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Biochemical conditions and taxonomic composition of size-fractioned mesozoo-
plankton were studied after a cruise conducted in September 2015 between the Chilean
coast (70◦W) and Easter Island (110◦W) within the central south Pacific gyre. Taxonomy
was assessed with an automated method based on image analysis and biochemical
conditions assessed by analyses of C and N contents and stable isotope composition.
Based on surface Chlorophyll-a levels, four regions were distinguished across the zonal
gradient: eutrophic (Chilean upwelling zone), mesotrophic (Coastal Transition Zone),
oligotrophic (open ocean water) and ultraoligotrophic (central south Pacific gyre). The
zones had marked differences in temperature, oxygen, salinity and Chlorophyll-a, and
they also exhibited significant differences in zooplankton composition, C/N ratios and
δ13C and δ15N for all size fractions of zooplankton. Variability in the sources of C
and N, linked to biogeochemical processes, such as new production and denitrification
in the upwelling zone, potential diazotrophy, highly regenerated C and N and extreme
oligotrophy (N-deficiency) in oceanic areas, are suggested as the key drivers of these
differences. Our findings also suggest a strong coupling between taxonomic and size
zooplankton-diversity and the sources of nutrients that fuel phytoplankton, the major
food source for zooplankton. Although multiple factors and processes can modulate C
and N and their isotopes composition of zooplankton biomass, our study shows that
changes in community structure are linked to different biogeochemical regions across
the zonal gradient, providing the basis for ecological zonation associated with nutrient
utilization at lower trophic levels.

Keywords: zooplankton, community structure, stable isotopes, carbon, nitrogen, ecoregions

INTRODUCTION

The eastern South Pacific region is characterized by a strong coastal-offshore oceanographic
gradient from the highly productive (eutrophic) coastal upwelling zone toward the oligotrophic
and even ultraoligotrophic region in the central south Pacific gyre (Raimbault and Garcia, 2008;
Von Dassow and Collado-Fabbri, 2014; Moutin et al., 2017).
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A substantial amount of research has been conducted on the
functioning and structure of the eastern boundary upwelling
system (EBUS) off Chile (e.g., Cury et al., 2000; Daneri et al.,
2000; Hormazabal et al., 2001), including the mesotrophic coastal
transition zone (CTZ) (Morales et al., 1999, 2010). However,
the vast oceanic oligotrophic region remains largely unknown
(Von Dassow and Collado-Fabbri, 2014). A few expeditions have
reported the plankton composition in the region (Fagetti and
Fisher, 1964; Hernández et al., 2005; Palma and Silva, 2006),
although there is a lack of knowledge on how these pelagic
communities can be sustained in terms of their sources of organic
C and N, considering the very low levels of primary production
(Raimbault and Garcia, 2008).

From the highly productive Chilean coastal zone to the
oceanic Easter Island (∼4,500 km from shore), and over this
oceanographic gradient, the plankton community is subject
to gradual, and sometimes abrupt changes in temperature,
oxygenation, salinity, pH, food quality and quantity, and possibly
to a variety of ecological and biogeochemical processes, such as
primary production, diazotrophy, denitrification among others,
altogether modulating their sources of nutrients supporting
the production of organic C and N (Raimbault and Garcia,
2008; Fernandez et al., 2011; Farías et al., 2013). However,
in spite of the strong variability in oceanographic conditions
observed over the zonal gradient of the eastern South Pacific,
only two biogeochemical provinces have been suggested for
the whole area which are characterized by globally unique and
distinguishable biogeochemical processes, corresponding to the
provinces of the Humboldt current coast and South Pacific
gyre (Oliver and Irwin, 2008; Longhurst, 2010; Reygondeau
et al., 2013). Within these provinces it is then possible to
distinguish ecoregions, being defined on the basis of species
composition and ecological dynamics. These features within
ecoregions are relatively homogeneous, and stable with respect
to the adjacent regions. In the eastern South Pacific the
suggested ecoregions are Central Peru, Humboldtian, Central
Chile, Araucanian, Juan Fernández and Desventuradas (Spalding
et al., 2007). Nevertheless, the ecological and biogeochemical
partitioning of the entire zonal gradient is unclear from the
point of view of the plankton community. For instance, the
interaction between the physical/biogeochemical gradient and
the zooplankton community structure is unknown for this large
region covering the area from the coastal upwelling zone up to the
central Pacific gyre. Understanding such interaction can provide
insights on the ecological and evolutionary processes controlling
diversity and adaptability of plankton to a changing ocean, both
in space and time.

Zooplankton plays an important role in the pelagic zone
because they are a key element in the transfer of organic matter
from primary producers to higher levels (Saiz et al., 2007). In
this respect, the study of the stable isotopes composition of C
and N in zooplankton can provide highly valuable information
to determine the sources of C and N being transferred through
the food web (Peterson and Fry, 1987). Furthermore, isotopes
are widely used as markers for depicting the food web and
trophic position of organisms, due to the enrichment of heavy
isotopes in the tissue of predators with respect to their prey, since

the light isotopes are mobilized with greater speed in chemical
reactions (Post, 2002; El-Sabaawi et al., 2013; Wang et al., 2014).
An important advantage of these analyses is that they can also
provide a quantitative characterization of the trophic niche of
species, communities or ecosystems (Layman et al., 2007, 2012).

