1976, Lei & Since demographic components of the zoop-
Armitage 1980, Vidal 1980a, 1980b, Neill 1981 lankton population growth (reproduction, recruit-
Meyers 1984). Moreover, food availability is of-ment, mortality) are strongly determined by the
ten higher in superficial waters due to the photoparticular set of conditions found at each depth,
synthetic activity and growth of microalgae, andunderstanding the population dynamics of any
the oxygen concentration is normally found akooplankton species requires information about
saturating levels therein. Nevertheless, survivats vertical distribution in the field, and their
probability is reduced in epilimnetic waters whempotential changes over time.
zooplanktivorous fish are present. On the other In Chilean lakes, the geni®aphniais poorly
hand, the hypolimnion is a convenient refugeepresentedin comparison with lakes of the north-
against vertebrate predators (Wright & Shapir@rn hemisphere. The scarcity Daphniaapplies
1990), but disadvantageous in terms of temperdoth to species richness and to population den-
ture and oxygen concentration during the stagnaity. In fact, only twoDaphnia species D.
tion period of eutrophic systems (Watanabe 1992mbiguaandD. pule) are found in most Chilean
Hanazato 1992). lakes (Villalobos 1994), and they rarely dominate
An optimal depth-selection behavior of zoop-numerically their zooplankton communities. Lake-
lankters should give rise to a vertical distributiorecosystem processes, such as the well reported
of the population where the animals find the bestlear water phase of northern lakes (Tilzer 1984,
compromise between the several -physiologicdlampert et al. 1986, Sommer et al. 1986) are
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strongly influenced by the structure of the zoopswimming individuals ofD. ambiguahave been
lankton community. The association between scafeund from June to October of each year, with
city of Daphnia and the apparent absence of anaximal population densities in August-
clear water phase in Chilean lakes probably is n@eptember (Ramos et al. 1998).
by chance. If so, existing models of biological
dynamics of freshwaters (e.g., Sommer et al. 1986)
need to be generalized or replaced. Data collection and statistical analyses
Under the hypothesis that patterns of depth-
selection behavior of a zooplankton populatiomfemperature and dissolved oxygen concentration
rest on some interacting process influenced byere recorded weekly during the year, by using a
endogenous and exogenous stimuli, and, th&/TW OXI 196 equipment with a calibrated WTW
depth-selection behavior can have a significarEOT 196 submergible probe. Readings were made
effect on the demographic process, which deteevery 0.5 m from surface to the lake bottom and
mines the dynamics of population abundancehack, and the mean value was used. Routine
this work is focused on the depth-selection patzooplankton sampling by means of biweekly sin-
terns of aDaphniapopulation in a temperate lakegle vertical hauls (125 mm mesh) was conducted
of central Chile. Specifically, we evaluate thein order to characterize the population trends. All
vertical distribution of Daphnia ambigua measurements were made at midday, on the same
(Scourfield 1947) in lake El Plateado at middayarea where the plankton samples were taken.
and midnight over the growing season of this Sampling for the analyses of vertical distribu-
species. We also investigate relationships bdion was made both at midday and midnight dur-
tween the vertical distribution @. ambiguaand ing the following dates: April 22, July 21, August
the distribution of water temperature and dis©5, September 9, October 7, and December 16 of
solved oxygen concentration in the lake. Furthert995. As expected from previous studies (Ramos
more, we attempt to detect whether or not thist al. 1998), very few individuals d. ambigua
population exhibits a diel vertical migration be-were found in the April and December samples,
havior, and discuss the consequences of depthe these two dates were removed from further
selection behavior on the population dynamics odnalyses. The samples were taken from the pe-
D. ambiguain lake El Plateado. lagic zone in lake El Plateado by using a 30 L
Schindler sampler at depths of 0, 1, 2, 3, 4, 5, 7,
and 8.5 m. For each depth, samples were col-

