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ABSTRACT

In this work we analyzed the depth-distribution, at noon and midnight, of three zooplankton populations
which are common inhabitants of lakes from central Chile and coexist in lake El Plateado. The species were
Tumeodiaptomus diabolicus, Diaphanosoma chilense and Bosmina longirostris. Also, we analyzed the
association between the depth-specific abundances of the groups and the depth-specific temperature and
oxygen values during the sampling period. Our results show that: (1) the three population exhibited diel
vertical migration during part of the year; (2) T. diabolicus and D. chilense exhibited the normal pattern of
vertical migration, and B. longirostris presented both the normal and the reverse pattern; (3) for all species
and most dates, zooplankters experience significant decreases in oxygen exposure as a consequence of
downward migration. Temperature costs are less important but present in T. diabolicus and D. chilense during
part of the year.
Key words: depth-selection, Cladocera, Copepoda, reverse vertical migration, Chile.

RESUMEN

En este trabajo analizamos la distribución en profundidad, a mediodía y medianoche, de tres poblaciones de
zooplancton que son habitantes comunes de los lagos de Chile central, y que coexisten en el lago El Plateado.
Las especies fueron Tumeodiaptomus diabolicus, Diaphanosoma chilense y Bosmina longirostris. También
analizamos la asociación entre las abundancias profundidad-específicas de los grupos y los valores profundidad-específicos de temperatura y oxígeno durante el periodo de muestreo. Nuestros resultados muestran que:
(1) las tres poblaciones exhibieron migración vertical durante una parte del año; (2) T. diabolicus y D.
chilense exhibieron el patrón normal de migración, y B. longirostris presentó tanto el patrón normal como el
inverso; (3) para todas las especies y en la mayoría de las fechas, el zooplancton presentó reducciones
significativas en su exposición al oxígeno como consecuencia de la migración descendente. Los costos térmicos son menos importantes pero existentes en T. diabolicus y D. chilense durante parte del año.
Palabras clave: selección de profundidad, Cladocera, Copepoda, migración vertical inversa, Chile.

INTRODUCTION

Diel vertical migration (DVM) can be
considered as a special form of depth-selection
behavior of individuals (De Meester et al.
1999), and being a widely-occurring
phenomenon in freshwater and marine
zooplankton, it is most pronounced in
thermally-stratified lakes (Hutchinson 1967,
Lampert 1989). There is agreement in that
DVM is a predator-avoidance strategy (Zaret &
Suffern 1976, Stich & Lampert 1981, 1984, but
see also Lampert et al. 1988, Lampert 1989,

Guisande et al. 1991, Gabriel 1993, De Meester
et al. 1999), and that this response is plastic
and inducible, i.e., the presence of a predatorreleased chemical cue is necessary to trigger
the behavioral response (Ringelberg 1991,
Frost & Bollens 1992, Loose & Dawidowicz
1994, Von Elert & Loose 1996, De Meester et
al. 1999). Two basic modes of DVM are
described in the literature (Lampert 1989). A
first mode corresponds to the “normal” pattern,
with an ascending movement of individuals at
dusk and a descending movement at dawn. A
second mode of DVM is the opposite, which is
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called “reverse” vertical migration. While
vertebrate predators (mainly fish) are known to
trigger the normal vertical migration response,
invertebrate predators stimulate the reverse
migration. The specific quantitative pattern varies
largely from system to system (Hutchinson 1967),
in terms of amplitude of the population
displacement, and the frequency-distribution of
zooplankters during day and night.
In temperate freshwater lakes, the vertical
spatial structure normally involves steep
gradients of light and temperature, defining two
sub-environments whose physical conditions
differ strongly, namely a superficial, less-dense
water layer that is well-illuminated during
daytime and presents a higher and nearhomogeneous temperature, and a deep, moredense, dark and cool water layer, where the
accumulation of detritus and oxidative
processes take place. Therefore, zooplankters
exhibit normal DVM if they locate in the
hypolimnetic refuge during day, avoiding in
this way the illuminated and risky epilimnion.
If invertebrate carnivorous, which are
themselves predated by fish, are present in the
lake; we expect they perform normal DVM
avoiding fish predation, and the herbivorous
zooplankters perform reverse DVM avoiding
carnivorous plankton.
Regarding the wide spectrum of specific
modes of DVM over many different taxa,
populations and environments, it has been
suggested that several physical, chemical and
biological conditions of the water may modify
the basic behavioral response (Calaban &
Makarewicz 1982, Geller 1986, Lampert et al.
1988, De Meester et al. 1999, Tollrian &
Dodson 1999). Likewise, internal status of the
zooplankters (De Meester et al. 1999, Tollrian &
Dodson 1999), genetic differences of the
populations (Boersma et al. 1998, De Meester et
al. 1999) and predation types (Mangel & Clark
1988, Frost & Bollens 1992) are also important
determinants of the specificity of DVM and
other predator-mediated plastic traits.
While DVM is a behavioral strategy which
allows zooplankters to diminish mortality rates,
it also involves some demographic cost. It has
been proposed that the most costly consequence
of DVM is the reduction in developmental rates
due to the exposition of the organisms to lower
environmental temperatures in the hypolimnion
(Dawidowicz 1994). Furthermore, reduced
developmental rates imply a reduction in the
population birth rate. Likewise, the common
development of hypoxic hypolimnetic waters in
eutrophic lakes, offers an additional source of
physiological stress for zooplankters due to the