In this study, we assessed the mesozooplankton community
structure (size and taxonomic composition) along the coastal-
offshore gradient, their size-fractionated C and N contents,
and corresponding (δ13C and δ15N) in relation with the zonal
variability in temperature, salinity, oxygen and Chlorophyll-a.
We aimed at elucidating how changing oceanographic
conditions across the coastal-offshore gradient and different
biogeochemistry processes determining the sources of C and N
affecting the food resource of zooplankton, can influence their
biochemical conditions and community structure.

MATERIALS AND METHODS

Oceanographic Survey
The CIMAR-21 cruise was carried out during 01–30 October
2015 onboard the Chilean R/V Cabo de Hornos. The cruise
surveyed the transect between Caldera (27◦ S, 70◦50′ W) and
Easter Island (27◦10′ S, 109◦30′ W) covering 30 oceanographic
stations (Figure 1A). We performed zooplankton sampling in
17 stations as indicated in Figure 1. At each station a Rosette-
CTDO was deployed to a maximum depth of 1,500 m to obtain
vertical profiles of temperature, salinity and dissolved oxygen.
Water samples were also obtained at 15 depths for chemical
analyses of oxygen, salinity and nutrients. At the zooplankton
stations a Hydrobios Multinet Midi type of 0.25 m2 opening
mouth was vertically hauled from 800 m to surface. The Multinet
had five nets 200 µm mesh-size which were electronically opened
and closed at five depth strata: 0–100, 100–200, 200–400, 400–
600 and 600–800 m. Hauling speed was 1 ms−1 and the samples
were collected at different times of the day and likely different
light conditions (Table 1). There were five stations sampled at
nighttime conditions Once onboard, samples were collected in
buckets and depending on the amount of zooplankton they were
split in two fractions; one fraction was immediately preserved in
10% formalin and the second fraction was frozen at−20◦C for C
and N measurements. Small samples were frozen as whole.

Zooplankton Analyses
In our study, we used samples from the two upper layers, i.e.,
0–100 and 100–200 m. Frozen samples from these strata were first
thawed and both mixed to increase the amount of zooplankton.
Half of this sample was preserved in formalin for analysis of
composition. Samples were first diluted with filtered seawater
(GF/C filters) and then fractioned in five size classes using sieves.
The sieves were 2,000, 1,000, 500, 200 and 60 µm, so that the
following size classes were defined: <200 µm, 200–500 µm,
500–1,000 µm, 1,000–2,000 µm, >2,000 µm. All fractionated
samples were then received onto pre-weighed GF/C filters, dried
in an oven at 70◦C for 48 h. Each filter sample was removed with
a spatula and homogenized with a pestle to have a dry weight
of about 1 mg to feed an elemental analyzer (Flash EA2000)
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FIGURE 1 | The eastern south Pacific region where the CIMAR-21 cruise was carried out in October 2015: (A) representation of the sampling stations across the
four study zones defined from satellite chlorophyll-a levels as: coastal upwelling area (CUP-Z), the mesotrophic coastal transition zone (CTZ), the oligotrophic area
(OLIGO-Z) and the ultra-oligotrophic region (U-OLIGO-Z), (B) satellite surface temperature and geostrophic surface currents during the cruise.

coupled with a mass spectrometer isotope ratio (DELTA V
The IRMS). Abundance values of natural stable isotopes were
reported as δ15N or δ13C (h) relative to atmospheric nitrogen
and Vienna Pee Dee Belemnite, respectively (Coplen, 2011).
The associated isotopic error was 0.218 and 0.43h for Nitrogen

TABLE 1 | Description of the sampling stations used for the study from the coast
to open ocean waters.

Station Distance from Depth

longitude shore (km) Zone (m) Date Time

1 70◦52′ 4.4 CUP-Z 130 10-13–2015 20:50

4 71◦12′ 104.5 CUP-Z 2900 10-14-2015 14:00

5 71◦46′ 211.1 CUP-Z 6700 10-15-2015 1:15

8 74◦35′ 614.5 CTZ 4250 10-16-2015 4:10

9 76◦05′ 757.8 CUP-Z 4041 10-16-2015 19:20

10 77◦34′ 947.9 CUP-Z 2981 10-17-2015 8:00

11 79◦04′ 1091.2 CUP-Z 1944 10-17-2015 23:30

12 80◦35′ 1275.7 CUP-Z 3980 10-18-2015 14:00

13 82◦05′ 1386.8 CUP-Z 4200 10-19-2015 3:00

14 83◦32′ 1609.0 CUP-Z 3700 10-19-2015 16:11

16 86◦32′ 1942.4 OLIGO-Z 3700 10-20-2015 13:40

18 89◦34′ 2275.8 OLIGO-Z 3700 10-21-2015 12:13

20 92◦36′ 2609.1 OLIGO-Z 3700 10-22–2015 12:20

24 98◦38′ 3053.6 OLIGO-Z 3600 10-24-2015 7:38

28 104◦36′ 3942.5 U-OLIGO-Z 2720 10-26-2015 17:03

30 107◦34′ 4164.8 U-OLIGO-Z 2356 10-27-2015 13:30

64 105◦49′ 4220.3 U-OLIGO-Z 1440 11-01-2015 11:30

The transect was performed at the latitude 27◦S and both zooplankton and CTD
profiles were obtained at each station.