MATERIAL AND METHODS lected from three different points, linearly ar-
ranged every 25 m along the major axis (North-
The study site South) of the lake. This procedure allowed to

increase the number of organisms per sample as
El Plateado is a warm-monomictic and eutrophievell as to broaden the sampling area. Zooplank-
small lake (Montecino & Cabrera 1984) locatedon samples were fixed in the field with a sugar-
at 33 04’ 30" S and 7% 39’ 12" W at 340 m formalin solution (Haney & Hall 1973). In the
altitude, between coastal hills at the southern endboratory, a known fraction of each sample was
of Valparaiso, Chile. Its surface area is 0.01%aken using a Folson-subsampler for subsequent
km?, with a maximum depth of 13 m and a mearounting under a WILD M5 stereomicroscope.
depth of 4.8 m (Dominguez etal. 1976). Chemicalounting was made according to standard proce-
and physical characterization of this lake can bdures (McCauley 1984).
found in Domiguez et al. (1976, 1981) and Ramos In order to compare the vertical distribution of
et al. (1997). A strong thermocline is presenD. ambiguabetween day and night of each date,
from September to May, with vertical temperatureand between the different dates at a given time
differences up to 8C m?, and the hypolimnion (day or night), a recently developed method was
becomes anoxic (or severely hypoxic) during mosised (Solow et al. 2000), which is based on the
of the stagnation period (Ramos et al. 1997). Th€olmogorov-Smirnov testand itis specially suited
zooplankton composition of El Plateado include$or comparing vertical plankton distributions. The
the cladocerans Bosmina longirostris significance level was estimated by running
Diaphanosoma chilenseDaphnia ambigua 10,000 randomizations on an electronic worksheet.
Ceriodaphnia dubieandMoina micrurg and the This method will be referred here as KSS test.
copepods Tumeodiaptomus diabolicys Weighted average depths were used as a measure
Tropocyclops prasinusand Mesocyclops of the center of the population vertical distribu-
longisetus (Ramos et al. 1998, following tion (Wishner et al. 2000).
nomenclature of Araya & Zufiga 1985). Free-
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In looking for relationships between frequency The midday distribution at each date was statis-
of D. ambiguaF,= N.( 3 N)™ in which Fis the tically compared with the midnight distribution
frequency and Ns the density oDaphniaat each to look for the occurrence of diel vertical migra-
depth i, and physical conditions of the watertion in this population. Differences in vertical
multiple regression analyses were run taking tendistribution during daytime and during nighttime
perature and oxygen concentration as indepenvere also tested in order to look for seasonal
dent variables. In order to standardize the tenmshifts. The results of the KSS test are shown in
perature and oxygen values over time, these varf-able 1 and 2. Significant differences (P < 0.05)
ables were re-dimensioned to a zero-to-one scaleere found between day and night distributions
in which these two extremes are the minimal anth July, August and September, whereas no sig-
maximal values of the variable observed in thaificant day/night differences were detected in
field at each date, respectively. The conversion ddctober. Differences between the August and
variables was done by applying the followingOctober distributions at midday were statistically

function: significant, and those between July-September
Y-Yo and July-October were marginally significant
Y= —— (Table 2). At night, differences among the four
Yoo Yo vertical distributions were not significant (Table
2).

where Y’ represents the re-dimensioned variable To display the central tendency of the distribu-

(temperature or oxygen concentration), Yand tion of D. ambiguaover time, the weighted-aver-

Y ., are maximal and minimal values of the ob-age depth£ one standard deviation) at each date

served variables, and Y is the root value. Normaland time is shown in Fig. 3. The graph also shows

ity of variables used in multiple regressions wer¢he difference between day and night mean depths

corroborated by the Kolmogorov-Smirnov two-as a measure of the amplitude of migration. Three

sample test, after square-root transformation adspects deserve attention: (1) the average depth

the independent variables (Sokal & Rohlf 1995)of Daphniais always shallower at midnight com-
pared to midday, (2) the population concentrates
closer to the surface as the season progress, and

RESULTS (3) the difference between mean day and night

depth decreases with time.

