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that have been described for ETP. In this paper, we evaluated the intra-annual and interannual variation

Keywords: of structure, richness, diversity, and similarity of the epipelagic copepod assemblage of Gorgona Island
Intertropical Convergence Zone (Colombian ETP) based on samples collected during six oceanographic campaigns carried out between
Panama bight 2010 and 2016. We found significant changes in the oceanographic conditions and abundance of
Colombian pacific copepods between periods and years. Seven significant clusters were identified: five for each sampled

Zooplankton period and two for the period of October 2010. Ditrichocorycaeus andrewsi, Oncaea clevei, Paracalanus

parvus, and Subeucalanus pileatus were the species with the greatest contribution to group formation.
Our results suggest that the intra-annual changes in the assemblage of epipelagic copepods recorded
in Gorgona Island are a consequence of the displacement of the Intertropical Convergence Zone
throughout the ETP during the year. This is due to the fact that during the periods of March they
respond to the entry of subsurface waters from the Ensenada de Panama, and during the periods of
October respond to the increase of the continental runoff on the pelagic environment of Colombian

ETP.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction et al., 2008; Rodriguez-Rubio and Giraldo, 2011; Corredor-Acosta
et al,, 2020), and even in continental insular locations such as

Copepods constitute one of the most abundant groups within Gorgona Island, which is located in the southern CPB (Giraldo
zooplankton. They play a key role in the energy flow and dy- et al., 2008, 2011, 2014a; Lozano-Cortés et al., 2014; Osorio et al.,
namics of the pelagic environment and have been widely studied 2014; Sampson and Giraldo, 2014). When the ITCZ is located

to understand how the marine ecosystem works (Selander et al,  at its most southern position during the boreal winter, a shal-
2019; Campos et al., 2017; Jackson and Lenz, 2016; McKinnon lower thermocline (up to 7.5 m depth) has been recorded in the

and Duggan, 2014; Sampey et al., 2007). One of the main factors pelagic area of Gorgona Island while when the ITCZ is located at
affecting the distribution and diversity of marine species within Its most .northern position during the boreal SUMMEr d deeper
the Eastern Tropical Pacific (ETP) is the movement between 5°N thgrr?c(l)cllne (lu P to 47 m depth) has been recordefl n thlls resion
and 10°N of the Intertropical Convergence Zone (ITCZ) (Amador (OGlré_l. o et la "20210‘?_8'5 2011, 2014t1a,c;?z]3no—zc(;)]12es Fe ¢ tah., 2014;
et al.,, 2006; Kessler, 2006; Lavin et al., 2006). The effect of this I >, HAMpson ¢ LI €o, ). Furthermore,

. 3 . during this latter period, there is significant freshwater input to
atmospheric process has been detected in the eastern region of the pelagic system associated with Colombian ETP due to Guapi,
ETP, associated with the Panama Bight and Colombian Pacific

! ’ ' . Patia, and Sanquianga rivers runoff, located approximately 50
Basin (CPB) zone (Rodriguez-Rubio et al., 2003; Devis-Morales km from the island (Zapata, 2001; Restrepo-Lépez, 2006; Giraldo
et al., 2008; Blanco, 2009).
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abundance (Fernandez-Alamo and Firber-Lorda, 2006; Giraldo
and Gutiérrez, 2007; Murcia and Giraldo, 2007; Morales-Ramirez,
2008; Marquez-Rojas et al., 2009; Yang et al., 2017; Srichandan
et al,, 2018). Due to their abundance and to the fact that they
respond rapidly to variations in oceanographic conditions (Ca-
jaraville et al., 2016; Araujo et al., 2017; Jerez-Guerrero et al.,
2017; Miyamoto et al, 2017), copepods are used as a model
to understand spatial and temporal changes in mesozooplank-
ton assemblages (Gusmdo and McKinnon, 2009; Garzke et al,,
2015; Rice et al.,, 2015; Medellin-Mora et al., 2016; Miyamoto
et al.,, 2017). Moreover, these organisms play an important role
in energy transfer in marine trophic webs and represent the
largest component of secondary production in tropical marine
ecosystems (Lopez-Ibarra et al., 2014; Burd and Thomson, 2015;
Dias et al., 2015; Kozak et al., 2017).

According to McKinnon and Duggan (2014), copepods in trop-
ical environments find warm temperature conditions with low
chlorophyll concentrations. These conditions favor small-sized
copepods and short life cycles in diversity and abundance because
they can better exploit the microbial trophic web and suspended
particulate matter in the water column. However, other stud-
ies have reported that the structure of this assemblage could
vary as a function of other factors, such as seasonal changes
in phytoplankton biomass and salinity (Jagadeesan et al., 2013;
Medellin-Mora et al., 2016; Venkataramana et al., 2017), or even
by the influence of continental runoff and upwelling events that
increase food availability favoring mainly large-sized copepods
(Lépez-Ibarra et al., 2014; Escribano et al., 2016; Fontana et al.,
2016; Marquez-Rojas et al., 2016).

