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ABSTRACT: A multi-disciplinary research program was conducted in the northern Humboldt Current
System in a 80 X 80 nautical n7ile area off Antofagasta, northern Chile (23" S) on 3 occasions: before the
1997/98 El Nirio event (January 1997), and dunng the onset and maximum penods of the event (July
1997 and January 1998, respectively). As a part of this program, the trophodynamic role of p e l a g ~ ctunlcates (salps and appendiculanans), as well as the crustacean zooplankton, divided into 3 size classes
(large- [euphauslids],medium- [large calanoid copepods] and small-size animals [small calanoid and
cyclopoid copepods]) were assessed One of the most conspicuous physical processes was the deepenlng of the thermocline during the El Nirio event, which in turn led to suppression of nutrient enrichment
by upwelling events and low chlorophyll a (chl a ) concentrations in the study area. Chl a and particulate organlc carbon (POC) values were hlgher near the coast, and coastaWoceanic gradients were
greater m the case of chl a. High chl a (100 to 160 mg m-') and POC ( l 1 to 17 g m-2) concentrations were
usually found associated with bays and/or capes w ~ t h i n40 nautical miles of the coast. In contrast,
oceanic areas showed low concentrations throughout the study. Small calanoid and cyclopoid copepods
represented only a minor fraction of the total crustacean zooplankton carbon (4 to 20%), although they
often accounted for a relatively large portion of the total ingestion (26 to 68%) of the crustacean zooplankton community. Euphausiids represented a large fraction of total crustacean zooplankton carbon
(28 to 73 %), and accounted for between 5 and 61 % of total crustacean zooplankton grazing. Ingestion
rate as a percentage of body carbon was negatively correlated with animal size, varying between 4 %
in euphausiids (17 mm) and 123% in small calanoid copepods (0.8 to 1.7 m m ) . A companson of estimated daily respiration rates and daily carbon ingestion rates indicated that ingestion of phytoplankton
would have exceeded respiratory demands for both large and small calanoid copepods during all 3
sampling periods. In contrast, ingestion of phytoplankton failed to account for the respiratory needs of
the euphausiids. This, together with microscopical observations, led to the conclusion that euphausiids
utilised other sources of carbon such as detritus, micro- and mesozooplankton in addition to phytoplankton. Crustacean zooplankton showed a s~gnificantgrazing impact, removing from 10 to 34 % of
primary production (PP).Salps of the species Salpa fuslformis were present in dense aggregates that
could have removed up to 60% of PP during January 1997. O n average, the grazing impact of this specles was approximately one-half (16%)that of the whole crustacean zooplankton community combined
(34 % ) . We did not find any significant difference in zooplankton biomass between January 1997 (nonEl Nino) and January 1998 (El Nino), with average biomasses of 24.6 and 21.4 mg dry wt m-" respectively. There was, however, a shift in the size spectrum of crustacean zooplankton towards small-sized
copepods between January 1997 (60 mg C m-') and January 1998 (186 mg C m-2)
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INTRODUCTION

The coastal area off Antofagasta, like the rest of the
northern part of the Chilean sector in the Humboldt
Current System (HCS), is influenced by intermittent
0 Inter-Research 2000
Resale o f full article not permitted

wind-driven upwelling events having a fertilizing
effect a n d causing high chlorophyll a (chl a ) concentrations in a rather narrow band close to the coast
(Thomas et al. 1994, Morales et al. 1996). Within this
band, only 1 key species of copepod (Calanus chilensis)
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has been extensively studied (Escribano et al. 1997 and
references therein), whereas little knowledge exists on
the rest of the zooplankton community.
In upwelling areas carbon flow may occur mainly
through 'classical' food webs (Steele 1974),with copepods and euphausiids acting as links between primary
production and fish production (Escribano et al. 1997).
This scenario contrasts w ~ t hthose of oceanic areas of
the northern Humboldt Current where pelagic tunicates are abundant. Here, an important part of the
energy flowing from primary producers to fishes
passes through (Mianzan et al. 1996) or is modified by
(Pages et al. 1996) gelatinous zooplankton.
The trophodynamic aspects of zooplankton assemblages in the pelagic food web from coastal and
oceanic waters off northern Chile are poorly known.
Our aim is therefore to provide information about the
distribution and abundance of zooplankton in relation
to biological, physical and chemical conditions off
Antofagasta, Chile. In addition, we examine ingestion
rates of different size ranges within the zooplankton
community in order to provide insight on the role of
these groups in the energy flow through the plankton
assemblages off Antofagasta during both non-El Nino
and El Nino conditions.
The study took place before (January 1997) and during (July 1997 and January 1998) the development of
a n El Nino event. It is well known that during an El
Nido event strong physical and biological changes
take place (Arntz & Fahrbach 1996). One important
consequence of the oceanic El Nifio Southern Oscillation (ENSO) cycle mechanisms (Kelvin and Rossby
waves) is that wave action alternates between being
an upwelling and a downwelling force, creating the
reversal from deep (warm, El Nifio) to shallow (cold, La
Niiia) thermocline conditions (Strub et al. 1998). The
persistent deepening of the thermocline apparently
depresses the upwelling of nutrient-replete Sub-Surface Equatorial Waters which in turn leads to a limitation of nutrient availability and significantly lower primary production. Changes in species composition and
a decrease of biomass during an El Nino event have
been reported for both phytoplankton (Avaria &
Muiioz 1987) and zooplankton (Carrasco & Santander
1987).
Plankton from upwelling areas has been investigated mainly on the Peru platform and in the California and Benguela Currents. The Benguela upwelling
system is diatom-dominated; however, with the strong
stratification and nutrient depletion during quiescent
(non-upwelling) periods (Mann 1992), microflagellate
populations are dominant (Shannon & Biller 1986). For
the Peruvian coast it has been suggested that it is not
the upwelling itself which is disrupbve during an El
Nifio event but the nutrient content of the water which

is upwelled (Barber & Chavez 1983, Huyer et al. 1987),
i.e. as the therrnocline deepens, the upwelled water is
warmer and poorer in nutrients. Significant decreases
in zooplankton biomass (from 25 to 6 m1 m-2), with a
dominance of chaetognaths, were described during
the 1982/83 El Nifio off the coast of Peru (Carrasco &
Santander 1987). These findings cannot be extrapolated to our study area, however, because of profound
differences in topography and oceanographic characteristics. More information is required targeted at
areas where crustacean zooplankton and/or pelagic
tunicates could play a substantial role in the trophodynamics of the pelagic ecosystem.

