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Abstract
The diel vertical dynamics of gelatinous zooplankton in physically stratified conditions over

the 100-m isobath (~110 km offshore) in the South Brazilian Bight (26°45’S; 47°33’W) and

the relationship to hydrography and food availability were analyzed by sampling every six

hours over two consecutive days. Zooplankton samples were taken in three depth strata,

following the vertical structure of the water column, with cold waters between 17 and

13.1°C, influenced by the South Atlantic Central Water (SACW) in the lower layer (>70 m);

warm (>20°C) Tropical Water in the upper 40 m; and an intermediate thermocline with a

deep chlorophyll-amaximum layer (0.3–0.6 mg m-3). Two distinct general patterns were

observed, emphasizing the role of (i) physical and (ii) biological processes: (i) a strong influ-

ence of the vertical stratification, with most zooplankton absent or little abundant in the

lower layer. The influence of the cold SACW on the bottom layer apparently restricted the

vertical occupation of most species, which typically inhabit epipelagic warm waters. Even

among migratory species, only a few (Aglaura hemistoma, Abylopsis tetragona eudoxids,
Beroe sp., Thalia democratica, Salpa fusiformis) crossed the thermocline and reached the

bottom layer. (ii) A general tendency of partial migrations, with variable intensity depending

on the different species and developmental stages; populations tended to be more widely

distributed through the water column during daylight, and to become more aggregated in

the upper layer during the night, which can be explained based on the idea of the “hunger-

satiation hypothesis”, maximizing feeding and minimizing the chances of being predated.

Introduction
The vertical distribution of plankton assemblages and their variations in space and time are
important for understanding the organization and dynamics of pelagic communities, and the
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vertical flux of organic matter through the water column. Planktonic organisms may change
their vertical position according to their sex, stage of development, season, and/or period of the
day; this last is the most common behavior [1–6]. Diel vertical migration (DVM) is widespread
among zooplankton and may be the largest animal migration on the planet [4]. Although other
patterns may occur, zooplankters most typically ascend early in the evening and descend at
dawn [1–6].

Several biological and physical factors may influence these migrations, such as the abun-
dance and distribution of predators and food, illumination levels, hydrographic structure, and
size and nutritional condition of individuals [1, 4–10], among others. However, our knowledge
of marine zooplankton ecology in general and of DVM in particular is generally derived from
studies of crustaceans and in temperate environments, with an increasing need to focus on
tropical [5, 11] and subtropical situations, as well as on other groups such as gelatinous forms
[12, 13]. These organisms are common components of coastal, shelf and oceanic pelagic eco-
systems, and recurrently play significant roles as primary or secondary consumers due to their
high biomass and feeding rates [14, 15]. In addition, thaliaceans produce large, rapidly sinking
fecal pellets with high organic content, which are important in exporting pelagic organic matter
to deep waters and/or benthos [15]. Therefore, detailed understanding of their quantitative dis-
tribution patterns, including the vertical component, is important to recognize ecological pro-
cesses and energy flow in the water column.

Since the pioneering study of Russell [16], the diel vertical distribution of several taxonomic
groups of gelatinous zooplankters has been described (e.g. [2, 7, 8, 17–20]). These studies
mostly targeted particular species and/or groups, hampering recognition of general assemblage
patterns that may help to recognize the main environmental drivers. On the Brazilian conti-
nental shelf only two old studies have addressed the issue [2, 21]. However, they studied only a
specific group (hydromedusae [2] or salps [21]), and their samples were taken either over the
shallow shelf [2] where water-column stratification is usually absent or weak, or diurnal and
nocturnal samples were not taken at the same station or even on the same day [21] hindering
accurate interpretation of DVM patterns.

The shelf of the South Brazilian Bight is a good model for investigations of DVM of gelati-
nous organisms. The diversity of gelatinous zooplankton is high [22], representative of a tropi-
cal situation on the mid- to outer shelf, where the water column is typically a well-defined
three-layered system year-round; i) the upper mixed layer is mostly influenced by the warm
(>20°C) oligotrophic Tropical Water, occasionally mixed with the less-saline Coastal Water
depending on the wind regime; ii) the bottom layer is influenced by the cold (<17°C) and
nutrient-rich South Atlantic Central Water (SACW); iii) the intermediate layer is the boundary
between these environments, with the presence of a thermocline and a deep chlorophyll-a
maximum layer [23–25]. Within this three-layered hydrographic structure, we analyzed the
diel vertical dynamics of the assemblage of gelatinous zooplankton (Cnidaria, Ctenophora and
Thaliacea) over two consecutive days, in order to test for diurnal and nocturnal differences in
their vertical distributions, and to explore possible relationships to oceanographic characteris-
tics and food availability.

Materials and Methods

Field work
The data were obtained with the support of the R.V. “Soloncy Moura” (Brazilian Ministry of
the Environment) at a fixed station over the 100-m isobath (~110 km offshore) in the southern
part of the South Brazilian Bight, off Itajaí Harbor, Santa Catarina State (26°45’S; 47°33’W;
Fig 1). Sampling began on October 16 2007 at 06:00 and ended on October 18 at 01:15.
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Temperature and salinity vertical profiles were regularly obtained with the InterOcean CTD/S4
multiparameter probe throughout the sampling period. Sigma-t was calculated from the tem-
perature and salinity data. The stratification index, defined as the difference between the
sigma-t of the bottom and that of the subsurface (-5 m), was also calculated, and was classified
as weak (<0.5), moderate (0.5–2) or strong (>2). Chlorophyll-a concentrations and light
intensity (as photosynthetically active radiation, PAR) were regularly obtained with the Profil-
ing Natural Fluorometer model PNF-300 (Biospherical Instruments).

Zooplankton was sampled with vertical hauls, using a WP2 net with 0.5-m mouth diameter
and 200-μmmesh size, equipped with a calibrated flowmeter and closing mechanism. Hauls
were performed approximately every six hours (early morning: ~06:00–08:00; noon: ~12:00–
14:00; early night: ~18:00–20:00; midnight: ~24:00–02:00) in triplicate, in each of three strata
defined according to the vertical hydrographic structure, totaling 72 samples: (i) in the warmer

Fig 1. Map of the study site showing the station sampled.Generated using Ocean Data View software (after Schlitzer [98]).

doi:10.1371/journal.pone.0144161.g001
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upper mixed layer (UML;<40 m), defined by temperatures>20°C, which is the lower limit of
the Tropical Water that mostly characterizes the UML on the outer shelf off the South Brazilian
Bight [23–25]; (ii) at the level of the deep chlorophyll-amaximum layer (DCM, between 40–70
m) and encompassing the thermocline, defined by the gradual decrease of temperature and
peaks of chlorophyll-a concentrations; and (iii) in the colder bottom layer under SACW domi-
nance (BL; 70 m–near bottom), defined by temperatures<17°C [23–25].