Based on this information, this study sought to expand the
knowledge on the dynamics of the epipelagic copepod assem-
blage associated to an insular location in the southeastern ETP,
Gorgona Island, Colombia. The following research questions were
raised. Did the taxonomic composition of the copepod assem-
blage around Gorgona Island change temporally as a response
to the variations in the local oceanographic conditions? and was
the abundance and assemblage structure of epipelagic copepods
related to the temporal variability in the local oceanographic
conditions around Gorgona Island?

2. Materials and methods
2.1. Study area

Gorgona Island (2°58'N-78°11'W) is located 36 km from the
continent in the southern Colombian Pacific (Fig. 1), with max-
imum depths of 90 m. The insular area (26 km?) and 617 km?
of surrounding marine area are part of the national system of
marine protected areas under the category National Natural Park
of Colombia (UAESPNN, 2005; PNN, 2018). The oceanographic cir-
culation in the area is influenced by the Panama Current and the
Colombia Current, creating a coastal surface circulation towards
the northwest of Gorgona Island, with approximate speeds be-
tween 14 and 90 cm min~"! (Diaz et al., 2001; Giraldo et al., 2008;
Osorio et al., 2014; Calle-Bonilla et al.,, 2017). In this area, the
annual average precipitation ranges between 4000 and 8000 mm,
resulting in at least 25 creeks (on average 0.06 m> s~!) flowing
into the ocean during the low precipitation season (December-
February) and another 70 creeks (on average 0.33 m? s~!) during
the season of greater precipitation (May-October) (Diaz et al.,
2001; Blanco, 2009; Giraldo, 2012; PNN, 2018).

The general oceanographic conditions at this location are un-
der the influence of a characteristic intra-annual variation. From
February to April the thermocline is found at depths between 8
and 24 m, superficial temperatures range from 26 to 28 °C, and
salinity ranges from 29 to 34.8. From May to January, the ther-
mocline is found at depths between 36 and 47 m, the superficial
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temperature is about 28 °C, and salinity ranges from 28 to 32.2
(Giraldo, 2008; Giraldo et al., 2008, 2014b; Sampson and Giraldo,
2014).

2.2. Sampling

Since 2005, the pelagic environment around Gorgona Island
has been sampled twice a year following a sampling grid of 24
equidistant stations around the island. To carried out the present
study, the outermost stations in the sampling grid were selected
(Fig. 1). These stations are located 6 km from the island and were
selected in order to reduce the effect of water runoff from the
island on the copepod species present in the pelagic environment.
Stations were sampled in October 2010, March 2011, March 2013,
October 2013, October 2015, and March 2016.

At each station, the water column transparency was assessed
with a Secchi disk and a continuous record of temperature and
salinity was obtained with a SeaBird-19 CTD profiler. Water sam-
ples were obtained at four standard depths (1 m, 10 m, 30 m,
50 m) using a 5-L Niskin bottle to quantify dissolved oxygen con-
centration using a YSI85 multiparametric probe. The superficial
chlorophyll-a concentration was estimated from MODIS AQUA
satellite data (weekly averages of spatial resolution of 4 km)
available on the NASA Giovanni portal (http://giovanni.gsfc.nasa.
gov/). Zooplankton samples were collected by performing 10-
min oblique tows down to an approximate 40 m depth, using
a 30 cm diameter bongo net with 300 wm mesh size and a
General Oceanic flowmeter to quantify the volume of filtered
water. Samples were fixed in a formalin-seawater solution at
a final 4% concentration and transported to the laboratory for
processing.

2.3. Laboratory work

Zooplankton samples were fractionated in the laboratory us-
ing a Motoda sample splitter (Motoda, 1959). The identification
and quantification of copepod species were performed only on
adult individuals, using keys and taxonomic reference sheets
by Boltovskoy (1981, 1999), Bradford-Grieve (1994), Palomares-
Garcia et al. (1998), Boxshall and Halsey (2004), and the Ra-
zouls et al. (2021) database. Postel et al. (2000) recommenda-
tions were followed to perform the counts, using a Discovery
V12 stereoscope-microscope and Axiolab triocular microscope to
identify individuals. Taxonomic nomenclature used in the study
followed the WoRMS Editorial Board (2021) database. The abun-
dance of the observed copepod species was standardized to indi-
viduals per 100 m? (ind. 100 m?) as a function of filtered water
volume.

2.4. Data analysis

To describe the temporal variation in oceanographic condi-
tions at Gorgona Island, the following organization scheme was
used: March 2011 and October 2010 was considered as year
1; March 2013 and October 2013 as year 2; and October 2015
and March 2016 as year 3. Intra-annual comparative analyses
(March vs. October of each year) and interannual analyses (March
year 1 vs. March year 2 vs. March year 3, October year 1 vs.
October year 2 vs. October year 3) were undertaken to eval-
uate the temperature and salinity at four depths (1 m, 10 m,
30 m, 50 m), the dissolved oxygen concentration at three depths
(1 m, 10 m, 30 m), the chlorophyll-a concentration (0 m), and
water column transparency at one depth. Mann-Whitney tests
were used for intra-annual comparisons and Kruskal-Wallis tests
for interannual comparisons, with post-hoc Tukey tests to iden-
tify the source of variation. A Mann-Whitney test was used
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Fig. 1. Geographic location of sampling stations around Gorgona Island. Black dots show the eight sampling stations used in the present study. The hydrography of
the island and the surrounding bathigraphy are observed. The circle shows the location of the island in the eastern sector of the ETP.

to compare copepod abundance intra-annually, and a Kruskal-
Wallis test with an additional post-hoc Tukey test was used for
inter-annual comparison.