hypoxic condition itself, and toxic substances
produced by anaerobic metabolism such as
sulphide (Massana et al. 1994, Hanazato 1992)
which is highly toxic to invertebrates at the
concentrations often found in nature
(Griesharber et al. 1992). Thus, the final effect
of DVM at the population level will depend on
the balance between the benefit from increasing
survival and the cost derived from exposure to
hypolimnetic conditions. On the other hand,
since the pattern of DVM exhibited by a given
population determines the interaction with
predators and with food, the population growth
and community-level processes are functionally
linked to DVM. Therefore, the knowledge of
DVM patterns provides valuable field
information about ecological features of
organisms and populations.
In this work our goal is to analyze the depthselection behavior patterns exhibited in an
eutrophic lake by a group of coexisting
herbivorous planktonic crustaceans, and the
association between the observed vertical
distribution of the zooplankters with water
temperature and oxygen concentration. The three
species considered in this work (following Araya
& Zúñiga 1985) are Tumeodiaptomus diabolicus
(Copepoda), Bosmina longirostris (Cladocera),
and Diaphanosoma chilense (Cladocera). These
three groups together account for more than 95 %
of the total abundance of the herbivore crustacean
plankton in the site of study (data from this
survey and older unpublished results).
Particularly, we will test the following
hypotheses: (1) the tree species exhibit DVM
during a given period of the year, (2) the DVM
exhibited correspond to the normal pattern, and
(3) the downward migration significantly
decreases the temperature and oxygen level which
zooplankters experience.

MATERIAL AND METHODS

Data collection
El Plateado is a warm-monomictic and
eutrophic small lake (Montecino & Cabrera
1984) located at 33°04’30’’ S and 71°39’12’’
W at 340 m of altitude, between coastal hills at
the southern end of Valparaíso, Chile.
Chemical and physical characterization of this
lake can be found in Dominguez et al. (1976,
1981) and Ramos-Jiliberto et al. (1997). The
crustacean plankton of El Plateado is studied in
Ramos-Jiliberto et al. (1998).
Temperature and dissolved oxygen
concentration were recorded weekly, by using
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WTW OXI 196 equipment with a calibrated WTW
EOT 196 submergible probe. Readings were made
every 0.5 m from surface to the bottom and back,
and the mean value was used. All measurements
were made at noon, on the same station where the
plankton samples were taken.
Sampling for the analyses of vertical
distribution was made both at noon and midnight
during the following dates: April 22, July 21,
August 05, September 9, October 7, December
16 of 1995, and January 29 of 1996. The
samples were taken from the pelagic area 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 collected from three different points,
linearly arranged every 25 m along the major
axis (North-South) of the lake, and stored as a
single sample. This procedure allowed to
increase the number of organisms per sample
and to broaden the sampling area. Zooplankton
samples were fixed in the field with a sugarformalin solution (Haney & Hall 1973). In the
laboratory, a known fraction of each sample was
taken using a Folson-subsampler for subsequent
counting under a WILD M5 stereomicroscope.
Counting was made according to standard
procedures (McCauley 1984).
Statistical analyses
Mean depth of zooplankton distributions was
calculated as the average of the sampling
depths, weighted by the relative abundance of
the populations. This is given by