MATERIALS AND METHODS
Study area. Measurements were carried out and
samples were collected from the coastal and oceanic
regions off Antofagasta (23"S, 70" W) during 3 cruises:
(1) austral summer 1997, 11 January to 4 February;
(2) austral winter 1997, 1 to 25 July 1997 and (3) austral
summer 1998, 26 to 29 January. In a grid of 31 stations covering ca 6400 square nautical miles (n mile),
8 oceanographic (where physical and biological measurements were taken) and 23 'physical' stations were
disposed in 5 transects (T1 to T5) (Fig. 1A). In addition,
during July, 3 stations were visited at 120, 160 and
200 n miles from the coast along Transect 3 (23" 2 0 ' s )
(Fig. TB). In 1997, Grid 1 (first leg) was sampled between 11 and 16, and Grid 2 (second leg) between 22
and 27 January. Grid 1 (first leg) was sampled between
30 June and 5 July, and Grid 2 (second leg) between 16
and 21 July 1997 (this grid included only Stns 1 to 19
because the rest of the time was devoted to conducting
the 200 n mlle transect). During January 1998, only
coastal stations (Stns 1, 2 and 3) were sampled.
Measurements at 'time-series' stations (ca 48 h) were
conducted after each grid (January and July 1997) in
order to estimate vertical flux of particles, faecal pellet
production and microzooplankton abundance and distribution in the water column. This information has
been reported elsewhere (Gonzalez et al. 1998).
Two types of stations were sampled: hydrographic
and biological stations. At the hydrographic stations
continuous profiles of temperature, salinity, dissolved
oxygen and fluorescence from the upper 600 m of the
water column were recorded using a CTD (Neil
Brown Model MK3, only the upper 300 m are shown
in Fig. 2). Also, water samples were collected at
selected depths (mainly within the upper 100 m of the
water column) using Niskin bottles, for the estimation
of chl a and carbon concentrations. At the biological
stations, in addition to the measurements described
for the hydrographic stations, zooplankton abundance
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Fig. 1 The study area showing (A) the position of the
physical ( 0 ) and oceanographic (8) stations along
Transects 1 to 5 (T1 to T5) in
waters off Antofagasta and
(B) the position of the 120,
160 and 200 nautical miles (n
rmle) stations visited during
July 1997
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was estimated and specimens for experiments were
collected.
Chl a and carbon. Samples were collected from the
upper 100 m of the water column at selected depths:
usually 2, 10, 20, 50 and 100 m. In addition, when a
conspicuous fluorescence maximum was present at a
depth other than those selected, that depth was also
sampled. From 150 to 500 m1 were filtrated in GF/F filters (Whatman@).Chl a was measured by fluorometry
(Parsons et al. 1992) using a Turner Design fluorometer
(Model AU-10). Sub-samples of water were collected
from the same Niskin bottles in order to measure particulate organic carbon (POC).After filtration of 1 1 of
water through a pre-combusted GF/F filter and acidification in a fume box, POC was determined by using a
Carlo Erba Carbon Analyzer 1500 with acetanilide as
standard (Bodungen et al. 1991). Individuals from different zooplankton taxa and copepod/euphausiid faecal pellets were also placed on pre-combusted GF/F
filters, rinsed with distilled water and their carbon content was determinated as described above.
Zooplankton abundances. Zooplankton was collected from 2 depth strata (0 to 50 m and 50 to 150 m)
and 1 integrated stratum (0 to 150 m) using a 1 m2
Tucker trawl net equipped with 3 nets (200 pm mesh
size) and a flow-meter. The 50 m depth corresponds
more or less to the boundary between the upper SubTropical Water (STW) and the Sub-Antarctic Water
(SAW)which occupies a narrow band centered at 50 m
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depth. Below 50 to 70 m we found Sub-Surface Equatorial Water (SSEW) which extends down to a 400 m
depth. Samples were preserved in formalin (4% end
concentration). Zooplankton was sorted and counted
using a stereomicroscope (Wild M8). Only crustacean
zooplankton, appendicularians, salps and chaetognaths were examined in this study. During the timeseries studies, echosound observations (upper 400 m
water column) were carried out simultaneously with
zooplankton sampling to describe the vertical migration of euphausiids.
Gut pigment measurements of copepods and krill.
The ingestion rate (IR) of phytoplankton b y the dominant zooplankton size classes was determined using
the gut-fluorescence method (Mackas & Bohrer 1976).
Immediately after capture, in order to also be able to
estimate the gut clearance rate (GCR) constant, the
whole zooplankton sample was placed in a 50 1 container filled with filtered seawater (0.45 pm), from
which sub-samples were taken with a small sieve at 0,
5, 15, 30, 45, 60, 90, 120, 180 and 240 min after collection. Each sub-sample was first placed for a few minutes in liquid nitrogen and then stored in a deep-freeze
(-30°C). For analysing gut pigments at the different
times, 3 (large krill) to 200 (cyclopoid copepods) individuals were placed in 8 m1 acetone (90% v/v) for
pigment extraction. Fluorescence of the extract was
determined with a Turner-Design fluorometer (Model
AU-10). Concentrations of chl a and phaeopigments

Mar Ecol Prog Ser 195: 201 -220, 2000

were calculated using the equations of Parsons et al.
(1992).Starved anlmals were used to correct the values
due to background fluorescence.
Chl a and its degradation products serve as naturally
occurring tracers, only if they can be measured fluorometrically. However, the presence of chlorophyllbleaching enzymes from both animals and phytoplankton have been reported (Head & Harris 1996)
which might lead to degrees of pigment destruction (to
colorless compounds) close to 100% in areas characterized by low pigment concentrations, at low zooplankton ingestion rates (Stevens & Head 1998).As our
study area partially exhibits these characteristics, we
applied a correction factor in our IR measurements
according to the relationshp between real and apparent IRs (Fig. 10 of Stevens & Head 1998). Thus, the correction factor varied from 2 for euphausiids during
January 1997 to 10 for large-size copepods during
July 1997. In all cases, because of the uncertainties
involved in the use of this model (see 'Discussion'), we
reported the original (uncorrected) as well as corrected
estimations of IR.
In order to estimate abundance and IR by size categories, animals were pooled according to size ranges in
3 categories: large, medium and small animals. Large
animals were represented by euphausiids (mainly
Euphausia mucronata and E. eximia). Animals collected in January ranged in length from 9 to 23 mm
(mean = 17 mm), while those collected in July were
from 7 to 19 mm (mean = 11 mm). Medium-sized animals were represented by calanoid copepods, mainly
CIV stage to adults of Centropages spp. with a mean
length of 1.75 mm, Calanus chilensis with a mean
length of 2.2 mm, and Rhincalanus spp. and Eucalanus
spp. with mean lengths of 2.0 mm. Small animals were
represented by small calanoid copepods, mainly
Temora spp., Acartia spp., Microcalanus spp., Paracalanus spp, and C1 to CIII stages of the genera
Calanus and Centropages with a length range of 0.8 to
1.5 mm. The cyclopoid copepods Corycaeus spp.,
Oithona spp. and Oncaea spp. with a length range of
0.7 to 1.2 mm, also belong to this size class.
Gut content (GC) and the GCR constant of animals
were used to calculate IR in nanograms of chl a equivalents (the sum of chl a and phaeopigments) per individual and time. Animals that were easily recognized
and, thus, quickly sorted out under the stereomicroscope because of their large size (euphausiids) or high
abundance and distinct shape (cyclopoid copepods)
were analysed separately. Species or groups for which
separation would have been time consuming because
of their morphological similarity, high abundance and
diversity, such as large-, medium- and small-size
calanoid copepods, were treated as a size class and
chosen at random.

A C:chl a ratio was determined from water samples
collected at selected depths within the upper 50 m of
the water column (usually 2, 10, 20, 50 m and sometimes at the chl a maximum), and used to convert this IR
into units of carbon assuming no selectivity. In the context of this study (i.e. a carbon flux approach within
zooplankton size classes) this assumption seems generally reasonable as pelagic tunicates are non-selective
(Madin & Deibel 1998) and crustaceans may be, although the latter case is not as straightforward because
feeding strategies are very complex and may change in
response to environmental variability and ontogenetic
stages (see Stuart & Pillar 1990 for euphausiids, Kleppel
1993 for copepods). We chose to use an average C:chl a
ratio for the upper 50 m of the water column and not the
value at the depth of the chl a maximum because we
collected animals by means of integrated net tows
within the upper 50 m layer. In addition, echosound observations showed a relatively homogeneous 0 to 50 m
scatter-layer due to plankton, indicating that the animals were relatively evenly distributed.
The percentage of the daily primary production (PP)
grazed by copepods, euphausiids, salps and appendicularians was calculated using the PP data determined
at the same stations (Gonzalez et al. 1998). As the purpose of this study was to assess the overall grazing
pressure exerted by zooplankton distributed in the different size categories in the coastal and oceanic areas
off Antofagasta, tve used average values of IR for each
of the different size classes within each sampling
period. Since we know that euphausiid species perform die1 vertical migrations, we used integrated values of abundance in the upper 150 m of the water column and we pooled all data (day and night catches).
Ingestion rates in pelagic tunicates. These rates
were derived from literature data. The mean daily
ration for a 16 mm Salpa fusiformis blastozooid is
1.07 pg C pg-' C d-' (Andersen 1985). As the average
carbon content for a 32 mm S. fusiformis is 366 pg (see
Fig. 6), their potential daily ingestion is estimated to be
403 pg C. The feeding rate values for S. fusiformis
determined using Andersen's constant are low compared to rates for congeneric species (Madin & Deibel
1998), so estimates of the impact of this species may be
quite conservative. An average Oikopleura dioica individual (0.6 mm, long range 0.5 to 0.8 mm) contained
0.734 ng pigment. Given a gut evacuation rate of
0.86 h-' (Acuna & Deibel 1994) and continuous feeding
over 24 h (Alldredge 1981),the estimated IR would be
15 ng pigment d-l. In salps, about half of the ingested
pigment is lost dunng gut passage (Madin & Purcell
1992).Assuming that this factor applies to appendicularians (Deibel 1997)' an IR of 30 ng pigment d-' can be
expected. As the average in situ C:chl a ratio was 123,
a daily ingestion of POC equal to 3.7 pg was used.
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RESULTS
Oceanographic conditions

During January 1997, cross-sections of temperature
and dissolved oxygen (Fig. 2A,B) showed that isolines
rose from about 80 m depth to the surface vicinity
within 30 to 40 n miles of the coast. The ascent of the
13°C-isotherm set a rather shallow (ca 20 m) thermocline within 20 n miles of the coast and a distinct
inshore-offshore thermal gradient was observed
(Fig. 2A). Two water masses with salinities >34.6 psu
occurred above and below the 'upper minimum of
salinity' (Silva & Konow 1975),which also ascended towards the coast. The upper layer was characterized by
high salinity surface water (>35 psu), which corresponded to the STW with dissolved oxygen concentrations >5 m1 I-'. The deeper layer was characterized by
A) Temperature ("C, January 1997)

C ) Temperature (OC.July 1997)