We used the Bray-Curtis similarity index to analyze the tem-
poral variations in the copepod community structure at Gorgona
Island, based on abundance data transformed to log10 (n + 1) to
reduce the importance of species found at very high abundances
and increase the weight of rare species (Clarke and Warwick,
2001). Only species found at over 15% frequency of occurrence
during any of the study periods were used to create the sim-
ilarity matrix (Valencia et al, 2013). A grouping analysis was
then performed using the group-average linkage method, and the
significance of the formed groups was assessed using a SIMPROF
test. Based on the defined groups, a similarity percentage analysis
(SIMPER) was carried out to determine which species contributed
to the similarity of each group and the dissimilarity between
groups.

The relationship between oceanographic variables and cope-
pod community structure was evaluated using the BEST Bio-Env
analysis (Clarke and Warwick, 2001). This multivariate analysis
uses a biological matrix created with the Bray-Curtis similarity
index and a matrix with oceanographic conditions created with
Euclidean distances to find the maximum correlation between
matrices, calculating the Spearman correlation coefficient (ps). All
multivariate analyses were carried out with Primer v7 software
(Clarke and Gorley, 2015).

3. Results
3.1. Oceanographic conditions
The temperature around Gorgona Island showed an intra-

annual trend. In March 2011 and 2013, the thermocline was
located around 20 m depth (Fig. 2). For March 2016, temperature

data at standard depths are shown, as no records were obtained
with a profiler (CTD) during that time (Fig. 2). In October 2010,
2013, and 2015, the water column temperature was homoge-
neous around 30 m depth, where the thermocline was located
(Fig. 2). In March 2011 and 2013, the halocline was located
between 10 and 20 m depth (Fig. 3). Salinity at standard depths is
shown for March 2016 (Fig. 3). In October 2010, 2013, and 2015,
the halocline was located between 30 and 40 m depth (Fig. 3).

Based on records at standard depths, the average tempera-
ture (+standard deviation) in the water column (0-50 m) in
March was 22.45 °C (4£2.08 °C) and in October it was 25.16 °C
(£1.42 °C), while the average salinity (£standard deviation) of
the water column (0-50 m) during the March samplings was
31.22 (£0.86), and during October samplings it was 29.21 (4-0.78)
(Table 1). The surface chlorophyll-a concentration showed an
intra-annual trend. There were greater chlorophyll-a values dur-
ing March samplings, with average values (+standard deviation)
of 3.41 mg m~3 (£2.16 mg m~3), and lower values during October
samplings, with average values of 0.97 mg m~3 (0.7 mg m~3).
The oxygen sensor during the campaigns of October 2015 and
March 2016 malfunctioned, which is why these records were
not included in the analyzed data set. However, it was estab-
lished that the average dissolved oxygen in the water column
(0-30 m) presented with lower values during March samplings
(2011-2013), with average values (+standard deviation) of 4.9
mg L~! (£0.7 mg L), and higher values during October sam-
plings (2010-2013), with average values of 6.6 mg L~! (£0.19
mg L~') (Table 1). Water column transparency did not show
an evident trend, with the highest average transparency values
(£standard deviation) in March 2011 with 10.76 m (42.61 m),
October 2013 with 11.38 m (£2.26 m) and October 2015 with
10 m (£3.42 m), and the lowest values in March 2016 with
4.69 m (£2.55 m) (Table 1).
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Fig. 2. Vertical variation of temperature around Gorgona Island during the peri

ods of March 2010 and 2013, October 2010, 2013 and 2015, and vertical variation at

standard depths during March 2016. The solid line is the mean and the dotted line is the standard deviation. For March 2016, the black dots represent the mean

and the bars the standard deviation.
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Fig. 3. Vertical variation of salinity around Gorgona Island during the periods of March 2010 and 2013, October 2010, 2013 and 2015, and vertical variation at
standard depths during March 2016. The solid line is the mean and the dotted line is the standard deviation. For March 2016, the black dots represent the mean

and the bars the standard deviation.

