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INTRODUCTION

The Humboldt Current System (HCS) is one of
the major Eastern Boundary Upwelling Ecosystems
(EBUEs) (Chavez & Messié 2009). It extends from
~42° S to approximately the equator in the southeast-
ern Pacific Ocean (Montecino et al. 2005, Thiel et al.

2007). It is considered one of the most productive
EBUEs because it supports high levels of abundance
and biomass of planktonic organisms and pelagic fish
(Chavez et al. 2003, Alheit & Niquen 2004, Hidalgo
et al. 2010).

Biological production in the HCS is driven by fre-
quent upwelling events that cause shoaling of oxy-
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ABSTRACT: In the Humboldt Current System (HCS) off northern Chile (23° S), 6 samplings were
conducted in 2013 and 2014, each at 8 depths ranging from 5 to 80 m, to study the role of environ-
mental variability on the abundance and vertical distribution of the eggs of dominant copepods,
with special emphasis on hypoxia associated with the oxygen minimum zone (OMZ). The highest
levels of abundance of Acartia tonsa and Paracalanus cf. indicus eggs were in surface waters above
the OMZ. The distribution of eggs of both species correlated positively with chlorophyll a and strat-
ification (Brunt-Väisälä frequency). Calanus chilensis eggs were found at greater depths, and their
distribution did not correlate with any abiotic variables, whereas the distribution of C. chilensis
females was associated with subsurface water upwelling due to a positive correlation with Ekman
transport and salinity. The vertical distribution of copepod eggs in the HCS can be explained by
abiotic variability, the sinking velocities of the eggs and the resuspension effect of upwelling verti-
cal velocities, all of which may retain the eggs of smaller copepods in waters above the OMZ while
C. chilensis eggs sink more rapidly, reaching the OMZ in less than 2 d. The survival of early-stage
copepods is vital for the success of populations; therefore, any changes in conditions, like upwelling
intensification, shoaling, and expansion of OMZs due to climate change, can affect the productivity
of the pelagic realm in coastal upwelling ecosystems.

KEY WORDS:  Acartia tonsa · Paracalanus cf. indicus · Calanus chilensis · Northern Chile ·
 Sinking velocity

Resale or republication not permitted without written consent of the publisher



Mar Ecol Prog Ser 571: 83–96, 2017

gen-poor Equatorial Subsurface Water, which forms
the oxygen minimum zone (OMZ) in the southeast-
ern Pacific and results in deficient levels of dissolved
oxygen (DO; <21.7 μmol kg−1, ~22.3 μM) near the
surface (<50 m) (Mann & Lazier 1991, Escribano
1998, Morales et al. 1999). DO in the upper boundary
of the OMZ reaches levels of 43.6 μmol kg−1 (44.6 μM,
~1 ml O2 l−1), which limits the aerobic metabolism of
zooplankton (Morales et al. 1999, Hidalgo et al. 2005a,
Fuenzalida et al. 2009, Ruz et al. 2015) and acts as an
oxygen-deficient ecological barrier (‘barrera ecológ-
ica deficiente en oxígeno’, BEDOX) to plankton bio-
mass, abundance, and diversity, causing plankton to
aggregate in oxygenated surface waters in the photic
zone (Donoso & Escribano 2014). Below the BEDOX
layer, DO concentrations decrease dramatically to as
low as 4.36 μmol kg−1 (4.46 μM, ~0.1 ml O2 l−1) and
even reach anoxic levels (Ulloa et al. 2012).

Approximately 80% of zooplankton in this eco -
system are copepods (Escribano & Hidalgo 2000,
Hidalgo & Escribano 2001, Escribano et al. 2007),
with 119 species identified (Hidalgo & Escribano 2001,
Hidalgo et al. 2010, Fierro et al. 2016). However, the
copepod community in the HCS off the Chilean coast
is mainly dominated by calanoid  copepods such as
Acartia tonsa, Calanus chilensis, Centropages brach -
iatus, and Paracalanus cf. indicus, among others
(Hidalgo et al. 2010, 2012, Escribano et al. 2012,
Pino-Pinuer et al. 2014).

The temporal distribution of copepods in the HCS
(23° S) has been studied for C. chilensis (Escribano
1998, Escribano & McLaren 1999, Hidalgo & Es -
cribano 2007, 2008, Ruz et al. 2015), A. tonsa (Ruz et
al. 2015), C. brachiatus (Hidalgo & Escribano 2007,
2008), and Eucalanus inermis (Hidalgo et al. 2005b).
Eggs, nauplii, copepodites, and adults are abundant
throughout the year, suggesting continuous repro-
duction or several reproductive events in the northern
coastal zone of Chile (Hidalgo & Escribano 2008, Ruz
et al. 2015). These studies have primarily in cluded
analyses of samples from integrated vertical trawls
(Escribano 1998) or from specific strata, especially for
eggs, which are often collected from water samples
above 15 m because the chlorophyll a (chl a) maxi-
mum is typically located around this depth  (Iriarte et
al. 2000). Although a high abundance of eggs and
early stages (size <200 μm) has been repor ted close to
this depth (15 m) off south-central and northern Chile
(Hidalgo & Escribano 2007, 2008), the depths at
which females spawn and the eggs conti nue develop-
ing in the HCS have not yet been studied.

Upwelling prevails throughout the year off the
northern Chilean coast (18–27° S) (Thiel et al. 2007,

Díaz-Ochoa et al. 2011, Escribano et al. 2012), contin-
uously exposing copepods to abrupt changes in tem-
perature, food availability, and low oxygen condi-
tions, which are key factors that influence copepod
physiology and may produce stress on their popula-
tions (Escribano et al. 2012, Ruz et al. 2015). Most
copepods, like P. cf. indicus and A. tonsa, tend to
inhabit well-oxygenated surface waters, where con-
ditions are favorable for them to complete their life
cycles, while others such as E. inermis engage in diel
vertical migration to avoid predators, releasing their
eggs in the OMZ (Hidalgo et al. 2005b, Escribano et
al. 2009). Research on the vertical distribution of
copepods associated with the OMZ in the HCS has
only included copepodite and adult stages (Escrib-
ano et al. 2009, Hirche et al. 2014), leaving a gap in
our knowledge about the vertical distribution of eggs.