Temperature and oxygen distribution of lake EI Vertical distribution at midnight is more uni-

Plateado during the year are shown in Fig. 1A anfbrm than at midday. Because of this, the tempo-

1B. Of maininterestitis the increase of epilimnetigal shift in average nocturnal depth is not large

temperature and the outstanding decrease ehough to make distribution differences among

hypolimnetic oxygen occurring from July tothe four dates statistically significant. The verti-

October. The population trend Bf. ambiguais cal distribution at midday is less homogeneous,

shown in Fig. 1C, together with the samplingand differences among them are more sensitive to

dates for the analysis of vertical distribution. Theshifts in their gravity point. Thus, KSS tests re-

seasonal change in population sizédofiambigua

shown here is similar in shape and temporal

location to that reported for previous years in the TABLE 1

same lake (Ramos et al. 1998).

The vertical spatial distribution d. ambigua Kolmogorov-Smirnov-Solow (KSS) test for

in lake El Plateado during the period of highest comparison of vertical distribution dJ.

population density, both at midday and midnight, ambiguabetween midday and midnight (see

can be seen in Fig. 2, together with the vertical text and references therein)

profiles of temperature and oxygen concentration

at each day. It should be noted the vertical homo-Prueba de Kolmogorov-Smirnov-Solow (KSS) para la

geneity of temperature and oxygen content dursomparacion de la distribucion vertical Be ambiguaa

ing the two first sampling dates. In September and mediodia y medianoche (ver texto y referencias

October, on the other hand, the water column was incluidas)

stratified and the hypolimnion turned severely

hypoxic (Fig. 1 and 2). A visual inspection of the Date P-value
vertical distribution ofD. ambiguareveals that July 0.0072
differences between day and night frequencies August 0.0146
are more evident in the uppermost layers, with a September 0.0241

lower frequency of daphnids at midday (Fig. 2). October 0.2481
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{ i : 2 R, A . gression analyses. If both midday and midnight
5@ | 2 r”d;" Itl"'\.:'f-l.':lw-,__ L | are included (Table 3), the resulting model was
_ !rll? | in | P “:Lm‘\'-.H L highly significant (P <0.00001), and the multiple
E 4 F o .' i ' Il":-‘-.'"‘-t::q:‘!'_' correlation coefficient (R) gave an acceptable
i 6 ..{2‘-,_.':___-_ ,.l | { H“""L-'. value of 0.56. Only the oxygen concentration
X E_I-,___',f‘—--'..‘.':__,,- | k explained variability in the frequency db.
[F u ambigua with a negative and highly significant
1af q\"_ | A regression coefficient. This result indicates that
P71 17— the frequency oD. ambiguais inversely related
0 T : e ‘r 1 With the standardized values of oxygen present in
o I:I el II_'_rj__::vl j:n-'_.‘\q_,,.'!I || the water column. On the other hand, the fre-
e de| _:-'.__ e = Ll.s_a“w ___.II"TT_-"E_-.':-::Q._ | quency ofD. ambiguadid not vary with tempera-
§ 4 el Y M=
- | Be—— Y 1 || ture.
4 & 'ri" ﬁ""!;_ | l.:l ( | When only midday data were included in the
& 3'} ?:';_*. | :I ¥ -:J analysis, the resulting regression model gave a
[ L L 1 r high multiple correlation value (R = 0.72), and a
1o (it fl‘:" ol B | high level of statistical significance (P < 0.0001,
5 o O T _v K — 7 Table 4). As before, the frequencyDf ambigua
a‘ !-l = ~—=——————  was independent of temperature and was nega-
H~ gt F‘. c tively correlated with oxygen concentration. The
2 : f regression analysis run on the midnight data re-
:-?E L e vealed no statistical significance of the model
§ o0p s+ wsse® s and suggested no influence of any independent
L= i F M AMJUJ | A S 0 N p j Vvariable(Table 4).

Before further regression analyses, the period
of study was split into two phases on the base of
the abrupt development of the lake’s stratifica-
density ofDaphnia ambigugC) in lake El tion: July-August, prlortc_) stratification, and Sep-
Plateado during the study year. Inverted trianglest€mber-October, when dissolved oxygen and tem-

on the top of each plot indicate the sampling dateRerature exhibit large vertical differlences in the
for zooplankton vertical distribution. water column. A regression analysis run on the

] . . July-August data showed no significant effects of
Isolineas de temperatura &8 (A), isopletas de oxigeno idd b led
disuelto en mg QL (B) y densidad poblacional de temperature or oxygen at midday, but revealed a