∑
8.5

Z=

i=0

zi Ni
n

where z is the sampling depth, Ni is 8.5
the density
of a population at depth i, and n = i =∑0 Ni is the
total abundance of the population over depth in
a given time. For descriptive purposes, the
dispersion of each vertical distribution was
calculated as the central 75 % of the total
abundance. This was done by fitting the
cumulative relative abundances (F) over depth,
from surface to bottom, to the sigmoid model
1
F=

1 + eα-βlog z

where e is the base of natural logarithms, z is
depth, and α and β are fitting parameters. The
depth at which 12.5 and 87.5% of the
population is found, were then obtained
algebraically.
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The comparison of day vs. night zooplankton
vertical distributions was done by using the
method introduced by Solow et al. (2000) which
is a permutation version of the KolmogorovSmirnov test. Random variables and Monte
Carlo routines were generated with the software
Poptools 2.4 (Hood 2002). The number of
random permutations per test was estimated a
priori (see results). A significant (P < 0.05)
difference between day and night distributions is
interpreted as a strong evidence of DVM.
The association between the vertical
distribution of zooplankters and environmental
variables was tested with randomization
methods of multiple regression analysis (Manly
1997), where the Y-values were randomized.
We used 5,000 randomizations for each test,
following the results of Manly (1997).
An assessment of the magnitude of the costs
associated with the observed DVM was made
through calculating the relative change (between
day and night) of the weighted-average
temperature and oxygen levels experienced by
zooplankton populations. Statistical significance
of that changes were tested by randomization
procedures. First, the day and night relative
abundances were pooled for each depth and split
at random between day and night. Then, the new
weighted-average temperature and oxygen levels
were calculated and the statistic
θ=

θD - θ N
θ1

was recorded, where θD, θN, and θ1 represent
respectively the weighted-average temperature
(or oxygen concentration) at day, night, and at
1 m depth as a reference. After 5,000
randomizations, the fraction of the differences
lower (if θobserved < 0) or larger (if θobserved > 0)
than the observed value θobserved was used as the
significance criterion at a 0.05 level (Manly
1997). In the case of temperature changes, we
also expressed our results in terms of changes
in birth rate. The calculation of birth rate
change was done by means of the Paloheimo’s
method (Paloheimo 1974), and using the
standard equations of Bottrell et al. (1976) for
crustaceans in order to calculate the embryonic
development time.

RESULTS

The vertical profiles of temperature and oxygen
concentration at the dates of sampling are
shown in Fig. 1.
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Fig. 1: Temperature and oxygen profiles of the site of study during the sampling dates. Continuous
line and upper x-axis show temperature; dotted line and bottom x-axis show oxygen concentration.
Perfiles de temperatura y oxígeno del sitio de estudio durante las fechas de muestreo. Línea continua y eje-x superior
muestran temperatura; línea punteada y eje-x inferior muestran concentración de oxígeno.

