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ABSTRACT
Microcrustaceans and predators: diel migration in a tropical lake and comparison with shallow warm lakes

Diel horizontal migration (DHM) and diel vertical migration (DVM) of planktonic microcrustaceans and invertebrate predators
were studied simultaneously in a tropical shallow lake. DHM was not performed, and DVM was irregularly performed by
the species. DHM of microcrustaceans does not seem to replace DVM as a strategy for decreasing predation risk in this
shallow lake. The invertebrate predators, the IV instar of Chaoborus brasiliensis and the water mite Krendowskia sp., were
mostly limnetic, the latter undergoing a nocturnal DVM that was not evident for the chaoborid larvae because a portion
of the individuals remained in the water column in the daytime. DVM of some microcrustaceans, such as Ceriodaphnia
richardi, Daphnia ambigua, Daphnia gessneri, and Thermocyclops decipiens, decreased the overlap with predators. Other
behaviours, such as onshore location and occupation of the uppermost layers, seem to be more effective for coping with
predation by limnetic invertebrate predators. Dissolved oxygen is a counteracting factor for only the vertical distribution
because its concentration is low near the bottom in summer but not in the littoral zone. The lack of DHM in this study agrees
with the results of most warm shallow lakes.
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RESUMO
Microcrustdceos e predadores: migracdo didria em um lago tropical e comparagdo com lagos quentes rasos

Foram estudadas, ao mesmo tempo em um lago tropical raso, a migra¢do horizontal didria (MHD) e migragdo vertical
didria (MVD) de microcrustdceos e predadores invertebrados planctonicos. Os microcrustdceos ndo realizaram MHD e
MVD ocorreu irregularmente. MHD ndo parece substituir MVD como estratégia de microcrustdceos para diminuir o risco
de predagdo nesse lago raso. Os predadores invertebrados, estddio IV de Chaoborus brasiliensis e o dcaro Krendowskia sp.,
sdo limneéticos, sendo que este ultimo realiza MVD noturna, menos evidente para as larvas de Chaoboridae, uma vez que uma
parte dos individuos permanece na coluna de dgua durante o dia. A MVD de alguns microcrustdceos, como Ceriodaphnia
richardi, Daphnia ambigua, Daphnia gessneri e Thermocyclops decipiens, diminuiram a sobreposi¢do com os predadores.
Outros comportamentos, como a localizagdo no litoral e a ocupagdo de estratos superiores da coluna de dgua, parecem
ser mais eficientes face a predacdo de invertebrados limnéticos. O oxigénio dissolvido € um fator que limita a distribui¢cdo
vertical, uma vez que sua concentracdo € baixa perto do fundo no verdo, mas ndo no litoral. A inexisténcia de MHD neste
estudo concorda com resultados obtidos na maioria de lagos quentes rasos.

Palavras-chave: Claddceros, ciclopoides, Chaoborus, dcaro, migracdo didria.
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INTRODUCTION

Light is the proximate cause of diel vertical mi-
gration (DVM) and temperature, food and chem-
ical cues act as factors that influence the photore-
sponse of migrating organisms (review by Haney,
1993). Predation by visual and non-visual preda-
tors (Ohman, 1990; Wojtal-Frankiewicz et al.,
2010), photodamage (Williamson et al., 2011),
growth and reproduction are supposed to be the
ultimate causes of DVM.

More recently, diel horizontal migration
(DHM) has been suggested as a prey strategy for
escaping from predators in shallow temperate
lakes (Burks et al., 2002). For avoiding visually
oriented pelagic predators, such as fish, prey
move to macrophyte stands in the littoral zone
during the day. Reverse DHM can be elicited
when invertebrate predators, which perform noc-
turnal DVM, are the major risk. The boundary
between the macrophyte stands and the open
water can also be a shelter zone for planktonic
cladocerans that perform DHM (Lauridsen &
Buenk, 1996). However, these perceived safe
habitats in the littoral zone or within the macro-
phyte stands house other predators. Littoral
predators, such as fish and macroinvertebrates
(e.g., odonates, notonectids) (Gonzdlez Sagrario
et al., 2009), as well as lower food quality (Smi-
ley & Tessier, 1998), are some of the constraints
for organisms that move onshore on a diel cycle.