The intra-annual (March vs. October) comparison of the water
column showed significant differences in sea surface temperature
(SST) and average temperature (0-50 m) for all years (Mann-
Whitney, p < 0.01), except for the SST in year 3, which did not

differ significantly between periods (Mann-Whitney, p > 0.05)
(Fig. 4). Moreover, there were significant differences in surface
salinity of year 3 between periods (Mann-Whitney, p < 0.01),
as well as in average salinity (0-50 m) between periods during
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Fig. 4. Comparison of the average values of temperature (0-50 m), salinity (0-50 m), surface chlorophyll-a, dissolved oxygen (0-30 m), transparency of the water
column, and total abundance of copepods around Gorgona Island during the study period. The black dot in each graph shows the average and the lines show the

25% and 75% ranges. Mar: March, Oct: October.

the three years (Mann-Whitney, p < 0.01) (Fig. 4). There were
significant differences in surface and average (0-30 m) dissolved
oxygen between March and October in years 1 and 2 (Mann-
Whitney, p < 0.01) (Fig. 4). There were significant differences
between March and October in terms of surface chlorophyll-a in
years 1 and 2 (Mann-Whitney, p < 0.01), and significant differ-
ences in water column transparency between the two periods
during the three study years (Mann-Whitney, p < 0.01) (Fig. 4).

The interannual comparison between March periods showed
significant differences in the SST between years 1 and 2 (Kruskal-
Wallis, p < 0.01, Tukey, p < 0.01), and average temperature
(0-50 m); with year 3 being the source of variation (Kruskal-
Wallis, p < 0.05, Tukey, p < 0.05) (Fig. 4). The surface salinity
presented differences between years 1 and 3 (Kruskal-Wallis,
p < 0.05, Tukey, p < 0.05), but the average salinity (0-50 m)
did not present significant differences between March periods
(Kruskal-Wallis, p > 0.05) (Fig. 4). The surface and average (0-
30 m) dissolved oxygen presented significant differences be-
tween years 1 and 2 (Mann-Whitney, p < 0.01) (Fig. 4). Surface
chlorophyll-a showed significant differences between the three

March periods, with year 1 being the source of variation (Kruskal-
Wallis, p < 0.01, Tukey, p < 0.05) (Fig. 4). The water column
transparency presented significant differences, being year 3 the
source of variation (Kruskal-Wallis, p < 0.01, Tukey, p < 0.01)
(Fig. 4).

The interannual comparison between October periods showed
significant differences in the SST and average temperature (0-
50 m) between the three years, with year 3 being the source
of variation (Kruskal-Wallis, p < 0.05, Tukey, p < 0.05) (Fig. 4).
There were no significant differences in surface salinity and av-
erage salinity (0-50 m) (Kruskal-Wallis, p > 0.05) (Fig. 4). The
surface and average (0-30 m) dissolved oxygen not presented
significant differences between October periods of years 1 and 2
(Mann-Whitney, p > 0.05) (Fig. 4). Surface chlorophyll-a showed
significant differences, with year 3 being the source of variation
(Kruskal-Wallis, p < 0.01, Tukey, p < 0.01) (Fig. 4). The water
column transparency presented significant differences, being year
1 the source of variation (Kruskal-Wallis, p < 0.01, Tukey, p <
0.05) (Fig. 4).
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Average values of the oceanographic parameters recorded at standard depths during the study periods around Gorgona Island, Colombian Pacific. A.: average, S.D.:

standard deviation.

Parameter Year 1 Year 2 Year 3

October 2010 March 2011 March 2013 October 2013 October 2015 March 2016

A. S.D. A. S.D. A. S.D. A. S.D. A. S.D. A. S.D.
Temperature 0 m (°C) 26.69 0.18 28.10 0.26 26.01 1.23 27.54 0.32 28.46 0.37 27.23 1.36
Temperature 10 m (°C) 26.68 0.13 26.83 0.75 23.89 2.04 27.38 0.20 28.33 0.21 24.14 1.11
Temperature 30 m (°C) 25.93 1.18 16.53 0.40 16.35 0.57 27.17 0.13 27.97 0.21 22.23 0.75
Temperature 50 m (°C) 14.72 0.49 15.10 0.31 14.63 0.18 15.81 0.42 19.69 1.00 14.50 0.08
Temperature 0-50 m (°C) 24.27 153 22.40 2.26 21.33 2.13 24.83 1.00 26.38 0.73 23.62 1.24
Salinity 0 m 27.51 0.39 27.96 0.63 28.66 1.34 27.16 0.19 26.93 0.94 29.11 0.63
Salinity 10 m 27.73 0.40 30.73 1.47 30.36 0.54 27.53 0.29 27.98 0.51 30.33 0.57
Salinity 30 m 29.40 1.57 34.17 0.30 32.22 0.24 27.99 0.19 29.30 0.29 30.97 0.64
Salinity 50 m 34.82 0.11 34.87 0.04 34.31 0.06 34.15 0.15 33.99 0.34 34.35 0.42
Salinity 0-50 m 29.33 1.09 31.59 1.16 31.16 0.73 28.99 0.59 29.33 0.61 3091 0.54
Superficial chlorophyll-a (mg m~3) 0.74 0.08 4.25 0.74 2.33 0.61 0.46 0.07 1.70 0.81 3.64 3.50
Dissolved oxygen 0 m (mg L™') 6.67 0.33 6.31 0.28 5.60 0.26 6.73 0.12 4 a a4 B
Dissolved oxygen 10 m (mg L) 6.70 0.35 5.97 0.57 5.09 0.50 6.65 0.13 4 B 4 B
Dissolved oxygen 30 m (mg L™') 6.01 0.43 3.19 0.12 247 1.25 6.52 0.15 4 a a4 4
Dissolved oxygen 0-30 m (mg L™1) 6.55 0.26 5.30 0.58 4.50 0.61 6.64 0.08 4 4 4 4
Transparency (m) 6.18 1.44 10.76 2.61 8.19 2.07 11.38 2.26 10.00 3.42 4,69 2.55

?Dissolved oxygen value was not recorded due to sensor malfunction during the sampling campaign.