Distance from the coast (n mile)

205

high salinity, nutrient-rich, sub-surface water, which
corresponded to the SSEW, and had an upper limit
around 50 to 80 m and a lower limit at around 400 to
450 m (not shown). The SSEW ascend closer to the surface (-25 m) near the coast as revealed by the minimal
values of dissolved oxygen ( < 2 m1 I-') usually associated with this water mass. A sharp and shallow oxycline
near the coast, which deepened and widened towards
the open ocean, separated the oxygenated surface layers from the sub-oxic ( < lm1 1-') SSEW (Fig. 2B).
During the July 1997 cruise, when stations up to
200 n miles offshore were sampled, the isotherms
showed a marked deepening from ca 60 n miles
towards the coast (Fig. 2C). The 15°C-isotherm, which
during summer was located near the surface, was
found at ca 200 m depth in the coastal area during winter. Further offshore (>70 n miles from the coast) the
thermocline occurred at between 50 and 70 m depth;
B) Dissolved oxygen (mlll, January 1997)

D) Dissolved oxygen (mlll, July 1997)

Distance from the coast (n mile)

Fig. 2. Cross-sections of isollnes of (A) temperature and (B) dissolved oxygen along Transect 3 during January 1997 (second leg),
and cross-sections of isollnies of (C) temperature and (D) dissolved oxygen along Transect 3 during July 1997 (second leg).
Sampling depths are shown only in (C)
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A) Chl-a, January 1997 (Grid l )

C) Chl-a, July 1997 (Grid l )

B) Chl-a, January 1997 (Grid 2)

D) Chl-a, July 1997 (Grid 2)

-72.0
Longitude

inshore it sunk down to ca 200 m depth. The warm
waters close to the coast were characterized by high
salinity (>34.8 psu) and values of dissolved oxygen
ranging from -0 to 4.5 m1 1-' (Fig. 2D).

Chl a and POC distributions

Chl a concentrations (integrated down to 100 m
depth) in the water column showed high values (100 to
160 mg m-2) closer to the coast and were usually associated with embayments such as Mejillones Bay in the
north and Antofagasta Bay in the south (Fig. 3). During
January 1997 low integrated concentrations of chl a (30
to 50 mg m-2) characterized oceanic stations with a
gradual increment towards the coast where values
between 60 and 160 mg m-2 were found. The chl a isolines seem to follow a meandering plume which
extends from Antofagasta Bay towards offshore areas
(Fig. 3A). This distribution fits well with those of cold

-71.S

-7i.o
Longitude

-70.5

Fig. 3. Integrated (upper 100 m water column) values of chlorophyll a (mg m-2)
during ( A , C ) Legs 1
and (B,D) 2 of the
January (upper panels) and July (bottom
panels) 1997 cruises

water filaments extending from the coast up to 200 n
miles offshore (Gonzalez et al. 1998). During the second leg in January 1997, a high chl a concentration
band associated with embayments and the Mejillones
Peninsula appeared (Fig. 3B). During July 1997,
patches of high chl a concentration were sparsely
found during the first leg (Fig. 3C), while during the
second leg, the high chl a concentration band located
close to the coast had disappeared (Fig. 3D).
Chl a and phaeopigment concentrations at 3 depths
at the time-series stations, both oceanic (Stn 19) and
coastal (Stns 15 and 24), are shown in Table 1. At the
oceanic Stn 19, chl a concentrations between 0.2 and
0.4 pg 1-' were measured at 2 m depth, usually with a
vertical pattern showing a sub-surface maximum at
40 m depth characterized by concentrations between
0.3 and 0.5 pg 1-l. Chl a and phaeopigment concentrations near the surface (2 m depth) were lower in January (0.2 and 0.03 pg I-', respectively) than in July 1997
(0.4 and 0.1 pg 1-l, respectively). At coastal stations,
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Table 1. Chlorophyll a and phaeopigment concentrations (1.19 I-';
average, SD in parentheses) at 3 depths (2, 40 and 100 m) at the
t~me-seriesstations during January and July 1997
Station

Date

January 1997
19
16-17, 27
(oceanic)

Depth
(m)

Chlorophyll a
( W 1-7

Phaeopigments
(pg 1-7

2
40
l00

0.17 (0.06);n = 7
0.33 (0.07);n = 7
0.11 (0.02);n = 7

0.03 (0.01);n = 6
0.10 (0.04);n = 6
0.06 (0.01);n = 6

24
(coastal)

19-20

2
40
100

5.20 (2.13);n = 4
1.08 (0.98);n = 4
0.46 (0.05);n = 4

2.44 (1.19);n = 4
0.29 (0.09);n = 4
0.35 (0.08);n = 4

15
(coastal)

28-31

2
40
l00

4.91 (3.39);n = 5
1 17 (0.22);n = 5
0.49 (0.28);n = 5

1.22 (1.19);n = 6
0.89 (0.57);n = 6
0.83 (0.41);n = 6

2
40
l00

0.35 (0.08); n = 4
0.49 (0.08); n = 4
0.09 (0.07);n = 4

0.11 (0.03);n = 4
0.17 (0.05);n = 4
0.06 (0.04);n = 4

July 1997
19
5-6
(oceanic)
15
(coastal)

8-13

2
40
l00

1.46 (0.85);n = 7
0.52 (0.30);n = 7
0.28 (0.22);n = 7

0.40 (0.06);n = 7
0.24 (0.10);n = 7
0.20 (0.09);n = 7

15
(coastal)

21-22

2
40
l00

1.78 (0.46);n = 3
0.66 (0.34);n = 3
0.15 (0.04);n = 3

0.72 (0.05);n = 3
0.33 (0.15);n = 3
0.12 (0.06); n = 3

chl a concentrations at 2 m depth were higher in January (ca 5.0 pg I-') than in July 1997 (ca 1.6 pg 1-l).
While a weak sub-surface (40 m depth) pigment
maximum occurred at the oceanic station on both occasions, there was a continuous decrease in chl a concentration from 2 to 100 m depth at the coastal stations
(ca 5 to 0.5 pg 1-' in January 1997 and from ca 2 to
0.2 pg 1-' in July 1997). At the coastal stations, phaeopigment concentrations decreased slowly from 40 to
100 m depth and at 1 station (Stn 24, January 1997) it
increased from 0.29 p g 1-' at 40 m depth to 0.35 pg 1-'
at 100 m depth (Table 1).
Integrated POC concentrations in the water column
(0 to 100 m) during January 1997 showed maximum
values located north and south of the Mejillones Peninsula with values u p to 19 g m-' in Mejillones Bay which
decreased down to 9 g m-' in oceanic waters (Fig. 4A).
During July 1997, POC values were slightly lower than
during January, with higher concentrations close to the
coast (between 9 and 13 g m-2) which decreased progressively towards oceanic waters >20 n miles from
the coast (7 to 9 g m-2) (Fig. 4B, C). In addition, a clear
south-north gradient occurred in the oceanic area during Grid 2 (Fig. 4C).
Along the 200 n mile transect, the contoured profiles
and
of
a
showed
between
0.4 mg m-3 below 50 m, except at the 200 n mile station, where values ~ 0 . mg
4 m-3 reached the surface.

A) POC January 1997 (Grid 2)
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B) POC July 1997 (Grid I)
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Fig. 4. Integrated (upper 100 m water column) values of particulate organlc carbon (POC; g m-2) during Leg 2 of the
cruise conducted during January 1997 (upper panel) and
Legs 1 & 2 of the cruise conducted during July 1997 (bottom
panels)
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STATION

Distance from the coast (n mile)

Close to the coast, values of up to 1.2 mg m-3 were
found near the surface (Fig. SA). Isolines tended to
deepen, following the distribution pattern of other
physical variables such as temperature and dissolved
oxygen (Fig. 2C,D).The cross-section of POC showed
higher values (130 to 180 mg m-3) near the surface
(upper 20 m of the water column) and within 40 n miles
of the coast (Fig. 5B). In general, cross-sections of chl a
and POC showed slightly higher concentrations closer
to the coast than offshore.

Carbon content of zooplankton groups
Carbon content per individual of different zooplanktonic taxa is depicted in Fig. 6. Cyclopoid copepods
represented by individuals of the genera Corycaeus
and Oncaea in the length range of 0.7 to 1.2 mm
showed the lowest carbon content per individual (average kSD: 3.5 * 0.3 p g ) At the other extreme of the
spectrum, euphausiids in the size range of 21 to 24 mm
showed the highest carbon content per individual
(4507 + 673 pg).

Fig. 5. Cross-sections along
Transect 3 showing the isolines of (A) chlorophyll a (in
pg I-') and (B) POC (in pg I-')
during July 1997

Zooplankton biomass (total dry wt) did not show significant differences between January 1997 and January 1998 at the coastal stations (Fig. ?A), but there was
a marked shift towards small size classes of zooplankton as the El Nino event progessed (Fig. ?B).