A recently addressed issue is that DHM may
be more effective than DVM as an antipredator
defence in shallow lakes due to the lack of a
hypolimnetic refuge (Lass & Spaak, 2003). How-
ever, due to higher solar radiation in the tropics,
small differences in high temperatures lead to
stratification for variable periods with lower
stability than in temperate lakes (Lewis, 1996).
Therefore, in tropical shallow lakes, in contrast
with temperate ones, a hypolimnetic refuge is
not always absent, at least in the warm season.
The lower number of planktivorous species of
fish in the limnetic zone, in (sub)tropical shallow
lakes, may decrease the risk of visual predation
on zooplankton compared to temperate lakes.
Studies and reviews on the feeding habits and
spatial distribution of the fish fauna in tropical

and subtropical freshwater bodies (Aratjo-Lima
et al., 1995; Agostinho et al., 2003; Brendonck et
al., 2003; Teixeira-de Mello et al., 2009) revealed
the predominance of guilds other than plank-
tivory and the littoral zone occupation by most
species. The predominance of omnivorous fish
in (sub)tropical lakes (Aradjo-Lima et al., 1995;
Lazzaro, 1997; Gonzdlez-Bergonzoni et al., 2012)
leads to a higher predation pressure by inver-
tebrates on the pelagic zooplankton in many
low latitude lakes. The reproduction of Chao-
borus, one of the most important invertebrate
predators, is continuous throughout the year in
the tropics (e.g., Cressa & Lewis, 1984; Arcifa,
1997), resulting in predation pressure for the
entire year.

Tropical, subtropical, and warm temperate
lakes can differ from temperate ones regarding
the costs and benefits of DHM and the use of this
strategy to decrease predation risk (e.g., Meer-
hoff et al., 2006; Tavsanoglu et al., 2012), which
warrants a detailed analysis.

We aimed to evaluate DVM and DHM of
planktonic microcrustaceans and invertebrate
predators simultaneously, which is rarely at-
tempted in published studies, in a tropical
shallow lake. Several studies carried out in the
lake on the main zooplankton predators, their
distribution and fluctuations (reviewed by Arcifa
et al., 2015), their prey and the impact of pre-
dation (Castilho-Noll & Arcifa, 2007a, b) have
enabled us to raise hypotheses on the adaptive
value of prey behaviours.

Our hypothesis is that DHM is not a prey strat-
egy for decreasing predation risk in this tropical
shallow lake.

MATERIALS AND METHODS

Study area

Lake Monte Alegre (21°10°04”S; 47°51'28”W)
is a small, shallow, eutrophic, and warm discon-
tinuous polymictic reservoir located in southeast-
ern Brazil (area 7 ha, Z,,,x. =5 m, average depth
= 2.9 m), inside the campus of the University of
Sédo Paulo. Situated at an altitude of 500 m a.s.l,
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the lake resulted from damming the Laureano
Creek, a tributary of the Preto Stream, belong-
ing to the Pardo River basin, in 1942. The source
of the creek is ca. 2.1 km from the lake, and the
catchment areas of Pardo River and Preto Stream
basins are 8993 km? and 325 km?, respectively. It
was built for irrigation purposes; however, since
the 1980s, it has been used mostly for research
and teaching.

Stratification with a defined thermocline es-
tablished in the warm season can lead to oxy-
gen depletion near the bottom in the deepest area,
but not in the littoral zone. Because the outlet is
superficial, the dam is not manipulated and the
retention time is ca. 45 days, the lake functions
similarly to a natural shallow one, designating it
a lake instead of a reservoir. The local climate
is tropical semi-humid, with a defined cool-dry
season (May-September) and a warm-wet season
(October-April).

Macrophytes, mainly the anchored Eichhor-
nia azurea and, more recently, the emergent
Ludwigia sp., are distributed in discrete small
stands along the lake margins (Meschiatti &
Arcifa, 2002; Souza, 2015). The margins are
protected by dense vegetation consisting of trees
and grass, preventing a substantial influence on
the lake from runoff.