3.2. Copepod richness and abundance

A total of 73 copepod species were identified. Twenty species
were found only in March samples and 4 species only in October
samples (Table 2). The most abundant species during the entire
study were Ditrichocorycaeus andrewsi (Farran, 1911), Oncea clevei
Friichtl, 1923, and Paracalanus parvus (Claus, 1863) (Fig. 5). These
species were also the most abundant in October, whereas the
most abundant species in March samples were O. clevei, P. parvus,
and Subeucalanus pileatus (Giesbrecht, 1888) (Table 2, Fig. 5).

There was an intra-annual variation in the abundances of
copepod species from years 1 and 3, with greater values in March
compared with October for each year studied (Table 2). The intra-
annual comparison of abundance values showed significant dif-
ferences between March and October of year 1 (Mann-Whitney,
p < 0.01), but not between March and October of years 2 and 3
(Mann-Whitney, p > 0.05) (Fig. 4). The interannual comparison
of the copepod abundance between March periods did not show
significant differences (Kruskal-Wallis, p > 0.05), while signifi-
cant differences were found between October periods, with year
1 being the source of variation (Kruskal-Wallis, p < 0.01, Tukey,
p < 0.01) (Fig. 4). Nearly 70% of the abundance was represented
by four to seven species in March 2011, 2013, and 2016, whereas
about 70% of abundance was represented by four to five species
in October 2010, 2013, and 2015 (Fig. 6).

3.3. Copepod community structure

The grouping analysis (Fig. 7) highlighted the temporal com-
munity structure of copepods around Gorgona Island. There were
seven significant groups, considering the SIMPROF analysis (p
< 0.05) and the cophenetic correlation coefficient (r. = 0.8)
as indicators of group significance. Three of the formed groups
corresponded to each of the March periods, with similarity per-
centages between 70.96% and 74.1%, and the other four formed
groups corresponded to each of the October periods, with similar-
ity percentages between 65.68% and 77.71% (Table 3). D. andrewsi,
0. clevei, and P. parvus contributed the most to all formed groups,
and S. pileatus contributed only to March groups (Table 3).

The dissimilarity between periods was characterized by the
presence and/or absence of some species, as well as changes in
abundance. The comparison of March 2011 and October 2010
showed that every species contributing over 5% to dissimilarity
was present in March 2011 and not in October 2010 (Table 4). The

presence-absence of some species, such as Euterpina acutifrons
(Dana, 1847) (Fig. 5) and Farranula concinna (Dana, 1849), was
observed between March and October 2013, whereas S. pilea-
tus was recorded during the two periods and presented greater
abundances in March 2013 (Table 4). In March 2016 and October
2015, there was presence-absence of some species (e.g. Acartia
(Odontacartia) lillieborgi Giesbrecht, 1889 and F. concinna) during
the two periods, with greatest abundances of S. pileatus in March
2016, which contributed to the dissimilarity (4.16%) between the
two periods (Table 4). March 2011 presented the greatest dis-
similarity from the other March samples, due to the presence or
greater abundance of some species, such as Acartia (Acartia) danae
Giesbrecht, 1889, Calocalanus pavo (Dana, 1852), Clausocalanus
jobei Frost & Fleminger, 1968, and Oncaea mediterranea (Claus,
1863) (Table 4). October 2015 was the most dissimilar from the
other October samples because it presented greater abundances
of some species such as Acrocalanus gibber (Giesbrecht, 1888),
Bestiolina cf. similis (Sewell, 1914), Clausocalanus furcatus (Brady,
1883), and E. acutifrons (Table 4).

The five best results of the BEST Bio-Env analysis that identify
the oceanographic variables which most influenced the copepod
community structure during each of the sampled years are pre-
sented in Table 5. During year 1 (October 2010-March 2011) and
year 3 (October 2015-March 2016), the variables that explained
variation the most were temperature, salinity, and water column
transparency (Table 5). During year 2 (March 2013-October 2013)
the variables that explained most variation were temperature,
salinity, surface chlorophyll-a, and water column transparency
(Table 5).

4. Discussion

4.1. Intra-annual and interannual changes in oceanographic condi-
tions

The intra-annual variations in the oceanographic conditions
of the Gorgona pelagic environment observed in this study have
been previously described by other authors (Giraldo, 2008; Gi-
raldo et al., 2008, 2014a), and are attributed mainly to the effect
of the ITCZ moving over the ETP. This movement modulates the
climate of the region and contributes to create an upwelling
process in the Panama Bight during the first part of the year
(Rodriguez-Rubio et al., 2003; Amador et al., 2006; Devis-Morales
et al,, 2008; Valencia et al., 2019; Corredor-Acosta et al., 2020),
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Average abundance of copepod species recorded and total abundance for each sampled month. The abundance values are shown as individuals per 100 m3. A.A.:
average abundance, S.E.: standard error.