and Carbon, respectively. In turn, the error associated in the
elemental analysis was 0.001 and 0.01 mg for Nitrogen and
Carbon correspondingly, as assessed by a linear regression. The
standard used for this calculation was Acetanilide, which contains
71.10% carbon and 10.36% nitrogen. For the calculation of
the isotopic proportion, we used four previously standardized
internal standards, Acetanilide, Atropine, Caffeine, Organic
Sediment and Glutamic Acid. Determination of the isotopic
composition and elemental contents were performed by LABASI
Laboratory of Biogeochemistry and Applied Stable Isotopes of
the Pontificia Universidad Católica (Chile). A high variation in
lipid content in zooplankton samples was obtained, as shown in
the value of the ratio C:N > 3.5. Therefore, δ13C values were
normalized (δ13Ccorr) using an empirical relationship with the
sample C:N value (by weight) as determined by meta-analysis
with data from aquatic animals (Post et al., 2007): δ13Ccorr = δ13C
−3.32+ 0.99 C:N.

All the samples preserved in formalin were analyzed by a
ZooScan Hydroptic to obtain digitized images of samples which
were thereafter processed with ZooProcess software V1.5. This
automated method to analyze zooplankton is based on the
RAPID approach (Benfield et al., 2007) which allows us to obtain
size distribution of zooplankton and identification and counting
of major dominant taxonomic categories. For this, samples are
scanned with a resolution of 2,400 dpi with no staining.

Data Analysis
Using satellite data of Chlorophyll-a (Chla), available for
the cruise period from (https://oceancolor.gsfc.nasa.gov/), we
defined four zones in according to observed ranges of
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surface Chla: the eutrophic zone corresponding to the coastal
upwelling area off Chile with Chla >0.5 mg m−3 (CUP-Z),
the mesotrophic CTZ with a Chla range of 0.1–0.5 mg m−3,
the oligotrophic area (OLIGO-Z) with a Chla range of 0.05–
0.10 mg m−3, and the ultra-oligotrophic region (U-OLIGO-
Z) corresponding to the central south Pacific gyre with Chla
concentrations <0.05 mg m−3 (Figure 1A). Satellite surface
Chla were obtained. Complementary satellite data on sea surface
temperature was obtained from the NASA’s Ocean Biology
Processing Group (OBPG) https://oceancolor.gsfc.nasa.gov/, and
surface geostrophic current also from www.aviso.altimetry.fr
(Figure 1B). All data used for the Chla, temperature and
geostrophy maps were daily averages for the sampling period,
13–27 October 2015, and covered the area surrounding the
oceanographic transect.

Variability in zooplankton abundance, biomass, size-fractions,
C and N contents and δ15N and δ13C, as well as for oceanographic
variables, across the four zones were examined, and differences
tested by means of Kruskal–Wallis and GLM (General Linear
Models) using the software SYSTAT 12 (Systat Software Inc.,
San Jose, CA, United States). In most cases, log-normalized
variables were used for GLM and in other cases we used the
non-parametric test Kruskal–Wallis, due to significant deviations
from normality and homogeneity of variance, as examined by the
Shapiro–Wilks and Levene tests, respectively. The post hoc tests
used were those of the Pgirmess package of R, which performs
multiple Tukey’s range comparisons after Kruskal–Wallis test
(Dickinson and Chakraborti, 2003) and the Games-Howell Test
to perform paired comparisons in the case GLM.

The use of different resources by zooplankton size classes
in each zone was investigated by estimations of the isotopic
niche. For this analysis, the niche amplitude was calculated from
the space delimited by the values of δ15N vs δ13Ccorr for all
study areas and size classes with the SIBER package developed
in the R program (Jackson et al., 2011). The standard ellipses
calculated could thus represent the distinct food sources and their
utilization (Layman et al., 2007, 2012). Layman metrics (Layman
et al., 2007) were estimated to describe these ellipses, as follows:
NR: range of δ15N (diversity of trophic levels and nitrogen
sources), CR: range of δ13Ccorr (diversity of carbon sources),
TA: total area of the convex hull encompassing all data points
(trophic diversity and niche size), CD: centroid distance (average
measure of trophic diversity among consumers), MNND: mean
distance to the nearest neighbor (trophic redundancy, lower
when isotopic niches are similar) and SDNND: SD of distance
to the nearest neighbor (trophic equality). Maximum likelihood
estimates of ellipse areas were used for graphical representation
while estimates of niche overlap were made from ellipses
encompassing 95% of data. Niche width was estimated using
Bayesian inference of the standard ellipse areas to account for
the uncertainty in sample data (Jackson et al., 2011) after 104

estimations per ellipse.
The variability in community structure across the study

area was studied from the taxonomic categories provided
from the ZooScan analysis, expressed in individuals m−3. The
community structure was assessed by means of multivariate
analyses performed with PRIMER v.7 (Clarke and Gorley, 2006).