Zooplankton assemblages
The large-sized crustacean zooplankton population
was dominated by euphausiids, mainly Euphausia
mucronata and E. eximia. During pre-El Nilio conditions (January 1997) at Stn 15 (coastal),the euphausiid
abundance during the night was higher in the upper
50 m of the water column (53.6 ind. m-3) than in the 50
to 150 m layer (0.4 ind. mW3).
During El Nino (July 1997
and January 1998) a dramatic decrease in euphausiid
abundance was noted, with concentrations of ca 2.3
ind. m-3 during the night in the upper 50 m of the water
column (Table 2). Echosound observations demonstrated that during January and July euphausiids displayed marked vertical migrations starting to ascend
from ca 300 m depth at -19:OO h up to depths 4 0 m.
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Size range (mm)
1: Cyclopoid copepods ( C o ~ c a e u spp.
s
and
spp. prosome length [p I.])
2: Small calanord copepods (i. e.8spp..
spp.. copepodites of Temora spp., Galanus spp. p. I.)
3.Appendrcularians (Oikowleura spp. trunk length)
4: Medium-srze animals large-size calanoid copepods (i, e Calanus chrlensis. C e n t r ~ p a g espp.
~ , Eucalanus spp, p.1)
5: Srphonophores
sp. eudoxid high)

m

Fig. 6 . Carbon content
(pg ind.-') of size-distributed zooplanktonic taxa
or assemblages (note log
scale for the ordinate).
Error bars denote standard deviation (n = 4)

(m

6: Euphauslids (mainly Eu~hausiamucronata ca 11 mm length)
7.Chaetognaths (mainly
spp. body length)
8. Euphausiids (mainly Euohausia mucronata ca. 17 mm length)
9: Salps (blastozooids of
fusiformig)

a

A) T o t a l z o o ~ l a n k t o nbiomass

T

January 1997

July 1997

January 1998

B) Percentage o f t o t a l zooplankton carbon

B Small wpepoda

1

m

rpe copepods

L

D Euphawllda

0%
January 1997

J u b 1997

January 1998

Date (month, year)
Fig. 7. ( A ) Averaged zooplankton biomass (mg dry wt m'3,
upper 150 m of the water column) for samples collected at
coastal stations d u n n g January 1997 (n = 5), July 1997 (n = 3)
and January 1998 (n = 16). Error bars denote standard deviation. (B) Carbon distribution (%) among different size classes
of crustacean zooplankton and appendicularians for samples
collected at coastal stations dunng January 1997 (n = 5), July
1997 (n = 3) and January 1998 ( n = 16)

They remained in the upper layer during the night and
started to descend at ca 06:OO h. Abundances were
highly variable, ranging from 187 ind. m-' at Stn 15 to
1932 ind. m-2 at Stn 22 during January 1997. During
July, concentrations fluctuated between 51 ind. m-' at
Stn 15 and 1964 ind, m-2 at Stn 13, while during January 1998, lower values were found which ranged
between 35 and 671 ind. m-'. At the time-series Stn 15
(29 January to 1 February 1997), average (kSD) abundance of euphausiids during day and night catches in
the 0 to 50 m stratum were 2.7 (k2;n = 3) and 29.6 (k37;
n = 4 ) ind. m-3, respectively, while in the 50 to 150 m
stratum they were 6.8 (+6; n = 3) and 0.1 (k0.1; n = 4)
ind. m-3, respectively.
Medium-sized animals were represented mainly by
CV stage and adult Calanus chilensis, Centropages
spp., Rhincalanus spp. and Eucalanus spp. At stations
close to the coast C. chilensis was more abundant and
Centropages spp. at oceanic stations. Almost all animals were more abundant in the 0 to 50 m layer, for
example C. chllensis showed abundances ranging
from 6 to 16 ind. m-3 in the 0 to 50 stratum, and from 0.1
to 3.2 ind. m-3 in the 50 to 150 m stratum. Centropages
spp. was also more abundant within the upper 50 m of
the water colun~n(range 4 to 17 ind. m-3) with no clear
temporal (non-El Nirio/El Nino) pattern (Table 2 ) .
Small-sized animals were numerically dominant
(5093 to 22 348 ind. m-2 in January 1997; 3251 to 28 585
ind. m-2 in July; 25079 to 70425 ind. m-' in January
1998) and were represented by small calanoid cope-
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Table 2. Zooplankton composition and abundance (ind. m-3) at 2 coastal stahons (15 and 3) in 2 depth strata during 3 penods: preEl Nino (30 January 19971, onset of El Nlno (10 July 1997) and maximum of El Nino (27-29 January 1998).All samples were collected during the nlght (nd, no data). Small calanoid copepods include mainly Temora spp., Paracalanus spp. and Acartia spp.;
append~cularlansinclude manly small-slze Oikopleura spp., and chaetognaths mainly Sagitta spp.

Zooplankton abundance (ind. m-3)
Stn 15 (10 Jul97)
0-50 m
50-150 m

Taxa
Stn 15 (30 Jan 97)
50-150 m
0-50 m
-

Stn 3 (27-29 Jan 98)
50-150
0-50 m

-

Large crustaceans
Euphausltds

53 6

04

2.4

0.4

2.2

1.2

Medium-size crustaceans
EucalanuslRh~ncalanusspp.
Calanus chllensis
Centropages spp.
Large calanold copepods
Medium calanoid copepods

27.9
16.2
5.6
nd
nd

0.6
0.1
0.8
nd
nd

9.8
16.1
16.8
1.2
14.2

79
1.2
1.1
0.1
2.1

27.4
5.9
3.7
1.7
18.7

13.8
3.2
2.2
1.1
7.3

132.3
177.5
17.9
0.6

23
0.5
0.5
0.1

209.6
68.3
40.8
17.4

31.5
18.6
11.2
5.5

303.9
22.1
50.7
60.2

136.4
7.9
25.2
17.7

1.?
15 1

0.1
0.2

20.7
9.8

3.2
2.9

60.0
65.8

20.9
29.4

Small crustaceans
Small calanoid copepods
Corycaeus spp.
Oncaea spp.
O~thonaspp.
Other groups
Appendicularians
Chaetognaths

pods such as Ten~oraspp., Acartia spp., Microcalanus
spp., Paracalanus spp. and copepodites of genus Calanus, Centropages and Eucalanus/Rhincalanus. This
group of small animals also includes the cyclopoid
copepods, mainly represented by 3 genera: Corycaeus,
Oncaea and Oithona. These animals did not show
vertical migration and always remained within the
upper 50 m of the water column. Abundances of small
cyclopid copepods (Oncaea spp. and Oithona spp.)
increased from 3-fold to 1 order of magnitude (in the
case of Oithona spp.) as the El Nino event proceeded
from January 1997 to January 1998. The only exception was Corycaeus spp. which decreased in abundance from 178 to 22 ind. m-3 over the same period
(Table 2).
Other zooplanktonic groups such as appendicularians (mainly small Oikopleura spp.) and chaetognaths
(mainly Sagitta spp.) increased dramatically in abundance as the El Nino event proceeded, from 2 and 15
ind. m-3 during January 1997 to 60 and 66 ind. m-3 during January 1998, respectively (Table 2).

Ingestion rates by zooplankton groups and grazing
impact upon PP
A total of 8, 15 and 3 gut evacuation experiments
were carried out in January and July 1997, and January 1998, respectively, the results of which are shown
in Table 3.

During January 1997, euphausiids showed GCR constants of between 0.22 and 0.7 h-'. Their average IR
was 156 pg C ind.-' d-' (Table 3), which represented
4 % of their body carbon (Table 4). Large copepods
showed an average GCR constant of ca 0.6 h-' and an
average IR of 36 pg C ind.-' d-l, which represented
46% of their body carbon (Table 4 ) . Small copepods
gave GCR constants between 0.3 and 0.6 h-', with an
average IR of 22 pg C ind.-' d-' (Table 3), which represented 124 % of their body carbon (Table 2).
During July, Euphausia mucronata showed a GCR
constant of between 0.2 and 0.4 h-'. The average IR
was 95 pg C ind.-' d-' (Table 3), whlch represented
12% of body carbon (Table 4). Large copepods had
GCR constants of between 0.2 and 0.7 h-'. The average
IR was 33 pg C ind.-' d-' (Table 3), which represented
43 % of the body carbon (Table 4 ) . Similar values were
obtained for January 1998 and are summarized in
Tables 3 & 4.
Small copepods accounted for a large fraction of total
crustacean zooplankton abundance: 82, 86 and 91 %
during January 1997, July 1997 and January 1998,
respectively. By contrast, they represented only a
minor fraction of the total crustacean zooplankton carbon: 4, 10 and 20% for the same periods, although they
accounted for a relatively large fraction of total crustacean zooplankton grazing: 64, 37 and 68%, respectively (Table 5).
Euphausiids accounted for only a minor fraction of
total crustacean zooplankton abundance: 7, 5 and l
"#',

Gonzalez et al.: Zooplankton ingestion rates in the Humboldt Current

during January 1997, July 1997 and January 1998,
respectively, but they represented a large fraction of
total crustacean zooplankton carbon: 73, 63 and 28%.
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They also accounted for a relatively large fraction of
total crustacean zooplankton grazing: 22, 37 and 5 %,
respectively (Table 5).