Samples were visually inspected soon after retrieval of the nets for large gelatinous organ-
isms (>10 mm), which were separated and identified on board, and subsequently fixed in for-
malin diluted to 4% with filtered (<30 μm) local sea water. We declare that the field sampling
did not involve endangered or protected species and that no specific permission is required by
the Brazilian Government.

Laboratory work
Samples were analyzed in their entirety under a stereomicroscope, and the cnidarians, cteno-
phores and thaliaceans were identified and quantified. Identification mainly followed the
appropriate chapters in the compendium edited by Boltovskoy [26]. For calycophore siphono-
phores, the number of polygastrics (as anterior nectophores) and eudoxids (as bracts) was
counted. For physonects, the number of colonies was estimated by the number of pneumato-
phores, and when these were absent, nectophores were counted, and the total was divided by
ten to roughly approximate the actual number of colonies sampled [27–28]. The abundances
were standardized as the number of individuals (or colonies in the case of siphonophores and
pyrosomes) per 10 m-3 of filtered sea water.

Other zooplankton groups, interpreted as potential food for the gelatinous carnivorous,
were quantified from whole samples (chaetognaths and larvaceans) or aliquots (all other taxa)
of the first series of triplicate hauls (n = 24 samples). Aliquots (1/4 to 1/32) were taken by suc-
cessively dividing the samples in half to obtain a minimum of 300 individuals [29].

Data analysis
The mean vertical position (weighted mean depth) of a given species or developmental stage
was estimated using the following equation [5]:

weighted mean depth ¼ Sðdi
�piÞ=Sd

where pi is the mean depth of the stratum sampled (i), di is the mean density of the stratum,
and d is the total density in the water column. The weighted mean depth is best suited for strata
with the same depth range, because wider strata weigh more and bias the index. Notwithstand-
ing, weighted mean depth is widely employed in the literature independently of the homogene-
ity of strata height (e.g.[18, 20, 30–32]) and is a good index for comparative purposes,
particularly where the depths of the strata sampled are constant, as was the case here. A t test
was utilized to test the hypothesis that the weighted mean depth of each species or develop-
mental stage changes significantly (p<0.05) between diurnal and nocturnal periods [33].

In order to recognize possible assemblage changes through the diel cycle, two statistical
approaches were applied: i) a permutational multivariate analysis of variance (PERMANOVA)
was used to test the null hypothesis that the assemblage structure of gelatinous zooplankton
did not change with depth stratum (with three levels), period of the day (two levels; diurnal
and nocturnal), sample replica (three levels), and possible interactions among these three fac-
tors. Significance (P<0.05) was estimated by the pseudo-F statistic and the Monte Carlo per-
mutation, after 999 runs. In case of significant differences, a pairwise test between different
levels of significant factor(s) was performed [34, 35]; ii) a hierarchical cluster analysis (group
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average linking mode) was performed to identify patterns of similar samples and therefore pos-
sible changes (or not) in the vertical distribution of assemblages through the daily cycle [36].
Since the PERMANOVA suggested that the factor replica did not contribute significantly to
the variance of the data-set (Table 1), and to simplify graphical visualization, averaged values
(n = 24) of each of the three replicates were used in the cluster. Both the PERMANOVA and
the cluster were based on a Bray-Curtis similarity matrix constructed on the log (x+1) trans-
formed densities of all species; for siphonophores and thaliaceans the different developmental
stages were computed separately.

The species richness, total abundance and abundance of dominant taxa/developmental
stages of gelatinous zooplankton from each stratum were compared using analysis of variance
(ANOVA). In case of significant differences (p<0.05), pairwise comparisons using the t test
were performed after applying the Bonferroni correction [33]. These analyses were done for
nocturnal and diurnal periods separately.

In order to relate species distribution to possible explanatory variables, we used a con-
strained ordination analysis [37]. The length of the gradient of the detrended correspondence
analysis was small (<3) and therefore we used the Redundancy Analysis following the recom-
mendations of Lepš & Šmilauer [37]. Temperature, salinity, PAR, sigma-t, chlorophyll-a, and
abundances of the different zooplankton groups were included as possible explanatory vari-
ables. Prior to the analysis, the abundance data were transformed by log (x+1), and explanatory
variables were centered and standardized [37]. After initial trials, it became clear that the differ-
ent zooplankton taxa are highly autocorrelated with each other, and therefore only copepods
were retained in the model as a measure of food availability for the gelatinous carnivores. Simi-
larly, sigma-t was also excluded because of the high inter-correlation with temperature, both of
which defined the physical vertical gradient. These deletions were made in order to avoid
inflating the explanatory power of the model due to autocorrelation of the explanatory
variables.

Results

Oceanographic structure
The water column maintained essentially the same vertical hydrographic structure throughout
the course of this study. Temperature was high (�20°C) in the upper 40 m, and decreased
downward to<17°C below the 70-m depth, to as low as 13.1°C (Fig 2). A deep salinity maxi-
mum layer of>36 was observed between the 30–60 m depths (Fig 2). The sigma-t pattern

Table 1. Summary of the PERMANOVA. This analysis tests differences in quantitative taxonomic composition of gelatinous zooplankton assemblage con-
sidering depth stratum (with three levels), day period (two levels, diurnal and nocturnal), and sample replicate (three levels) as factors. Differences are consid-
ered significant if P and MC (P) <0.01 (in bold). df = degrees of freedom; SS = sum of squares; MS = mean squares; P = probability associated with the
Pseudo F statistic; MC (P) = probability associated with the Monte Carlo randomization procedure.

Factors df SS MS Pseudo F P MC (P)

Depth stratum 2 29914 14957 7.038 0.001 0.001

Day period 1 7541 7541 3.548 0.001 0.001

Replicate 2 4527 2264 1.065 0.363 0.345

Depth x day period 2 14324 7162 3.37 0.001 0.001

Depth x Replicate 4 6924 1731 0.8145 0.814 0.796

Day period x replicate 2 3429 1714 0.807 0.734 0.718

Depth x day period x replicate 4 6487 1622 0.763 0.882 0.862

Residuals 54 <0.0001 2125

Total 71 <0.0001

doi:10.1371/journal.pone.0144161.t001
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basically followed that of the temperature. The stratification index ranged from 1.7 at noon of
the second day to 2.7 between 06:00 and 20:00 of the first day, averaging (± standard deviation)
2.2±0.4, suggesting a strong physical stratification during most of the sampling period.