First, we evaluated similarities within and between zones in terms
of relative abundance. A cluster analysis and multidimensional
scaling (NMDS) were done after a fourth root transformation
of data, with the Bray-Curtis index as a distance measurement.
Second, ANOSIM was used to test the hypothesis that community
structure and abundance of zooplankton differed among zones.
Finally, the differences or similarities between the study areas
were further assessed with SIMPER (percentages of similarity).

RESULTS

Oceanographic Characterization
Temperature of the water column throughout the coast-offshore
gradient (Figure 2A) showed that the upper layer ranging
between surface and 50–300 m, depending on the region,
accounted for most of the variation. This layer was approximately
delimited by the 14◦C isotherm. The CUP-Z had the lowest near-
surface temperature (<15◦C) over a narrow upper layer of less
than 100 m. The CTZ showed a temperature range between 16
and 18◦C within the upper 200 m with presence of a surface
front at about 78◦ W. The OLIGO-Z was more extensive and its
temperature in the upper 200 m varied between 18 and 19◦C,
whereas the U-OLIGO-Z exhibited a surface warming reaching
down to 300 m depth, and a temperature maximum of about
21◦C at the surface. Mean temperature at 10 m depth was
significantly different between zones (p < 0.001) and post hoc
tests indicated that OLIGO-Z and U-OLIGO-Z were not different
in temperature (Table 2). Contrasting with temperature, salinity
exhibited a greater variation, both over the horizontal and vertical
gradients in the upper 1,000 m, characterized by a large and very
extensive low salinity (<34.4) water mass located between ca. 300
and 1,000 m, becoming shallower toward the coast. In the upper
200 m, low salinity water (<34.6) prevailed in the CUP-Z and
in the CTZ, whereas in the U-OLIGO-Za high salinity (>35.5)
water mass dominated the upper 200 m intruding the western
part of the OLIGO-Z (Figure 2B). Surface salinity among zones
was also significantly different (test, p< 0.001), although post hoc
tests showed no differences between OLIGO-Z and U-OLIGO-
Z (Table 2). Distribution of dissolved oxygen showed a strong
variation within the CUP-Z and the CTZ in the 400 m, reflecting
the presence and distribution of the oxygen minimum zone
(OMZ) in these areas and marking the western limit of the CTZ
(Figure 2C). Mean oxygen in the upper 100 m was significantly
different among zones (test, p < 0.001), except that CUP-Z
and U-OLIGO-Z had no difference and the same was found
for OLIGO-Z and U-OLIGO-Z, in according to post hoc tests
(Table 2).

Maximal zooplankton biomass was found in the upwelling
zone (Table 2), decreasing abruptly toward the central gyre
with extremely low values (<1% compared to the upwelling
zone). Temperature, salinity and oxygen all increased toward the
oceanic region, while surface Chla sharply decreased down to less
than 0.1 mg m−3 in the OLIGO-Z and U-OLIGO-Z. Fractionated
biomass showed that large-sized classes (>1,000 µm) had lower
values than small ones (Table 3). Mean C:N ratios tended to
appear higher (>7) in the small size class, but also in the largest
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FIGURE 2 | Hydrographic conditions of the water column across the zonal gradient from the Chilean coast to Easter Island from CTDO profiles to 1,000 m:
(A) temperature, (B) salinity and (C) dissolved oxygen (mL L−1).

one, whereas intermediate size classes had C:N mean ratios <6.
Mean values varied in rather narrow ranges of −18.0 and −19.7
and 9.0 and 11.0, respectively (Table 3).

When including all sampling stations from the four zones,
a GLM showed that zooplankton differed significantly in the
C:N ratio (p = 0.01), δ13Ccorr (p = 0.01) and δ15N (p = 0.00)
between zones (Table 4). However, size fractions of zooplankton
only showed significant differences in the C:N ratio (p < 0.01)
(Table 4). For instance, the C:N ratio strongly varied across
the zonal gradient in all size classes, characterized by lower

C:N ratios in the coastal zone with values between 4 and 7,
and then incrementing toward offshore, reaching maximum
values of ca. 15 in the OLIGO-Z in the >2,000 µm fraction,
although an abrupt decrease in C:N was detected in the 1,000–
2,000 µm fraction at the station near Easter Island (Figure 3A).
In general, small size fractions (<500 µm) showed greater C:N
ratios (7.5–14.0), whereas larger size classes (>500 µm) showed
more variation between stations within zones. When comparing
C:N ratios between zones, it was found that CUP-Z and CTZ
were not different to each other (Test, p > 0.05), but CUP-Z was
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TABLE 2 | Mesozooplankton biomass (mean ± SD) and hydrographic variables in the four study regions.