Mejillones Bay is among the most important up -
welling centers off northern Chile (Marín & Olivares
1999, Thiel et al. 2007) and is characterized by cold
hypoxic subsurface waters due to upwelling through -
out the year (Marín & Olivares 1999) and a shallow
upper boundary of the OMZ (≤26 m), which supports
year-round copepod reproduction in well-oxygenated
surface waters (Hidalgo et al. 2005b, Ruz et al. 2015).
In this area, copepod reproduction is apparently not
limited by food availability, and the main factors that
affect the population dynamics are changes in tem-
perature and DO associated with upwelling intensity
(Escribano et al. 1998, 2012, Hidalgo & Escribano
2008, Hidalgo et al. 2010). While information is avail-
able about the vertical distribution of later and adult
copepod stages (Escribano et al. 2009), we know little
about the vertical distributions of copepod eggs and
their relationship with abiotic variability, mainly tem-
perature, density, and the depth of the OMZ.

Recent experimental evidence has indicated inter-
and intra-specific variability among copepods in terms
of tolerance to hypoxia. Female survival and hatch-
ing success of A. tonsa are apparently more vulnera-
ble to lower oxygen concentrations (ca. 43.6 μmol
kg−1) than those of C. chilensis (Ruz et al. 2015),
which is not significantly affected. However, the re -
sponses of C. chilensis to hypoxia may have a sea-
sonal signal. P. M. Ruz et al. (unpubl. data) observed
a 30% reduction in the hatching success of C. chilen-
sis and a notable decrease in the growth rates of the
early stages of nauplii under hypoxia (<34.8 μmol O2

kg−1), whereas the metabolism of females was not
significantly affected by short-term exposure to
hypoxia. If the low oxygen concentrations of the
OMZ are a limiting factor for the growth and devel-
opment of copepods at early stages, it is expected
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that reproduction and egg laying take place in a
 suitable habitat for egg development and hatching
before eggs reach the OMZ by natural processes of
particle sedimentation. In this context, laying eggs
in surface, well-oxygenated, and food-rich waters
could be a survival strategy to maintain copepod
populations over time.

In this study, we determined whether the vertical
distribution of the eggs of dominant copepods in the
HCS in northern Chile is associated with abiotic vari-
ability as a result of upwelling. The variability of the
upwelling intensity results in changes of tempera-
ture, water density, and vertical movements of the
OMZ that could reduce or expand the oxygenated
surface layer that most copepods inhabit, especially
in areas where upwelling intensity and the OMZ’s
extension are increasing due to climate change.
We hypothesized that the hypoxia associated with
the OMZ restricts the vertical distribution and
 abundance of eggs of dominant copepods to well-
oxygenated shallow waters in Mejillones Bay, which
in turn may play a key role in annual population pro-
duction. To evaluate this hypothesis, discrete sea-
sonal vertical copepod egg profiles were obtained in
the austral winters and summers of 2013 and 2014.
These data were correlated with abiotic and biotic
parameters and stratified abundances of females of
the 3 dominant copepods in the Humboldt Current
ecosystem.

MATERIALS AND METHODS

Field studies

To study the vertical distribution of eggs of domi-
nant epipelagic copepods in the coastal upwelling
zone off Mejillones Bay (23° S), we conducted hydro-
graphic surveys, net tows, and water sampling in
2013 and 2014. The study site was Stn 3 (23° 00.2’ S,
70° 28.2’ W) of the Antofagasta Time-Series at
 Mejillones Bay (Fig. 1) (Escribano et al. 2012). Two
autonomous oceanographic profilers calibrated by
their respective suppliers, the CTD-O Seabird 19
plus (Sea-Bird Electronics) and the EXO2 Multipara-
meter Sonde (YSI), were deployed at Stn 3 to obtain
measurements of salinity (S), temperature (T), den-
sity (σt), DO, and fluorescence down to ~100 m depth.
On 15 March and 16 July 2013, and 18 January and
29 July 2014, we used the 2 devices to obtain 2 in -
dependent profiles: one as backup and the other for
semi-instantaneous visualization. The data were ex -
tracted using the EXO2 profiler to determine the

depth of the OMZ. Once the upper limit of the OMZ
was identified (~43.6 μmol kg−1, Morales et al. 1999,
Hidalgo et al. 2005b, Fuenzalida et al. 2009), 3 strata
were categorized: the oxygenated surface layer, the
oxycline at depths with a gradient of >2.05 μmol kg−1

m−1 (~2.1 μM m−1; Paulmier & Ruiz-Pino 2009), and
the OMZ (<43.6 μmol kg−1).

Six profiles were collected with Niskin bottles (10 l)
to obtain the abundance of eggs of the dominant
copepods at depths of 5, 10, 20, 30, 40, 50, 70, and
80 m, which comprised the 3 DO layers previously
described. Four profiles were collected in 2013 and
2 in 2014. Additionally, zooplankton samples were
obtained using a WP-2 net (200 μm mesh size)
equipped with a flowmeter and a closed net system,
to collect females of the dominant species under
study. Vertical stratified trawls were conducted at
varying depths, according to the DO profile and the
3 previously categorized layers.

Oceanographic data

Coastal upwelling favorable conditions were calcu-
lated using the cumulative Ekman transport (CET),
which is the cumulative transport effect over time.
The CET is the wind-generated mass transport per
unit of width over depth of the Ekman layer and is
expressed as kg m−1 s−1 (a typical wind stress of 0.1 N
m−2 at 45° gives a mass transport of 1000 kg m−1 s−1;
Tomczak & Godfrey 2003). CET is useful for visualiz-
ing the beginning and end dates of upwelling/down-
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Fig. 1. Study area in northern Chile (23° S). The black star 
denotes the location of Stn 3 in Mejillones Bay
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welling periods at a seasonal scale (Bograd et al.
2009). The CET was integrated monthly from 1 Janu-
ary 2013 to 31 December 2014 and integrated from
10 d (synoptic scale) to the sampling date to know the
upwelling conditions at that time. The CET was com-
puted from the daily-averaged sea level pressure
fields at 1° resolution centered at 22° 30’ S and 70°
30’ W. The data were obtained from the US Navy Fleet
Numerical Meteorology and Oceanography Center
(FNMOC; data retrieved from http://coastwatch.
pfeg. noaa.gov/erddap/index.html). Ekman transport
is de fined as negative for northerly winds (down-
welling) and positive for southerly winds (upwelling).