Chlorophyll-a reached maximum concentrations�0.3 mg m-3 (up to 0.64 mg m-3) between
40–60 m depth. Above and below this DCM layer the concentrations were lower, usually
<0.15 mg m-3 (Fig 3A). Light intensity was higher during the first sampling day, with values
exceeding 50 μE.m-2.s- in the first 2 m, gradually decreasing to 20 μE.m-2.s- in the first 10 m
(Fig 3B). The euphotic zone, determined by the 1% surface PAR level, was around 60 to 80 m
deep during the two days (Fig 3).

Fig 2. Vertical profiles of physical parameters of the water column. Temperature and salinity data were collected with a CTD/S4 (InterOcean) regularly
throughout October 16 and 17, 2007 off South Brazilian Bight. Shadows indicate nocturnal periods. In the temperature panel the isolines are of 1°C, in the
salinity and sigma-t panels the isolines are 0.5.

doi:10.1371/journal.pone.0144161.g002
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Gelatinous zooplankton
Species composition. A total of 46 species were sampled, 17 medusae, 19 siphonophores,

7 thaliaceans and 3 ctenophores, in addition to unidentifiable larval forms such as actinula,
bitentaculata and athorybia, and a few (<1%) damaged unidentified individuals. Thaliaceans
were the most abundant gelatinous taxon, comprising 50% of individuals, followed by medusae
(25%) and siphonophores (23%). Doliolum nationalis comprised 52% of the thaliaceans, while
Aglaura hemistoma was the most abundant medusa (66%), Abylopsis tetragona (33.5%) and
Diphyes bojani (30%) were the most abundant siphonophores, and small-sized Beroe sp. (1 to
9.5 mm high) comprised more than 90% of all ctenophores. The complete list of all species,
and their mean diurnal and nocturnal densities and weighted mean depths are shown in S1–S4
Tables.

Assemblage structure and vertical dynamics. The PERMANOVA indicated that the
structure of the assemblage differed according to depth strata and period of the day, but not
according to the different replicates. The interaction among these factors followed a similar
pattern, with no significance whenever the factor replicate was included in the analysis
(Table 1). The pairwise comparisons suggested that all depth strata differed significantly
(P<0.01) from each other, considering either the whole dataset or the diurnal and nocturnal
samples separately.

Similarly, the general tendencies of sample clustering suggested the existence of vertical dif-
ferences and temporal changes in the vertical structure of the assemblage (Fig 4): i) the noctur-
nal BL samples (groups A and O) shared<20% similarity with all other samples; ii) the diurnal
DCM samples tended to cluster with the UML samples (both diurnal and nocturnal ones),
forming group B; iii) the diurnal BL samples tended to cluster with the nocturnal samples from
DCM, forming group C (Fig 4).

Species richness ranged from a mean of<2 in the BL during the first midnight to a mean of
~20 in the UML from the early night samples of both days (Fig 5A). Species richness varied sig-
nificantly through the water column, and was always higher in the UML and lower in the BL,
independently of the period of the day (Table 2; Fig 5A). The differences were more pro-
nounced during the night, when all layers differed significantly from each other (Table 2;
p<0.05) and species richness tended to increase in the UML and decrease in the two lower

Fig 3. Summary of the vertical profiles of chlorophyll-a (a) and light levels (b). Dotted horizontal lines indicate the variation in the euphotic zone (1% of
light level). PAR = photosynthetically active radiation.

doi:10.1371/journal.pone.0144161.g003
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layers compared to diurnal periods. For instance, the mean species richness in the BL ranged
from 6 to 14.3 and from 1.7 to 3.7 in the diurnal and nocturnal samples respectively (Fig 5A).

The abundance of gelatinous zooplankton changed considerably during the study, and was
highest during the first morning (Fig 5B). Nevertheless the general vertical structure was always
similar. These zooplankters were more widely distributed through the water column during the

Fig 4. Hierarchical cluster of the samples. Cluster (group average mode) was generated using a Bray-
Curtis similarity matrix after abundance data was transformed by log (x+1). Samples represent a mean of
three replicate and are labeled according to the period of the day. The symbols indicate the different depth
strata sampled according to the legend (UML = upper mixed layer; DCM = deep chlorophyll-amaximum
layer; BL = bottom layer). The numbers in parenthesis indicate the first (1) or second (2) day sampled. A, B, C
are the groups formed in the analysis with >40% of similarity and O = outliers.

doi:10.1371/journal.pone.0144161.g004
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day and more aggregated in the UML at night (Fig 5B; Table 2). Abundances were always
lower in the BL, decreasing to a mean of<6 ind 10 m-3 at night. The absence of significant ver-
tical differences when all diurnal samples were included (Table 2) is due to the higher abun-
dance found in the first morning (when the mean was ~305 ind 10 m-3 in the BL) which caused
noise in the analysis (as evidenced by the much larger SD in the diurnal BL compared to the
nocturnal BL); when the data from this occasion were excluded, the diurnal abundances were
significantly smaller (t test, p<0.05) in the BL than in the other strata.

The abundances of most taxa differed significantly (ANOVA, p<0.05) in the different
depth strata, in both diurnal and nocturnal samples (Table 2). Most species were always less
abundant in the BL, independently of the period of the day; and taxa such as Rhopalonemati-
dae sp.1, Abylopsis eschscholtzii,Muggiaea kochii, Eudoxoides spiralis and Bassia bassensis were
completely absent from this layer. A general tendency toward partial migrations was clear.
Most species aggregated in the UML at night, and part of the population (a minor part in many
cases) descended during daytime. The proportion of the population descending and the stra-
tum that they reached varied with the different taxa and developmental stages (Figs 6–10;
Table 2). Most did not reach the BL in considerable proportions, descending mostly to the
DCM during the day. In a few taxa such as Beroe sp. and A. tetragona eudoxids, a considerable
part of the population clearly crossed the thermocline on both days; while others such as A.
hemistoma, Liriope tetraphylla, Rhopalonema velatum, Lensia subtilis, Thalia democratica and
Salpa fusiformis were mostly in the BL in the first morning and/or noon, but did not repeat this
on the second day, when they descended to the DCM (Figs 6–10).

Grouping data from both days, the pattern of nocturnal aggregation in the UML is clear. In
species such as Beroe sp., A. hemistoma, A. tetragona eudoxids and Dolioletta gegenbauri

Fig 5. Vertical distribution of gelatinous zooplankton species richness and total abundance. Shadows indicate nocturnal periods. Values are shown
as the average ± standard deviation.

doi:10.1371/journal.pone.0144161.g005
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Table 2. Summary of gelatinous zooplankton diel vertical distribution on South Brazilian Bight. Species richness and abundance (ind. or col. 10m-3)
of total and main gelatinous taxa/developmental stage is shown as average ± standard error (n = 12 on each case). An analysis of variance (ANOVA) was per-
formed to test the effect of depth stratum (UML = upper mixed layer, 0–40m; DCM = deep chlorophyll maximum layer, 40–70m; BL = bottom layer, 70–100 m)
on each variable considering diurnal and nocturnal data-sets separately. In case of significant differences (in bold; p<0.05) a t test was used to compare each
pair of strata after applying the Bonferroni correction, the results indicated by the superscript letter; strata sharing at least one letter do not differ significantly
between each other.