Fig. 1. Temperature isopleths iC (A), dissolved
oxygen isopleths in mg.Q ™ (B) and population

Daphnia ambiguan el lago El Plateado en el afio de significant and negative effect of temperature on
estudio. Los tridngulos invertidos sobre cada grafico the frequency of daphnids at night (Table 5). It
indican las fechas de muestreo para distribucién vertical should be noted that the vertical profiles of tem-
del zooplancton. perature and oxygen during this phase were nearly

homogeneous, with a slight increment in tem-
vealed levels of statistical significance close tperature very close to the surface. Thus, the ob-
0.05 between every two non-adjacent dates (Tabkerved negative effect of temperature was a con-
2). On the other hand, the level of statisticabequence of the minimal densityDf ambiguain
significance of KSS tests during day/night comthe uppermost layers at night.
parisons isin agreement with the observed changeThe analysis of the second (stratification) phase
in the depth-differences in each date (Fig. 3). Soevealed a significant relation between the fre-
the largest difference in average depth betweegquency ofD. ambiguaand both temperature (posi-
day and night, detected in the July samples, igve effect) and oxygen concentration (negative
concomitant with the smallest P-value of the KS@ffect). Such pattern was valid both for midday
test. The amplitude of the vertical migration,and midnight data (Table 5). These results entail
measured as a depth difference, diminishes monthat daphnids tend to concentrate at depths slightly
tonically with time, and no significant differenceabove the thermocline plane, and somewhat be-
between the day and night vertical distribution$ow the oxycline plane when the lake is stratified.
was observed in October, when the amplitude was
the smallest.

Possible relationships between temperature and DISCUSSION

oxygen concentration -as independent variables-
and the frequency dD. ambigua-as the depen- This work addresses the depth-selection behavior
dent variable-, were tested through multiple reef D. ambiguain lake El Plateado, and its main
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results suggest that (1) this population performsal distributions, with a deeper average location
diel vertical migration during most of its growing at midday. Nevertheless, these changes vanish at
season, (2) thad. ambiguaexhibits a seasonal the end of the growing seasonfambigua Two
change in its vertical migration pattern, and (3pasic modes of diel vertical migration are de-
that oxygen concentration seems to be the mabtribed in the literature (Lampert 1989). A first
modulator of this response. The consideration ahode corresponds to the “normal” pattern, with
these patterns could help to explain the populatioan ascending movement of individuals at dusk
dynamics exhibited byp. ambiguain lake EI and a descending movement at dawn, and a sec-
Plateado. ond mode of diel vertical migration is the oppo-
The statement thdD. ambiguaperforms diel site “reverse” vertical migration. Itis now widely-

vertical migration, as a specific kind of depth-accepted that the behavior of diel vertical migra-
selection behavior, is based on the significanion is a predator-avoidance strategy (Zaret &
differences detected between day and night vertSuffern 1976, Stich & Lampert 1981, 1984, but
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Fig. 22 Day (empty bars) and night (filled bars) vertical distributioDaphnia ambiguan lake El

Plateado during its higher-density period. For each date the temperature (continuous line) and dissolved
oxygen concentration (dotted line) profiles are shown.

Distribucion vertical ddDaphnia ambiguaen el dia (barras claras) y la noche (barras oscuras) en el lago El Plateado,

durante su periodo de mayor densidad. Para cada fecha se muestran los perfiles de temperatura (linea continua) y concen-
tracion de oxigeno disuelto (linea punteada).
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TABLE 2

Significance levels of Kolmogorov-Smirnov-
Solow (KSS) test probabilities for P { 1.2

comparison betweeBb. ambigua Iy
distributions between the dates at midday = X =
(upper right half) and at midnight (lower lefi ﬁ | E
half) = 4 J — 5
& o4 e 1.1 E
Niveles de significancia de la prueba Kolmogorov- = ~ D A
Smirnov-Solow (KSS) para la comparacién de ?;' "‘“-“:__--' E
distribuciones d. ambiguaentre las fechas a 7 = " =
mediodia (mitad superior derecha) y a medianoche "ﬁ o % E
(mitad inferior izquierda) -ﬁ & i 0 A
L] e
Date Jul Aug Sep Oct = ‘ o
Jul 0.5092 0.0516 0.0556
Aug 0.5584 0.1124 0.0179 |
Sep 0.0929 0.2490 0.7610 . fp— E
Oct 0.1223 05183  0.6725 b Aug Sep Ot Moy