The main limnetic predators of microcrus-
taceans are the larvae of the dipteran Chaoborus
brasiliensis, omnivores that have ontogenetic
changes in their diet, increasing the crustaceans’
contribution as a dietary item to the III and IV
instars (Arcifa, 2000). The limnetic water mite,
Krendowskia sp., is less abundant than chaoborid
and preys on cladoceran and Chaoborus larvae
(Cassano et al., 2002). Littoral predators are
odonates, which inhabit macrophyte stands
(Meschiatti & Arcifa, 2002), notonectids and
gerrids (Domingos, 2014).

The fish fauna of the lake included 9 species
of small- and medium-sized cichlids and characi-
forms, found mostly within the macrophyte
stands (Meschiatti & Arcifa, 2002). Aquatic in-
sects were the main dietary item of the fish fauna,
with zooplankton representing ca. 2% (Arcifa &
Meschiatti, 1993). The only planktivorous fish
is the adult of the exotic cichlid Tilapia rendalli,

a pump filter-feeder, which feeds mostly on
phytoplankton (Arcifa & Meschiatti, 1996).

Sampling

Three sampling series were carried out, two in
winter (June and July 2001) and one in summer
(March 2002), at daytime (9:00 and 15:00 h)
and nighttime (21:00 and 3:00 h), to evaluate the
distribution of organisms in two seasons. Three
stations were established on a transect in the
lake with the following characteristics: station A-
located near the margin, close to the border of
a macrophyte stand of Eichhornia azurea, 1 m
deep; station B-located 23 m from the margin,
3 m deep; and station C-located ca. 50 m from
the margin, at the centre of the lake, 5 m deep.
Station A will be designated hereafter as littoral,
and B and C, as limnetic.

Two replicates of zooplankton samples (90 L
each) were taken with a pump (ITT Jabsco,
Costa Mesa, USA, model 34600-0000) deliver-
ing 30 L/min at 0.5 m at station A; near the sur-
face, 1.5 and 2.5 m at station B; near the surface,
1.5, 2.5, and ca. 4 m, near the bottom, at station
C. The water was filtered through a 60 um-mesh
net and the organisms were anesthetized with
sucrose and fixed with 4% formalin. Sampling
occurred near the border of macrophytes at sta-
tion A because planktonic microcrustaceans have
not been previously found within macrophyte
stands.

Three to five sub-samples of 1, 2.5 or 5 mL,
taken with Stempel pipettes, were counted for ob-
taining more than 60 individuals in each sample,
to maintain a coefficient of variation lower than
0.20. Samples with low densities, Chaoborus lar-
vae and the water mite Krendowskia sp. were en-
tirely counted.

Temperature, dissolved oxygen (DO), and
light intensity were measured during zoo-
plankton samplings using the probe YS model 95
(Yellow Springs, Ohio, USA) and the photometer
LI 250 (Li-Cor Inc., Lincoln, Nebraska, USA).
Chlorophyll-a (chl-a) was analysed according to
Lorenzen (1967) and the data were transformed
into carbon, assuming that chl-a is on average
1.25% of the algae dry weight, within the range
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given by Reynolds (1984), and C is 50% of the
dry weight.

The mean depth of population (MDP) was
used to evaluate the differences between the di-
urnal (mean of 9:00 and 15:00 h, 2 replicates
each) and nocturnal (mean of 21:00 and 3:00 h,
2 replicates each) vertical distribution of the pop-
ulations in the limnetic zone (stations B and C).
The original formula of Worthington (corrected
by Pennak, 1943) was used for MDP calcula-
tions:

X1d1+X2d2+“'
X1 +XxXp + -

MDP =

where x is the density at depth d.

As the vertical distribution data failed both
normal distribution and homoscedasticity tests,
the non-parametric Mann-Whitney U rank sum
test (N = 4 for day samples and N = 4 for night
ones) was applied for testing the differences be-
tween day and night MDP. For the same reasons,
non-parametric tests were also used to test differ-
ences in the horizontal distribution. After finding
that the distribution of individuals in each sam-
pling series for each species did not show any
evidence of DHM, samples of all depths at the
three stations (A, B, C) and all three sampling se-
ries (June, July, March) were pooled by time pe-
riod (N = 96 for day and N = 96 for night sam-
ples), and differences were tested by the Mann-
Whitney U test. If a significant difference was
found (p < 0.05) between diurnal and nocturnal
samples, it was tested among the stations, in each
period of the day (N = 12 for A, N = 36 for B,
and N = 48 for C), by using the Kruskal-Wallis
test. If differences among the three stations were
found, the post hoc Dunn test was used to differ-
entiate them.