It can be noted that by the first sampling
date (April) the thermal stratification is very
weak, but there is still a deep anoxic layer. In
July and August, the water column is well
mixed, cool, and oxygenated. The stratification
phase begins by September and becomes well
established in December, where the upper layer
of water is more than 20 oC and it is well
aerated, but from 5-6 m to the lake bottom the
water is severely hypoxic and cool.
The relative abundances of zooplankton over
the vertical profile are shown in Table A-1
(Appendix 1). We neglected the occurrence of D.
chilense prior to September, because its
extremely low density. Before running the
permutation analyses, the appropriate number of
randomizations to be used was assessed
numerically by performing several times the same
test on a data set, and increasing the number of

randomizations up to obtain convergent results.
This is shown in Fig. 2, and it was found that at
least 5,000 randomizations are required to get
reliable results. Therefore we decided to perform
10,000 randomizations per test. The results of the
tests of comparison between day and night
vertical distributions are summarized in Table 1,
and a graphical display of the zooplankton
distributions is shown in Fig. 3-5.
An analysis of Table 1 reveals that all three
populations perform DVM during some period
of the year. B. longirostris exhibit DVM from
August to December, T. diabolicus from July to
December, and D. chilense from September to
December (Table 1, Fig. 3-5).
From Fig. 3 it can be seen that the mean
depth of T. diabolicus is always deeper at
daytime and shallower at night. The
significance of the differences between day and
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Fig. 2: Results (P-value) of the test of comparison of vertical distributions as a function of the
number of randomizations used.
Resultados (valor-P) de la prueba de comparación de distribuciones verticales en función del número de aleatorizaciones
utilizadas.

TABLE 1

Tests results for comparisons of day vs. night vertical distributions of plankton.
Asterisks indicate P < 0.05
Resultados de las pruebas de comparación de las distribuciones verticales de día vs. noche de plancton.
Los asteriscos indican P <0,05
Date
April
July
Agust
September
October
December
January

T. diabolicus
0.178
0.011
0.036
0.010
0.039
0.006
0.056

*
*
*
*
*

B. longirostris
0.187
0.072
0.016
0.013
0.017
0.040
0.808

*
*
*
*

D. chilense

0.032 *
0.008 *
0.002 *
0.079

Fig. 3: Vertical distributions of T. diabolicus at noon (open circles) and midnight (closed circles).
Circles indicate mean depth, and error bars show the depths inside which it is found the central 75
% of the group. Asterisks indicate significant differences between day and night.
Distribuciones verticales de T. diabolicus a mediodía (círculos abiertos) y medianoche (círculos cerrados). Los círculos
indican la profundidad media, y las barras de error muestran las profundidades dentro de las cuales se encuentra el 75 %
central del grupo. Los asteriscos indican diferencias significativas entre día y noche.
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Fig. 4: Same as Fig. 3, for B. longirostris.
Lo mismo que Fig. 3, para B. longirostris.

Fig. 5: Same as Fig. 3, for D. chilense.
Lo mismo que Fig. 3, para D. chilense.

night distributions of this population indicates
that T. diabolicus performs (between July and
December) the normal pattern of DVM. On the
other hand, B. longirostris shows significantly
different day/night distributions in four
sampling dates (August-December), but the
results indicate that this population exhibits
normal DVM during August-September,
whereas it performs reverse DVM during
October-December (Fig. 4). Finally, D.
chilense exhibits a normal DVM between
September and December (Fig. 5).
Possible relationships between temperature
and/or oxygen concentration and the
zooplankton vertical distribution were analyzed
by means of randomization-regression analyses
(see methods). The data set was split, for each
species, in two groups: one containing the cases
where no DVM was detected, and the other
group containing the cases where normal or

reverse DVM was detected. Our results
summarized in Table 2, indicate that when no
DVM occurred, there was not any significant
relationship between the target variables. On
the other hand, when performing DVM, D.
chilense abundance showed an inverse relation
with oxygen during the day and a direct
relation with the same variable during the
night. The results are similar for T. diabolicus,
since during the day an inverse relation with
oxygen was also found, and during the night
there was a direct relation with oxygen and
temperature. The data of B. longirostris were
further subdivided into two groups: the first
one corresponds to the dates where
zooplankters performed normal DVM, and the
second group corresponds to the dates where
they performed reverse DVM (see Table 2). No
relation between abundance of B. longirostris
and environmental variables was detected
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TABLE 2