Zone Biomass (mg C m−3) n T-10 (◦C) Sal-10 DO (0–100 m) (mL L−1) Chla-S (mg m3)

CUP-Z 4.84 ± 4.72(b) 15 17.88 ± 1.70(b) 35.03 ± 0.43(b) 5.03 ± 1.00(a) 0.70 ± 1.97(b)

CTZ 0.58 ± 0.32(c) 35 17.91 ± 1.63(c) 35.01 ± 0.42(c) 5.13 ± 0.89(c) 0.56 ± 1.74(c)

OLIGO-Z 0.18 ± 0.10(a) 20 18.02 ± 1.65(a) 35.05 ± 0.42(a) 5.11 ± 0.90(b) 0.57 ± 1.77(a)

U-OLIGO-Z 0.09 ± 0.05(a) 15 18.07 ± 1.71(a) 35.07 ± 0.45(a) 5.10 ± 0.91(a,b) 0.58 ± 1.78(a)

Mesozooplankton biomass is from the upper 200 m. n = samples size, T-10 and S-10 are temperature and salinity at 10 m depth, DO is the mean dissolved oxygen in
the upper 100 m, and Chla-Sis surface Chlorophyll-a. Post hoc tests were performed using the Tukey’s range test for each variable analyzed. The combination of letters
for each variable by zone indicates significant differences vs non-significant differences.

different from the U-OLIGO-Z (Test, p = 0.05), as well as CTZ
from the U-OLIGO-Z (Test, p < 0.05). Pairwise comparisons
between zones for isotopes composition showed that for δ13C
even though there significant differences among zones as found
by GLM (Table 4) the Games-Howell Test was unable to detect
the pairwise differences (Test, p > 0.05), possibly because the
variance within zones was too high. In the case of δ15N the
pairwise comparisons test showed that OLIGO-Z and U-OLIGO-
Z did not differ (Test, p > 0.05), while all the others significantly
differed to each other (Test, p< 0.05).

The distribution of δ13C across the zonal gradient showed
variable patterns, depending on the size fraction, although most
fractions exhibited a greater value at the upwelling, a reduction
in the CTZ and then higher values again toward the open
ocean (Figure 3B). Different patterns were observed in the zonal
distribution of δ15N, with a downward trend toward offshore
observed in all size fractions (Figure 3C). There was a remarkable
sharp decrease in δ15N from the last portion of the CTZ to the
OLIGO-Z and U-OLIGO-Z areas with most values of <5h.
A similar pattern through all size classes suggested the same
source of N for zooplankton in these areas.

From GLM analysis differences in C:N ratios and isotopes
composition of C and N size fractions were compared. Within
the different size fractions, significant differences were observed
only in C:N ratio (p = 0.00). Post hoc analyzes indicated that
the fraction <200 µm was significantly different from the other
four fractions (Test, p ≤ 0.05). Also significant differences
were observed between the fractions >2,000 µm and the
intermediates size classes (1,000–2,000 and 500–100 µm) (Test,
p ≤ 0.05).

Isotopic Niches
The samples projected on the isospace of δ15N and δ13C,
showed distinct patterns between zones, with a greater range
in δ13C in CUP-Z and U-OLIGO-Z, and a maximum of
δ15N in CTZ (Figure 4). In the CUP-Z and CTZ zones,
values of δ15N were >10h, but in other zones, such
as OLIGO-Z and U-OLIGO-Z some samples could reach
values <2h. The ellipses of the five fractions for the four
zones revealed different distributions, depending on functional
groups (size fractions) and the zone, but it also evidenced a
large overlapping among ellipses, with the exception of the
U-OLIGO-Z (Figure 4).

The Layman metrics, of the Bayesian approximation of the
ellipses for the four study areas, revealed that in the OLIGO-Z

TABLE 3 | Size-fractioned zooplankton biomass (mean ± SD) and their isotopes
composition of C and N. Biomass is in terms of C, the C/N ratio and isotopic
composition of δ13C and δ15N.

Size fraction Biomass

(µm) (mg C m−3) C:N δ13Ccorr δ15N n

<200 0.26 ± 0.61 9.10 ± 2.98 −17.98 ± 2.91 8.96 ± 3.77 17

200–500 0.21 ± 0.51 5.89 ± 1.14 −19.58 ± 2.40 10.15 ± 2.98 17

500–1,000 0.17 ± 0.38 5.37 ± 1.08 −19.68 ± 2.09 11.04 ± 2.58 17

1,000–2,000 0.14 ± 0.22 4.93 ± 0.94 −19.67 ± 1.45 10.82 ± 3.86 17

>2,000 0.11 ± 0.13 7.90 ± 3.14 −19.04 ± 2.22 9.64 ± 5.06 17

n, sample size.

TABLE 4 | A Generalized Linear Model (GLM) to test the effect of size fractions
and zone on C:N ratio and isotopes composition of C and N of mesozooplankton
across a zonal gradient in the eastern south Pacific.

Source and variation dependent D.F. F-ratio p

Fraction C:N 4 12.09 0.00∗∗∗

δ13Ccorr 4 1.76 0.15

δ15N 4 1.43 0.23

Zone C:N 3 6.37 0.01

δ13Ccorr 3 4.09 0.01

δ15N 3 28.61 0.00∗∗∗

∗∗∗, highly significant effects.