To characterize water column conditions, the mean
and standard deviations of abiotic variables T, S, DO,
chl a, σt, and stratification were estimated per stra-
tum (oxygenated, oxycline, and OMZ). The stability
or stratification of the water column was estimated as
the Brunt-Väisälä (BV) or buoyancy frequency from
CTD density profiles. The BV was expressed in s−1

and calculated as:

BV = [(g/ρ) × (∂ρ/∂z)]1/2 (1)

where g is gravitational acceleration (9.8 m s−2), ρ is
the density of seawater (1.025 g cm−3), and ∂ρ/∂z is
the density distribution as a function of depth z. BV
frequencies >0 show that the water column is strati-
fied (stable), while low BV values suggest that the
water column is well mixed (Stull 1995, Landaeta et
al. 2013).

Chl a profiles were derived from fluorescence (Flu)
using a linear regression model between these 2 vari-
ables (log chl a = −0.2925 + 1.4105 × log Flu; n = 286,
R2

adj = 0.879, p < 0.0001, authors’ unpubl. data)

Sample analysis

Females of Acartia tonsa, Paracalanus cf. indicus,
and Calanus chilensis were identified in the labora-
tory and counted from half of each sample, using a
Nikon SMZ1000 stereoscopic microscope at 2× and

4× magnification. As well, 19 l of seawater were
obtained with Niskin bottles and sieved at 20 μm to
collect eggs, which were then preserved in a 2%
buffered formalin solution to estimate their abun-
dance. The eggs of these species were identified and
counted at 8×, 10×, and 40× magnification. Identifica-
tion was based on egg size and morphological char-
acteristics (e.g. spiny or smooth surface) according to
earlier egg production experiments with these spe-
cies (Hidalgo 2005, Ruz et al. 2015, P. M. Ruz unpub-
lished data), as well as morphological characteristics
from published data on A. tonsa (Hansen et al.
2010a,b) and Paracalanus parvus (Checkley 1980)
(Table 1). Using these features, the P. cf. indicus, A.
tonsa, and C. chilensis eggs were distinguished from
those of other calanoid copepods in the region. Fe -
male and egg abundances were reported as the num-
bers of individuals (or eggs) m−3. A single para meter
was calculated for females and eggs of each species,
to represent the population’s center of gravity over
the vertical axis. To this end, depth-weighted aver-
ages (DWA) were calculated as:

(2)

where xi is the abundance of each species in stratum
i (ind. m−3), zi is the corresponding mid depth (m) of
stratum i, and n is the total number of sampled strata.
These values were related to the concentrations of
DO and environmental variables.

The abundances of females and eggs were used to
estimate the integrated in situ egg production rate
(EPR) using the approach of Edmonson (1968) for
broadcast spawning species, estimated for the cope-
pods Clausocalanus forcatus (Bi & Benfield 2006),
Calanus chilensis, Centropages brachiatus, and A.
tonsa (Hidalgo & Escribano 2007, 2008, Ruz et al.
2015), which is defined as:

EPR = (Neggs/Nfemales)�DT (3)

where EPR is the in situ egg production rate (eggs
female−1 d−1), Neggs is egg abundance (number m−3),
Nfemales is female abundance (number m−3), and DT

DWA ( * )1 1x z xn
n

i i n
n

i∑ ∑= = =�
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Species Diameter (μm, mean ± SD) Surface Color

Acartia tonsa 75 ± 1.2, range = 71− 83 (14°C)a; No spines or Brown, yellowish, or orange 
85 ± 4.0 (6°C) to 80 ± 3.0 (24°C)b short spinesc to brownd; opaque light pinke

Paracalanus cf. indicus ~73 (P. parvus) (18°C)f; ~70g Smoothg Opaque light yellowg

Calanus chilensis 160 ± 0.3, range = 143−176 (14°C)a Smoothg Opaque light whiteg

aRuz et al. (2015); bHansen et al. (2010a); cMarcus & Wilcox (2007); dHansen et al. (2010b); eP. M. Ruz unpubl. data;
fCheckley (1980); gHidalgo (2005)

Table 1. Summary of size and morphological characteristics of the eggs of dominant copepods in northern Chile (23° S)
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represents the embryonic development time (d) as a
function of temperature as described by Bělehrádek
(1935) and determined using:

DT = a × (T − t0)−b (4)

where T is the temperature (°C), and a, t0, and b are
constants. The parameters a and t0 are species spe-
cific, whereas b is a fixed value for copepods (= 2.05;
McLaren et al. 1969). The species-specific equations
of Bělehrádek embryonic development time were
obtained from published data for A. tonsa (McLaren
et al. 1969, Mauchline 1998), P. cf. indicus (Escribano
et al. 2014), and C. chilensis (Escribano et al. 1998,
Hidalgo & Escribano 2007, Hidalgo & Escribano
2008). To solve these equations, DT values were esti-
mated using the in situ temperatures at each depth
where eggs were collected, according to the follow-
ing equations:

DT = 489 × (T − 1.8)−2.05 (for A. tonsa) (5)

Ln (DT +1) = −0.112 + 0.078 ×T (for P. cf. indicus) (6)

DT = 947.7 × (T + 11.0)−2.05 (for C. chilensis) (7)

Data analysis

Multivariate statistics were used to assess spatial
and temporal changes in egg and female abundances
and environmental variables following the methods
described by Clarke (1993), using E-PRIMER (v.
7.0.11) (Clarke & Gorley 2015) set at 999 permuta-
tions and a significance level of 0.1% (α = 0.01). Dif-
ferences in the vertical distribution of A. tonsa, P. cf.
indicus, and C. chilensis among layers were assessed
by 1-way analysis of similarity (ANOSIM) for the
abundance of eggs and females of the 3 species.
ANOSIM is a permutation-based non-parametric test
(analogue of 1-way analysis of variance), which uses
the difference between ranked values of similarity
measures (e.g. Bray-Curtis) of the abundance of
organisms among sample groups. The abundances
were transformed by applying the fourth root and
the Bray-Curtis similarity index was used to obtain
resemblance matrices (Quinn & Keough 2002). Envi-
ronmental variables (T, S, DO, density, BV, CET and
chl a) were used as predictors and normalized in
order to obtain comparable scales of magnitude
(Clarke et al. 2014).