Summary of regression analyses for temperature and oxygen concentration versus
depth-specific abundance of zooplankters: D = noon samples; N = midnight samples;
ns = non-significant (at 5 % level) results; -ox = significant inverse relation between oxygen
level and abundance; +ox = significant direct relation between oxygen level and abundance;
+T and -T analogous to +ox and –ox, but regarding water temperature.
Significant results refer to significance of regression coefficients
Resumen de los análisis de regresión para temperatura y concentración de oxígeno vs. abundancia profundidad-específica
de los zooplanctontes: D = muestras de mediodía; N = muestras de medianoche; ns = resultados no-significativos
(a nivel 5 %); -ox = relación significativa inversa entre nivel de oxígeno y abundancia; +ox = relación significativa
directa entre nivel de oxígeno y abundancia; +Y y -T análogo a +ox y -ox pero respecto a temperatura del agua.
Resultados significativos se refieren a la significancia de los coeficientes de regresión
T. diabolicus
D
No DVM
Normal DVM

B. longirostris
N

D

ns
-ox

D. chilense
N

D

ns
+ox/+T

Reverse DVM

during normal DVM. During the time where B.
longirostris performed reverse DVM, a
significant relation was found only at night,
where the abundance of zooplankters exhibited
an inverse relation with oxygen concentration.
Our last analyses estimate, at each date,
whether or not zooplankters experienced
significant changes in their average exposure to
temperature and oxygen levels as a
consequence of their diel changes of vertical
distribution. Figure 6 shows the relative
temperature change (see methods section)
experienced by the zooplankters and their
associated change in birth rate. Negative values
indicate a decrease of these parameters during
day relative to night, and the asterisks indicate
significant (**) or marginally significant (*)
differences. The same simbology applies for
oxygen changes shown in Fig. 7. T. diabolicus
exhibits significant diurnal reduction in average
temperature and birth rate during September
and October, and a marginally significant
reduction during August. On the other hand,
this species shows significant or marginally
significant reductions in oxygen levels at all
dates (see Fig. 7). Species B. longirostris show
no significant diurnal changes in temperature/
birth rate in any date, but significant reduction
in oxigen during April and September when is
performing normal DVM. This species also
shows significant diurnal increases in oxygen
exposure during October and December due to
the reverse DVM. Finally, D. chilense exhibits
significant reduction in diurnal temperature/
birth rate and oxygen exposure during

N
ns

ns

ns

ns

-ox

-ox

+ox

September, and significant reduction in oxygen
during October and December.

DISCUSSION

Ramos-Jiliberto & Zúñiga (2001) analyzed the
seasonal trends of DVM of Daphnia ambigua
during the same field study. Those authors
provided evidence that between July and
September, D. ambigua exhibits normal DVM,
and that temperature appears positively
correlated, and oxygen inversely correlated
with relative abundance of zooplankters. While
Ramos-Jiliberto & Zúñiga (2001) studied DVM
of D. ambigua because its atypical population
dynamics pattern, the present work provides
information about DVM of the numerically
dominant populations of lake El Plateado.
These species are also common inhabitants of
many lakes from central Chile.
Based on the significant differences
between day and night vertical distributions of
zooplankters, our results show that the three
species studied here exhibit DVM. T.
diabolicus showed a clear normal pattern
between July and December, with the mean
depth of population distribution located nearer
the surface at night and closer to the lake
bottom during the day. In agreement with the
predator-avoidance hypothesis (Zaret & Suffern
1976, Stich & Lampert 1981, 1984, De Meester
et al. 1999) as ultimate cause of DVM, we find
vertebrate predators as an important component
of this lake community. Silverside fish
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Fig. 6: Relative diurnal change in weightedaverage temperature (black bars) and birth rate
(empty bars) of zooplankton. Significance
estimated from 5,000 random permutations
between day and night vertical distribution (see
methods for details). (**) P < 0.05; (*) 0.05 < P
< 0.75; (A) T. diabolicus, (B) B. longirostris,
(C) D. chilense.
Cambio relativo diurno en el promedio ponderado de la
temperatura (barras negras) y la tasa de nacimiento (barras
vacías) del zooplancton. El nivel de significación fue estimado a partir de 5.000 permutaciones aleatorias entre las
distribuciones verticales de día y noche (ver métodos para
detalles). (**) P < 0,05; (*) 0,05 < P < 0,75; (A) T. diabolicus, (B) B. longirostris, (C) D. chilense.