Spatial overlap between prey and invertebrate
predators and between both predators was eval-
uated by the formula (Williamson & Stoeckel,
1990):

m

2 (Neni) m

z=1

) (V) - Z (n:)
z=1
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where z = depth, m = number of samples, N;, =
density of the predator type j at a given depth,
and n;, = density of the prey type i at a given
depth. O;; =1 prey and predator are uniformly
distributed; O; <1 low overlap; O; > 1 high
overlap.
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Figure 1. Vertical distribution of the concentrations (ug/L) of
chlorophyll-a at the three stations (A, B, C), day and night, in
the sampling series. Distribuicdo vertical das concentragoes de
clorofila-a (ug/L) nas trés estacdes (A, B, C), dia e noite, nas
séries de amostragem.
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Table 1. Overlap between the IV instar of Chaoborus and the
water mite Krendowskia at stations B and C of the lake, day
and night, in two sampling series. O; = 1 prey and predator
are uniformly distributed; O; < 1 low overlap; O; > 1 high
overlap. Sobreposigdo entre estddio IV de Chaoborus e o dcaro
Krendowskia, nas estacoes B e C do lago, dia e noite, em
duas séries de amostragem. O; = 1 presa e predador tem
distribui¢do uniforme; Oy < 1 menor sobreposi¢do; Oy > 1
maior sobreposi¢do.

Overlap (O;) Day (h) Night (h)
IV Instar x water mite Station 9:00 15:00 21:00 3:00
July 2001 C 0 1.66 082 097
B 0 1.50 0.80 0.69
March 2002 C 0 0 2.57 1.37
B 0 0 1.23  1.14

Considering all of the overlap values between
each species and chaoborid larvae at both sam-
pling times (day and night) and in three sampling
series, we calculated the percentage of high over-
lap values (O;; > 1).

RESULTS

Physical, chemical, and biological factors

The lake was weakly stratified in winter (June,
July) without a defined thermocline, and tem-
peratures varied from 20 to 23.5 °C in the water
column. Despite the undefined stratification, DO
concentrations were relatively low near the bot-
tom, with a mean of 2.5 mg/L. Stratification with
a defined thermocline, located between 1.6 and
2.7 m, was established in summer (March 2002),
when epi- and hypolimnetic temperatures were
29°C and 26.5 °C, respectively. In the limnetic
zone, DO concentrations varied from 1.3 mg/L
to 12.5 mg/L in the deep and surface layers, re-
spectively. DO concentrations were always high
in the littoral zone, ranging from 9 to 13.2 mg/L in
the three sampling series.

The euphotic zone extended to the bottom in
June (5 m) but was limited to 3.5 m in July
(~1.5 m above the sediment) and 3 m in March
(~2 m above the sediment), coinciding approxi-
mately with the upper boundary of the hypo-
limnion.

The maximum chl-a concentration was higher
in summer (~35 pug/L) than in winter (~13 to

15 pg/L) (Fig. 1). Chl-a was almost evenly dis-
tributed in the water column, except in March,
when a deep chl-a maximum near or below the
thermocline was observed. Concentrations var-
ied from 3 to 12 pg/L (~ 0.1 to 0.5 mgC L)
in the littoral zone and from 3 to 35 pg/L (~0.1
to 1.4 mgC L") in the limnetic zone in the three
sampling series. Concentrations in the deep chl-
a maximum (~35 pg/L, 1.4 mgC L") in March
were ca. 9 times higher than the epilimnetic ones
(~4 ug/L, 0.16 mgC L™).

Vertical and horizontal distribution of
predators and microcrustaceans

The species, in general, did not perform DHM,
and DVM was irregularly displayed.

The IV instar of Chaoborus brasiliensis
performed nocturnal DVM in June and March
(Fig. 2). High overlap values were found be-
tween chaoborid and mites when the latter was
present in the water column (Table 1). The
densities were significantly higher in the limnetic
zone, at both day and night (p = 0.001), with a
low number in the littoral zone.