and U-OLIGO-Z zones there is a potential greater number of
trophic levels, and nitrogen sources when compared to the other
zones (higher NR). In terms of C sources, only the region
U-OLIGO-Z showed large variability (higher CR). From the
TA values, the OLIGO-Z and U-OLIGO-Z zones, revealed that
these regions have a large trophic diversity and niche amplitude
(higher TA), and thus differing from the coastal area. The mean
trophic diversity among consumers (CD) showed higher values
mainly in U-OLIGO-Z, being slightly higher in the OLIGO-Z.
The highest similarity in isotopic niches (low MNND) was
observed in the CUP-Z and CTZ zones, while the more
oceanic areas showed greater values. The distribution of trophic
diversity (SDNND) was more uniform in the U-OLIGO-Z
zone, and to a lesser extent in the OLIGO-Z with respect
to the other ones (Table 5). As most of the variation
in isotope composition was found between zones, Bayesian
estimates of the ellipse areas by zones (all size-classes combined)
indicated a large similarity of the isotopic niche between
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FIGURE 3 | Biochemical variables of size-fractioned zooplankton across the
zonal gradient: (A) C:N ratio, (B) stable carbon isotopes (δ13C), (C) stable
nitrogen isotopes (δ15N).

the coastal zones on one side and between the oligotrophic
zones on the other side (Figure 5). Niche overlap was
generally <20% for most zones but increased for neighboring
zones, and even exceeded 50% in the oligotrophic region
(Table 6).

Zooplankton Communities
When analyzing the zooplankton community by the automated
approach using a ZooScan, it was found that 19 taxonomic
categories could properly the composition in terms of major

groups. However, 9 of them appeared as mostly controlling
the total abundance for all samples. Small sized copepods
(<1.5 mm), followed by large size copepods (mainly > 2 mm),
were the most abundant organisms at all regions, and with
greater abundances in the CUP-Z and CTZ (Figure 6). In
terms of relative abundance, the prevalence of small copepods
and salps increased in open ocean waters. Some taxonomic
groups did not show large variations in their abundance across
of the study area, such as chaetognatha, appendicularia and
eggs (mainly fish eggs). While others were more abundant
in specific areas, such as euphausiids in the CUP-Z region
(Figure 6).

For a more detailed analysis of the zooplankton community
structure, associated with the four regions, a multivariate
community analysis was performed with PRIMER (V. 7).
Cluster analysis (Figure 7A) showed that the CUP-Z clearly
separates from the other zones, but also with strong internal
variation, whereas the CTZ exhibited a more homogeneous
pattern (>80% similarity). The OLIGO-Z tended to mix with
CTZ and U-OLIGO-Z. The latter also formed a separate
cluster, although it became mixed with the OLIGO-Z.
ANOSIM showed significant segregation of the four zones
(Figure 7B) with R = 0.482 and a significant level of
0.08%, indicating that the community structure between
zones are different, as based on the automated taxonomic
analysis.

DISCUSSION

Our observations clearly showed a heterogeneous environment
across the coast-offshore gradient, characterized by either gradual
or abrupt changes in physical, chemical and biological variables.
These results are consistent with previous observations (e.g.,:
Palma and Silva, 2006; Dolan et al., 2007; Raimbault and
Garcia, 2008; Cornejo et al., 2015). It is important to consider
that boundaries of our proposed zones were arbitrary and
based on surface Chla levels, so that the areas occupied
by each zone were very different. For instance, the CUP-
Z represented only 5% of the sampled region, the CTZ
38%, the OLIGO-Z 72% and the U-OLIGO-Z 7%. This
arbitrary division of zones was intended to represent potential
biogeochemical regions, in the sense that distinct processes
could determine the sources of C and N. These processes
refer for example to nitrogen fixation (Montoya et al., 2004;
Espinasse et al., 2014; Hunt et al., 2015), denitrification
(Dalsgaard et al., 2012), oligotrophy vs eutrophy and the
ratio between new and regenerated production (Dugdale and
Goering, 1967), and outgassing driven upwelling, among
others.

However, variability in biochemical conditions of zooplankton
may not only depend on the sources of nutrients, but also on the
prevailing environmental conditions and also on some ecological
processes. For example, physiological and nutritional conditions
of organisms can be modified by factors, such as oxygenation
(Seibel, 2011), temperature (Atkinson, 1994), pH (Yamada and
Ikeda, 1999). In the same context, food conditions are critical
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FIGURE 4 | Layer isospaces of five size fractions for δ13C and δ15N, including the individual measurements of the samples for each zone: (A) CUP-Z, (B) CTZ,
(C) OLIGO-Z and (D) U-OLIGO-Z. The maximum likelihood calculated of standard ellipse areas for each size fraction (continuous line).

TABLE 5 | Layman metrics (mean ± SE) estimated by a Bayesian approach from
the area defined by δ15N and δ13C of mesozooplankton for four study zones (all
size-clases combined).

Zones CUP-Z CTZ OLIGO-Z U-OLIGO-Z

Metric Mean SE Mean SE Mean SE Mean SE

NR 2.47 0.019 2.70 0.009 5.98 0.014 5.30 0.020

CR 2.66 0.019 1.46 0.008 3.28 0.015 6.20 0.020

TA 2.84 0.038 1.99 0.013 9.24 0.055 12.26 0.080

CD 0.95 0.007 1.04 0.003 2.50 0.005 3.16 0.007

MNND 0.96 0.006 0.73 0.003 1.99 0.007 2.30 0.008

SDNND 0.45 0.008 0.18 0.003 0.73 0.007 1.12 0.008

NR (h): δ15N range, CR (h): δ13C range, TA (h): total area of the convex
hull encompassing all data points, CD (h): centroid distance, MNND (h): mean
distance to the nearest neighbor, SDNND (h): SD of the distance to the nearest
neighbor.