Table 3. Gut content, gut clearance rate (GCR) constant and ingestion rate estimated during the grazing experiment carried out
during January and July 1997, and January 1998 in waters off Antofagasta (chl a-eq: chlorophyll a equivalents-the sum of
chl a and phaeopigments)
Time
(h)

Gut content
(ng chl a-eq ind.-')

GCR
(h-')

January 1997
Euphausja spp. (mean size 17 mm)
1
22 Jan 97
15
14 Jan 97
24
19 J a n 97

17:OO
03:20
01:OO

72.89
55.91
34.38

0.22
0.70
0.41

July 1997
Euphausia spp. (mean size 11 mm)
15
10 Jul97
7
01 Jul97
19
06 Jul97
27
04 J u l 9 7
160
17 J u l 9 7
15
22 J u l 9 7

00: 15
20:OO
01:OO
14:32
22:30
01:12

46.26
33.60
15.53
32.76
19.39
15.60

0.35
0.22
0.27
0.26
0.18
0.19

January 1998
Euphausia spp. (mean size 11 mm)
2
27 Jan 98

02:50

13.2

0.42

123

Large calanoid copepods (mainly C. chilensis, Eucalanus spp.)
1
28 Jan 98
11.15
1.89

0.54

123

Snlall calanoid copepods
2
26 Jan 98

0.50

123

Station

Date

C:chl a
ratio

Ingestion rate
(pg C ind.-' d-')

r2

115
169
86
Average
Corrected valued
Large calanoid copepods (mainly CIV and adults of Calanus chilensis and Centropages spp.)
24
19 Jan 97
01:OO
3.70
0.52
86
15
14 Jan 97
03:20
3.93
0.64
169
Average
Corrected valuea
Small calanoid copepods (mainly Ternora, Acartia, CII, C111 of Calanus and Centropages spp.)
7
13 Jan 97
00:40
2.06
0.55
230
19
17 Jan 97
01:OO
0.94
0.32
378
10
13 Jan 97
15:OO
1 53
0.65
174
Average
Corrected value"

198
240
227
127
182
97
Average
Corrected value"
Large calanoid copepods (mainly CIV and adults of C. chilensis and Centropages spp.)
15
10 Jul97
00:15
3.07
0.72
198
C. front
12 Jul97
13:12
0.47
0.20
173
C. front
11 Ju197
23:38
0.33
0.59
107
C, front
13 Jul97
10:43
1.80
0.72
173
15
09 Jul97
23:19
0.46
0.59
244
15
22 J u l 9 7
01:12
1.77
0.37
97
15
10 J u l 9 7
00:15
2.71
0.50
198
3
01 J u l 9 7
07:SO
0.95
0.63
207
C. front
11 Ju197
23:38
0.49
0.69
107
Average
Corrected value"

18:30

0 49

5.1

aAverage reallapparent ingestion ratios of 5, 10 and 7 for copepods and 2, 3 and 4 for euphausiids were assumed during
January and July 1997, and January 1998, respectively (Fig. 10, Stevens & Head 1998)
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Pelagic tunicates

Table 4. Average daily ingestion rate (IR) (pg C ind.-' d-l), average carbon
content (pg C 1nd.-l) and IR as percentage of body carbon during January and
July 1997 and January 1998

Salps
During January 1997, the integrated
abundance (average + SD) of Salpa
fusiformis was 311 + 488 ind. m-' (n =
10),with a broad range covering from 0
(Stns 1 and 15) up to 1414 ind. m-2
(Stn 22). The average daily IR of the S.
fusiformis population was estimated to
be 126 & 196 mg C m-*. On average, this
species was able to remove 16 22 % of
the PP with a range of values from 0 to
60%. Thus, we estimated that this species alone was able to remove approximately one-half of that grazed by the
entire crustacean zooplankton community (34%) during pre-El Nino conditions (January 1997). During El Nino
conditions (July 1997 and January
1998) no S. fusiformis were found. Only
tiny salps (mainly Thalia democratica)
were present, and for this reason we did
not compare these periods with January
1997.

*

Appendicularians

Taxa (length)

Avg. carbon content
Average IR
(pg C ind.-' d-l)'
(pg C ind.-l)

January 1997
Euphausiids (mainly
Euphausia spp.) (17 mm)
Large calano~d
copepods (2-2.5 mm)
Small calanoid
copepods (0.8-1.7 mm)
Small cyclopoid
copepods (0.7- 1.2)
July 1997
Euphauslids (mainly
Euphausia spp.) (11 mm)
Large calanoid
copepods (2-2.5 mm)
Small calanoid
copepods (0.8-1.5 mm)
January 1998
Euphausiids (mainly
Euphausia spp.) (11 mm)
Large calanoid
copepods (2-2.5 mm)
Small calanoid
copepods (0.8-1.5 mm)

IR
(% body C)

155.6

4507.0t673

3.5

35.5

77.0*6

46.1

22.0

17.821.3

123.6

1.2~

3.550.3

35.0

95.1

12.3

33.0

43.0

5.1

98.0

66.0

8.5

21.1

27.4

5.1

98.0

aCorrected values as in Table 3
b ~ s s u m i n gan ingestion rate of 35 % body C d-' (Lampitt & Gamble 1982.
Drits & Semenova 1984)

The integrated abundance (average i
SD) of appendicularians in the whole
study area remained similar during preEl Nino (January 1997; 587 * 535 ind. m-2) and the
onset of the El NMo event (July 1997; 474 & 453), but it
increased substantially as El Nifio proceeded (January
1998; 4296 + 2007) (Table 5). At coastal Stns 15 and 3,
abundances in the 0 to 50 m stratum increased from 2
(January 1997) to 60 (January 1998) ind. m-3 (Table 2).
The average daily IR of the appendicularians was estimated at 2 * 2 (n = 10) and 16 + 7 mg C m-' during the
same months. On average, this species was able to
remove 0.2 * 0.1 % of the PP during January and July
1997, and 1.4 k 0.9% of the PP during January 1998
(Table 5).

DISCUSSION

Physical/chemical conditions
Several different water masses occurred in the study
area. STW was found between surface and 75 m depth.
This water showed temperatures between 16 and
24"C, salinities between 34.9 and 35.3 psu and dissolved oxygen contents between 4.5 and 5.5 m1 1-'

(Silva & Konow 1975, Robles et al. 1976).During winter
SAW could be detected in the transition area between
STW and SAW. The SAW was below the STW and its
center of distribution deepened towards the north to a
depth of between 75 and 125 m. There was SSEW at
between approximately 150 and 350 m depth which
was characterized by a maximum in salinity and a minimum in dissolved oxygen content. The nucleus of this
water mass showed temperatures of between 8 and
12"C, salinities of between 34.4 and 34.9 psu and dissolved oxygen content of between 0.2 and 0.5 m1 1-'
(Reid 1965, Silva & Konow 1975). Upwelling of SSEW
into the photic zone led to 'fertilisation' due to its high
nutrient content, and it may thus have enhanced primary productivity in the vicinity of upwelling centers.
Remote sensing (Thomas et al. 1994) and data collected during other field studies (Morales et al. 1996)
have identified several localized upwelling centers,
which are usually associated with capes and embayments such as Mejillones Bay (Rodnguez et al. 1991).
During the present study, upwelled water rich in nutrients (SSEW) reached the surface only during the second grid in January 1997 and only quite close to the
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Table 5. Abundance, grazing rates and percentage of primary production (PP, mg C m-2 d-l) removed by large-size animals
(euphausiids), medium-size animals (copepods, mainly adults and CIV, CV of Centropages spp., Eucalanus spp. and Calanus
chilensis), small-size animals (calanoid and cyclopoid copepods), blastozoids of Salpa fusiformis and appendicularians (mainly
Oikopleura spp.) in waters off Antofagasta during January and July 1997, and January 1998. Values are averages (SD in parentheses). Grazing rates of crustaceans were corrected according to Fig. 10 of Stevens & Head (1998)
January 1997
(n =10)
Abundance (ind. m-*)
Large animals
Medium animals
Small animals
Salpa fusiformis
Appendicularians

Primary production
Available PP
% PP removed by
crustaceans
% PP removed by
Salpa f usiformis
% PP removed by
appendiculanans

l

976.5 (545.8)
1606.6 (2155.6)
12016.2 (6990.7)
311.4 (488.4)
586.8 (535.1)