The BEST routine was used to identify environ-
mental variables that best predict egg and female
abundance. The BEST routine works by linking mul-
tivariate biotic patterns to sets of environmental vari-
ables to search which environmental variables are

most likely driving the observed pattern in the abun-
dances (Clarke & Gorley 2015). BEST was used with
the BIO-ENV method, which examines all possible
combinations of variables, from each environmental
variable separately, through to all at the same time
(analogue of stepwise multiple correlation). This
method computes a rank correlation between the
elements of similarity matrices for environmental and
biological data giving the ‘best fit’ (higher Spearman
rank correlation) of environmental variables explain-
ing changes in biotic data. The best 10 results were
included in the analysis. The abiotic and biotic data
are reported as the mean ± SD.

RESULTS

Environmental conditions

Mejillones Bay was strongly influenced by coastal
upwelling as indicated by positive CET for most of
the study period, except June 2013 and August 2014.
The index ranged from −41 550 to 898 185 kg s−1 km−1

for August (winter) and January (summer) 2014,
respectively. Coastal upwelling prevails year-round,
with lower CET values from March/April to August
in 2013 and 2014 (Fig. 2, Table 2).

The vertical structure of the water column showed
some variability on a seasonal scale. The vertical tem-
perature profiles suggest the presence of 2 periods
denoted by changes of the sea surface temperature
(SST), with warmer waters at the surface layer in aus-
tral summer (sea surface temperature 17°C) than in
winter (14.5°C), whereas a gradual decrease with
depth was ob served until subsurface waters reached
temperatures close to 13°C during the sampling pe-
riod. Variability in salinity profiles also indicates 2 pe-
riods, with less saline waters in March and January
(summer) than in July (winter) (Fig. 3a,c,e,g, Table 3)

Vertical DO distribution was sharply defined, with
the permanent presence of oxygen-poor waters in
the subsurface layer (Table 3). An oxygenated sur-
face layer was present only in July, whereas in
March 2013 and January 2014 the oxycline reached
surface waters. The thickness of the oxycline ranged
between 12 and 33 m, and its DO gradient varied
from 3.3 to 24.6 μmol kg−1 m−1. The depth of upper
boundary of the OMZ was very heterogeneous, rang-
ing from 11 to 44 m in the water column, whereas
below 45 m to the bottom, low-oxygen waters asso -
ciated with the OMZ were consistently present
through out the study period, regardless of the inten-
sity of CET (Fig. 3a,c,e,g, Table 2).
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The density profiles showed similar patterns
throughout the study period, but with slightly lower
values in winter of 2013, led by changes in tempera-
ture and salinity (Fig. 3b,d,f,h). BV frequencies var-
ied from (0.15 ± 0.21) × 10−4 to (6.98 ± 5.21) × 10−4 s−1,
which demonstrated a high degree of stability in
the first 20 m of the water column, except in winter
2014, when a well-mixed water column was present
(Fig. 3d,h, Table 3).

Chl a profiles ranged from 7.06 to 0.03 mg m−3 from
the surface to the sea floor. Values >2.0 mg m−3 were
found above 12 m depth, whereas a second chl a
maximum was observed in subsurface waters close
to 40 m in summer 2014, with values ranging from
2.01 to 2.15 mg chl a m−3 (Fig. 3a,c,e,g).

Vertical distribution of copepod eggs and females

The abundance and distribution of eggs of the
dominant copepods A. tonsa, P. cf. indicus, and C.
chilensis were associated with changes in abiotic
conditions. The vertical distribution of these species
in Mejillones Bay were heterogeneous and were

associated with changes in oceanographic conditions
as the result of different intensities of upwelling
events during the study period (Figs. 2 & 3), reflected
in egg and female densities (Table 4).

Acartia tonsa

The eggs of A. tonsa had a mean diameter of 79.5
± 3.6 μm (range = 72.1−85.9 μm, n = 45). The verti-
cal distribution of egg abundance differed signifi-
cantly (1-way ANOSIM, R = 0.09, p = 0.04). The
highest levels of abundance were found when the
oxycline was in shallow waters and tended to
decrease with depth into the OMZ (pairwise test, R
= 0.18, p = 0.005), except in the samples collected in
July of both years, when no eggs were found (Fig.
3b,d,f,h). The vertical distribution in the abundance
of A. tonsa females was similar to that of eggs, with
the greatest abundance in shallow water (1-way
ANOSIM, R = 0.09, p = 0.02). There were significant
differences in the abundance of females in the oxy-
cline and the OMZ (pairwise test, R = 0.14, p =
0.007; Table 4)
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Fig. 2. Temporal variability of cumulative Ekman transport (kg m−1 s−1) off Mejillones Bay, Chile (23° S). Black squares are
 cumulative transports for each sampling day, and grey circles are cumulative transports for each month during the study period

Date Season OSL OXY OMZ CET
Depth Beginning Bottom Thickness DO gradient Upper (kg s−1 km−1)

(m) (m) (m) (m) (μmol kg−1 m−1) boundary (m)

03/13/2013 Summer – 5 27 22 6.4 26 13827.5
07/16/2013 Winter 19 19 47 28 3.3 44 3028.9
01/18/2014 Summer – 1 12 12 24.6 11 215883.6
07/29/2014 Winter 15 15 30 15 6.0 29 –3968.3

Table 2. Vertical structure of the dissolved oxygen (DO) profile and synoptic cumulative Ekman transport (CET) during the
study period. OSL: oxygenated surface layer, OXY: oxycline, OMZ: oxygen minimum zone (OMZ). Dates are given as 

mm/dd/yyyy. –: no data, as no OSL was present in summer
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A multivariate analysis of the variations in A. tonsa
eggs compared to that of environmental conditions
(BEST routine) showed that the strongest Spearman’s
rank correlation was obtained with chl a (ρ = 0.41, p =

0.001), followed by a combination of BV and chl a (ρ =
0.32, p = 0.001). The strongest correlation for the
same analysis for A. tonsa females was a combination
of salinity and chl a (ρ = 0.528, p = 0.001; Table 5).