for determining physiology and nutrition of zooplankton. Both
food quantity and quality play a key role in that sense (e.g., Hirst
and Bunker, 2003; Vargas et al., 2006), through food availability,
feeding behavior and selectivity (DeNiro and Epstein, 1978).
Body composition and structure (e.g., quitinous/gelatinous) may
also affect nutrient composition, including the isotopes signals
(Webb et al., 1998). Life cycles and ontogenia can also cause
variation in physiological and nutritional conditions (Tibbets
et al., 2008). All these integrated processes may ultimately affect

FIGURE 5 | The standard ellipse areas (SEAB) for the plankton communities
considered in this study and computed from the Bayesian multivariate
distributions fitted to the original isotope data for each zone (all size-classes
combined). The modes (white dots) and the intervals encompassing 50, 95,
and 99% of the estimations (shaded boxes) are indicated.

the C:N ratios and isotopes composition. However, we postulated
that the main sources of C and N, which in turn depend on the
above defined biogeochemical regions, are the key driving force
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TABLE 6 | Mean ± SE overlap [expressed as a fraction (%) of the non-overlapping
area] between estimates of ellipses encompassing 95% of isotope data (all
size-classes combined) of the different zones showed in Figure 4.

CTZ CUP-Z OLIGO-Z U-OLIGO-Z

CTZ –

CUP-Z 20.07 ± 0.03 –

OLIGO-Z 24.17 ± 0.05 17.07 ± 0.03 –

U-OLIGO-Z 12.81 ± 0.03 15.02 ± 0.03 54.42 ± 0.10 –

for determining such biochemical features. As supporting this
hypothesis, we found that C:N ratios, for all size fractions, were
similar between CUP-Z and CTZ, but different when those of the
OLIGO-Z and U-OLIGO-Z which exhibited much higher values.
Elevated C:N ratios in zooplankton tissue in both oligotrophic
areas may be explained by a N-deficiency upon more sable levels
of C. N-deficiency is a well-known characteristic in open ocean
areas of the Eastern South Pacific (Altabet et al., 2012; Stramma
et al., 2013; Cornejo et al., 2015). However, C:N ratios >3.5 in all
fractions can indicate excess of lipids in animal body (Post, 2002;
Smyntek et al., 2007). Lipid storage is probably a strategy against
food shortages (Lee et al., 2006), resulting in higher C:N ratios in
oceanic regions. In both cases, N-deficiency and food shortage are
processes triggered by an extreme oligotrophic condition which is
one of our criteria to define biogeochemical zonation.

When comparing the zones in terms of isotopes composition,
the patterns varied between δ13C and δ15N. From the isospaces
and Layman metrics (Figure 4 and Table 5) it was found that
the range of δ13C differed between zones, suggesting a variable
origin of C for zooplankton biomass across the zonal gradient.

A highly regenerated source of C for zooplankton biomass may
be expected in the open ocean (Williams, 1981; Wollast, 1998;
Del Giorgio and Duarte, 2002), compared to the upwelling
zone where the major source of C is freshly uptaken from
an atmospheric source (Gruber et al., 1999; Mompeán et al.,
2013). Also in the upwelling zone greater δ13C can be found
after dominance of diatoms which exhibit a range between −15
and −19 compared to −21 and −25 in dinoflagellates which
are more abundant in the open ocean (Nakatsuka et al., 1992).
The large variability in δ13C (but not in δ15N) observed in this
zone for all size fractions can be interpreted as the consequence
of the dynamics of upwelling, stimulating diatom blooms near
the coast but also introducing phytoplankton species from the
neighboring CTZ region, where diatom abundance is expected
to be lower. Finally, higher values of CR found in the oceanic
areas show a variable source of C. However, it was not possible to
differentiate if the source of C was preferentially from diatoms or
dinoflagellates, as in other studies (e.g., Perry et al., 1999), because
in the oligotrophic zone the phytoplankton may not cover the
required carbon demand by zooplankton (Zhang et al., 1995),
and therefore zooplankton compensate this deficiency by feeding
on microzooplankton (Kleppel, 1993; Calbet and Landry, 1999;
Calbet and Saiz, 2005) which would translate in changes in δ13C.
Moreover, potential advection of organisms from coastal areas
could also cause variability in the source of C by mixing processes
(Gruber et al., 1999).

In turn, δ15N clearly decreased toward the open ocean
suggesting a changing source of N for zooplankton across the
zonal gradient. A variable source of N might be related to
the type of food for zooplankton feeding. Even though our
zooplankton size fractions may be comprised by a variety of

FIGURE 6 | Variation in relative abundance (%) of the most abundant taxonomic categories sampled during the cruise CIMAR-21 from the Chilean coast to Easter
Island for a depth strata 0–200 m. The taxonomic categories were assessed by automated analysis (ZooScan). Four study zone were defined: CUP-Z, CTZ,
OLIGO-Z and U-OLIGO-Z.
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FIGURE 7 | Cluster analysis of taxonomic groups of zooplankton from the upper 0–200 m over the zonal gradient from the Chilean coast to Easter Island (A)
similarity distance was Bray Curtis. Non-metric multidimensional scaling graph (NMDS) based on the Bray-Curtis distance index of 4