Grazing rate (mg C size-class-' d-')
Corrected
values
Large animals
Medium animals
Small animals
Salpa fusiformis
Appendicularians

January 1998
(n =6)

July 1997
(n = 8)

92.9 (51.9)
57.0 (76.5)
264.4 (153.8)
125.5 (196.8)
2.2 (2.0)

Uncorrected
values

Corrected
values

Uncorrected
values

Corrected
values

Uncorrected
values

31.0 (17.3)"
11.4 (15.3)
52.9 (30.7)
125.5 (196.8)
1.1 (1.0)

54.7 (62.8)
39.0 (58.8)
55.4 (51.1)

18.3 (20 9)
3.9 (5.9)
7.9 (7.3)

16.6 (14.4)
83.1 (20.6)
212.1 (82.9)

4 l(3.6)
11.9 (3.0)
30.3 (11.9)

2154.1 (1912.8)
33.9
7.8
(28.4)
(6.3)
15.9
15.9
(22.2)
(22.2)
0.2
0.1
(0.1)
(0.1)

-

-

-

-

1.8 (1.7)

0.9 (0 8)

15.9 (7.4)

8.0 (3.7)

1576.0 (766.3)
10.0
3.9
(8.3)
(2.8)

2333.3 (2147.2)
25.9
3.8
(20.3)
(2.9)
-

0.2
(0.2)

-

-

-

0.1
(0.1)

1.4
(0.9)

0.7
(0 4)

aIngestion rate for July 1997 was used because the average body size of euphausiids was ca 11 mm

coast (Rutllant et al. 1998). In addition, gyres and filaments of cold water extending from the Mejillones
Peninsula up to 200 km offshore occasionally appeared
in association with local topography during January
1997 (Gonzalez et al. 1998).We suggest that filaments,
extending from coastal areas rich in POC and chl a,
may act as vehicles for the transfer of organic matter
(particulate and dissolved) to the oligotrophic ocean.
Several physical processes seem to occur at the study
area, including:
(1) Upwelling centers probably strengthened by a
combination of wind forcing and local topography
factors.
(2) Gyres and filaments extending from the coast,
and probably modulated by upwelling and topographic features such as the Mejillones Peninsula and
the narrow continental shelf (Gonzalez et al. 1998).
(3) The effect of El Nino conditions in July 1997
which compressed the upwelling lens to a very narrow
coastal region and deepened the thermocline, so that
upwelled water came from above the thermocline, and
thus added few nutrients to the photic zone.

Biological conditions
Overall, concentrations of chl a were low at oceanic
stations with values usually between 0.1 and 0.3 mg
m-3 and relatively high only at the stations close to the
coast (within 5 to 10 n miles) where surface (2 m depth)
values were 5.0 and 1.5 mg m-3 during January and
July 1997, respectively (Table 1). For the Antofagasta
region, on other occasions a well-developed offshoreonshore gradient (0.5to 2 mg m-3) has been reported to
occur within 37 km of shore (Thomas et al. 1994,
Morales et al. 1996). During the present study, 76 to
88 % of primary production could be attributed to picoand nanoplankton (<23 pm) (Gonzalez e t al. 1998). In
waters of the northern Humboldt Current (18 to 21°S),
it has been suggested that nanophytoplankton account
for > 5 0 % of phytoplankton biomass (Avaria et al.
1982), especially at offshore stations where chl a concentrations are low ( < l mg m-3) (Morales et al. 1996).
During both austral summer (January) and winter
(July) of 1997 the chl a distribution showed a clear offshore-onshore gradient with values increasing from 30
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to 150 mg m-'. During January 1997 (Fig. 3B) high chl a
concentrations occurred where there was cold water in
the near surface coastal waters, suggesting the influence of the Ekman transport of upwelled waters
(Gonzalez et al. 1998). During July 1997, because of
the El Nino event (Fig. 3C,D),higher chl a concentrations were always found close to or within embayments
(Mejillones and Antofagasta Bays), where nutrients
may have been provided from land (i.e. coastal cities)
or via local resuspension. Even though wind-driven
upwelling was observed, no nutrient enrichment
occurred because only nutrient-depleted water from
above the thermocline was brought to the surface
(Gonzalez et al. 1998).Low nutrient concentrations (i.e.
< 4 pm01 NO3 1-l, G . Daneri pers. comm. 1998) and the
presence of abundant restlng spores of diatoms collected in sediment traps and water samples (Gonzalez
et al. in press) support this suggestion.
The mesoscale pattern of chl a distribution seems to
have been influenced by several factors such as
(1) wind-driven and/or topographically induced upwelling, (2) trapped coastal waves (S. Hormazabal
pers. comm. 1998), and (3) the presence of eddies and
filaments generated near the coast and propagating
further offshore. These physical processes may keep
particles within an area and enhance phytoplankton
accumulation as seen in frontal areas (see Pingree et
al. 1975).
POC showed a marked onshore-offshore gradient
with higher concentrations near the coast (up to 15 g
m-' in January 1997 and 12 g m-' in July 1997). The
relatively low chl a concentrations measured in the
whole study area (except coastal border) (Fig. 3), high
phaeopigment concentrations (Table 1) and high C:chl
a ratios (see Table 3) suggest that a large fraction of
food available for zooplankton did not contain chl a.
A comparison of estimated daily respiration rates (R)
based on animal weight and water temperature
derived for oceanic zooplankton (Ikeda 1985), and
daily phytoplankton carbon based ingestion rates, suggested that during the 3 cruises ingestion of phytoplankton would have exceeded respiration rates for
large and small calanoid copepods. Ingestion of phytoplankton alone would have failed to account for respiratory costs in the large animals (euphausiids) however
(Table 6 ) . For example, during January 1998, if we
assume (IRIR)/1.43 (i.e. 70% of the ingested carbon is
assimilated; Conover 1978), then the average phytoplankton carbon rations fell short of the minimum
ration required for growth by ca 16% in the case of
euphausiids. Dam et al. (1993) suggested that during
the North Atlantic bloom experiment phytoplankton
diet only contributed about 50% of the daily carbon
and nitrogen rations of mesozooplankton. When we
compare respiration rates with ingestion rates based

on total carbon (using the in situ C:chl a ratio at each
station to convert IR into carbon ingestion), then IR
could account for respiratory carbon demands in all
cases.
We do not think that copepods and euphausiids
would have been food-limited because many particles
other than phytoplankton were available as food (see
above). Boyd et al. (1980) reported that in upwelling

Table 6. Comparison of average rations of phytoplankton carbon (PPC) and total particulate organic carbon (POC) for January 1997 (non-El Nino), July 1997 and January 1998 (El
Nino), and estimated respiration rate (R) for large (euphausiids), medium (large calanoid copepods) and small (small
calanoid and cyclopoid copepods) animals in waters off
Antofagasta. Respiration rates were estimated according to
Ikeda (1985):1nY = 0.5254 + 0.8354 X l n W + 0.0601 X T; where
Y = p1 O2 ind.-%-l, W = mg zooplankton carbon, T = mean
temperature ("C) of the water column in the photic zone.
Respiration rate was converted to carbon by the relationship
R = Y X RQ X 12/22.4, where RQ. respiration quotient, was
assumed to be equal to 1 (Omori & Ikeda 1984). Ingestion rate
based on PPC: A PPC: chl a ratio of 50:l was assumed to convert this IR into units of PPC (Dubischar & Bathmann 1997).
Ingestion rate based on POC: the in situ P0C:chl a ratio (average from the upper 50 m of the water column) was used to
convert this IR into units of POC
Size class

Ingestion Respiration IWR (IWR)/
1.43'
rate
rate
(IR; pg C d-') (R; pg C d-')

January 1997, IR based on PPC
Large animals
24 998
Medium animals
21 367
Small animals
58278

17268
3812
5028

1.4
5.6
11.6

0.97
3.92
8.10

January 1997, IR based on POC
Large animals
92 865
Medium animals
57 034
Small animals
264 356

17268
3812
5028

5.4
14.9
52.6

3.77
10.46
36.77

July 1997, IR based on PPC
14 740
Large animals
Medium animals
10 983
Small animals
22 345

11 107
2947
1994

1.3
3.7
11.2

0.93
2.61
7.83

July 1997, IR based on POC
Large animals
54 759
Medium animals
38973
Small animals
55373

11 107
2947
1994

4.9
13.2
27.8

3.44
9.24
19.42

January 1998, IR based on PPC
Large animals
6 693
Medium animals
33 74 1
Small animals
85569

5559
8058
6061

1.2
4.2
14.1

0.84
2.92
9.80

January 1998, IR based on POC
Large animals
16599
Medium animals
83043
Small animals
212053

