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decreased considerably during summer, with only at few locations having high densities. N. simplex

made short daily vertical migrations of o150 m with pronounced vertical seasonal ontogenetic

segregation. In winter, most life stages, particularly gravid and ovigerous females, were found in the top

100 m at night, with temperatures o17 1C throughout the normal, cold, well-mixed water column.

During summer, a seasonal thermocline at �50 m formed with temperatures between 22–29 1C above

the thermocline. Reproductive females and males were found below the thermocline at 450 m, clearly

avoiding layers with temperatures 420 1C. In both seasons, N. simplex occurred above the low-oxygen

layer (o1.5 ml l�1), which occurred at 150 m during winter and 90 m during summer. In summer, this
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Mexico. During winter, wide-ranging high densities occurred in most of the Gulf of California. Densities

layer extended farther north and into shallower water columns than during winter. The low-oxygen

layer acts as the bottom limit of vertical distribution and horizontal distribution is limited at the

southern part of the gulf to temperatures 423 1C. Seasonal brood size and reproductive effort were

estimated for both sides of the Baja California Peninsula under ship board experiments as a proxy of the

relative effect of seasonal environmental conditions for euphausiid reproduction. Experiments were

done during March, July, and December 2004 at the entrance to Bahı́a Magdalena and its westward

continental shelf and in November 2005 and January and July 2007 in the Gulf of California. Contrary to

broadcast-spawning euphausiids, N. simplex, a sac-spawning euphausiid, has a significant association of

the brood size as a function of the total length of females. N. simplex produces an average brood of

52 eggs female–1 (range 5–116 eggs female–1) with a estimated total fecundity of 936 eggs female–1 in a

life span (360–1337 eggs female–1), of which about 8% of its carbon weight is released per spawn,

significantly higher than estimates of previous studies. In Bahı́a Magdalena, broods contained more

embryos in March and July 2004 than in December 2004 when temperatures increased to 423 1C. In

the Gulf of California, broods had higher numbers of embryos in November and July than in January

2007, suggesting that N. simplex has an out-of-phase reproductive season on both coasts of the

peninsula. Reproductive investment effort was larger in the Gulf of California than in Bahı́a Magdalena,

where females generated up to 18.3% of their weight in their broods, primarily by brood sizes produced

from females between 10–12 mm total length that were particularly fecund during November and July.

& 2009 Elsevier Ltd. All rights reserved.
ll rights reserved.

x: +52 612 122 0350.

iérrez).
1. Introduction

Nyctiphanes simplex is a subtropical sac-spawning euphausiid
that dominates, in terms of biomass and abundance, the neritic
environment over the continental shelf of the northern and
southern Eastern Pacific Ocean. This krill has a central area of
higher density along the west coast of the Baja California
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Peninsula and the Gulf of California considerably decreasing in
abundance in equatorial waters and having another center of
distribution within the northern part of the Humboldt Current
System (Brinton, 1962, 1979; Brinton and Townsend, 1980;
Brinton et al., 2000; Gómez-Gutiérrez, 1995; Gómez-Gutiérrez
et al., 1995). In the northern hemisphere, its interannual
occurrence extends north to British Columbia (Tanasichuk and
Cooper, 2002) or Oregon (Brodeur, 1986) during strong El Niño
events.

Nyctiphanes simplex forms dense swarms that attract many
predators, some of them are highly specialized and feed
exclusively on euphausiids (stenophagous), like blue and fin
whales, mantas, and whale sharks (Gendron, 1992; Ladrón de
Guevara et al., 2008). Its seasonal distribution and abundance
have been studied along the west coast of the Baja California
Peninsula (Brinton, 1962; Lavaniegos, 1995, 1996; Gómez-
Gutiérrez, 1995, 1996; Gómez-Gutiérrez et al., 1995) and the
Gulf of California (Brinton and Townsend, 1980; De Silva-Dávila
et al., 2002; Gendron, 1992; Lavaniegos, 1987, 1988; Lavaniegos
et al., 1989) mostly using vertically integrated oblique bongo net
tows. Brinton and Townsend (1980) was the first, and, so far, more
extensive study (samples collected in 1957) to understand
monthly and seasonal variability of abundance and horizontal
distribution of N. simplex in the gulf. They recognized this species
has a widespread distribution most of the year, but with
significantly declining abundance and retraction of its distribution
northward during the summer (August and September). De Silva-
Dávila and Palomares-Garcı́a (1998) observed a similar seasonal
reduction of population abundance from winter to summer in
Bahı́a de La Paz on the southwest coast of the peninsula in the
gulf.