The water mite, Krendowskia sp., showed
nocturnal DVM and was predominantly dis-
tributed in the limnetic zone (Fig.2). They
occurred in very low densities or were virtually
absent in the water column during the day.

The large cladocerans, Daphnia ambigua and
D. gessneri, showed significant DVM in June
(Fig. 3). In March, both populations remained in
a deep layer, on a diel cycle, close or in contact
with the deep chl-a maximum layer. Densities of
D. gessneri were significantly higher in the lim-
netic zone than in the littoral zone during the day
(p = 0.01), with no difference at night. D. am-
bigua was more abundant in the limnetic zone on
a diel cycle (p = 0.001 and p = 0.03 for day and
night, respectively).

Nocturnal DVM was detected for the medium-
sized cladoceran Ceriodaphnia richardi in the
three sampling series (Fig.4). Despite a trend for
moving onshore at night, there was no signif-
icant difference in densities among the stations.

The small Bosmina tubicen performed re-
verse DVM in June and nocturnal DVM in July,
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Chaoborus brasiliensis Instar IV

Krendowskia sp.
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Figure 2. Vertical distribution of the mean densities (ind/L =+

SE) of larvae of Chaoborus brasiliensis and the water mite,
Krendowskia sp., at the three stations (A, B, C), day and night, in the sampling series. Numbers near bars are the mean depth of
population (MDP, in m + SD); *(p < 0.05) and **(p < 0.001) indicate significant differences between day and night MDP. Note the
different scales used for densities of the species. Distribuicdo vertical das densidades médias (ind/L = EP) de larvas de Chaoborus
brasiliensis e de dcaro, Krendowskia sp., nas trés estagées (A, B, C), de dia e de noite, nas séries de amostragem. Niimeros proximos
das barras sdo a profundidade média da populagao (PMP, em m + DP); *(p < 0.05) e **(p < 0.001) indicam diferengas significativas

entre PMP de dia e de noite. Observe as diferentes escalas utilizadas para as densidades das espécies.
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Daphnia gessneri

287

Daphnia ambigua
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Figure 3. Vertical distribution of the mean densities (ind/L + SE) of the large-sized cladocerans Daphnia ambigua and D. gessneri

at the three stations (A, B, C), day and night, in the sampling series. Numbers near bars are

the mean depth of population (MDP, in

m + SD); *(p < 0.05) and **(p < 0.001) indicate significant differences between day and night MDP. Note the different scales used
for densities of the species. Distribui¢do vertical das densidades médias (ind/L = EP) de cladoceros de tamanho grande Daphnia
ambigua e D. gessneri, nas trés estagées (A, B, C), de dia e de noite, nas séries de amostragem. Niimeros proximos das barras sdo a
profundidade média da popula¢do (PMP, em m = DP); *(p < 0.05) e **(p < 0.001) indicam diferengas significativas entre PMP de

dia e de noite. Observe as diferentes escalas utilizadas para as densidades das espécies.
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Ceriodaphnia richardi Bosmina tubicen
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Figure 4. Vertical distribution of the mean densities (ind/L + SE) of the medium-sized cladoceran Ceriodaphnia richardi and
the small-sized Bosmina tubicen at the three stations (A, B, C), day and night, in the sampling series. Numbers near bars are the
mean depth of population (MDP, in m + SD); *(p < 0.05) and **(p < 0.001) indicate significant differences between day and
night MDP. Note the different scales used for densities of the species. Distribuicdo vertical das densidades médias (ind/L + EP)
de cladocero de tamanho médio Ceriodaphnia richardi e pequeno Bosmina tubicen, nas trés estagcoes (A, B, C), de dia e de noite,
nas séries de amostragem. Numeros proximos das barras sao a profundidade média da populagcdo (PMP, em m + DP); *(p < 0.05)
e **(p < 0.001) indicam diferengas significativas entre PMP de dia e de noite. Observe as diferentes escalas utilizadas para as
densidades das espécies.
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only at station B (Fig. 4). It showed a trend to
occupy the top layer, even during the day. Higher
densities were found in the littoral zone than in
the limnetic zone (p = 0.04 and p = 0.03, day
and night, respectively).