Strata Diurnal Nocturnal Strata Diurnal Nocturnal

Species Richness UML 15.2±1.2a 17.7±0.9 a A. eschscholtzii UML 0.9±0.3 a 1.4±0.5 a

DCM 13.2±1.2 a 7.6±0.7 b (polygastrics) DCM 1.0±0.4 a 0.1±0.1 b

BL 8.7±1.3 b 2.8±0.4 c BL 0.0 b 0.0 b

F 7.843 191.9 F 3.42 7.584

p 0.0016 <0.0001 P 0.0447 0.0019

Total Abundance UML 125.9±23.2 160.6±19.5 a E. hyalinum UML 1.2±0.4 a 2.2±0.4 a

DCM 155.3±34.4 32.8±5.5 b (eudoxids) DCM 0.0 b 0.6±0.4 b

BL 96.5±37.8 5.8±0.9 c BL 0.3±0.2 b 0.1±0.1 b

F 0.8228 54.03 F 6.186 10.50

p 0.4480 <0.0001 p 0.0052 0.0003

A. hemistoma UML 6.5±1.2 b 18.4 ±2.4 a E. hyalinum UML 2.2±0.4 a 2.8±0.9 a

DCM 42.4±12.7 a 3.8±1.2 b (polygastrics) DCM 1.1±0.6 a 0.6±0.4 b

BL 29.6±12.7 ab 0.5±0.2 b BL 0.1±0.1 b 0.1±0.1 b

F 4.14 37.84 F 6.00 6.181

p 0.04 <0.0001 p 0.0060 0.0052

C. gracilis UML 2.6±1.0 5.6±1.9 a L. subtilis UML 0.4±0.2 0.7±0.4

DCM 1.7±0.5 0.8±0.4 b (both stages) DCM 0.7±0.3 0.0

BL 0.6±0.3 0.0 b BL 0.8±0.4 0.1±0.1

F 2.34 6.943 F 0.3822 2.919

p 0.1119 0.003 p 0.6853 0.0681

L. tetraphylla UML 1.4±0.5 4.0±1.0 a M. kochii UML 1.1±0.3 a 2.2±0.6 a

DCM 2.7±0.8 1.8±0.7 ab (both stages) DCM 1.0±0.3 a 0.1±0.1 b

BL 1.8±0.9 0.0 b BL 0.0 b 0.0 b

F 0.739 9.656 F 4.670 12.72

p 0.485 0.0005 p 0.0164 <0.0001

A. tetragona UML 1.9±0.4 b 15.8±1.9 a E. spiralis UML 1.1±0.3 a 1.2±0.7

(eudoxids) DCM 4.0±1.0 ab 4.4±1.2 b (both stages) DCM 0.4±0.3 ab 0.0

BL 5.7±1.2 a 0.3±0.2 b BL 0.0 b 0.0

F 4.14 39.01 F 4.045 3.00

p 0.0249 <0.0001 p 0.0268 0.0635

A. tetragona UML 3.2±0.8 a 6.9±1.0 a B. bassensis UML 0.6±0.3 1.0±0.4 a

(polygastrics) DCM 1.1±0.4 b 1.7±0.4 b (both stages) DCM 0.6±0.2 0.0 b

BL 1.4±0.5 ab 0.0 b BL 0.0 0.0 b

F 3.543 33.71 F 2.533 6.061

p 0.0404 <0.0001 p 0.0947 0.0057

D. bojani UML 9.5±1.7a 8.9±1.4 a C. appendiculata UML 1.5±0.4 a 0.9±0.4 a

(eudoxids) DCM 7.8±2.1a 0.1±0.1 b (eudoxids) DCM 0.3±0.2 b 0.1±0.1 ab

BL 1.7±0.9b 0.1±0.1 b BL 0.0 b 0.0 b

F 6.050 36.04 F 8.157 4.674

p 0.0058 <0.0001 p 0.0013 0.0163

D. bojani UML 3.7±0.9 3.8±0.7 a C. appendiculata UML 0.1±0.1 0.2±0.1

(polygastrics) DCM 3.1±0.6 0.0 b (polygastrics) DCM 0.3±0.2 0.4±0.2

BL 1.4±0.6 0.1±0.1 b BL 0.1±0.1 0.1±0.1

(Continued)
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phorozooids, most of the population (>80%) was deeper than the UML during daylight, with
significantly different diurnal and nocturnal weighted mean depths (t test, p<0.05; S1–S4
Tables). In others such as L. tetraphylla, D. bojani,M. kochii, S. fusiformis, T. democratica, and
old nurses of both doliolids, a considerable part of the population (>40%) was migrating (Fig
10), still resulting in statistically significant differences between the diurnal and nocturnal
weighted mean depths. For most other taxa, only a small part of the population was extending
their vertical position during daytime; and for A. eschscholtzii eudoxids, Enneagonum hyali-
num, and Rhopalonematidae sp.1 the proportion of the population in the UML in the diurnal
and nocturnal periods was nearly the same (Fig 10).

Other zooplankton groups
Copepods were the most abundant, comprising 89.2% of the zooplankton individuals
(excluded the gelatinous groups detailed above), followed by larvaceans (4.0%), polychaetes

Table 2. (Continued)