Taxa March 2011 March 2013 March 2016 October 2010 October 2013 October 2015
AA. £ SE. AA. £ SE. AA. £+ SE. AA. £ SE. AA. £ SE. AA. = SE.
CALANOIDA
Acartiidae
Acartia (Acartia) danae 2320.83 + 2111.35 0 192 £ 0 0 0 425 + 0
Acartia (Acartia) negligens 158 + 4.24 68 £ 0 0 55+ 0 62 + 15.56 193.33 £+ 107.52
Acartia (Odontacartia) lilljeborgi 0 79 + 48.08 1551.57 + 1690.96 1007 + 0 0 0
Calanidae
Canthocalanus pauper 1353.25 + 1789.54 2834 £ 22378 328 + 106.9 1364.71 + 213341 1096.75 + 1272.87 2053.67 + 2199.43
Nannocalanus minor? 5193.83 £ 9349.86 570 684.17 + 647.71 0 0 0
Undinula vulgaris 682 £ 0 0 0 80.67 £+ 99.12 169.6 + 145.24 1585 + 51.62
Candaciidae
Candacia catula 252 + 118.79 0 0 148.83 £+ 215.98 2735 £ 200.9 116 = 16.54
Candacia curta 0 91.5 + 48.79 179.75 + 44.38 0 163 £ 0 0
Candacia pachydactyla” 0 0 0 0 765 + 7.78 0
Candacia truncata® 0 0 282 + 127.28 0 0 0

Centropagidae
Centropages furcatus
Clausocalanidae
Clausocalanus furcatus
Clausocalanus jobei
Clausocalanus mastigophorus
Clausocalanus minor
Eucalanidae
Pareucalanus attenuatus®
Pareucalanus langae®
Subeucalanus crassus®
Subeucalanus pileatus
Subeucalanus subtenuis®
Euchaetidae
Euchaeta indica
Euchaeta longicornis®
Euchaeta marina
Euchaeta rimana
Lucicutiidae
Lucicutia flavicornis
Paracalanidae
Acrocalanus gibber
Acrocalanus longicornis
Bestiolina cf similis
Calocalanus contractus®
Calocalanus curtus
Calocalanus pavo
Calocalanus styliremis
Mecynocera clausi®
Paracalanus aculeatus
Paracalanus parvus
Parvocalanus crassirostris
Phaennidae
Phaenna spinifera
Pontellidae
Calanopia minor
Labidocera acuta
Labidocera detruncata
Pontellina sobrina
Rhincalanidae
Rhincalanus nasutus®
Temoridae
Temora discaudata

b

b

CYCLOPOIDA

Corycaeidae
Corycaeus crassiusculus
Corycaeus speciosus
Ditrichocorycaeus andrewsi
Ditrichocorycaeus erythraeus
Onychocorycaeus agilis
Onychocorycaeus pacificus
Farranula carinata®
Farranula concinna
Lubbockiidae
Lubbockia marukawai®
Lubbockia squillimana®
Oithonidae
Oithona cf. brevicornis
Oithona oswaldocruzi®
Oithona plumifera
Oithona setigera®
Oithona simplex
Oncaeidae
Oncaea clevei
Oncaea mediterranea®
Oncaea scottodicarloi
Oncaea venusta
Sapphirinidae
Copilia mirabilis
Sapphirina auronitens®
Sapphirina metallina®
Sapphirina nigromaculata
Sapphirina opalina®
Sapphirina sinuicauda®

which affects not only the coastal CP (Jerez-Guerrero et al., 2017;
Valencia et al.,, 2019) but also modulates the oceanographic con-
ditions around Gorgona Island (Giraldo, 2008; Giraldo et al., 2008,
2011, 2014a). The effect of the ITCZ moving towards the south
in March promotes the intrusion of subsurface waters from the

b
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Panama Bight around Gorgona island; this led to a shallower
thermocline and halocline and the presence of low dissolved oxy-
gen concentrations. On the contrary, the movement of the ITCZ
towards the north in October intensifies precipitation in the area
(Giraldo et al., 2008, 2011, 2014a; Blanco, 2009), and its effect was
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Taxa March 2011 March 2013 March 2016 October 2010 October 2013 October 2015
AA. £ SE. AA. = SE. AA. + SE. AA. = SE. AA. + SE. AA. £ SE.

HARPACTICOIDA
Clytemnestridae

Clytemnestra scutellata 4495 + 313.25 136 £ 14.14 3094 + 165.14 4333 + 115 0 0
Ectinosomatidae

Microsetella norvegica 0 146 £ 0 0 0 0 1945 £+ 125.16

Microsetella rosea 0 89+ 0 0 0 30 0
Euterpinidae

Euterpina acutifrons 1375.71 £ 1369.61 3446.75 + 3328.88 13,567.88 £+ 12,051.08 256.83 + 146.65 60 9914 + 1004.89
Miraciidae

Macrosetella gracilis 419.5 + 355.67 73 £ 0 172 £ 0 49 + 8.49 0 1175 + 6.36
Total abundance 93,509 39,625 69,657 21,986 38,733 54,862

aUnique copepod species during March periods.
bUnique copepod species during October periods.