Another three cladocerans were sampled only
in March, with two distributed in the upper lay-
ers and the littoral zone. The medium-sized Di-
aphanosoma birgei performed nocturnal DVM
(»p < 0.001) within the upper layers and showed
higher densities onshore, both during the day
and night (p = 0.02). The small-sized Moina mi-
crura showed nocturnal DVM at stations B and C
(p = 0.047 and p < 0.001, respectively) in the up-
per layers, and densities were significantly higher
(p = 0.001) in the littoral zone at night than dur-
ing the day. For the small-sized Ceriodaphnia
cornuta, there was no difference in the horizontal
distribution, and the population showed nocturnal
DVM (p = 0.03).

Copepodites performed DVM in one period
(June) (Fig. 5). They were mostly distributed in
the limnetic zone, where densities were signifi-
cantly higher (p = 0.005) in both periods of the
day than in the littoral zone.

Adults of Tropocyclops prasinus merid-
ionalis did not migrate, except at station B in
March (Fig. 6). They were more abundant at B
(p = 0.03), during the day, with no significant
difference among the stations at night.

Adults of Thermocyclops decipiens showed
two DVM patterns, reverse in July and nocturnal
in March (Fig. 6). The densities were not signifi-
cantly different at the stations in both periods of
the day.

A feature shared by all species was asyn-
chronous movement of individuals when DVM
was performed. The horizontal displacement was
shown only by a portion of the population.

When prey performed DVM, overlap values
with Chaoborus were usually lower. Prey with
lower overall percentages of high overlap values
(O;; > 1) with Chaoborus larvae showed a signif-
icant preference or a tendency to occupy the lit-
toral zone and the uppermost layers of the water
column and performed nocturnal or reverse DVM
on some occasions (Table 2). Based on Table 2,
prey can be ranked for potential risk by chaoborid

predation: 7. prasinus >D. gessneri, D. ambigua
>C. cornuta >C. richardi >T. decipiens >B. tubi-
cen, D. birgei, M. micrura.
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Figure 5. Vertical distribution of the mean densities (ind/L
+ SE) of cyclopoid copepodites at the three stations (A, B, C),
day and night, in the sampling series. Numbers near bars are the
mean depth of population (MDP, in m + SD); *(p < 0.05) and
**(p < 0.001) indicate significant differences between day and
night MDP. Distribui¢do vertical das densidades médias (ind/L
+ EP) de copepoditos ciclopoides, nas trés estagcdes (A, B, C),
de dia e de noite, nas séries de amostragem. Niimeros proximos
das barras sdo a profundidade média da populacdo (PMP, em
m + DP); *(p < 0.05) e **(p < 0.001) indicam diferengas
significativas entre PMP de dia e de noite.
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Figure 6. Vertical distribution of the mean densities (ind/L +
Tropocyclops prasinus meridionalis at the three stations (A, B, C), day and night, in the sampling series. Numbers near bars are
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SE) of adults of the copepods Thermocyclops decipiens and
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Table 2. The relative contribution (%) of high overlap values (O; > 1) between prey and Chaoborus larvae in increasing order
and the main distribution pattern of prey and migratory behaviour, grouped by the entire study period and all sampling times.
Abbreviations: lit-littoral, sup-superficial, lim-limnetic, n-nocturnal and r-reverse patterns; superscript number in the DVM = number
of sampling series when the crustaceans migrated. A contribui¢do relativa (%) dos altos valores de sobreposicdo (Oy; > 1) entre
presas e larvas de Chaoborus, em ordem crescente, o padrdo de distribuicdo principal da presa e o comportamento migratorio,
reunindo todo o peritodo de estudo e hordrios de amostragem. Abreviagoes: lit-litoral, sup-superficial, lim-limnética, n-noturna e
r-reversa; nimeros sobrescritos em MVD = niimero de periodos de amostragens em que os crustdceos migraram.

Species Maximum size (mm)  Percentage of overlap values > 1  Main distribution ~ Migratory behavior
D. birgei 0.60 0 lit, sup DVM!
M. micrura 0.50 0 lit, lim, sup DVM!
B. tubicen 0.40 21 lit, lim, sup DVM (n, r)?
T. decipiens 0.75 37 lit, lim DVM (n, 1)
C. richardi 0.80 42 lit, lim, sup DVM?
C. cornuta 0.40 62 lim DVM!
D. ambigua 0.90 75 lim DVM!
D. gessneri 1.17 75 lim DVM!'
Copepodites 0.36 79 lim DVM!
T. prasinus 0.50 83 lim DVM!
DISCUSSION not typically regarded as planktonic organisms”.