Strata Diurnal Nocturnal Strata Diurnal Nocturnal

F 2.958 27.23 F 0.3604 0.6494

p 0.0658 <0.0001 p 0.7820 0.5289

A. eschscholtzii UML 1.7±0.5 a 2.9±0.8 a Beroe sp. UML 0.2±0.1 2.8±0.7 a

(eudoxids) DCM 0.1±0.1 b 0.3±0.3 b DCM 0.4±0.3 1.0±0.4 ab

BL 0.0 b 0.0 b BL 1.9±0.9 0.4±0.4 b

F 10.68 11.12 F 2.542 4.882

p 0.0003 0.0002 p 0.0940 0.0139

D. nationalis UML 9.9±2.2 5.7±1.5 a D. gegenbauri UML 3.3±1.2 b 4.0±1.0 a

(phorozooids) DCM 13.0±3.8 2.7±1.4 ab (phorozooids) DCM 15.4±5.4 a 2.7±0.9 ab

BL 7.4±4.1 0.1±0.1 b BL 5.1±2.5 b 0.5±0.2 b

F 0.6567 5.399 F 3.429 5.235

p 0.5252 0.0094 p 0.0443- 0.0106

D. nationalis UML 42.9±11.9 a 28.0±9.1 a D. gegenbauri UML 1.6±0.7 1.1±0.3 a

(gonozooids) DCM 16.0±6.0 ab 1.5±0.6 b (gonozooids) DCM 1.3±0.5 0.1±0.1 b

BL 3.4±1.8 b 0.1±0.1 b BL 0.6±0.3 0.0 b

F 6.734 8.863 F 0.8206 11.11

p 0.0035 0.0008 p 0.4489 0.0002

D. nationalis UML 3.2±0.8 ab 4.0±0.8 a D. gegenbauri UML 2.8±0.6 ab 4.2±0.9 a

(old nurses) DCM 5.6±1.3 a 0.6±0.4 b (old nurses) DCM 3.8±0.7 a 2.1±0.5 ab

BL 1.2±0.5 b 0.1±0.1 b BL 0.8±0.5 b 0.3±0.2 b

F 5.711 17.46 F 6.115 10.09

p 0.0074 <0.0001 p 0.0055 0.0004

T. democratica UML 10.3±4.4 15.3±4.2 a S. fusiformis UML 3.0±1.6 3.7±1.8

(aggregates) DCM 18.1±5.6 2.4±.10 b (aggregates) DCM 3.4±1.8 1.5±0.8

BL 19.0±11.5 0.0 b BL 4.2±.21 0.5±0.2

F 0.3764 10.92 F 0.1046 2.118

p 0.6892 0.0002 P 0.9010 0.1363

T. democratica UML 0.5±0.2 0.3±0.2 S. fusiformis UML 1.5±0.5 1.2±0.6

(solitaries) DCM 2.0±0.6 0.0 (solitaries) DCM 0.7±0.3 0.8±0.3

BL 2.3±1.2 0.1±0.1 BL 2.3±1.2 0.0

F 1.347 1.477 F 1.013 2.483

p 0.2738 0.2429 p 0.3742 0.0989

doi:10.1371/journal.pone.0144161.t002
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Fig 6. Vertical distribution of most abundant medusae. Shadows indicate nocturnal periods. Values are shown as average ± standard deviation. Notice
different scales.

doi:10.1371/journal.pone.0144161.g006
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Fig 7. Vertical distribution of most abundant siphonophores. Shadows indicate nocturnal periods. Values are shown as average ± standard deviation.
Notice different scales.

doi:10.1371/journal.pone.0144161.g007
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(2.1%; mostly terebellid larvae), and chaetognaths (1.9%). Other taxa totaled<3% and were
represented by typical zooplankton taxa of shelf waters such as mero- and holoplanktonic mol-
luscs, cladocerans, amphipods, euphausiaceans, ostracods, decapods, stomatopods and
ichthyoplankton. The most abundant copepods were Ctenocalanus vanus (31.6% of copepod
individuals), Oncea waldemari (23.8%), and Oithona plumifera (11.1%). In general, zooplank-
ton was sparse in the BL, independently of the period of the day. Their highest densities were
recorded during early morning and noon of the first day. Copepods (Fig 11A) tended to be
similarly distributed in the two upper strata during the day and more aggregated in the UML
during the night. Larvaceans and chaetognaths were typically more abundant in the UML inde-
pendently of the period of the day, and almost absent from the BL; however their abundance in

Fig 8. Vertical distribution of other common siphonophores and the most abundant ctenophore. Shadows indicate nocturnal periods. Values are
shown as average ± standard deviation. Notice different scales.

doi:10.1371/journal.pone.0144161.g008
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Fig 9. Vertical distribution of most abundant thaliaceans. Shadows indicate nocturnal periods. Values are shown as average ± standard deviation.
Notice different scales.

doi:10.1371/journal.pone.0144161.g009
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the DCM tended to increase during diurnal samples (Fig 11B). Polychaetes had a different pat-
tern; they were mostly found in the DCM, except at night on the second day, when they were
more concentrated in the UML.

Fig 10. Summary of the diurnal and nocturnal vertical distribution of gelatinous zooplankton from South Brazilian Bight. Data is presented as
percentage of the total abundance (ind. 10 m-3) found in the water column during diurnal (open bars) and nocturnal (black bars) samplings combining both
days. e = eudoxids, p = polygastrics, g = gonozooids, p = phorozooids, n = old nurses, whenever not indicated developmental stages were pooled due to
similar distribution.

doi:10.1371/journal.pone.0144161.g010
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Relationship to environmental factors and food availability
Both diurnal and nocturnal samples were clearly separated according to depth strata in the
ordination diagram (Fig 12A and 12B). The first four canonical axes explained 68.5% of the
diurnal species variance (Table 3). The first axis explained 46% and was mostly negatively
related to copepods and temperature; the second axis explained a further 12% and was mostly
negatively related to temperature and PAR (Table 3; Fig 12A). The third and fourth axes
were mostly related to salinity, PAR and chlorophyll-a, and together explained an additional
~10% (Table 3). Most species and developmental stages were negatively related to the first
axis, and therefore positively related mostly to copepod abundance and temperature, except
for Beroe sp. and A. tetragona eudoxids, which were positively related to the first canonical
axis. Corymorpha gracilis, A. eschscholtzii, andM. kochii and E. hyalinum polygastrics were
positively related to temperature and PAR, while A. hemistoma, L. tetraphylla, S. fusiformis,
T. democratica, and D. gegenbauri phorozooids were more related to salinity and chloro-
phyll-a (Fig 12A).

Temperature and copepod abundance were highly auto-correlated and were the explanatory
variables that most influenced the first axis, which accounted for 74% of the nocturnal species
variance. All species and developmental stages tended to increase in the UML at night, and
therefore were closely related to temperature and copepod abundance (Fig 12B). The third and
fourth axes were related to salinity, but together explained only an additional 2.5% of the noc-
turnal data variance (Table 3).

Fig 11. Vertical distribution of copepods and other zooplankton groups. Abundances were estimated from the first series of the triplicate samples and
were based on counts of whole samples (larvaceans and chaetognaths) or 1/4 to 1/32 aliquots (all other taxa). Shadows indicate nocturnal periods. Notice
different scales.

doi:10.1371/journal.pone.0144161.g011
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Discussion
Short-term repetitive sampling such as the regime used here is mostly lacking in the literature
on Brazilian marine zooplankton [38]. This kind of sampling has the advantage of suggesting
relationships between zooplankton and potentially explanatory variables on a temporal scale
that is more compatible with the ecological and behavioral processes affecting DVM [20].
Based on the short sampling scale and the relatively high sampling effort (i.e. triplicate hauls
over two consecutive days), we consider that the assemblage structure and the daily dynamics
of vertical occupation are well represented for the study site. Our data are limited to a single
cruise and therefore do not address possible seasonal variations; however, large seasonal varia-
tions in the oceanographic configuration and in the zooplankton abundance and assemblage
structure are not expected in offshore areas of the South Brazilian Bight [23–25, 39]. The depth
levels of the layers sampled were chosen according to the oceanographic structure of the water
column, and do not allow the depiction of possible smaller-scale patterns such as DVM within
the same water mass [2, 19, 40].