5559
8058
6061

3.0
10.3
35.0

2.10
7.20
24.46

aAssurning that assimilation efficiency of carbon is 70%
(Conover 1978).then 0.70 X IR = growth + R. If growth = 0,
then IR/R = 1.43
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areas off Peru, despite low concentrations of chl a, high
concentrations of phaeophytin (3.5 pg I-') were found.
They suggested that upwelled waters bring detritus to
the surface; thus, in these areas animals are mainly
exposed to detritus (namely decomposed algal cells
and faecal pellets) and not undamaged phytoplankton
as available food. Our estimates of phaeopigments
near the surface show low concentrations at oceanic
stations (range 0.03 to 0.11 pg I-') and relatively high
concentrations at coastal stations (range 0.4 to 2.4 pg
1-l) (Table 1).The presence of abundant phytodetritus
near the coast is questionable because fluorometric
determinations may overestimate the concentration of
phaeophytln in the presence of phytoplankton, which
contain chl b (e.g. chlorophytes, prasinophytes) (Trees
et al. 1985). We cannot disregard the possible interference of chl b-containing phytoplankton because abundances of microphytoflagellates were higher at coastal
(Stn 15) than oceanic (Stn 120) stations: 1.1 X 107 and
3.1 X 105 cells 1-' at Stns 15 and 120, respectively, and
the same occurred for picophytoplankton abundances:
4.8 X 106 and 3.1 X 105 cells I-', respectively (A. Troncos0 pers. comm. 1999).
Microscopical observation of both euphausiid and
copepod faecal pellets, containing lorica of tintinnids,
thecate dinoflagellates and crustacean remains (Gonzalez et al. in press), support the idea that zooplankton might be able to fill their daily rations at low in
situ chl a concentrations. Even though chl a concentrations measured in the present study were significantly lower than those reported for upwelling areas
off Peru (2 to 20 mg m-3, Barber & Chavez 1983),
POC values were comparable in both areas. Off Peru
animals were always exposed to <l50 mg C m-3
(Boyd et al. 1980), as occurred off Antofagasta (Fig. 5).
These authors reported that the ranking of copepod
dietary biomass was: nanoplankton > dinoflagellates
> microzooplankton > diatoms, in an environment
where the dominant particle size class was < S pm in
diameter.

IR expressed as daily percent body carbon (%BC)

During January 1997 there was a negative relationship between IR as %BC and animal size: the minimum value was 4 % for large euphausiids ( l ? mm
length) and the maximum was 124 % for small calanoid
copepods (0.8 to 1.7 mm length) (Table 4). Estimations
of the GCR constant for cyclopoid copepods (not
shown) did not fit a negative exponential curve (r2 =
0.2), suggesting that copepods may have had continued feeding on faecal material in the experimental
chamber because of their coprophagous behavior
(Gonzalez & Smetacek 1994). In order to estimate the

215

grazing rate in cyclopoid copepods, an ingestion rate of
35% BC d-l was assumed (Lampitt & Gamble 1982,
Drits & Semenova 1984).
In euphausiids, higher values of IR as %BC were
found during July 1997 (12%) than during January
1997 ( 4 % ) . This might be because only juvenile
euphausiids were found during July (11 mm average
length), so that results cannot be compared with those
obtained during January 1997 (17 mm average length).
Small calanoid copepods ingested approximately their
body carbon daily, while in large copepods the IR as
%BC ranged from 27 % (January 1998) to 46% (January 1997) (Table 4). Daily rations for copepods (genera
Eucalanus, Undinula, Centropages and Temora) from
the Florida continental shelf varied from 1 to 14 % BC
d-' (Kleppel et al. 1996), 7 to 18 % BC d-' for largesized copepods from the Barents Sea (BAmstedt et al.
1992) and between 0.9 and 2.8% BC d-' for Calanus
chilensis, Eucalanus inermis and Centropages brachiatus from the Peru upwelling system (Dagg et al. 1980).

Zooplankton assemblages and grazing impact on PP
Copepods were restricted to the upper 50 m layer
(Table 2), where oxygen concentrations exceeded
0.5 m1 1-' (Fig. 2B). Similar patterns have been reported
for the copepod genera Calanus (i.e. Calanus chilensis)
and Centropages from the upwelling area off Peru,
where they tended to be found in waters having >0.8
and 0.2 m1 O2 I-', respectively (Boyd et al. 1980).
Euphausiids (mainly Euphausia mucronata and E.
eximia) seem to play an important role in the Humboldt Current trophic webs, being the preferred food
of several species of fishes, whales and birds
(Antezana 1970). Adult anchovy from the southern
part of Peru feed mainly on E. mucronata, Calanus
chilensis, Centropages spp, and Oncaea spp. (Rojas de
Mendiola 1980). Euphausiids displayed conspicuous
vertical migrations to reach the upper 50 m of the
water column during the night, a stratum where most
of the phyto- and zooplankton were concentrated;
however, the vertical displacement depends on natatory capacity, which is a function of body size. Size-frequency distnbutions of euphausiids showed that samples collected during the day are dominated by
animals in the size range of 1 to 5 mm while those collected in the 50 to 150 m stratum are dominated by animals in the 5 to 10 mm size range. Only in samples collected during the night was it possible to collect
individuals in the size range of 10 to 20 mm in both 0 to
50 and 50 to 150 m strata. Echosound observations of
the movement of the deep scattering layer showed that
these animals travelled from ca 300 m depth to the
upper 0 to 50 m layer in a time of ca 1 h. Day versus
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night catches conducted at the time-series Stn 15 (29
January to 1 February 1997) indicated that the integrated (upper 150 m of the water column) grazing
activity of the euphausiid population was, on average,
2-fold greater during the night (142 mg C d-l; range 42
to 407 mg C d-') than during the day (78 mg C d-';
range 20 to 152 mg C d-l). These figures suggest that
during January 1998, the euphausiid population would
be able to remove from 1 to 7 % of the total PP during
the day and from 2 to 19% of PP during the night.
Our results indicate that crustacean zooplankton
showed a moderate grazing impact, removing 34%
( S D = 2 8 % , n = 10), 10% ( S D = 8 , n = 7 )a n d 2 6 % ( S D =
20, n = 5) of PP during January and July 1997, and January 1998, respectively (Table 5). For other areas of the
world's oceans, mesozooplankton accounted for 19 to
39% (Southern California Bight, Landry et al. 1994),
1 to 17 % (Sargasso Sea: Roman et al. 1993) and 1 to
5 % (North Atlantic: Morales et al. 1991, Dam et al.
1993). Also, females of copepods (Calanus chilensis,
Eucalanus inermis and Centropages brachiatus) consumed < 5 % of PP in the Peru upwelling system (Dagg
et al. 1980). In the Southern Ocean, grazing by copepods was very low and accounted for < l % of PP
( D u b i s c b r & Bathmann 1997). In the equatorial
Pacific, mesozooplankton grazing removed from 1 to
12% of PP and showed no apparent differences between normal upwelling and El Nino periods (Dam et
al. 1995).
Crustacean IRs were also estimated using gut pigment and compared with literature data. Gut pigment
estimates of IR are controversial due to the finding that
pigment losses to colorless, non-fluorescent compounds occur (reviewed in Tirelli & Mayzaud 1998).
We, therefore, applied a correction factor to our gut
pigment estimates of IR using the relationship between
real and apparent IR reported in Stevens & Head
(3.998).These authors modelled the kinetics of chl a
destruction in Calanus spp.; we used their model
although we realize that many assumptions need to be
made since the zooplankton, phytoplankton and temperature were different in both studies. Because of
uncertainty about how precise or biased the correction
factors are, we also compared our estimates with IRs of
crustaceans reported for the Humboldt (central Chile),
Peru and Benguela upwelling systems (Table 7). IR
estimates for euphausiids are well within the range
reported for other upwelling regions. For the large
calanoid copepods our estimate lay within the upper
range reported in the literature, while for the small
calanoid copepods, our estimates were higher (by a
factor of 2 to 10) than those reported for the Benguela
and Peru upwelling regions (Table 7). These differences might be due to the fact that only in the present
study was a correction factor applied and it increased