Odontesthes bonariensis and Basilichthys sp.
inhabit lake El Plateado since decades (LR
Zúñiga & R Ramos-Jiliberto unpublished
results), and it is known to be zooplanktivorous

Fig. 7: Relative diurnal change in weightedaverage oxygen concentration for zooplankton.
Significance estimated from 5,000 random
permutations between day and night vertical
distribution (see methods for details). (**) P <
0.05; (*) 0.05 < P < 0.75; (A) T. diabolicus, (B)
B. longirostris, (C) D. chilense.
Cambio relativo diurno en el promedio ponderado de la
concentración de oxígeno para el zooplancton. El nivel
de significación fue estimado a partir de 5.000 permutaciones aleatorias entre las distribuciones verticales de
día y noche (ver métodos para detalles). (**) P < 0,05;
(*) 0,05 < P < 0,75; (A) T. diabolicus, (B) B. longirostris, (C) D. chilense.

during their juvenile stages (Burbridge et al.
1973, Bahamondes et al. 1979, Escalante
1983). The vertical distributions exhibited by
D. chilense, from September to December,
indicates also a normal DVM pattern during
most of the free-living period for this species.

ZOOPLANKTON DIEL VERTICAL MIGRATION

The cladoceran B. longirostris exhibited a
rather complex pattern. Significant differences
between day and night distributions were
detected between August and December, but
the normal DVM pattern of August-September
changes to the reverse DVM in October until
December (Fig. 4). We are confident of our
results for several reasons, especially because
the high density and sampling sizes of B.
longirostris throughout the year of study.
Therefore, the observed switch from the normal
to the reverse pattern of DVM should be
explained by future research; nevertheless, it is
possible to outline potential causes to this
phenomenon. Reverse migration is known to be
triggered by chemical cues released by
nonvisually feeding invertebrate predators
(Ohman & Frost 1983, Lampert 1993). In lake
El Plateado we have systematically observed
(but not quantified) the presence of
zooplanktivorous water mites, which reach high
densities once the thermal stratification of the
lake is established. Preliminary laboratory
experiments have shown that these mites exert
a high predation pressure on cladocerans, and
therefore they are good candidates for being the
stimulus, or the source of the stimulus, which
induces the reverse DVM. Thermal
stratification and the increase of water mite
density in El Plateado often occur close to the
observed time of change in DVM pattern
(October); furthermore, B. longirostris are the
smallest sized crustacean zooplankters
inhabiting the pelagic zone of El Plateado (see
Fig. 8 for field measures of zooplankters’ body
size), which means that it is potentially more
vulnerable to invertebrate predators than the
larger-bodied species (Kerfoot & DeMott 1980,
Gliwicz & Pijanowska 1989).
The depth selection behavior of
zooplankters, which includes some period of
DVM, results in the exposure of the animals to
a given set of environment variables such as
light, food, temperature, and oxygen
concentration. Here we searched for possible
associations between the populations’
distribution and water temperature and oxygen
content. It is expectable that DVM carry some
kind of cost, e.g. the energetic cost of
swimming or to find low food availability in
deep waters. Nevertheless the cost of
swimming is considered to be of minor
importance (Vlymen 1970, Alcaraz & Strickler
1988, Dawidowicz & Loose 1992a) and
hypolimnetic food limitation is less likely in
eutrophic systems like El Plateado. On the
other hand, lower hypolimnetic temperature can
drive a considerable lowering in developmental
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rates and therefore in the population growth
rate (Bottrell 1975, Orcutt & Porter 1983,
Dawidowicz & Loose 1992b). In addition to the
cost attributable to low temperature, it is
conceivable that hypoxic conditions of deep
waters exert lethal and/or sublethal harmful
effects on the exposed zooplankters (Hanazato
1992, Massana et al. 1994).
Our regression analyses suggest that, when
DVM does not occur, there are no significant
relation between depth-specific abundance of
zooplankters and temperature or oxygen content
(see Table 3). Conversely, under DVM, the three
groups analyzed showed an inverse correlation
with oxygen concentration when the
zooplankters are closer to the surface, although
some differences were detected between species.
During DVM, D. chilense showed an inverse
correlation with oxygen at day and a direct
relation with the same variable at night. This
suggest that this population might be paying a
cost for performing DVM, whereas at night the
group is preferentially located at high oxygen
concentrations. T. diabolicus show a similar