Fig. 5. Photographs of some species of female (F) and male (M) copepods found around Gorgona Island during the study periods. a. Ditrichocorycaeus andrewsi (H), b.
Euterpina acutifrons (H), ¢. Microsetella norvegica (H), d. Oithona cf. brevicornis (H), e. Oncaea clevei (H), f. O. scottodicarloi (H), g. Paracalanus parvus (H), h. Calanopia
minor (H), i. Centropages furcatus (H), j. Corycaeus speciosus (M), k. Temora discaudata (H), 1. Candacia pachydactyla (H), m. C. curta (H), n. Copilia mirabilis (M), o.
Labidocera acuta (M), p. Subeucalanus pileatus (H). Scale photographs to the right; a-g: 200 wm, h-k: 400 pm, I-p: 1000 wm. Photographs taken by Mauricio Jerez

Guerrero.

evident around Gorgona Island, where temperature, salinity, and
dissolved oxygen concentrations in the water column were more
homogeneous. The higher values of dissolved oxygen concentra-
tion detected in October could be attributed to the increase in
primary production, as has been reported by some authors for the
island (Soto et al., 2001; Giraldo et al., 2014a) along with presence
of small-celled organisms such as cyanophytes, pennate diatoms,

and dinoflagellates, due to the input of allochthonous nutrients
from continental runoff (Jack et al., 2009; Herfort et al., 2012;
Cloern et al., 2014; Corredor-Acosta et al., 2020).

The observation of interannual differences showed that year
3, corresponding to October 2015-March 2016, presented sig-
nificantly different temperature values compared with the other
two years. This suggests that during this period the pelagic
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Fig. 6. Relative abundance of the dominant epipelagic copepods recorded around Gorgona Island during the study period. Only species contributing around 70% of
the total abundance for each period are shown. Agib: Acrocalanus gibber, Alon: Acrocalanus longicornis, Cfur: Centropages furcatus, Cpau: Canthocalanus pauper, Dand:
Ditrichocorycaeus andrewsi, Dery: Ditrichocorycaeus erythraeus, Eacu: Euterpina acutifrons, Fcon: Farranula concinna, Obre: Oithona cf. brevicornis, Ocle: Oncaea clevei,

Omed: Oncaea mediterrdnea, Ppar: Paracalanus parvus, Spil: Subeucalanus pileatus.

Table 3

Copepod species that contributed to the similarity between stations of the clusters generated (SIMPER analysis) for the study periods on Gorgona Island. Only the

species that contributed 40% of the total similarity of each grouping are shown.

Cluster March 2011 March 2013 March 2016 October 2010a October 2010b October 2013 October 2015
(similarity percentage, %) (71.88) (74.10) (70.96) (77.71) (65.68) (73.35) (68.08)
Morphospecies Contribution percentage (%)

Acrocalanus gibber - - - - - - 7.55
Acrocalanus longicornis - - - 6.5 - 6.85 -
Bestiolina cf. similis - - - - 8.04 - -
Centropages furcatus - - 7.02 - - - -
Ditrichocorycaeus andrewsi 5.68 7.83 6.71 7.31 8.62 8.18 8.83
Ditrichocorycaeus erythraeus 5.75 - - 6.65 8.29 - -
Euterpina acutifrons - 7.70 7.18 - - - -
Farranula concinna - - - 5.92 - 7.5 -
Oithona plumifera 6.12 - - - 7.56 - -
Oncaea clevei 6.53 8.13 6.25 7.29 - 8.76 9.69
Oncaea mediterranea 6.02 - - - - - -
Onychocorycaeus agilis - - - - - - 7,51
Paracalanus parvus 6.77 9.65 6.74 7.84 9.74 9.35 8.15
Subeucalanus pileatus 5.35 7.67 7.15 - - - -

environment of Gorgona Island could have been influenced by
conditions associated with the warm phase of the El Nifio-Southern
Oscillation, which was reported for 2015-2016 for the oceanic
ETP by Brainard et al. (2018), L'Heureux et al. (2017), and New-
man et al. (2018), as well as for other coastal regions of the
ETP by Sanchez-Velasco et al. (2017) and Alvarado et al. (2020).
However, in this study it is not possible to assess whether the
pelagic environment of Gorgona Island is directly influenced by
ENSO because a longer time series is required.