Several studies report daily vertical movements (DVM) of
o150 m, although N. simplex specimens were sometimes col-
lected as deep as 280 m (Brinton, 1962, 1967, 1979; Gómez-
Gutiérrez et al., 1999; Lavaniegos, 1996) but seasonal variability
has not been studied. Hydroacoustic information has shown that
N. simplex has a more variable vertical behavior that previously
thought, inhabiting the near-demersal environment during the
day (Robinson and Gómez-Gutiérrez, 1998) or any time in shallow
mouth of bays o40 m (Gómez-Gutiérrez and Robinson, 2006).
Only two previous studies investigated the DVM of N. simplex in
the Gulf of California, both carried out during winter (Brinton,
1979; Lavaniegos, 1996). The first was part of a latitudinal
transect (261N to 111S) that included three stations in the mouth
of the gulf between Cabo San Lucas (221N) and Cabo Corrientes
(201N) (Brinton, 1979). The other study included three stations
during May 1965 located along the western and central part of the
gulf (29–271N) (Lavaniegos, 1996, Fig. 1C). The seasonal
variability of the DVM of the species in the gulf is currently
unknown.

According to Hidalgo-González and Alvarez-Borrego (2000,
2004) the seasonality of integrated total (PTint) and new
(Pnewint) primary production (g C m�2 d�1) in the gulf is divided
into two ‘‘seasons’’: cold (December–June, with values of
1.16–1.91 g C m–2 d–1) and warm (July–November, with values
of 0.39–0.49 g C m–2 d–1), demonstrating a significant seasonal
variability in food availability for herbivorous and omnivorous
zooplankton. In the warm season, the water column is strongly
stratified and the depth of the low oxygen layer is shallower
than during the cold season (Brinton and Townsend, 1980;
Badan-Dangon et al., 1985). According to Lavaniegos (1992),
holozooplankton with life-cycle spans of several months, like N.

simplex, with an average span of �8 months (occasionally as
long as 1 year), thus each generation is likely to be exposed to
pronounced seasonal environmental changes typical of this
subtropical gulf.
We compared horizontal and vertical movements by develop-
mental stage during January (winter) and July (summer) 2007 to
assess differences in seasonal three-dimensional distributions in
the central and northern part of the gulf. This study was part of a
multi-disciplinary effort to combine field data of vertical and
horizontal distribution of krill with shipboard temperature-
controlled incubations of N. simplex to determine seasonal
variability of the mean brood size and reproductive effort
covering six oceanographic cruises (2004–2007) along the south-
west coast of the Baja California Peninsula (Pacific Ocean) and the
central and southern Gulf of California of Mexico. Brood size and
reproductive effort are two valuable biological measures of how
N. simplex populations respond to seasonal environmental
variability along the coasts of the Baja California Peninsula.
2. Materials and methods

Hydroacoustic and submarine videocamera surveys of two
regions, both sides of the Baja California Peninsula, were made in
2004 and 2005–7 (Fig. 1A). Three oceanographic cruises covered
the continental shelf and mouth of Bahı́a Magdalena (241300N,
1121300W) on 16 March to 2 April, 28 June to 16 July, and 1
through 18 December 2004) (Fig. 1B) and three oceanographic
cruises covered the central and southern gulf on 16 November
through 3 December 2005, 12 through 31 January 2007, and 17
July through 3 August 2007 (Fig. 1C). All them were carried out on
board the R/V ‘B;El Puma’.

2.1. Horizontal distributions in winter and summer in the

Gulf of California

Standard oblique tows with a bongo net (500 and 300-mm
mesh) equipped with a digital flow meter were used during all
surveys (Smith and Richardson, 1979). The samples from the 500-
mm net were preserved with 70% ethanol, and the samples from
the 300-mm net were preserved with 10% formalin buffered with
sodium borate. Samples of the 500-mm net of January and July
2007 were analyzed to estimate contrasting seasonal horizontal
distribution and abundance patterns (standardized as number of
krill 1000 m–3) of juvenile and adult N. simplex. Relative
abundance of ovigerous females during the 2007 surveys was
calculated and plotted a map using SURFER software v. 8.0 to
compare distributions and spawning areas in the gulf. This map
was compared with the distribution of temperature measured
every 5 sec (�50 m resolution at a speed of �18 km h–1) along
the path of the research vessel with a CTD sensor (SeaBird
microcat) fixed to the vessel’s hull at 4 m below the surface. In
January 2007, 237,558 temperature measurements were made
and in July 2007, 243,830 temperature measurements were made.
All measurements were simultaneously geo-referenced at 71 m
accuracy (Trimble AG160).