Oceanographic structure
The relatively constant oceanographic conditions over the short sampling period indicate that
the system was stable. The three-layered oceanographic structure observed, with warm TW
influence in the UML, an intermediate thermocline and associated DCM, and the colder BL

Fig 12. Ordination diagrams of the Redundancy Analysis.Graphs show the relationship of species/developmental stages and biotic and abiotic
explanatory variables during diurnal (a) and nocturnal (b) periods showing the first and second canonical axes. Species are shown as black continuous
vectors and explanatory variables as dotted grey vectors. Samples are shown as circles with colors changing according to the depth strata (see legend) and
named according to the first or second day sampled (D1 or D2 respectively) and the time of sampling. The percentage of the species data variation explained
by each environmental axis is shown in parentheses. Environmental variables codes: Chl = chlorophyll-a, Cop = copepods, PAR = photosynthetically
active radiation, Sal = salinity, Temp = temperature. Species codes: Ae = Abylopsis eschscholtzii, Ah = Aglaura hemistoma, At = Abylopsis tetragona, B =
Beroe sp., Cg = Corymorpha gracilis, Co = Cordagalma ordinatum, Db = Diphyes bojani, Dg = Dolioletta gegenbauri, Dn = Doliolum nationalis, Eh =
Enneagonum hyalinum, Lt = Liriope tetraphylla, Mk =Muggiaea kochii, Sf = Salpa fusiformis, Td = Thalia democratica. The first letter before the species name
refer to the life cycle stage of calicophorans (e = eudoxids, p = polygastrics) and thaliaceans (a = aggregate zooids, f = phorozooids, g = gonozooids, n = old
nurses, s = solitary zooids). UML = upper mixed layer; DCM = deep chlorophyll-amaximum layer; BL = bottom layer.

doi:10.1371/journal.pone.0144161.g012
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under SACW influence is typical of outer-shelf waters in the South Brazilian Bight year-round
[23–25]. The lower salinities (35–36.0) in the upper layer, along with the presence of typical
taxa of the Coastal Water such as Obelia spp., actinula larvae, L. tetraphylla, andM. kochii [24,
25, 39, 41], also suggest the influence of this water mass. This probably results from wind-
driven offshore advection of Coastal Water, which forms a surface haline front over the shelf
that separates Tropical Water from Coastal Water and may reach over 100 km offshore [23–
25, 39]. In this study we sampled at a single station and therefore cannot precisely locate the
position of the front; however, the salinities lower than 36 in the upper 20 m indicate that our
station was probably close to it.

Vertical dynamics of gelatinous zooplankton
Influence of physical stratification of the water column. Differences in the depth strata

accounted for most of the assemblage variability (Table 1), and the vertical stratification of the
assemblage clearly followed the physical stratification of the water column: most gelatinous
zooplankton were absent or little abundant in the BL independently of the period of the day,
and temperature had a high explanatory power for both the diurnal and nocturnal data-sets.
Even among migratory taxa, only a few such as Beroe sp., A. tetragona eudoxids, A. hemistoma,
T. democratica and S. fusiformis crossed the thermocline. These observations suggest that the
cold SACW restricted the vertical occupation of most species, which typically inhabit

Table 3. Summary of the Redundancy Analysis. This analysis was performed between the 23 dominant gelatinous zooplankton taxa/developmental
stage and the selected explanatory variables during diurnal and nocturnal periods.

RDA Summary Axis 1 Axis 2 Axis 3 Axis 4

Diurnal

Eigenvalues 0.460 0.122 0.065 0.037

Species-explanatory correlations 0.865 0.923 0.926 0.958

% of variance explained (species data) 46.0 12.2 6.5 3.8

Accumulated variance (%)

Of species data 46.0 58.2 64.7 68.5

Of species-explanatory relationship 66.2 83.6 93.1 98.4

Correlations of explanatory variables

Temperature (°C) 0.6085 -0.7626 0.1961 0.0565

Salinity 0.4422 0.4422 0.5028 -0.5867

PAR 0.2263 -0.6686 -0.5115 -0.2557

Chlorophyll-a (mg m-3) 0.233 0.2017 0.3299 -0.7426

Copepods (ind. m-3) 0.9368 -0.1932 -0.1180 -0.1755

Nocturnal

Eigenvalues 0.740 0.039 0.018 0.006

Species-explanatory correlations 0.978 0.913 0.728 0.680

% of variance explained (species data) 74.0 3.9 1.9 0.6

Accumulated variance (%)

Of species data 74.0 77.9 79.8 80.4

Of species-explanatory relationship 92.0 96.9 99.2 100.0

Correlations of explanatory variables

Temperature (°C) 0.993 0.1001 0.0113 -0.0490

Salinity 0.1243 0.4594 0.6839 0.5529

Chlorophyll-a (mg m-3) 0.2061 0.9690 -0.1359 0.0037

Copepods (ind. m-3) 0.9812 0.0799 -0.0303 0.1728

doi:10.1371/journal.pone.0144161.t003
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epipelagic warm waters [7, 8, 26, 39, 40], emphasizing the role of the physical vertical stratifica-
tion of the water column in shaping the assemblages of gelatinous zooplankton. A previous
investigation of the vertical distribution of gelatinous zooplankton in the South Brazilian Bight
showed the seasonal influence of the SACW, with overall low species richness and abundance
in the BL when it is influenced by this water mass [39]. The present data agree with this obser-
vation and offer additional details on vertical patterns of the gelatinous zooplankton, owing to
the finer scale of temporal sampling and to the analysis of other gelatinous taxa whose distribu-
tional patterns are largely understudied and therefore unknown in the southwestern Atlantic
(i.e. ctenophores and thaliaceans).

The dominant hydromedusae in the present study, A. hemistoma, L. tetraphylla, and C. gra-
cilis, are vertically limited by physical stratification of the water column in many ecosystems [2,
8, 20], although A. hemistoma was performing DVM through the thermocline in the present
study (Figs 6A and 10). Likewise, most calicophorans in stratified systems such as the Arabian
Sea [40, 42, 43], Benguela Current [7] and Humboldt Current System [30, 44] are commonly
vertically restricted by the thermocline, and typically tend to remain above it. The vertical dis-
tribution of the most abundant siphonophore in this study, A. tetragona, can be quite contrast-
ing in different environments. It typically inhabits the superficial layers in both stratified and
non-stratified situations in oceanic and shelf regions of the Mediterranean [45–48], North and
South Atlantic [7, 49, 50], and eastern Indian Ocean [40, 43], but it also may occur deeper [52,
53]; moreover, nocturnal ascension may occur ([18, 43, 51, 52], present study) or not [7, 45],
and the thermocline may [7] or may not [42] restrict its vertical distribution. In the present
study, polygastrics were apparently restricted by the thermocline, mostly remaining above it
independently of the period of the day; while eudoxids were undergoing DVM through the
thermocline. Similarly, D. bojani typically remains above the thermocline ([7, 40], present
study) but also may cross it [42].