Our results support the hypothesis that DHM is
not a prey strategy for decreasing predation risk
in this tropical shallow lake.

The distribution of most chaoborid larvae in
the limnetic zone may be adaptive for decreas-
ing predation risk by fish in the littoral zone be-
cause they are an important dietary item of juve-
niles and adults in the lake (Arcifa & Meschiatti,
1993). However, this distribution does not bene-
fit chaoborid larvae in relation to mite predation
as both are limnetic dwellers. The location of a
portion of the IV instar larvae in the water col-
umn during the day seems to be more adaptive
than nocturnal DVM because the potential preda-
tory mite occupies the deepest layer or sediment
during the day. Before the detection of mites in
1998, most 1V instar larvae migrated to the sedi-
ment during the day, virtually disappearing from
the water (Arcifa, 1997).

DVM of mites as a strategy for decreasing fish
predation is not supported by the data on the
fish diet in the lake, where mites are absent (Ar-
cifa & Meschiatti, 1993) or they contribute a low
percentage to the diets of two fish species within
macrophyte stands (Meschiatti & Arcifa, 2002).
Riessen (1980) mentions that “water mites are

In fact, the erratic and uncoordinated movements
of Krendowskia sp. are not typical of a planktonic
organism and seem to consume much energy. We
may suppose that they move to the water column
at night to feed on zooplankton and rest at the
bottom during the day to conserve energy.

DVM of both Daphnia species seems to be
adaptive regarding predation by both inverte-
brates because overlap decreased, at least at
night. D. gessneri, from Lake Monte Alegre,
responded to physical contact with Chaoborus
by performing nocturnal DVM in laboratory
experiments (Minto et al., 2010). However, as
DVM occurred in one of the three sampling
series in the lake, we may hypothesise that not
migrating and saving energy or exploiting a
rich-food layer may be more advantageous.

The preference for the limnetic zone by D.
ambigua and D. gessneri leads to closer con-
tact with the pelagic invertebrate predators and
the planktivorous fish 7. rendalli. However, their
location in the littoral zone the same way as
the small- and medium-sized cladoceran species,
particularly during the day, may cause a higher
mortality imposed by visually oriented predators,
such as fish, due to their larger size. Although in-
vertebrate predation on pelagic zooplankton pre-
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vails in the lake, fish predation should not be
ruled out when prey adaptive behaviour is taken
into account.

The occupation by the medium-sized D.
birgei and small-sized M. micrura and B. tubicen
of the top layer of the water column and the
littoral zone, where chaoborid and mites are
less abundant, and DVM in this study may be
adaptive for decreasing the predation risk by
both invertebrate predators.

DVM and location in the uppermost layer at
night, resulting in a relatively low overlap with
chaoborid larvae, seem to benefit C. richardi,
a species that has become more frequent and
abundant in the lake in recent years.

The lack of DVM and the adoption of both
nocturnal and reverse migration by copepods in
this study indicate that they are opportunistic
and able to change behaviour, as reported in an-
other study (Perticarrari et al., 2004). Copepods
switched to reverse DVM in the lake when their
contribution to the chaoborid diet increased (Per-
ticarrari et al., 2004). Reverse migration was the
response of both copepod species (7. decipiens
and T. prasinus) from the lake to kairomones of
Chaoborus in laboratory experiments (Minto et
al., 2010). They have advantages in relation to
cladocerans that decreased the impact of chao-
borid predation in mesocosm experiments in the
lake (Castilho-Noll & Arcifa, 2007b). Predation
pressure on copepods is also lower than on
cladocerans in the lake because copepods are not
preyed on by mites (Cassano er al. 2002) and
are avoided by T. rendalli (Arcifa & Meschiatti,
1996).