2.2. Vertical distributions in winter and summer in the

Gulf of California

To obtain samples from the water column, typically from the
surface to 200 m in January and July 2007, we used four manually
operated opening–closing nets (0.5 m mouth diameter, 300-mm
mesh). Sampling of strata was based on real-time echo-sounding
measurements (Simrad EY-60, split beam, 120 kHz) of the depth
to the densest sound-scattering layer (SSL) (Gómez-Gutiérrez and
Robinson, 2006). We attempted to obtain one or two samples
above the SSL, one in the densest part of the SSL, and one or two
below the SSL, depending on the depth to the sea floor at the
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station and local time to compare day and night vertical
movements of the sex and developmental stage of the krill. Most
of the samples were taken between 0–50, 50–100, 100–150, and
150–200 m. Immediately after leaving each station, we towed a
conical net (300-mm mesh, 0.5-m mouth diameter) near the
surface (usually between 1 and 2 m for 10 min at 6 km h–1) to
collect neustonic N. simplex swarms. Immediately after retrieving
each stratified and neustonic plankton net, the live juvenile and
adult krill were sorted and counted aboard the research vessel
with a stereoscope (Carl Zeiss SV11, 0.6–6.6� ) to identify species,
sex, and gonad development according to Ross et al. (1982). The
length of the specimens was measured from the posterior edge of
the eye to the tip of the telson.

Vertical profiles of temperature (1C) and concentration of
dissolved oxygen (mg O2 l–1) were recorded at discrete depths (0,
5, 10, 25, 50, 75, 100, 150, and 200 m) with a calibrated sensor
(YSI-1556) in January 2007 and continuous vertical records with a
CTD sensor (Seabird 9) equipped with an oxygen meter in July
2007. At each station, at least four water samples were obtained
(5-l Niskin bottles) from the surface, 5, 10, 25, 50, 75, 100, and 150
or 200 m. From each water sample, 350–500 ml were filtered with
GF/F filters (0.7-mm pores) and the filters with samples immedi-
ately frozen in liquid nitrogen. Phytoplankton pigments were
identified and quantified by HPLC with known standards for
comparison (Vidussi et al., 1996). Main photosynthetic pigments
were identified through retention times and spectral character-
istics, and quantified using the pigment response factor
(Mantoura and Repeta, 1997) obtained from commercial pigment
standards (International Agency for 14C determinations,
Denmark). Here we report only the concentration of chlorophyll
a as a proxy for total phytoplankton biomass. The average and
standard error of the abundance of krill and standard deviation of
each environmental variable at each strata was calculated and
plotted as a function of depth.
2.3. Collection of live krill and incubation of females to estimate

brood size and reproductive effort

Swarms of krill were sampled during the day or night using a
live net (1 m diameter, 5 m long, 300-mm black mesh). The cod
end was constructed of gray PVC and had a 0.215-m diameter and
0.70-m length (General Oceanic). This net was equipped with an
underwater lamp (Ikelite Pro-Video Lite II system, 50 W) to attract
krill. On several occasions, a submarine video camera was
attached to the net ring. In all cases, we sampled at the depth
where the echo sounder (Simrad EY-60) indicated a dense SSL; the
ship was allowed to drift to avoid damage to the krill during
collection. On several occasions when the krill were abundant and
healthy in appearance, additional live animals were incubated
from samples from the standard oblique bongo net tows (depth
o230 m) or Isaacs-Kidd midwater tows (2�2-m mouth, Kalhsi-
co, depth o100 m). Catches of zooplankton were diluted in 40-L
coolers filled with surface seawater from the sampled station. On
all cruises, incubation of krill was set up in a cold room (1671 1C
under dark conditions) within a few minutes after collection.
Female krill that were ready to spawn (gravid) were easily
recognized by the distinct pink color of their ovaries under the
pericardial area of the cephalothorax (Gómez-Gutiérrez and
Robinson, 2005). To set up an incubation experiment, females
were gently removed from the diluted plankton sample and each
individual was placed in a 1-l bottle filled with filtered (200 mm)
surface seawater. From 10 to 50 females collected at each station
were incubated. Most incubations lasted 48 h and all bottles were
examined about every 12 h to detect molting, ovigerous females,
and dead specimens. If ovigerous sac females were present or a
specimen molted, they were usually preserved in 96% ethanol for
later measurement of total length, brood size, and embryo
diameter (410 embryos). Most live specimens were photo-
graphed (Olympus Camedia-2030, 3.3 megapixel resolution) to
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record sex, stage of female gonad development according to
external morphology (Ross et al., 1982), and, in ovigerous females,
identify the embryonic stage (Gómez-Gutiérrez and Robinson,
2005).