√
x transformed from the

abundance data of the taxonomic groups (B). Both analyses were associated with four zones across the zonal gradient: Eutrophic (CUP-Z), Mesotrophic (CTZ),
Oligotrophic (OLIGO-Z) and Ultra-oligotrophic (U-OLIGO-Z).

trophic behaviors (carnivorous or herbivorous) the ultimate N
source should mostly be phytoplankton, probably derived from
diazotrophy, as reflected in the low values of δ15N. This can
thus be interpreted as evidence for presence of atmospheric
nitrogen being fixed by phytoplankton and channeled to the
tropic web (McClelland et al., 2003; Mompeán et al., 2016).
There are, however, other processes potentially modifying δ15N.
For instance, in oligotrophic environments nitrate inputto the
photic zone may occur by diffusion through the pycnocline
(Mouriño-Carballido et al., 2011; Fernández-Castro et al., 2015)

providing N for new production with low δ15N. Furthermore,
diel vertical migration (DVM) of large-size zooplankton would
facilitate the access to different preys causing variability
in isotopic composition of zooplankton in large-size classes
compared to smaller fractions (Cartes et al., 2007; Agersted et al.,
2014). In any case, phytoplankton composition may have a key
role for determining biochemical and nutritional conditions of
nitrogen in zooplankton. Across the coastal-offshore gradient
it is known thatthe processes that modulate the availability of
nitrogen in the coastal zone differ to those of more oceanic
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areas, for example, presence of a shallow OMZ promotes the
denitrification process in the upwelling zone (Thamdrup et al.,
2006; Galán et al., 2009; Dalsgaard et al., 2013), favoring an
enrichment in δ15N.

With respect to ecological zonation across the zonal gradient,
we found that the zooplankton composition changes significantly
from the CUP-Z toward the U-OLIGO-Z. Our automated
analysis of zooplankton does not provide information on the
species composition, but only on the proportion and abundance
of different taxonomic categories. This proportion changes from
one zone to the other and most likely the species also do so
from the coastal area to the oceanic region, as seen for example
in euphausiids species (Riquelme-Bugueño et al., 2012) and
cnidaria (Palma and Silva, 2006). Species composition may also
influence the isotopic values of zooplankton due to variability in
trophic position in different zooplankton assemblages (Matthews
and Mazumder, 2003), and thus some of the variation in δ15N
may relate to changing species composition. Sampling method
is another potential source of variation for the zooplankton
composition. Depending on the sampling gear, mesh-size of the
plankton net and light conditions, DVM cannot be depicted
properly (see Harris et al., 2000 for review). Our Multinet targets
the mesozooplankton community which is mostly dominated
by copepods. In this group DVM is mostly restricted to
the upper 200 m and even shallower upon presence of the
OMZ (Escribano et al., 2009). More extensive DMV is mainly
performed by micronekton, including euphausiids and fish larvae
(Harris et al., 2000) which cannot be properly sampled by the
Multinet. Therefore, within the upper 200 m we have assumed
that our mesozooplankton community is adequately represented
by our sampling protocol. In sum, changes in community
structure can be driven by a variety of denso-dependent
and denso-independent ecological processes, including potential
sources of variation due to sampling methods, all of them
shaping the observed spatial pattern of species distribution and
diversity.

Because of the large difference in productivity and resources
between the zones identified, the size of the isotopic niche
was also very variable. Relatively small niches were obtained
for the plankton communities samples in the coastal zones, as
the availability of feeding resources will allow for specialized
feeding on prey of similar isotopic composition. Grazing on
phytoplankton is a dominant process in these zones and this
is indicated by the composition of the copepod community
(Morales et al., 2010). Indeed, our results showed a relatively
large homogeneity in composition for the CTZ. In contrast,
oligotrophic zones had large isotopic niches, mainly due to a
large variability in δ13C, and resulted also more variable in
taxonomic composition than the coastal zones. Opportunistic

feeding on prey that are scarce (i.e., low plankton biomass) and
diverse would cause large variations in the isotopic composition
of both prey and consumers, and therefore would produce large
isotopic niches. Similar results were found in plankton from deep
layers of the Atlantic, where the communities living in tropical,
oligotrophic zones showed isotopic niches of large size (Bode
and Hernández-León, 2018). From an ecological perspective, it
can be suggested that the U-OLIGO-Z, representing a special
ecosystem of the South Pacific central gyre, may be less sensitive
to a changing environment upon a greater plasticity of species to
exploit highly diverse resources.

In spite of the recognition that multiple factors and processes
can modulate C and N and their isotopes composition of the
zooplankton community, it is relevant to show that a changing
community structure and isotopic niche characteristics appear
linked to different biogeochemical zones, providing the basis for
ecological zonation and revealing that basic processes governing
nutrient recycling and availability can modulate the food web
at least at lower trophic levels. Lower availability of prey and
the prevalence of regenerated or atmospheric nitrogen sources in
the open ocean would likely explain these differences in isotopic
niches, and that would reflect mostly the opportunistic feeding of
zooplankton in oligotrophic regions. The proposed trophic zones
identified by both the isotopic and taxonomic approach could
serve as a framework for comparison of pelagic food webs across
large ocean regions.
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