Fig. 3: Weighted-average depth Baphnia
see also Lampert et al. 1988, Lampert 198%mbiguain lake El Plateado during the sampling
Guisande et al. 1991, Gabriel 1993, De Meester @kriod. Closed circles: midnight samples, open
al. 1999), and that this response is plastic ancircles: midday samples. Error lines show 1
inducible, that is to say, the presence of a predatandard deviation. The dashed line with squares
tor-released chemical cue is necessary to triggeshows the differences between midnight and
the behavioral response (Frost & Bollens 1992midday average depth.
Loose & Dawidowicz 1994, Von Elert & Loose promedio ponderado de profundidad@ephnia ambigua
1996, De Meester et al. 1999). While fish areen el lago El Plateado durante el periodo de muestreo.
responsible of the normal vertical migration re-Circulos llenos: muestras de medianoche, circulos vaciqs:
sponse, invertebrate predators stimulate the rén__gestra's de medlqdla. Lineas de error muestran 1 desvia-
. . . ion estandar. La linea segmentada con cuadros muestra las

Ve_rse _mlgratlo_n. The norm_al p_attem of Vert'caﬁiferencias entre la profundidad promedio a medianoche y
migration applies td. ambiguain El Plateado. 5 mediodia.
This finding indicates that fish predation @n
ambiguacould be important in this system, inDuring the stratified phase, oxygen values range
agreement with frequent observations of silverfrom nearly zero to 12 mgt, and temperature lies
side fishOdontesthes bonariensasmdBasilichthys between 9-16C, so the distribution of daphnids
sp. in El Plateado (R. Ramos-Jiliberto unpubever these variables is meaningful at that time.
lished results), species that are known to b€hen, the density of daphnids correlates inversely
zooplanktivorous during their juvenile stagewith oxygen and directly with temperature, irre-
(Burbridge et al. 1973, Bahamondes et al. 197%pective of time of the day. In other words, the
Escalante 1983). depth-selection behavior &. ambiguadoes not

Which kind of abiotic environment do daphnidsconstrain the use of a favorable thermal environ-
experience as a result of their observed behavior?ent, but the population experiences relatively

TABLE 3
Multiple regression summary f@. ambiguafrequency as dependent variable. All data included

Resumen de resultados de un anélisis de regresién multiple para la frecueBcianeiguacomo variable
dependiente. Se incluyen todos los datos

R =0.561 B 1= 14.008 P < 0.00001
Independent variable Regression coefficient P-value
Temperature 0.0231 0.8964

Oxygen -0.5793 0.0017
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TABLE 4

Multiple regression summary fdd. ambiguafrequency as dependent variable. (A) midday
data; (B) midnight data

Resumen de resultados de un analisis de regresién multiple para la frecueBciandeiguacomo variable
dependiente. (A) Datos de mediodia; (B) datos de medianoche

R =0.717 5 ,9=15.336 P < 0.0001
Independent variable Regression coefficient P-value
Temperature 0.0838 0.7007
Oxygen -0.7822 0.0011
R =0.349 B ,9=2.0153 P>0.1
Independent variable Regression coefficient P-value
Temperature -0.1063 0.7167
Oxygen -0.2584 0.3805