To calculate the proportion of carbon that each female
produced as eggs, we estimated the female weight-specific carbon
produced per female per spawning from the average carbon
weight of the length-weight relationship for N. simplex. Dry
weight (DW) was expressed as mg dry weight per unit of total
length (TL) in mm (Gómez-Gutiérrez et al., 1996):
DW=0.005371� (TL)2.316.

The average carbon content of N. simplex embryos (multiple-
cell stage) was estimated using the E. pacifica proportion of carbon
per embryo volume (0.14�10–6 mg C mm–3 egg–1) as described by
Gómez-Gutiérrez et al. (2007), hereafter referred to as egg carbon
density (Ce). We calculated the average N. simplex Ce using an
average embryo diameter of 339 mm (Gómez-Gutiérrez and
Robinson, 2005). We used the multiple-cell stage diameter
because single cell embryos of N. simplex always have elliptical
shape. Reproductive effort (R), defined here as the percentage of
carbon weight expended per female per spawning, was estimated
as:

R¼ ½ðWe � BSÞ=Wf � � 100

where We is the average egg carbon weight (mg C egg–1)
estimated from the embryo volume and the krill Ce, BS is the
brood size measured as number of eggs per spawning
(eggs brood–1 female–1), and Wf is the female carbon weight
(mg C female–1) assumed to be 40% of a female’s DW (Gómez-
Gutiérrez et al., 2007).
3. Results

3.1. Horizontal distribution of temperature and N. simplex with

emphasis on ovigerous females

In winter (January 2007), temperature at a depth of 4 m was
o19 1C (average 17 1C) with a cold region (14 1C) north and south
of the large island area (�291N) (Fig. 2A). In summer (July 2007),
temperatures increased about 10 1C (average 27 1C) at a depth of
4 m (range from 28 to 32 1C) in the upper gulf area north of the
large islands (Fig. 2B).

During January, juvenile and adult N. simplex had higher
densities throughout most of the gulf, particularly at areas with
low temperatures (o16 1C). Their lowest densities were in the
eastern part of the gulf (Fig. 2C). During July, abundance of adults
declined to low levels, with only a few stations having relatively
high densities, and these were limited to the peninsular coast
(o27 1C). N. simplex were absent, except at Guaymas, along the
mainland coast (429 1C) (Fig. 2D). However, overall average
abundance of juveniles and adults (pooling all samples) was
significantly different between winter (889 ind. 1000 m–3) and
summer (401 ind. 1000 m–3), having also a re-distribution of the
N. simplex population between seasons.

Spawning areas in the gulf, indicated by the relative abun-
dance of ovigerous females, showed distinct seasonal patterns. In
winter (14–19 1C), about 75% of the females spawned in three
areas (south of Isla Angel de la Guarda, south of Isla Tiburon, and
near Guaymas) with cold water (o16 1C) (Fig. 2E). Hence, �50%
of the spawning took place along the mainland coast. In summer
(25–31 1C), most spawning centered along the peninsular coast
(16–19%), areas with relatively low temperatures (25–27 1C),
except one station located at Guaymas with 29 1C (Fig. 2F).
3.2. Vertical distribution of environmental conditions and N. simplex

with emphasis on ovigerous females

Contrasts between winter and summer in the gulf were
indicated by the differences in temperature, dissolved oxygen,
oxygen saturation, and chlorophyll a in the vertical profiles
(Fig. 3A–C). Winter temperatures were relatively homogeneous
(well-mixed) throughout the water column, ranging between
16.4 1C at the surface to 13.5 1C at 200 m (SD ranged from
70.6–0.9). Summer temperatures increased considerably and the
water column had a pronounced thermocline starting at a depth
of 10–25 m, with average SST of 27.471.5 1C and 13.770.6 1C at
200 m (Fig. 3A). Year-round temperatures were similar at
depths 475 m (Fig. 3A). Dissolved oxygen was lower in the
summer (5.2570.76–1.3970.7 mg l–1) than in winter (5.857
0.98–2.1370.65 mg l–1). The summer oxycline was considerably
shallower (25–50 m) than in winter (75–100 m). The low-oxygen
layer, on average, was significantly closer to the surface in
summer (90 m) than in winter (150 m) season (Mann–Whitney
test, Po0.05) (Fig. 3B). Maximum concentrations of chlorophyll a

occurred at �25 m during summer and at �50 m during winter,
but were of similar magnitude in both seasons (Fig. 3C).