Differently from the present observations, Beroe spp.,Mnemiopsis leidyi and Pleurobrachia
spp., the best-studied ctenophores worldwide, do not migrate through the physical stratifica-
tion, typically remaining above or below the pycnocline/thermocline independently of the
period of the day [19, 53–56]. Diel vertical migration has been reported for ctenophores in ver-
tically homogeneous water columns: Beroe cucumis in the northeastern Atlantic migrates
upward by night, from 250–600 to 100 m, in a vertically homogeneous situation [57]; B. ovata
in the Black Sea may undergo a short DVM in the homogeneous upper 20 m depth [19]; and a
similar trend with a 10-m DVM occurs forM. leidyi populations in the Baltic Sea [58].

Although there are few studies on doliolid DVM, the pattern observed here, similar for both
species, concords with previous observations that these organisms essentially inhabit superfi-
cial warm waters [31, 59] and typically occur in or above the thermocline [60, 61]. Doliolum
denticulatum, a species closely related to those reported here, is limited by temperatures lower
than 15°C [62]. Such temperatures were observed in the lower 20 m of the water column in the
present investigation, and may have been a factor limiting the distribution of D. nationalis and
D. gegenbauri, both of which were virtually absent from the BL.

The vertical distribution pattern observed for both salps was variable, but they were clearly
able to cross the thermocline and occupy the BL. This observation contrasts with previous
reports of T. democratica, which typically remains in the upper layers independently of the
period of the day, in different ecosystems such as the Kuroshio Current [63], southern Brazil
[21], South Africa [64], northwestern Mediterranean [51, 52, 65] and Taiwan [31]. Species of
the genus Salpa are strong swimmers and typically extensive migrators [66], and S. fusiformis is
insensitive to low temperatures (<10°C) [67], a physiological adaptation that allows it to with-
stand temperature changes during vertical migrations. S. fusiformismay remain mostly above
the thermocline in the East Sea off Korea [68], or with solitary individuals mostly below it in
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the Kuroshio Current [63]. Moreover, it can be vertically widespread during daylight and more
aggregated near the surface at night [52, present study], or have a discontinuous bimodal distri-
bution [69]. Distinct patterns were also observed in the present study, where most of the popu-
lation was in the BL during the first morning and then in the UML by noon (Fig 9D),
suggesting that the patterns of vertical distribution of this salp may not be related to the diel
cycle.

The diel cycle and the vertical migrations. The vertical structure of the assemblage was
not maintained throughout the daily cycle, as suggested by the statistical significance of the
interaction between the factors “depth stratum” and “period of the day” in the PERMANOVA
(Table 1). The results of the cluster analysis also support this view. As a result of the migrations,
(a) the nocturnal samples from the BL were quite different from all others (<25% of similarity),
with the virtual absence of almost all gelatinous zooplankters and therefore low species richness
(0–6 spp.) and abundance (<11 ind. 10 m-3); (b) the DCM assemblages were more similar
either to the UML or to the BL depending on the period of the day. The diurnal downward
migrations, together with the influence of stratification on most species (see above), increased
the similarity between the diurnal DCM and both the diurnal and nocturnal UML samples
(group B). On the other hand, the nocturnal upward migration of most taxa resulted in a simi-
larity between the diurnal BL assemblages and the nocturnal DCM assemblages (group C).

Light is commonly recognized as an important signal for zooplankton DVM [1, 5, 6, 9].
Accordingly, the migrations recorded here clearly followed the light/dark cycle, and the light
intensity seems to have influenced the vertical patterns of many species. During the first day,
the light intensity was higher (Fig 3B) and most taxa as well as the total abundance of gelati-
nous zooplankters showed greater vertical changes than on the following day. Most gelatinous
zooplankters react to changes in light intensity, and the influence of light on their behavior and
vertical distribution has been shown for all main groups, including cnidarians [20, 70–72],
ctenophores [9, 19, 58, 73], and thaliaceans [52, 74]. Although many of these species do not
have ocelli or other organized photosensitive structures, cnidarian neurons may be directly
stimulated by light [74, 75] and extraocular photosensitivity is widespread in invertebrates,
occurring in most if not all groups of gelatinous zooplankton [75, 76].

However, if light were the main factor driving the migrations reported here, it would be
expected to affect all individuals of a given species similarly, leading to downward migrations
of whole populations, which was not the case. The results obtained here for virtually all species
and developmental stages clearly show that only a part of the populations was performing diur-
nal downward migrations. This general pattern encompassed phylogenetically and ecologically
distinct gelatinous taxa, and can be interpreted as a behavioral convergence providing an adap-
tive advantage. Indeed, migrations performed by only a part of the population emerge as an
optimal evolutionary behavior in theoretical models [77] and probably are very common in
nature due to individual and environmental variability, particularly when food availability is
low [1, 5, 78] as is the case for the typically oligotrophic offshore waters studied here. Differ-
ences at the individual level have been emphasized, and diverse behaviors may simultaneously
occur in a given population, suggesting that the DVM patterns of zooplankton (and also phyto-
plankton; see [79]) may be much more complex than formerly thought [10, 80–83].

The overall DVM pattern found here fits well with the model of the “hunger-satiation”
hypothesis, a strategy to maximize feeding and minimize the chances of being predated
(reviewed by Pearre [5]). Increasing experimental, field and theoretical evidence [5, 10, 82, 84,
85] suggests that whether vertical migration occurs or not may reflect a balance between the
two main conflicting factors that affect the survival of each individual: food capture and avoid-
ing the risk of being predated [84]. Thus, individuals tend to spend the least possible time feed-
ing at shallow depths, where they are at greater risk of being predated; and move down when
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they become satiated [5]. These feeding incursions become optimal if they occur during the
night, when visual predation is more difficult. The station where the present samples were
taken is mostly oligotrophic, as is typical of the South Brazilian Bight outer shelf, with relatively
low concentrations of both phytoplankton and zooplankton year-round [23]. In situations
with low food availability (and/or high competition), individuals would tend to remain feeding
near the surface until they consumed enough food to stimulate the beginning of the DVM. In
these cases, the risk of being eaten by predators is lower than that of dying from inanition, and
individuals may remain near the surface during daylight if they are unable to become satiated
during the night [84–86].