Fig. 8: Mean body size of zooplankters
measured in the field during the period of
study. Cladocerans measured from top of the
head to the base of the spine, copepods
measured from the top of the head to the base
of furcal setae (n = 210 x 3, ANOVA: F2,627 =
244.30, P < 0.0001). Error bars denote 0.95
confidence intervals, different letters above
bars indicate significant differences between
species (Tukey HSD test).
Tamaño corporal medio de los zooplancteres medido en
terreno durante el periodo de estudio. Los cladóceros se
midieron desde el techo de la cabeza hasta la base de la
espina, los copépodos se midieron desde el techo de la
cabeza hasta la base de las setas furcales (n = 210 x 3,
ANDEVA: F 2,627 = 244,30; P < 0,0001). Las barras de
error indican intervalos de confianza 0,95; letras diferentes
sobre las barras indican diferencias significativas entre especies (prueba de HSD de Tukey).
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pattern, but during night concentrates at higher
temperature as well. The relation of B.
longirostris and the physical environment is
more elusive, since we found a significant
(inverse) relation between oxygen and
abundance only after the descending phase
during the reverse DVM. Therefore B.
longirostris distributes uniformly respect to the
oxygen and temperature levels when it does not
migrates, when it exhibit normal DVM, and
during the day while show reverse DVM. In
summary, our analyses reveal that the normal
DVM of D. chilense and T. diabolicus, as well
as the reverse DVM of B. longirostris determine
the exposure of the zooplankter to low levels of
oxygen concentration, supporting the importance
of oxygen in eutrophic systems as a modulator
of DVM and indirectly as a factor influencing
the population dynamics. It should be noted,
nevertheless, that less-severe hypoxic waters in
metalimnion or hypolimnion can act as a refuge
against fish, since zooplankters are more tolerant
to low levels of oxygen (Zaret 1975, Shapiro
1990, Horppila et al. 2000). However, in our
work we found consistently oxygen levels below
1 mgL-1 after September, which is the tolerance
limit for cladocerans (Shapiro 1990 and
references therein).
By randomly permuting day vs. night
distributions at each date, and calculating the
changes in average exposure to temperature and
oxygen, we obtained that DVM of T. diabolicus
exert a reduction in mean body temperature and
mean birth rate during the period AugustOctober (Fig.6). Bosmina longirostris was not
affected by temperature changes at any time,
and D. chilense experienced a temperature
reduction only in September. On the other
hand, mean oxygen levels experienced by
zooplankton did change in all dates/species
(except for B. longirostris in August, Fig. 7) as
a consequence of DVM. Particularly strong
results are those for September, October, and
December, when all species showed significant
DVM and significant reduction in oxygen
levels when migrating downwards.
There is little doubt about the detrimental
effects of lowering oxygen and temperature on
the individual fitness and population growth
rate of zooplankton. Therefore, we found clear
field evidence that the observed DVM of the
zooplankton community of lake El Plateado
have associated costs derived at least from
oxygen exposure and at a lesser extent from
temperature. Our results, reviewed in relation
to the hypotheses specified in the introduction
section, reveals that (1) the three analyzed
populations exhibit DVM; (2) that T. diabolicus