Counteracting factors to the distribution of
microcrustaceans in the lake may be attributed
to DO concentrations and food. In fact, low DO
concentrations prevented most organisms from
descending to deeper layers in the warm season
(March), influencing DVM; the horizontal dis-
tribution was not affected by DO because the
water column was well oxygenated in the lit-
toral zone. Food concentrations in the littoral
zone were above the threshold food concentra-
tion (< 0.025 mgC L") for D. gessneri and C.
richardi from the lake (Bunioto & Arcifa, 2007),
but cladocerans are sensitive not only to food

quantity but also to quality (Fileto et al., 2004).
However, laboratory experiments on the influ-
ence of seston quantity and quality on two clado-
ceran species at three stations of the lake (within
macrophyte stands, the border of the stands, and
the limnetic zone), revealed that food is not the
main factor explaining their horizontal distribu-
tion (Souza, 2015).

Food requirements for D. gessneri are higher
than for the smaller C. richardi from Lake Monte
Alegre (Bunioto & Arcifa, 2007). We thus hy-
pothesise that food may be more crucial for D.
gessneri and D. ambigua than for the smaller
species. This supports the conclusion that DVM
is a flexible strategy, leading to higher food in-
take by both Daphnia at the expense of increased
overlap with predators during summer in the lake.
Food and predators can mediate prey response,
and the strategy “better dead than unfed” (cited
by Haney, 1993) may be a prey choice. As Daph-
nia is able to find an optimal foraging depth by
sensing the food quantity and quality (Jensen et
al.,2001), this ability may explain the location of
both Daphnia in a richer food layer during sum-
mer in our study.

The temperature difference in the water col-
umn (2.5°C in summer) during our study was
low compared to temperate lakes. Temperature
is not a costly factor for vertical migrants in
this tropical lake, in contrast to temperate lakes,
where additional demographic costs result from
greater changes in temperature experienced on a
diel cycle (Reichwaldt et al., 2005). Therefore,
both Daphnia species were not hampered by tem-
perature, allowing them to take advantage of the
chl-a maximum layer.

A conceptual model is presented on preda-
tor and prey relationships in the limnetic and lit-
toral zones of the lake and supposedly adaptive
prey strategies (Fig. 7). Due to greater fish abun-
dance in the littoral zone, predation on plank-
tonic microcrustaceans should be higher, if they
overlap. Prey visibility (size, form, pigmented
structures) can be an important component of
the choice of these visual predators, with large
and more conspicuous prey having disadvantages
over small or less visible prey. The invertebrate
predators in the littoral zone are represented by
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notonectids and gerrids, which capture prey by
sight and mechanoreception (Domingos, 2014).
In the limnetic zone, predation is more intense by
Chaoborus larvae, which prey on smaller organ-
isms (Bosmina, Ceriodaphnia, young Daphnia),
and by mites, which prey on small and large or-
ganisms (Bosmina, Daphnia, chaoborid larvae).
We made a compilation of the literature
on zooplankton distribution in laboratory and
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field studies (See Table S1, available at www.
limnetica.com). The analysis encompasses only
the shallow lakes located at latitudes ranging
from 9° to 41° in the northern and southern hemi-
spheres and identified as tropical, subtropical,
or warm temperate lakes. This review showed
that DHM is not a particularly relevant strategy
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vertebrates and invertebrates at lower latitudes.
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Comparing the studies, a stronger deterrent for
prey to perform DHM seems to be predation
intensity by littoral predators. Apparently, type
(floating, submerged, emergent) and abundance
of macrophytes do not seem to influence prey
behaviour because plants are generally avoided.
In conclusion, microcrustacean species do not
appear to perform DHM in Lake Monte Ale-
gre. Therefore, this is not a strategy that replaces
DVM for decreasing predation risk in this lake.
This conclusion is supported by a study carried
out monthly over the course of a year (Arcifa et
al., 2013). Our results agree with the data from
the warm lakes showing that DHM does not seem
to be the main anti-predator strategy. Although
DVM was not a regular behaviour, it may be
adaptive for coping with predation, in addition
to other strategies in the lake. Other behaviours,
such as localization onshore and in the upper lay-
ers of the water column, seem to be more adap-
tive for populations of small- and medium-sized
species than for populations of large ones. Flexi-
ble strategies by microcrustaceans regarding dis-
tribution were evident in this study, as well as in
previous studies, in this lake and in other ones.
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