In the gulf, juveniles and adults were more abundant during
the winter than in the summer season. The vertical distribution in
both seasonal cruises showed that most krill occupy the top
150 m and were absent at 200 m day and night (Fig. 4A–H).
Populations occupied the water column above the low-oxygen
layer (o1.5 mg O2 l–1), which on average was at 150 m during
winter and 90 m during summer. However, in summer, krill was
limited to the layer below the high temperature of the top 50 m
(above the seasonal thermocline). In winter’s well mixed
conditions, juveniles were very abundant in the first 25 m
independent of the time of sampling (Fig. 4A). Non-ovigerous
females, ovigerous females, and males showed vertical
movement, close to the surface at night and more abundant at
150 m during the day (Fig. 4B–D). Also, females were frequently
forming daily surface swarms in winter (Fig. 4B, C).

During the summer with its shallow thermocline and lower
dissolved oxygen in the first 50 m, all stages of krill were present in
low densities in the first 50 m, with most of the population between
50 and 150 m, a narrower vertical range than in winter (Fig. 4E–H).
Ovigerous females were consistently found between 50 and 100 m,
without a day/night shift in movement during the summer (Fig. 4G).

The reproductive part of the population (ovigerous females
and males with spermatophores) was concentrated at lower
depths in summer (50–150 m) than in winter (surface to 100 m),
probably avoiding temperatures 420 1C, which is known as an
unfavorable conditions for embryonic development and growth of
young larvae.
3.3. Female brood size and reproductive effort

N. simplex showed a statistically significant linear association
between female brood size and female total length in and near
Bahı́a Magdalena (Fig. 5A) and in the Gulf of California (Fig. 5B).
Total length explains between 16% in the gulf and 23% in the bay
of total brood size variability. There were seasonal differences in
the slope of this relationship in both regions. In Bahı́a Magdalena,
brood sizes were similar in March and July 2004, but very small
brood sizes were observed in December (Fig. 5A). In the gulf,
larger brood sizes were recorded during the warm-to-cold
transition of November 2005 and summer of July 2007 than
during the winter of January 2007 (Fig. 5B). Each side of the Baja
California Peninsula appears to have a distinct seasonal
reproduction pattern.
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On average, females spent about 8.4% of their carbon weight per
spawning (Sx=0.29, n=235), although virtually all populations spend
o8.4% of their weight in the production of one ovigerous sac
(Fig. 5C, D). Only one female (10.19 mm total length, carbon weight
1.16 mg C ind.–1) in the gulf (not shown in Fig. 5C) had a
reproductive effort of 27.9%, producing the maximum brood size
recorded (116 eggs in both ovigerous sacs). There was no significant
association of reproductive effort as a function of female carbon
weight (r2=o0.003, P40.05) (Fig. 5C, D) or female total length
(r2=o0.005, P40.05), which indicates that reproductive effort of
females vary, independent of size and weight, but most likely
influenced by local food quality and quantity. Reproductive effort in
December 2004 was below the average in Bahı́a Magdalena and, in
November–December 2005, all brood sizes were above the average
brood size recorded in the gulf (Fig. 5C, D).
4. Discussion

4.1. Horizontal and vertical distribution of Nyctiphanes simplex in

the Gulf of California

Horizontal distribution of ovigerous females clearly showed
seasonal differences, mostly aggregating along the northeastern
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side of the gulf in winter and along the western side during the
summer, usually in areas with lower temperatures. This pattern is
related to upwelling induced by prevailing winds dominating the
mainland coast in winter and the peninsular coast in summer
(Badan-Dangon et al., 1985; Pegau et al., 2002; Jiménez et al.,
2005). However, we always found reproductive females in both
seasons south of the large islands and the wide channel between
Isla Angel de la Guarda and the Baja California Peninsula (Fig. 1C).
These areas are usually the coldest part of the gulf, primarily
caused by inflow of deep water over sills at both sides of the Canal
de Ballenas. This convergence at depth leads to divergence in the
upper waters and to surface outflow through both ends. Deep
inflow is more intense during winter than summer (López et al.,
2006; Marinone, 2007). According to previous studies, abundance
of adults and juveniles tend to significantly decrease with the
shift from winter to summer (Brinton and Townsend, 1980;
Gendron, 1992; Lavaniegos et al., 1989). We detected significant
differences in average abundance between the seasons, but a
more homogeneously distributed population in winter and a
more aggregated distribution in summer. This suggests that
during the summer populations re-distributed and concentrated
in several cold refuge areas along the peninsular coast of the gulf.