low oxygen levels as a consequence of this behatheless, that the amplitude and depth of the verti-
ior. This trend could indicate the useDyambigua cal migration increases with time, whereas in this
of a thermally suitable oxygen-refuge against fishvork the opposite pattern is displayed.
predators, or simply be a by-product of a trade-off Although predation is widely accepted as the
between the surface-avoidance and unsuitabilityltimate, evolutionary cause of zooplankton diel
of deep hypolimnion for survival, growth and/orvertical migration, the specific pattern of response
reproduction of zooplankters. This observation ivaries to a large extent among different popula-
in agreement with Hanazato (1992), who suggestdibns due in part to genetic differences among
a higher tolerance db. ambiguato hypoxic con- Daphniaclones (King & Miracle 1995, De Meester
ditions. It should be noted, however, thBt & Weider 1999), and to exogenous stimuli acting
ambiguaconcentrates near the upper limit of theas modulators of the zooplankton vertical migra-
hypolimnion, and since we are recording differtion behavior (Haney 1988, De Meester et al.
ences in the population’s vertical distribution in-1999). Therefore, seasonal trends in vertical mi-
stead of the behavior of each organism (Lampegration of a population have been thought to be
1989), it is conceivable that individuals couldcaused by the same sort of processes (Stich &
move up and down (on a short time-scale) withilhampert 1981, Young & Watt 1996).
the hypolimnion-epilimnion boundary. Besides variation in predation cues, a number
As quoted above, a seasonal differentiation wasf environmental factors have been reported as
observed in the depth-selection behaviorDof modifiers of the zooplankton vertical migration
ambigua The central tendency indicator of thebehavior. They include seasonal changes of light
population distribution becomes shallower as thpenetration, food availability, temperature and
season progresses. While the average depth efygen limitations (Gliwicz 1985, Gliwicz &
daphnids during night did not change signifi-Pijanowska 1988, Haney 1988, De Meester et al.
cantly with time, significant or marginally-sig- 1999, Lass et al. 2000). A decrease of predation
nificant seasonal differences were found duringisk through time is unlikely to occur in El Plateado
daytime. Although statistically weak, the resultswithin the period studied herein because young
suggest that the average depth at night remaissiverside fish are normally more abundant from
unchanged, while the average depth at day mov&eptember on. Additionally, both the water trans-
upwards on a monthly scale. As a consequencparency and surface irradiance in El Plateado
day/night differences in the average depth dencrease from July trough the summer (Ramos et
crease with time, till no significant differences inal. 1997), which should induce a deeper daytime
day/night vertical distribution are detected indistribution in order to avoid visually-oriented
October. In other words, the amplitude of thepredators (Gliwicz 1985). Therefore, the reduc-
vertical migration diminishes with time. tion through time in both the average deptiDof
Seasonal trends Daphniadiel vertical migra- ambiguadistribution and the amplitude of the
tion in a northern mesotrophic lake were reportedertical migration seem to be determined by fac-
by Stich & Lampert (1981). They found, never-tors other than predation or visible light.
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TABLE 5

Multiple regression summary fd». ambiguafrequency as dependent variable. I: holomixis
phase (July-August), Il: stratification phase (September-October). (A) Midday data; (B)
midnight data

Resumen de resultados de un anélisis de regresién multiple para la frecueBciandeiguacomo variable
dependiente. |I: fase de holomixis (julio-agosto), II: fase de estratificacion (septiembre-octubre). (A) Datos de

mediodia; (B) datos de medianoche

R =0.838 5 13=15.350 P < 0.0005
Independent variable Regression coefficient P-value
Temperature -0.3462 0.1948
Oxygen -0.5346 0.0547
R =0.673 B, 13=5.376 P <0.05
Independent variable Regression coefficient P-value
Temperature -0.8698 0.0250
Oxygen 0.2702 0.4457
R =0.769 B 13=9.384 P < 0.005
Independent variable Regression coefficient P-value
Temperature 0.9294 0.0320
Oxygen -1.4659 0.0023
Il
R =0.722 B 13=7.074 P <0.01
Independent variable Regression coefficient P-value
Temperature 1.4604 0.0040
Oxygen -1.5685 0.0024