89

Fig. 3. Vertical profiles of temperature (°C), salinity, dissolved oxygen (DO) (μmol kg−1), chlorophyll a (mg m−3), Brunt-Väisälä
frequency (s−1), and density (σt, kg m−3), and the vertical distributions of egg abundance (eggs m−3) of Acartia tonsa, Para-
calanus cf. indicus, and Calanus chilensis at Stn 3 in Mejillones Bay, Chile (23° S; see Fig. 1) for (a,b) 15 March 2013, (c,d)
16 July 2013, (e,f) 18 January 2014, and (g,h) 29 July 2014. The layers were categorized according to the vertical distribution of
DO: oxygenated surface layer, oxycline (grey background), and oxygen minimum zone (OMZ). Panels (a–d) intentionally 

present 2 egg abundance data sets to better show their variability in the field
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The DWA for A. tonsa showed that eggs and fe -
males were concentrated above 15 m depth, while
the integrated in situ EPR ranged between 4.4 and
13.2 eggs female−1 d−1. The EPR per stratum showed
lower EPR in the OMZ than the
oxycline, while no eggs were found
in July of either year (Table 6).

Paracalanus cf. indicus

P. cf. indicus eggs had a mean
diameter of 76.3 ± 4.2 μm (range =
66.9−84.8 μm, n = 61). There was
significant variation in the verti-
cal distribution of egg abundance
(1-way ANOSIM, R = 0.23, p =
0.001). Similar to A. tonsa, the
highest levels of abundance were

found in the shallow surface layer in oxygenated
waters or in the oxycline. There were significant dif-
ferences in egg abundance between the oxycline and
OMZ (pairwise test, R = 0.26, p = 0.01), and between

90

Year Season Layer Depth Temperature Salinity Dissolved oxygen Density σt Brunt-Väisälä Chl a
(m) (°C) (μmol kg−1) (kg m−3) frequency (×10−4 s−1) (mg m−3)

2013 March 15 Oxycline 5−25 13.98 ± 1.00 34.44 ± 0.16 102.36 ± 43.92 25.94 ± 0.14 4.52 ± 11.3 2.11 ± 0.88
(Summer) OMZ 26−99 12.94 ± 0.10 34.77 ± 0.06 11.81 ± 8.25 26.24 ± 0.06 0.29 ± 0.74 0.48 ± 0.24

July 16 Oxygenated 0−10 14.59 ± 0.03 33.70 ± 0.22 192.61 ± 15.88 24.29 ± 0.17 6.98 ± 5.21 1.23 ± 0.37
(Winter) Oxycline 10−43 14.25 ± 0.23 35.00 ± 0.33 126.73 ± 27.94 25.7 ± 0.29 3.09 ± 3.25 0.74 ± 0.49

OMZ 44−103 13.22 ± 0.28 35.39 ± 0.06 35.67 ± 17.89 25.88 ± 0.09 0.59 ± 3.68 0.01 ± 0.03

2014 January 18 Oxycline 1−13 14.64 ± 1.32 34.77 ± 0.04 167.44 ± 82.60 25.85 ± 0.21 4.71 ± 11.03 3.34 ± 1.57
(Summer) OMZ 11−90 13.12 ± 0.32 34.82 ± 0.05 10.81 ± 13.99 26.21 ± 0.10 0.35 ± 3.13 1.33 ± 0.61

July 29 Oxygenated 0−15 14.49 ± 0.05 35.94 ± 0.01 149.58 ± 27.34 26.04 ± 0.01 0.15 ± 0.21 2.01 ± 0.20
(Winter) Oxycline 15−37 13.74 ± 0.42 35.86 ± 0.05 83.34 ± 21.97 26.15 ± 0.05 0.68 ± 0.517 0.81 ± 0.47

OMZ 32−103 12.90 ± 0.23 35.89 ± 0.04 8.62 ± 8.82 26.34 ± 0.07 0.32 ± 0.46 0.23 ± 0.11

Table 3. Summary (mean ± SD) of abiotic conditions and chlorophyll a in Mejillones Bay, Chile. The data are grouped by year, sampling 
date, and layers according to the dissolved oxygen profile, oxygenated layer, oxycline, and oxygen minimum zone (OMZ)

Year   Season     Layer Eggs m−3                         Females m−3

                                                            A. tonsa               P. cf. indicus         C. chilensis           A. tonsa              P. cf. indicus         C. chilensis

2013   Summer   Oxycline        15219.6 ± 16201.2a   9237.4 ± 6713.4a              0             276.61 ± 272.48a    808.21 ± 579.33a      1.53 ± 1.95a

                            OMZ                  243.3 ± 298.7b       1203.6 ± 1420.8b              0                10.55 ± 7.25b         23.02 ± 14.37b       0.04 ± 0.08b

          Winter      Oxygenated                 0                4938.2 ± 3650.9a, c    73.1 ± 103.3       7.74 ± 5.42a,b      233.81 ± 100.57a,c   6.55 ± 4.34a, c

                            Oxycline                       0                    891.1 ±781.3c       154.6 ± 135.7       0.72 ± 0.45a        141.46 ± 219.73c      6.93 ± 4.85c

                            OMZ                             0                   160.4 ± 201.5b        88.0 ± 87.3         0.27 ± 0.33b          22.82 ± 33.08b       1.05 ± 1.03b

2014   Summer   Oxycline          3911.8 ± 2786.8a    17029.4 ± 5781.6a     88.2 ± 41.6     147.48 ± 177.92a    693.21 ± 557.37a     29.39 ± 5.25a

                            OMZ                  162.9 ± 260.0b         600.9 ±455.0b       467.2 ±359.4             5.62b                      19.74b                    0.74b

          Winter      Oxygenated                 0                  4047.2 ± 871.2a,c    798.9 ± 848.6                0                    2.61 ± 1.09a,c        0.17 ± 0.18a,c

                            Oxycline                       0                    605.9 ± 627.6c        546.5 ± 8.4                  0                     0.06 ± 0.02c          0.04 ± 0.05c

                            OMZ                             0                   281.5 ± 285.3b        51.4 ± 74.1                  0                   0.003 ± 0.003b     0.001 ± 0.002b

Table 4. Summary (mean ± SD) of the abundances of eggs (m−3) and females (m−3) of Acartia tonsa, Paracalanus cf. indicus, and Calanus
chilensis in Mejillones Bay (Stn 3), Chile, during the sampling period. The data are grouped by year, season, and layers according to the
dissolved oxygen profile: oxygenated layer, oxycline, and oxygen minimum zone (OMZ). Different superscript letters denote significant 

differences (α = 0.01) among layers within species and season

BEST Acartia tonsa Paracalanus cf. indicus Calanus chilensis
results for: ρ Variables ρ Variables ρ Variables