N. simplex displays a highly dynamic daily vertical movement,
but also frequently forms daytime surface swarms (Gendron,
1992) or dense aggregations over the continental shelf in the
Pacific, while interacting with the epibenthic habitat (Gómez-
Gutiérrez and Robinson, 2006; Robinson and Gómez-Gutiérrez,
1998). In general terms, N. simplex is considered a short-distance
migratory species that occupies shallow waters during the night
and deeper waters during the day (o280 m) (Brinton, 1962,
1967, 1979; Lavaniegos, 1996). In the gulf, Brinton (1979)
investigated the vertical distribution of euphausiids collected
from six opening–closing bongo net tows at three stations (day
and night at the same station) collected in May and June 1974 at
the mouth of the gulf and Lavaniegos (1996) analyzed samples
from three stations collected in May 1965 along the peninsular
coast in the central part of the gulf. Here, we contrast the winter
and summer vertical movement in 2007 over an extensive
latitudinal range in the gulf (Fig. 1C).
In January 2007, the depth where krill were collected was greater
than previously reported for the gulf (Brinton, 1979; Lavaniegos,
1996). We demonstrated that juveniles and adults in the gulf have
distinct vertical behavior, always located above 150 m to avoid the
low-oxygen layer. N. simplex migrates close to the surface in winter
when the water column is homogeneously cold (o17 1C) and
congregates in considerably deeper waters in summer, when the
temperature was warm (22–32 1C) in the upper 50 m. The
reproductive population (pink-colored gonad in females, ovigerous
females, and males with spermatophores) avoid the warm near-
surface layer day and night, a response that supports favorable
embryonic development (Gómez-Gutiérrez and Robinson, 2005) and
larval development (Gómez-Gutiérrez, 1996). Thus, in the summer,
vertical movement is restricted by a seasonal thermocline within the
first 50 m and a shallower low oxygen layer at �90 m. A similar
change in vertical movement was observed in Euphausia pacifica

populations near northeastern Japan, where this species avoided
near-surface waters when temperature were high (Endo and
Yamano, 2006; Iguchi et al., 1993).

Gendron (1992) reported that N. simplex usually form
reproductive swarms at the surface in spring (March–April)
southwest of the Gulf (24–261N), but at Ballenas Channel
(291N), the year-round colder region of the gulf, N. simplex form
surface swarms from March to early August, being almost absent
from October to November (Ladrón de Guevara et al., 2008). We
confirmed these observations, accounting for these events to
times when the water was cold and the mixed layer was thick, as
occurred during January 2007. Previous to our study, Lavaniegos
(1996) conducted the only study of daily vertical movement of
krill in the central part of the gulf. From samples collected in June
1961 at Punta Eugenia (�271500N, 1151050W) on the Pacific side
of the peninsula (n=3 stations) and in May 1965 in the gulf (n=3
stations) and described N. simplex as a species migrating
throughout the thermocline with most of the population
congregating to depths of up to 100 m. She concluded that in
such regions, oxygen depletion in the gulf was not restrictive for
vertical movement of the dominant temperate species (N. simplex

and Nematoscelis difficilis); however, the low-oxygen layer was not
recorded. Brinton (1979) recognized that hypoxic (o1.5 ml O2

l�1) or anoxic (o0.5 ml O2 l–1) conditions in the Eastern Tropical
Pacific was restrictive for N. simplex. Färber-Lorda et al. (1994,
2004) reported that no N. simplex was collected south of the Gulf
of Tehuantepec (14–161N), where E. lamelligera is the dominant
euphausiid throughout the year and where the low oxygen layer
is usually very shallow (o60 m) (Fiedler and Talley, 2006).