Resource availability as a possible modulatinglepth distribution of daphnids. On this basis, they
factor of D. ambiguavertical migration is not interpreted the field observations of Stich &
analysed herein, but some available data of foodampert (1981) as a response to seasonal tem-
concentration in El Plateado indicates that derperature changes (Young & Watt 1996). As men-
sity of small algae increases from July throughioned above, the data of Stich & Lampert (1981)
the winter, peaks in September, and subsequentigvealed the opposite tendency as compared with
drops somewhat in the epilimnion while it in-our data in chronological terms, but considering
creases in the hypolimnion (Ramos-Jilibertadhe seasonal changes of vertical migration over
1999). Furthermore, we have no evidence of inedemperature evolution instead of time, we found a
ible microalgae in the pelagic zone of this lakejualitative agreement with the results of this work.
during the free-living season &f. ambigua Un- Migrating Daphniain lake Constance increases
der such conditions, vertical migration theorythe average depth and amplitude of migration
predicts anincrease in average depth (see Gliwideom summer through fall (decreasing tempera-
& Pijanowska 1988) and/or an increase in theéures), wherea®aphniain lake El Plateado de-
amplitude of migration (see De Meester et alcreases both traits from winter to spring (increas-
1999 and references therein), which is inconsisng temperatures), which is in agreement with
tent with the observed trend. Therefore, foodpredictions of Young & Watt (1993, 1996). De-
based regulation of vertical migration Hy. spite of this statistical association, the validity of
ambiguais unlikely to play a role in El Plateado. an hypothesis based on temperature modulation

Young & Watt (1993, 1996) demonstrate thabf vertical migration may not be plausible from
temperature exert an important control on diehn ecological point of view.
vertical migration ofDaphnia Their experimen-  Three lines of reasoning have been proposed in
tal results show that high temperatures promoterder to explain the origin of such temperature-
reduced migration movements and a shallowedriven seasonal changes in vertical migration
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(Stich & Lampert 1981, Young & Watt 1993, al. (2000) showed experimentally that, by keep-
1996): (1) temperature could act as an environng predation risk constant, daphnids exhibit a
mental cue allowing daphnids to anticipate preshallower vertical positioning if hypolimnetic
dictable changes in predation risk. In lakeoxygen decreases. Furthermore, they recorded
Constance (Stich & Lampert 1981) predation preshow Daphnia remains in the epilimnion when
sure increases from summer towards autummxposed simultaneously to high predation risk,
whereas temperature decreases. So, and undew hypolimnetic temperature and low
this hypothesis, information of decreasing temhypolimnetic oxygen. Such combination of vari-
perature translates to daphnids into “a higheables are those we find in El Plateado when strati-
predation risk” and vertical migration is distendedied, and the observation of Lass et al. (2000) on
and deepened. In lake El Plateado, a diminishingne depth-selection behavior daphniais in
response of vertical migration driven by increaselose agreement with this field-work. Besides the
ing temperature as a cue of “less predators” itheoretical (Lampert 1989) and empirical (Lass et
clearly not functional since predation risk is alsal. 2000) evidence supporting the hypothesis of
increasing. On the other hand, if the temperaturexygen concentration as the main variable driv-
of El Plateado has the inverse meaning Bor ing the seasonal changes@dphniadiel vertical
ambiguamore temperature meaning “more risk”),migration in El Plateado, its simplicity is also
the seasonal response should be more amplitugéeasing.
of migration and deeper positioning. Therefore, Atthe beginning of this article, it was acknowl-
this argument is invalid as a general explanatioredged the accompanying interest in accounting
An argument of natural selection operating on &r the population dynamics db. ambiguain
seasonal scale, and eliminating the organismakes of central Chile. Data of Ramos et al. (1998)
with non-optimal behavior (Stich & Lampert 1981)(and of Fig. 1C in this study) reveal that
is rejected under the same logic. (2) The energetaambiguaexhibits a systematic seasonal pattern,
cost of vertical migration could be minimizedclosely repetitive from one year to the neRaph-
under coldness, so daphnids display the full beria ambiguastart to grow in June, peaks in Au-
havior when temperatures are low enough (Youngust-September and disappears in October. Typi-
& Watt 1993, 1996). The benefit of energy savingal seasonal patterns DAphniapopulation fluc-
by minimizing metabolism in general does notuations in northern-hemisphere lakes show that
pay the cost of increased time of development gtopulation density is low at winter, when the
low temperature. Indeed, it is widely acceptedrganisms usually persist as resting eggs. After-
that the highest cost of diel vertical migrationwards, a population increase occurs from spring-
come from cold exposition in the hypolimniontime to early summer, and then it temporarily or
(Dawidowicz 1994, Loose & Dawidowicz 1994, definitively declines during midsummer (Sommer
De Meester et al. 1999), and no empirical suppo#t al. 1986, Threlkeld 1987). The causes of this
exists for this kind of metabolic advantage hy-midsummer decline are attributed to food limita-
pothesis (Lampert 1989). (3) Higher temperation and/or predation pressure (Hulsmann &
tures accelerate the bacterial degradation of fisWeiler 2000). The population pattern .
kairomones, so daphnids perceive more risk ambiguain El Plateado is somewhat opposite
low temperatures (Loose et al. 1993). This effeawith an increasing phase in winter, and a decreas-
may explain laboratory results in which predatoing phase in early spring. ThuB, ambiguais
kairomones are supplied by pulses to a tank cofierced to grow under low temperature and poor
taining zooplankters, but it seems unlikely tofood conditions, and to remain latent, apparently
affect perceived risk bypaphniain the field if as resting eggs, from early spring to late fall. Our
fish density does not abruptly disappear. personal observations confirm that this popula-
Although it is not possible to discard temperation exhibit ephippia formation and sexual repro-
ture as the main factor responsible of the obduction under laboratory conditions, as reported
served seasonal trend Maphnia diel vertical for many daphnids (Hebert 1987).
migration, there is little logical and empirical Does the knowledge about diel vertical migra-
support to it. Therefore, we could abandon thision tell us something in order to understand the
hypothesis if a better one is available. population dynamics? Yes. Within the short pe-
Lampert (1989) stated that vertically migratingriod where free-living individuals db. ambigua
daphnids should exploit more shallow waters itan be found in El Plateado, survival is enhanced
they meet less favourable conditions in the hyby low water transparency, so visual predation is
polimnion. Although this hypothesis deals withrestricted to a thinner superficial layer, and by the
changes in behavior across populations, it is algoredator avoidance strategy of diel vertical mi-
valid for seasonal shifts. In arecent paper, Lass gtation displayed byD. ambiguabecause the
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hypolimnion is inhabitable. During October, theBOTTRELL HH, A DUNCAN, ZM GLIWICZ, E
development of anoxia during lake stratification = GRYGIEREK, A HERZIG, A HILLBRICHT-
turns the refuge zone unsuitable for individual LKOWSKA, H KURASAWA, P LARSSON & T
survival and reproduction. As a consequeri2e, WEGLENSKA (1976) A review of some problems in