Eggs 0.414 Chl a 0.348 Chl a 0.367 CET
0.320 BV, chl a 0.315 BV, chl a 0.287 S, CET
0.278 S, BV, chl a 0.300 DO, BV, chl a 0.275 T, S, CET

Females 0.528 S, chl a 0.584 S, BV, chl a 0.361 T
0.518 S 0.574 S, BV 0.358 T, BV
0.447 S, BV, chl a 0.564 S, chl a 0.352 T, DO, BV

Table 5. Spearman rank correlations (p = 0.001) from the BEST routine for eggs
and females of Acartia tonsa, Paracalanus cf. indicus, and Calanus chilensis. The
table shows the 3 best results. The variables are chlorophyll a (chl a), Brunt-Väisälä
frequency (BV), salinity (S), dissolved oxygen (DO), cumulative Ekman transport 

(CET), and temperature (T)
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the oxygenated layer and the OMZ (pairwise test, R =
0.29, p = 0.04; Fig. 3b,d,f,h, Table 4). The vertical dis-
tribution of female abundance was similar to that of
eggs, with the highest abundances in shallow waters
(1-way ANOSIM, R = 0.33, p = 0.001), with significant
differences between the oxycline and the OMZ (pair-
wise test, R = 0.38, p = 0.001), and between the oxy-
genated layer and the OMZ (pairwise test, R = 0.37,
p = 0.01; Table 4).

The strongest Spearman rank correlation of the
BEST routine for variations in P. cf. indicus eggs was
with chl a (ρ = 0.35, p = 0.001) followed by a combina-
tion of BV and chl a (ρ = 0.31, p = 0.001), while the
strongest correlation for females was with a combina-
tion of salinity, BV, and chl a (ρ = 0.584, p = 0.001;
Table 5).

The DWA showed that P. cf. indicus eggs prevailed
above 12 m depth, while females were more concen-
trated above 24 m depth. The integrated in situ EPR
of P. cf. indicus ranged from 4.0 to 5.4 eggs female−1

d−1, whereas higher values were found in estimates
per stratum (Table 6).

Calanus chilensis

C. chilensis eggs were larger than
those of A. tonsa and P. cf. indicus, with a
mean diameter of 155.9 ± 8.0 μm, (range
= 140.0−169.2 μm, n = 85). No significant
differences were found in the vertical
distribution of C. chilensis among the 3
layers (Fig. 3b,d,f,h), while in relation to
the distribution of females there were
differences (1-way ANOSIM, R = 0.20, p
= 0.001) be tween the oxycline and OMZ
(pairwise test, R = 0.26, p = 0.001), and
between the oxygenated surface layer
and the OMZ (pairwise test, R = 0.20, p =
0.04).

The BEST routine for C. chilensis eggs
indicated the strongest Spearman’s rank
correlation was with Ekman transport
(ρ = 0.37, p = 0.001), followed by a combi-
nation of salinity and Ekman transport
(ρ = 0.29, p = 0.001), whereas the best
correlation for females was with temper-
ature (ρ = 0.36, p = 0.001; Table 5).

The DWA for C. chilensis was deeper
than that for A. tonsa and P. cf. indicus
(Table 5). C. chilensis females were more
prevalent in shallow waters in austral
summer than in winter, while eggs were
found at depths between 13.1 and 45.6 m.
The integrated in situ EPR of C. chilensis

were 18.2 and 18.1 eggs female−1 d−1 in winter 2013
and summer 2014, respectively. No eggs were found
in summer 2013, while the extremely low number of
C. chilensis females in winter 2014 showed high val-
ues in all estimates of EPR (Tables 4 & 6).

DISCUSSION

We assessed the effects of abiotic factors (T, S, DO,
density, BV, and CET) and chl a variability on the
vertical distribution of eggs and females of the domi-
nant copepods Acartia tonsa, Paracalanus cf. indicus,
and Calanus chilensis in Mejillones Bay (23° S). The
responses of the 3 species to variability in abiotic
 factors and chl a differed. A. tonsa and P. cf. indicus
eggs and females were primarily distributed in shal-
low waters, whereas the eggs of C. chilensis were
dis tributed in deeper waters than were the females,
which were found from the oxycline to shallow waters.

Our results showed the vertical distribution of cope -
pod eggs in the water column and how they correlate
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Species Parameter 2013 2014
March July January July

DWA
A. tonsa Females 8.1 14.8 13.7 –

Eggs 5.0 – 7.7 –
P. cf. indicus Females 10.3 23.3 14.4 15.7

Eggs 11.0 9.3 6.8 11.2
C. chilensis Females 10.2 26.6 16.2 19.8

Eggs – 29.2 45.6 13.1

EPR
A. tonsa Oxygenated – – – –

Oxycline 15.7 – 4.9 –
OMZ 6.7 – 0 –
Integrated 13.2 – 4.4 –

P. cf. indicus Oxygenated – 7.5 – 12.3a

Oxycline 3.2 2.8 5.0 2.7a

OMZ 21.2 2.9 8.8 11.7a

Integrated 4.0 5.4 5.2 5.2a

C. chilensis Oxygenated – 9.2 – 191.9a

Oxycline – 17.3 4.9 99.8a

OMZ – 60.8 532.3 80.9a

Integrated – 18.2 18.1 115.3a

aBecause almost no females were found, the EPR was estimated from
the mean female abundances recorded in July 2013 and 2014

Table 6. Depth-weighted averages (DWA) (m) of females and eggs of
 Acartia tonsa, Paracalanus cf. indicus, and Calanus chilensis in Mejillones
Bay, Chile, during the study period. Index of in situ egg production rate
(EPR) (eggs female−1 d−1) of the 3 species is given by strata (oxygenated,
oxycline, and oxygen minimum zone [OMZ]) and integrated from 0 to 

80 m depth. –: no data
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with abiotic conditions on short time scales. Longer-
scale processes cannot be assessed from our data,
although 2 well-defined periods were identified. Ruz
et al. (2015) described a warm (summer/autumn) and
cold (winter/spring) pattern in Mejillones Bay, which
we observed in addition to slight differences in tem-
perature between austral winters and summers (2013−
2014). These changes may be primarily a re sponse of
increased solar radiation on the ocean surface in the
summer, which affects thermal stra ti fi ca tion, whereas
haline stratification prevails in  winter as indicated by
the BV frequency.