Thaliaceans are typically herbivorous [59, 64], and therefore one would expect them to be
mostly associated with the DCM where chlorophyll-a concentrations are higher. However,
they also may use other sources of food not measured in this study, such as auto- and hetero-
trophic microbes of the pico- and nanoplankton size classes [15, 59], which have been reported
to be more abundant in the UML in oligotrophic waters offshore of Brazil [87]. Moreover, the
salp pharynx is not adapted to high particle concentrations and may clog permanently [59], a
constraint that has been invoked to explain the generally low relationship between their vertical
distribution and DCMs [64].

Although an endogenous circadian rhythm may occur in many planktonic taxa [6], the
migration rhythm of many gelatinous zooplankters is not intrinsic [70, 71] and therefore their
vertical position can be adjusted according to many external factors, such as hydrography, tro-
phic interactions, nutritional condition, luminosity and others. The complex trade-off between
these biotic and abiotic factors may sometimes result in contrasting distributions of the same
species or developmental stage in different situations. This may be particularly true for widely
distributed species that may occur over a wide range of environmental conditions, such as
most of the dominant species here, A. hemistoma, Beroe sp. A. tetragona, D. bojani, T. democra-
tica, and S. fusiformis.

In spite of the homogeneous hydrographic conditions found throughout our study, internal
waves associated with tidal cycles are an important physical factor that could possibly explain the
vertical displacement of specific water layers, and hence the short-term differences in the vertical
distribution of planktonic organisms. Although most studies on the issue were conducted in
lakes [88–90], in marine environments a few studies also have reported the effects of internal
waves on zooplankton vertical dynamics, usually associated with tidal currents progressing from
deep to shallow waters [91]. Internal waves are conspicuous in the South Brazilian Bight, with
the potential to displace water-column isotherms up to 28 m [25, 92]. In the present study, the 25
isopycnal was positioned around 30 m depth at 06:00 of the first sampling day, and ascended to
17 m by 18:00 (Fig 2), perhaps due to internal waves associated with tidal cycles and which may
have influenced the observed zooplankton vertical distribution to some unknown extent.

Ontogenetic differences. Differences in the vertical distribution of the different life-cycle
stages were obvious for the siphonophores A. tetragona, A. eschscholtzii and Chellophyes appen-
diculata as well as for both doliolid species, emphasizing the importance of separately analyzing
the different life-cycle stages. While ontogenetic shifts in the vertical patterns are well known
for many crustaceans, with numerous descriptions available in the literature (e.g. [1, 26, 32,
93]), this is not the case for most gelatinous taxa. Among the few such reports for siphono-
phores are those on Chuniphyes multidentata,Muggiaea bargmannae and Nectopyramis spi-
nosa, whose eudoxids are always deeper than the polygastrics [50, 94, 95]; and on the
Mediterranean A. tetragona, whose polygastrics but apparently not eudoxids are found below
the seasonal thermocline [46]. The reasons leading to such differences are difficult to establish,
and the desirability of reaching water of the ideal temperature for sexual reproduction has been
suggested to explain the differences inM. bargmannae from the Weddell Sea [95].
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The ontogenetic differences observed for both doliolids concord with previous observa-
tions. Gonozooids typically inhabit more superficial depths than oozooids, which may
make a small nocturnal ascent [31, 60]. The higher abundance of gonozooids in the UML
observed here is possibly related to the warm temperature in this stratum, which is an
important factor in the growth, reproduction and longevity of this stage [96, 97]. The high-
est abundance of phorozooids over the thermocline, where chlorophyll-a peaks occur, may
be associated with food availability, which is more important for asexual reproduction than
is temperature [97].

Conclusions
The present observations showed that the assemblages of gelatinous zooplankton in oligotro-
phic subtropical ecosystems such as the offshore South Brazilian Bight typically perform partial
DVM, aggregating in the UML by night, with a variable part of the populations (a minor part
in many cases) descending during daylight to either the DCM or the BL, depending on the spe-
cies and developmental stage. It is difficult to ascertain the direct causal factors leading to these
distributions at the specific level, particularly because in field studies it is difficult to disentangle
proximate and ultimate causes [81] as well as the many different covarying factors, in addition
to the slight knowledge of the biology and physiology of most gelatinous species. In any case,
the overall drivers of the assemblage could be clearly inferred.

Two main general patterns of daily vertical dynamics were clear, underlining the role of
physical (i) and biological (ii) drivers in structuring the gelatinous zooplankton assemblages.
(i) Most species typically inhabit epipelagic warm water and were therefore absent or little
abundant in the bottom layer under the influence of the cold SACW, emphasizing the impor-
tant effect of the physical vertical stratification of the water column. (ii) A general tendency
of partial migrations with populations aggregated in the UML during the night, and a vari-
able part of them descending during daylight. While these migrations clearly followed the
diel light/dark cycle, not all individuals behaved similarly, in a pattern that can be explained
by the hunger-satiation hypothesis; only well-fed individuals would migrate downward dur-
ing the day. Therefore, we suggest that the diel patterns of vertical occupation of the gelati-
nous zooplankton assemblage found here are the result of a trade-off among predator
avoidance, food availability, and ideal hydrographic conditions for a particular species or
developmental stage.

Supporting Information
S1 Dataset. The samples are labeled as follow: D1 or D2 refers to the first and second sam-
pling day; the subsequent number (6, 12, 18 or 24) refers to the sampling time (early morn-
ing, noon, early night and midnight respectively) and then to the depth stratum. The
abundance of the cnidarians, ctenophores and thaliaceans is shown as the average of the three
replicates and is expressed in ind. 10 m-3, while for the other zooplankton groups data refers to
the first replicate and is expressed as ind. m-3 (see Material and Methods). Temperature is in
°C, PAR in μE m-2 s-1 and chlorophyll-a in mg m-3.
(XLSX)

S1 Table. Medusae species list with averaged water column integrated density (ind. 10 m-3)
and averaged weighted mean depth (m) during diurnal and nocturnal hauls, frequency of
capture (FC, %) and relative abundance (RA, %). SD = standard deviation, t = statistic
parameter of t test; � p<0.05, ��p<0.01, ���p<0.001.
(PDF)
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S2 Table. Siphonophores species list and summary of the catches. DS = developmental
stages; P = polygastric, E = eudoxid. Other legends as in S1 Table.
(PDF)

S3 Table. Ctenophores species list and summary of the catches. Legends as in S1 Table.
(PDF)

S4 Table. Thaliaceans species list and summary of the catches. DS = developmental stage;
B = blastozooids (aggregates); O = oozooids (solitaries), P = phorozooids; G = gonozooids;
N = nurses; A = all stages combined. Other legends as in S1 Table.
(PDF)
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