Our results show that juveniles and immature N. simplex occur
above and below the thermocline in the summer, but the
reproductive portion of the population (particularly ovigerous
females and males with spermatophores) actively avoid warm
strata in summer. In both seasons, adults are found above the
low-oxygen layer, confirming that this oceanographic feature is a
significant limiting factor. Tremblay (2008) reported significantly
higher antioxidant enzymes (up to 30 times; mostly superoxide
dismutase), and higher oxidative damages (up to 100 times and
high lipid peroxidation) in summer than in winter and also
reported on the level that has lethal consequences (o3.5 ml
O2 l�1) . These sensitive indicators easily explain why N. simplex

avoids waters with low oxygen levels (Tremblay, 2008).
Warm water in July 2007 had consistently lower fluorescence

values than in cold water in January, an unfavorable condition for
the first-feeding larval stage (Calyptopis 1). However, the peninsular
coast of the gulf had higher fluorescence values (continuous at 4-m
depth records) in July compared to values found in January 2007
(data not shown), but adults were not present in this relatively
warm layer in this area. We concluded that avoidance of warmer
waters, horizontally and vertically is a response to increased
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J. Gómez-Gutiérrez et al. / Deep-Sea Research II 57 (2010) 606–615612
temperature that are controlled by physiologic capabilities to face
hypoxic conditions and not necessarily to obtain a reduced amount
of available food in the epipelagic zone. This explains why this
species cannot penetrate the lower latitude parts of the Eastern
Tropical Pacific where the low-oxygen layer is closer to the surface
and is warm. Generally, the distribution of N. simplex seems to be
limited by higher temperatures and low oxygen levels.
4.2. Seasonal variability of brood size and reproductive effort

In Bahı́a Magdalena, brood sizes were similar in March and July
2004, but very small in December 2004, indicating that most of
the reproduction of this species was restricted to spring and
summer when the California Current is intense. The small broods
in December occurred when equatorial water (423 1C and low
concentrations of chlorophyll a) occupied the southwestern coast
of the Baja California Peninsula causing a reduction in population
abundance and body growth rates (Gómez-Gutiérrez, 1995, 1996;
Gómez-Gutiérrez et al., 1996). Low abundance and small brood
size were not an artifact of zooplankton sampling because
sampling effort was similar to the previous two cruises. In the
gulf, we expected larger brood sizes in January 2007 than during
the rest of the year, but larger brood sizes were recorded during
the warm-to-cold transition (November 2005) and the summer
(July 2007). Our interpretation of this is that warm water with
high chlorophyll a (phytoplankton) enable females to grow faster,
mature earlier, and produce larger broods than in the cold season
(gonad development inversely associated with temperature)
(Gómez-Gutiérrez et al., 2010). Each side of the Baja California
Peninsula seems to have seasonal reproduction patterns that are
related to the distinct seasonal variability in the environment and
the current systems. In Bahı́a Magdalena, the thermocline is
relatively deep (40–60 m), with a thick well mixed warm
(423 1C) water above the thermocline during winter (December).
Concentrations of chlorophyll are usually very low (data not
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shown). In the gulf during winter (January), the water is typically
cold (o18 1C) and concentrations of chlorophyll were about the
same as in summer, hence supporting comparatively larger
broods and covering larger spawning areas than in Bahı́a
Magdalena.

Contrary to expectations, the warm-cold transition in the gulf
seems to be, on average, the period with larger broods and
reproductive effort values in comparison to winter and summer.
This pattern does not match the trend of reduction of abundance
of N. simplex populations observed by others (Brinton and
Townsend, 1980; Gendron, 1992). In general, broods were larger
in the gulf than in the area of Bahı́a Magdalena (this study).
However, in the vicinity of Bahı́a Magdalena (24–251N), estimates
of body growth secondary productivity for N. simplex was about
half the level observed at Punta Abreojos (241450N) and north of
Punta Eugenia (281N), which appears to be a latitudinal cline
(De Silva-Dávila et al., 2002; Gómez-Gutiérrez et al., 1996;
Lavaniegos, 1995). This implies that N. simplex along the Pacific
coast of the peninsula are related to temperatures of the currents.
Broods on this coast are not categorically smaller than broods in
the gulf.