Upwelling-favorable winds occur year-round in
Mejillones Bay, which is evidenced by the mostly
positive Ekman transport estimates and that con-
curred with previous records for the region (Piñones
et al. 2007, Hidalgo & Escribano 2008, Escribano et al.
2012, Ruz et al. 2015). Upwelling events maintained
a shallow OMZ throughout the year (mean ~28.3 m),
near the range previously described (21−26 m; Hidalgo
et al. 2005b, Ruz et al. 2015). Although the OMZ was
deeper during winter months, the upwelling favorable
conditions that oc curred in this season may favor
mixing of the water column, as indicated by the BV
frequencies in winter.

The highest abundances of eggs, nauplii, and cope -
podites of C. chilensis, Centropages brachiatus, and
A. tonsa in Mejillones Bay have been reported in
shallow oxygenated waters above 10−15 m, consider-
ing these depths as an index of variability in egg
stock in the entire water column (Hidalgo & Escri -
bano 2007, 2008, Ruz et al. 2015), given the similarity
to egg abundance in integrated water samples (Escri -
bano 1998, Escribano & McLaren 1999). Our study
involved high-resolution vertical sampling, with 8
discrete depths to study copepod egg distribution in
Mejillones Bay. Between 70 and 95% of A. tonsa and
P. cf. indicus eggs were found above 12 m depth, sup-
porting the view that depths close to 10 m represent
a good index to estimate egg stocks given the pres-
ence of the chl a maximum (Escribano 1998, Iriarte et
al. 2000, Hidalgo & Escribano 2007, 2008). However,
while this layer appears as a good approximation for
small copepods like A. tonsa and P. cf. indicus, the
DWA for eggs of the mid-sized copepod C. chilensis
was between 13.1 and 45.6 m. The vertical egg distri-
bution was supported by a positive correlation of egg
copepod abundance with chl a and stratification for
A. tonsa and P. cf. indicus, whereas the egg abun-
dance of C. chilensis correlated positively with Ekman
transport and with the combined effect between
Ekman and salinity, suggesting that the appearance
of C. chilensis (females and eggs) is related to strong

upwelling events that bring subsurface waters to
shallower waters.

In other study areas, A. tonsa nauplii, copepodites,
and eggs tend to occur above the pycnocline
(McLaren 1966, Hansen et al. 2010a, 2012, Landaeta
et al. 2013), whereas copepod eggs and P. cf. indicus
copepodites are usually found below the pycnocline
(Landaeta et al. 2013). These tendencies are consis-
tent with our estimates for the 2 species in Mejillones
Bay, where the DWA for A. tonsa eggs and females
was slightly shallower than that of P. cf. indicus, sug-
gesting that eggs were spawned in shallow waters
under adequate abiotic conditions for the growth and
development of nauplii and copepodites.

Peterson & Bellantoni (1987) suggested that the
variability of phytoplankton abundance is partially
controlled by changes in water column stratification.
Therefore, stratification and phytoplankton abun-
dance could be partly responsible for changes in the
growth and fecundity of coastal copepods. Upwelling
is also a key process for copepod population dynam-
ics, given that abundance and biomass are linked
to an optimal window of upwelling intensity (Escri -
bano et al. 2012). For example, strong upwelling
induces an acutely shallow OMZ, which may restrict
zooplankton in a thin oxygenated surface layer
(Manríquez et al. 2009). Donoso & Escribano (2014)
described the OMZ as an oxygen-deficient ecologi-
cal barrier (BEDOX layer) that restricts zooplankton
and, therefore, copepods to the oxygenated surface
layer where oxygen is not deficient for growth and
development (Hidalgo & Escribano 2008, Ruz et al.
2015).

The OMZ acts as a barrier to active organism, like
nauplii, copepodites, and especially adult copepods,
which avoid oxygen-poor waters, while most cope-
pod eggs tend to sink in the water column until they
hatch (Salzen 1956, Marcus & Fuller 1986, Miller &
Marcus 1994, Tang et al. 1998, Knutsen et al. 2001,
Wang et al. 2005, Jiang et al. 2006, Svetlichny et al.
2010). As occurs in other taxa and ecosystems, if the
eggs of copepods reach critical oxygen levels below
their survival threshold, they may suppress their
metabolism, as has been observed among organisms
associated with oceanic OMZs (Seibel 2011). They
may also suffer non-predatory mortality, as had been
observed for nauplii of A. tonsa in Chesapeake Bay,
USA (Elliott et al. 2013), or they can rest in sediments
until appropriate conditions exist for successful de -
velopment, as has been reported for copepods in
other marine coastal areas as well as in freshwater
environments (Dahms 1995, Marcus 1996, Williams-
Howze 1997, Katajisto 2003).
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Although oxygen limitation in sediments and the
OMZ restricts egg development, other factors, like
the density structure of the water column, may play a
more important role in retaining eggs in favorable
environment conditions (Peterson & Bellantoni 1987,
Hansen et al. 2012, Landaeta et al. 2013). As well,
eggs with floating devices, like the spines of A. tonsa
eggs, may help retain them in shallow waters (Mar-
cus & Wilcox 2007, Hansen et al. 2010b). On the other
hand, females may play a key role in the selection of
the spawning depth according to the optimal envi-
ronment associated with the physiological require-
ments of eggs for successful growth and develop-
ment. Temperature (Escribano et al. 2014), food
(Vargas et al. 2006, Aguilera et al. 2011), and oxygen
(Donoso & Escribano 2014, Ruz et al. 2015) are key
factors for the success of zooplankton populations.
Tolerance to environmental factors is a  species-
specific response that depends on the physiology of
organisms and their adaptive plasticity; therefore,
the deeper vertical distribution of C. chilensis eggs
may be related to better adaptation to hypoxic condi-
tions than evidenced by A. tonsa (Ruz et al. 2015) and
P. cf. indicus. In this context, oxygenated surface
waters are a suitable environment for the devel -
opment of early and successive stages to ensure
 population success.