and D. chilense exhibit the normal pattern of
DVM, but that B. longirostris exhibits normal
DVM at first and then switches to reverse
DVM; and (3) that for all species and most
dates, zooplankters experience significant
decreases in oxygen exposure as a consequence
of downward migration. Temperature costs are
less important but present in T. diabolicus and
D. chilense during part of the year.
To obtain a mechanistic explanation of the
observed patterns, future work should deal with
the functional relationship between oxygen
reduction and survival and recruitment of
zooplankton. Also, it is of major importance to
quantify the diet preferences of fish and water
mites throughout the seasons, and to accurately
describe the population dynamics (in time and
depth) of vertebrate and invertebrate predators,
as well as changes in abundance, availability
and quality of the resources.
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APPENDIX 1

Depth-specific relative abundances of zooplankters at noon (D)
and midnight (N) over the study period
Abundancias relativas profundidad-específicas de zooplanctontes a mediodía
(D) y medianoche (N) a lo largo del periodo de estudio
April
Depth

D

July

August

N

D

N

D

N

September

October

D

D

N

December

N

D

N

January
D

N

T. diabolicus
0

0.012

0.173

0.019

0.079

0.009

0.05

0.007

0.095

0.006

0.127

0.065

0.21

0.043

0.093

1

0.018

0.213

0.04

0.13

0.032

0.141

0.011

0.104

0.008

0.203

0.127

0.175

0.041

0.186

2

0.008

0.103

0.096

0.123

0.075

0.122

0.045

0.277

0.027

0.221

0.109

0.198

0.122

0.163

3

0.065

0.089

0.173

0.145

0.192

0.143

0.146

0.127

0.175

0.209

0.161

0.095

0.02

0.186

4

0.044

0.068

0.189

0.174

0.137

0.144

0.23

0.133

0.435

0.059

0.182

0.141

0.204

0.07

5

0.043

0.101

0.151

0.139

0.242

0.124

0.237

0.137

0.149

0.06

0.104

0.07

0.285

0.093

7

0.651

0.126

0.157

0.099

0.138

0.135

0.197

0.05

0.053

0.055

0.149

0.072

0.163

0.047

8.5

0.159

0.126

0.175

0.111

0.176

0.14

0.127

0.077

0.147

0.068

0.103

0.04

0.122

0.163

0.036

B. longirostris
0

0.028

0.097

0.285

0.168

0.057

0.131

0.04

0.169

0.033

0.023

0.106

0.081

0.024

1

0.084

0.189

0.211

0.087

0.182

0.264

0.201

0.271

0.091

0.034

0.173

0.111

0.107

0.08

2

0.124

0.123

0.197

0.327

0.292

0.432

0.252

0.249

0.198

0.04

0.18

0.085

0.193

0.098

3

0.196

0.193

0.11

0.118

0.282

0.094

0.119

0.168

0.182

0.077

0.176

0.181

0.123

0.152

4

0.142

0.134

0.031

0.051

0.048

0.029

0.163

0.055

0.224

0.29

0.167

0.113

0.102

0.274

5

0.146

0.134

0.058

0.065

0.034

0.035

0.085

0.031

0.133

0.172

0.066

0.153

0.182

0.153

7

0.219

0.076

0.049

0.047

0.04

0.012

0.077

0.019

0.048

0.233

0.079

0.091

0.183

0.118

8.5

0.062

0.054

0.059

0.137

0.065

0.003

0.062

0.038

0.091

0.132

0.053

0.185

0.087

0.089

0

0

0.038

0.034

0.278

0.035

0.102

0.09

0.089

1

0

0.231

0

0.333

0.026

0.12

0.152

0.067

2

0

0.615

0

0.167

0.042

0.14

0

0.022

3

0.069

0.077

0.345

0.167

0.064

0.139

0.038

0.067

4

0.414

0.038

0.345

0

0.191

0.15

0.303

0.133

5

0.207

0

0.138

0

0.219

0.106

0.303

0.089

7

0.138

0

0.138

0

0.237

0.087

0

0.178

8.5

0.172

0

0

0.056

0.187

0.156

0.114

0.356

D. chilense