our estimations by a factor 5 to 10 (see Table 3). If we
had used average values of IR from Table 7, instead of
the data obtained during the present study (Table 3),
the IR of euphaus~idswould be in the range of 50 to
385, 29 to 227 and 13 to 99 mg C sue-class-' d-' for
January and July 1997, and January 1998, respectively, which is similar to the range obtained during
this study for January and July 1997: 47 to 319 mg
C size-class-' d-' (Table 7). Using literature data
(Table 7), we estimated that the IR of the small copepods would have increased dramatically from January
(64 mg C size-class-' d-') and July 1997 (58 mg C sizeclass-' d-'), to January 1998 (220 mg C size-class-' d-').
These figures are quite close to the corrected IRs estimated during this study for July 1997 (55 mg C sizeclass-' d-') and January 1998 (212 mg C size-class-'
d-l), and 4-fold lower with respect to January 1997
(264 mg C size-class-' d-l) (Table 5).
Salps normally feed continuously (Madin 1974) and
may potentially reduce the phytoplankton stock
greatly. Because salps can capture particles down to
1 pm in size (Harbison & Gilmer 1976),they should also
affect pico- and nanophytoplankton, as well as microzooplankton such as athecate dinoflagellates and
tintinnids. Salps are indiscriminate feeders. Copepod
parts, and even whole pteropods, have frequently been
observed in the guts of salps (Silver 1971, Madin 1974),
and in the Southern Ocean krill larvae are often found
in the guts of Salpa thompsoni (cited in Huntley et
al. 1989). Because of the above characteristics of salps,
it is important to estimate the potential grazing impact
of these pelagic tunicates. The gut-content method
(Madin & Cetta 1984) seems to give results that
are close to probable in situ feeding rates (Madin &
Kremer 1995). For a 7 cm S. fusiformis we measured a
gut content of 0.8 pg chl a (SD = 0.2, n = 11) during January 1998; in the same area (near Stns 1 and 3); however, we were unable to measure the GCR constant
because of methodological problems (i.e. containers of
adequate size for the maintenance of these large animals).
The high variability show by salps results from their
highly patchy distribution. During this study we found
Salpa fusiformis abundance to range from 0 to 14 ind.
m-3; however, aggregations of >700 salps m-3 have
been observed in waters off Ireland (Bathmann 1988).
The grazing impact of only 1 species of salp can
remove even more than 100% of daily PP, i.e. Cyclosalpa baker1 in the subarctic Pacific (Madin et al. 1997)
or S. thompsoni in the Southern Ocean (Dubischar &
Bathmann 1997).
During January 1997, the grazing impact of Salpa
fusiformis (as the percentage of PP removed) was estimated to be either twice (16 and 8 % , respectively) or
one-half (16 and 34%, respectively) as much as the
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impact of crustaceans (copepods plus euphausiids),
depending on whether uncorrected or corrected grazing rate values for crustaceans were used (Table 5).
Because of the uncertainties of the correction method

(see above), we also compared this information using
literature data on crustacean IRs (Table 7). The grazing
impact of S. fusiformis (16%) lies almost in the middle
of the range for crustaceans (7 to 23%), showing that

Table 7. Carbon-based estimation of ingestion rate of euphausiids (large animals) and copepods (medium and small animals)
from different localities (mainly from the Humboldt, Benguela, California and Peru upwelling systems)
Taxa

Locality

Filtration rate
(m1 ind.-' h-')

Carbon-based
ingestion rate
(pg C ind.-' d l)"

Large animals
Euphausia superba
US Palmer Station,
Southern Ocean
(250 m g dry wt)
Laboratory conditions
E. superba (230 mg dry wt)
E. pacifica (12 mg dry wt)
Puget Sound
E. pacifica (3-5 mg dry wt)
California Current
Benguela upwelling region
E. lucens (3-5 mg dry wt)
E. mucronata (11 mg dry ~ t ) ~ Humboldt upwelling region
E. mucronata (2 m g dry wt)'
Humboldt
upwelling region

Source

Antezana et al. (1982)
Kato et al. (1979)
Ohman (1984)
Lasker (1966)
Stuart & Pillar (1990)
Present study
(January 1997)
Present study
(July 1997)

Average (SD; n)

Taxa

Locality

Chl a-based
filtration rate
(ng ind d-')

Carbon-based
ingestion rate
(pg C ind.-' d-')

0-72.0

0-7.1
(mean = 3.6)
41.0
16.5
25.3b
13.6~

-'

Medium animals
Calanus chilensis
C. brachia tus
C. chilensis
C. patagoniensis
C. chilensis
C. brach~atus
Large copepods (mainly
Calanus and Centropages
sPP.1

Peru upwelling
system
Concepcion Bay,
central Chile
Dichato Bay,
central Chile

151.3
81.6

35.5
33 0
21.1

Humboldt
upwelling
system

Source

Boyd et al. (1980)
Castro et al. (1991)
Peterson et al. (1988)
Present study
(January 1997)
(July 1997)
(January 1998)

Average (SD; n)
Small animals
Paracalanus spp.

Benguela upwelling region

23-24

Paracalanus spp.
P denudatus (adult female)
P. denudatus (CIII)
P denudatus (adult female)

Benguela upwelling region
Peru upwelling region
Experimental data
Experimental data

9-15
-

-

Small calanoid copepods
(mainly Temora spp., Acartia
spp. and Paracalanus spp.)

Humboldt
upwelling
system

Peterson et al. (1989)
(fideVerheye et al. 1992)
Peterson et al. (1990)
Dagg et al. (1980)
Paffenhofer (1982)
Paffenhofer (1982)
Present study
(January 1997)
(July 1997)
(January 1998)

Average (SD; n )
"Assuming 100 1-14 C 1-' (Fig. 6); b ~ s s u m i n ag C:chl a ratio of 167 (Table 1); 'Assuming that 40% of dry wt is carbon (Parsons
et al. 1984)
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approximately the same results were obtained by 2 different calculation procedures.
The most common appendicularian species found
during the present study was Oikopleura dioica. Average abundance of appendicularians was a maximum of
31 * 18 ind. m-3 during January 1998 (El Niiio), with
values ranging from 5 to 90 ind. m-3. Appendicularians
increased their contribution to total zooplankton carbon from 0.5% during January 1997 (pre-El Nirio) to
6 % during January 1998 (El Nirio) (Fig. ?B). The grazing impact of appendicularians estimated as a percentage of PP removed per day was low and ranged from
0.2% during January and July 1997 to 1.4% during
January 1998 (Table 5). Other species of the genus
Oikopleura such as 0. vanhoeffeni removed < 1.4 % of
daily particle production during the spring diatom
bloom and from 4 to 10% during the post-bloom crash
in Logy Bay, Newfoundland (Deibel 1988), and 0.
dioica and Stegosoma magnum removed from 5 to
ca 100% of the daily production in sub-tropical waters
(Alldredge 1981), indicating that at times the grazing
impact of appendicularians can be important.
Our results suggest that the dramatic decrease in
zooplankton biomass estimated in the coastal area off
Antofagasta during July 1997 (Fig. 7A) might be a consequence of a marked seasonal change, with low zooplankton biomass values in winter, as has been reported in waters off Peru (Carrasco & Santander 1987).
It seems that the El Nino effect may have introduced
only minor changes to the total zooplankton biomass,
as measurements of zooplankton biomass (mg dry wt
m-3) conducted in January 1998 (average + SD; 24.6 +
19, n = 16) indicated no significant differences with
respect to January 1997 (21.4 * 14, n = 5) (Fig. ?A). In
terms of size-distribution of zooplankton, a gradual
increase in the contribution of small-size (copepods
and appendicularians) and large-size copepods to total
zooplankton biomass was observed concomitant with a
decrease in the contribution of euphausiids to total
zooplankton carbon (Fig. ?B). For example, small-size
copepods increased their average biomass in terms of
carbon from 46 mg C m-2 in January 1997 to 141 mg C
m-' in January 1998. Also, euphausiids decreased their
average biomass from 777 mg C m-2 in January 1997 to
195 mg C m-' in January 1998.
Our results suggest that during El Niiio conditions
(January 1998), a larger amount of the generated PP
was channelled through ingestion by small-size animals than during pre-El Nirio conditions (January
1997) in coastal waters off Antofagasta. During El Nino
events a positive thermal anomaly might impose stress
conditions to several planktonic communities. It has
been shown that stress tends to reduce the average
size of the organisms in communities (Rodriguez &
Mullin 1986).Such a shift may be the result of a transi-

tory competitive advantage of small, opportunistic species or the result of size-selective predation of large
individuals (Kerfoot 1974, Steele & Frost 1977). Our
observations support the former explanation: a concomitant shift in the size spectrum of phytoplankton
towards small sizes (nano- and picoplankton) was
observed in the study area (Gonzalez et al. 1998).The
dominance of pico- and nanoplankton would favor the
development of organisms capable of catching such
tiny prey. Small-size calanoid and cyclopoid copepods
and pelagic tunicates (i.e. larvaceans or salps) might
satisfy such requirements. Predation of chitinous zooplankton by gelatinous carnivorous organisms was
very high because huge numbers of siphonophores
and chaetognaths were found. However, we discard
the idea of a size shift because of selective predation
on large-size organisms because we also studied the
diet of carnivore gelatinous organisms (siphonophores,
medusae) and found mainly cyclopoid and small-size
calanoid copepods as the main food items (F. Pages
unpubl. data). A fact that would favor a selective shift
towards large-size organisms.
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