We suggest that females optimize the use of their
habitat. The depth (strata) where most eggs were
found may represent the optimal habitat for the
 species in highly heterogeneous environments, such
as Mejillones Bay. For example, Eucalanus inermis
spawns in the OMZ to avoid predation, and in the
naupliar stages, individuals leave the OMZ to feed,
while adult stages mostly inhabit the OMZ (Hidalgo
2005, Hidalgo et al. 2005a). Adult A. tonsa females
are less tolerant to low DO than C. chilensis (Ruz et
al. 2015), which is reflected in the in situ data of the
vertical distribution of the eggs and females of the 2
species. Given that the vertical distribution of P. cf.
indicus is similar to that of A. tonsa, it is possible that
the 2 species have similar tolerance to hypoxia and
co-exist in the same habitats, as occurs with C.
chilensis and Centropages brachiatus in the HCS
(Hidalgo & Escribano 2007, 2008).

Although females may lay their eggs at a specific
depth (e.g. 10 m), the eggs of each species have dis-
tinct sinking rates that depend on factors like water
density and viscosity, gravitational acceleration (9.81
m s−2), and egg parameters like size and density (see
Eq. A4 in Ju et al. 2006). The sinking velocities of the
eggs were calculated based on in situ water density
(1.0259 g cm−3) and viscosity (0.01243 g cm−1 s−1), the

radius of A. tonsa (0.040 cm), P. cf. indicus (0.038 cm),
and C. chilensis (0.078 cm) eggs, and the densities of
the eggs of the same species or congeners, obtained
from the literature. The density values used were
1.0836 g cm−3 for A. tonsa (Miller & Marcus 1994,
Svetlichny et al. 2010, Kozak et al. 2017), 1.0836 g
cm−3 (P. parvus) for P. cf. indicus (Checkley 1980),
and 1.0552 g cm−3 for C. chilensis, which is the
 average of 3 congeners, C. finmarchicus, C. gracialis,
and C. exinus (Salzen 1956, Knutsen et al. 2001,
Svetlichny et al. 2010). Therefore, the sinking veloci-
ties of the dominant copepod eggs in Mejillones Bay
were 13.8, 16.3, and 26.9 m d−1 for A. tonsa, P. cf. indi-
cus, and C. chilensis, respectively. From these theo-
retical data, the sinking speed of C. chilensis par-
tially explains why its eggs are distributed at greater
depths than those of A. tonsa and P. cf. indicus and
why egg and female abundances in the OMZ are
not always consistent. However, C. chilensis females
may enter the OMZ and lay eggs there, especially
in summer when the restricted oxygenated surface
layer is more evident due to increased upwelling
(Ruz et al. 2015).

In a hypothetical homogeneous water column, the
eggs of the 3 species reach the OMZ in less than 2 d
if they are spawned at 10 m depth. However, water
stratification slows the sinking speed of eggs, which
can be reinforced by the velocity of vertical up -
welling. If the upwelling velocity is 14 m d−1 (Renault
et al. 2012) and the sinking speeds of A. tonsa, P. cf.
indicus, and C. chilensis eggs are 13.8, 16.3, and
26.9 m d−1, respectively, then by Day 3, A. tonsa eggs
spawned at 10 m depth will be at 9.5 m; P. cf. indicus
eggs will be at 16.8 m; and C. chilensis eggs will be
at 49.0 m. Consequently, the eggs of the first 2 spe-
cies have time to develop in the oxygenated layer
or the oxycline when mild to moderate upwelling
events occur in Mejillones Bay, while C. chilensis
eggs may reach the OMZ by the first day, which
could explain why C. chilensis cope with hypoxia
better than the smaller copepods A. tonsa and P. cf.
indicus (Ruz et al. 2015, P. M. Ruz unpubl. data).

The in situ estimates of EPR from egg and female
abundance showed that C. chilensis in northern Chile
has reproductive pulses that take place at any time of
the year, with a mean value of 4.22 (Hidalgo &
Escribano 2008) and 30 eggs female−1 d−1 (Ruz et al.
2015), values that are consistent with the estimates in
this study, except for a possible overestimation for
July 2014 due to the low number of females that were
found. In the case of P. cf. indicus, the values
reported in this study are the first estimates of in situ
EPR for this species. P. cf. indicus presented high
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in situ EPR values, which may explain the high and
permanent abundance of this copepod year round
(Escribano et al. 2012). On the other hand, the in situ
EPR for A. tonsa (0 to 12.5 eggs female−1 d−1) was
lower than a previous estimation (120 eggs female−1

d−1; Ruz et al. 2015). The difference may be because
females were sampled at greater depths (0−80 m) in
our study than in the study by Ruz et al. 2015 (0−30 m
depth). However, in situ EPR estimations could have
been influenced by the retention of eggs in shallow
waters due to stratification and vertical upwelling
velocities, and consequently overestimations could
have occurred. Greater effort was made with sam-
plings (8 discrete depths for eggs and 3 strata for
female abundance) than with previous estimates,
where eggs gathered at only 1 depth (10 m) and
females in 1 stratum (0−30 m) were used for in situ
EPR estimations (Ruz et al. 2015). Our sampling pro-
vided more accurate data to estimate in situ EPR,
which was used as an index of female production in
a highly heterogeneous habitat due the presence of
year-round upwelling and shallow OMZ.

Further research is needed at higher temporal res-
olution to better understand in situ egg production,
and the abundance of females and early stages of
dominant copepods in highly heterogeneous envi-
ronments like the upwelling zone off northern Chile
(23° S). Species at early and adult stages have dif -
ferent ontogenetic responses to changes in abiotic
conditions, and consequently, may inhabit different
depths according to their physiological requirements.
In addition, the density of each developmental stage
is highly determining for their sinking speeds, which
in EBUSs may be subjected to a resuspension effect
given by the upwelling vertical velocities. The sur-
vival of early stages is vital for the success of popula-
tions; therefore, any changes in abiotic conditions,
such as upwelling intensification, shoaling, and ex -
pansion of OMZs, can affect the productivity of
the pelagic realm in coastal upwelling ecosystems.
Understanding how egg abundance and distribution
is influenced by abiotic variability (e.g. from up -
welling events), stratification, and vertical movements
of the OMZ can be the basis to predict changes in
copepod population dynamics in EBUEs as a result of
climate change.
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