The length of fertile females explains 16–23% of the variability
in brood size, which is a relatively significant relationship,
compared with temperate broadcast-spawners, such as Euphausia

pacifica and Thysanoessa spinifera of similar length (o14%
variability), The size of the brood of these two broadcast-
spawners tends to be smaller for the larger females in a
population following a bell-shaped curve (Feinberg et al., 2007;
Gómez-Gutiérrez et al., 2006, 2007; Iguchi and Ikeda, 1994;
Pinchuk and Hopcroft, 2006; Ross et al., 1982). In our study,
N. simplex broods at Bahı́a Magdalena and in the gulf were
considerably larger at 5–116 embryos female–1 (n=237 females).
In contrast, Gendron (1992) reported 18–70 embryos female–1

(n=71 females) in the gulf and Lavaniegos (1995) reported
32–70 embryos female–1 (n=17 females) at Bahı́a Sebastian
Vizcaı́no (281N) on the Pacific side of the peninsula. Thus,
egg production of N. simplex may be larger than previously
estimated.
Lavaniegos (1995) assumed that the dry weight of one
N. simplex egg was 8.1 mg, based on a report on Nyctiphanes

australis by Hosie and Ritz (1983). Assuming 40% carbon content
of the dry weight, Lavaniegos’ average egg carbon content would
be 3.4 mg C egg–1, which is relatively close to our average estimate
of 2.79 mg C egg–1. While the estimate of average egg weight may
be acceptable in estimating egg production per brood, it probably
underestimates reproduction since he assumed an interbrood
period of 30 days and maximum brood size recorded was almost
40% less than the largest brood reported in our study.

The smallest ovigerous female specimen we observed was
7.5 mm (about 52 days old, with 5 eggs) and the largest was
15.9 mm (this study and Gómez-Gutiérrez, 1995). Using a von
Bertalanffy growth model (Lavaniegos, 1992), the estimated
duration of the adult phase would last 6–7 months (neglecting a
shrinkage process). This life span is similar to the estimated adult
life-span of Nyctiphanes capensis (Barange and Stuart, 1991).
Considering an average brood size of 52 embryos female–1, an
average interbrood period of 10 days, with a range 7–26 days
(Zavala-Hernández, 2007; Gómez-Gutiérrez et al., 2010), and
assuming an adult life span of 6 months (Lavaniegos, 1995); the
average number of spawnings per female would be 18 with a
range of 26–7, respectively), and the average total fecundity
would be 936 eggs female–1 life span–1 (360–1337 eggs
female–1 life span–1). This is smaller than the life span fecundity
estimated for E. pacifica (similar size) with a maximum of 8600
eggs per female under laboratory conditions (Feinberg et al.,
2007). Brood size of N. simplex is slightly larger than Pseudeu-

phausia latifrons of similar size (83.173.0 SE, n=93) (Wilson et al.,
2003). Brood size of N. difficilis, another sac-spawner that is
abundant in the gulf, has considerably larger broods than
N. simplex, ranging between 156–425 eggs (Nemoto et al., 1972;
Gómez-Gutiérrez, 2003). However, since the interbrood period of
N. difficilis has not been measured, it is not possible to estimate its
egg production rate.

Brinton and Townsend (1980) reported that the reproduction
of N. simplex in the gulf is from February to June (samples
collected in 1957). We have evidence that reproductive activity,
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indicated by ovigerous females and calyptopis stages within the
gulf occurred in January 2007 with relatively small broods,
compared with July 2007 and the summer–winter transition
(November–December 2005). In Bahı́a Magdalena, reproduction
occurred at very low levels in December 2004, even when
temperature increased considerably because the population had
a very low proportion of ovigerous females and very small broods.
This evidence indicate that N. simplex reproduces throughout the
year, although year-round egg production may result from
distinct cohorts, since the life span of this species is about 8
months (Lavaniegos, 1992, 1995).
5. Conclusions

We demonstrated that the distribution of N. simplex has a
distinct seasonal vertical movement of the reproductive popula-
tion, usually avoiding warm surface water (o50 m) during
summer and cool, low-oxygen water (490 m in summer and
4150 m in winter). In general, vertical movements are greater
than previously observed in the Gulf of California. Fecundity of
this sac-spawner is less than broadcast-spawners of similar size,
which is partly related to the size of the female and its ovigerous
sac (Feinberg et al., 2007; Gómez-Gutiérrez et al., 2006, 2007;
Pinchuk and Hopcroft, 2006). Broods observed in this study were
almost twice as large as estimates of previous studies (Gendron,
1992; Lavaniegos, 1995). We conclude that females invest a larger
portion of their body weight (o18%) to egg production
(reproductive effort method) than previously thought, but it is
proportionately less than reproductive effort (28.4%) of N. difficilis

(Nemoto et al., 1972) and broadcast-spawners of similar size, such
as E. pacifica or T. spinifera that, on average, spend about 15–40%
of their body weight on eggs (Gómez-Gutiérrez et al., 2007), or the
even higher reproductive effort in polar species, such as Euphausia

superba (Nicol et al., 1995; Ross and Quetin, 1983).
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