. . zooplankton production studies. Norwegian Journal
ambiguaat daytime get closer to the surface, the of Zoology 24: 419-456.

zooplankters become more exposed to VisUglyrgRrIDGE RG, MC CARRASCO & PA BROWN (1973)
predators, mortality should increase by enhanced age, growth, lenght-weight relationship, sex ratio
predation rate and the population declines (erght and food habits of the Argentine pejerr®gsilichthys

& Shapiro 1990). This proposed mechanism may bonariensis (Cuv. and Val.) from lake Pefuelas,
account for the abrupt decline of the population Valparaiso, Chile. Journal of Fish Biology 6: 229-
size of D. ambiguaeach year during October. 305. o

Based on the indirect evidence of this work, it i@AW/DOWICZ P (1994) Which is the most costly compo-
suggested that the atypical seasonal population nent in diel vertical migration of zooplankton?

. . . Internationale Vereinigung fur Theoretische und
trend of D. ambiguain lake El Plateado is con- Angewandte Limnologie 25: 2396-2399.

trolled mainly by the interaction of fish predationDE MEESTER L, P DAWIDOWICZ, E VAN GOOL & CJ

and oxygen concentration in the hypolimnion, | 00SE (1999) Ecology and evolution of predator-

through the influence of the last on the depth- induced behavior of zooplankton: depth-selection

selection behavior ob. ambigua. behavior and diel vertical migration. In: Tollrian R &
CD Harvell (eds) The ecology and evolution of induc-
ible defenses: 160-176. Princeton University Press,
Princeton, New Jersey.

DE MEESTER L & LJ WEIDER (1999) Depth-selection

. . behavior, fish kairomones, and the life histories of

This work W_as part|al_ly s_gpported by Daphnia hyalinax galeatahybrid clones. Limnology

Wolkswagen-Stiftung and Direccion de Postgrado  and Oceanography 44: 1248-1258.
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