4.2. Abundance of copepods on Gorgona island

The abundance of copepods recorded in the pelagic area of
Gorgona Island in March was higher than the abundances
recorded in other studies undertaken in the CP. Martinez-Aguilar
et al. (2007) recorded a total of 863 ind. 100~ at station 8 (3°N,
78°W), close to Gorgona Island, during a study undertaken along
the CP coast in March 2006. Giraldo et al. (2014a) recorded a
median number of 29,395 ind. 100 m~3 in March 2011. These
values were below those found in March samplings in this study,
although Giraldo et al. (2014a) included abundance records ob-
tained in areas closer to the coast of Gorgona Island. Similarly,
other studies found lower abundance values in October samples
compared with our results. Giraldo et al. (2014a) found a median

value of 17,656 ind. 100 m~3 copepods around Gorgona Island
in October 2010; low values were also reported in studies un-
dertaken using the El Nifio Phenomenon Regional Study (ERFEN)
grid in the CP. Lopez (2012) reported an average value of 25,422
ind. 100 m~3 copepods for September-October 2004, Murcia and
Giraldo (2007) reported 29,992 ind. 100 m—3 copepods for the
same period, and Jaimes and Lopez (2014) reported 14,933 ind.
100 m~3 copepods for September 2007.

The difference in the abundances reported by previous au-
thors compared with our results could be explained by the fact
that previous authors analyzed samples to the level of the sub-
class Copepoda, thus decreasing the abundance that each species
can contribute to the sample. It was, however, evident that the
greatest abundance values occurred in March, and other authors
(Giraldo et al., 2008, 2014a; Jerez-Guerrero et al., 2017; Valencia
et al., 2019) similarly attributed this to the effect of the entrance
of subsurface waters from the upwelling event that occurs in the
Panama Bight because of the ITCZ moving along the CPC.

4.3. Copepod community structure
The temporal changes found in copepod abundance were re-

flected in the grouping analysis of community structure. Each
sampled period formed a group; the division of the March and
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Copepod species that contributed to the dissimilarity between clusters generated (SIMPER analysis) on Gorgona Island. Only the species that contributed 20% of total

dissimilarity between the groups are shown.

March 2011 vs.
October 2010a October 2010b
(42.90) (50.26)

Clusters March 2011 vs.
(similarity percentage, %)

(44.19)

March 2013 vs.
October 2013

March 2016 vs.
October 2015
(51.24)

March 2011 vs.
March 2013
(44.01)

March 2011 vs.
March 2016
(45.42)

March 2013 vs.
March 2016
(37.70)

Morphospecies Contribution percentage (%)

Acartia (Acartia) danae 5.34 4,74 -
Acartia (Odontacartia) lilljeborgi - - -
Acrocalanus gibber - - -
Acrocalanus longicornis - - -
Bestiolina cf. similis -
Calanopia minor -
Calocalanus pavo
Calocalanus styliremis
Centropages furcatus -
Clausocalanus furcatus - - -
Corycaeus crassiusculus - -
Euterpina acutifrons - -
Farranula concinna
Nannocalanus minor
Oithona cf. brevicornis -
Oncaea mediterranea
Oncaea venusta - - -
Onychocorycaeus agilis - - -
Onychocorycaeus pacificus - - -
Subeucalanus pileatus - 3.1 5.72
Temora discaudata - - -

441 -

484 -

- 5.26 4.02

37 4.71

3.74 -
423 -
3.61 -

4.16 - - -

October 2010a vs. October 2010a
October 2010b vs. October 2013

(34.37) (31.23)

Clusters
(similarity percentage, %)

October 2010b
vs. October 2013
(41.96)

October 2010b
vs. October 2015
(43.32)

October 2010a
vs. October 2015
(38.13)

October 2013 vs.
October 2015
(39.29)

Morphospecies Contribution percentage (%)

Acartia (Acartia) danae - -
Acartia (Odontacartia) lilljeborgi - -
Acrocalanus gibber - -
Acrocalanus longicornis -
Bestiolina cf. similis 4.02
Calanopia minor 5.63
Calocalanus pavo - -
Calocalanus styliremis - -
Centropages furcatus - -
Clausocalanus furcatus - -
Corycaeus crassiusculus -
Euterpina acutifrons -
Farranula concinna - -
Nannocalanus minor
Oithona cf. brevicornis
Oncaea mediterranea
Oncaea venusta -
Onychocorycaeus agilis
Onychocorycaeus pacificus
Subeucalanus pileatus
Temora discaudata

434

3.96 -

6.77 5.87 4.95
7.04 - 6.90
4.6 -

October periods was evidenced by the presence/absence and dif-
ference in the abundances of species among the groups. There
were higher chlorophyll-a values in March than in October. As
some authors have suggested (Rodriguez-Rubio et al., 2003; Gi-
raldo et al.,, 2008, 2014a; Jerez-Guerrero et al., 2017; Valencia
et al., 2019; Corredor-Acosta et al., 2020), the ITCZ moves to the
south during this time of year which creates an upwelling process
in the Panama Bight that can extend to the waters surrounding
Gorgona Island, and can cause subsequent increases in phyto-
plankton growth (Soto et al., 2001; Giraldo et al., 2014a) which in
turn could promote a surge in the abundance of copepods. This
situation could favor an increase in the abundance of copepods
such as Subeucalanus pileatus in March, as well as the presence of
other members of the family Eucalanidae, such as Pareucalanus
attenuatus (Dana, 1849), P. langae (Fleminger, 1973), S. crassus
(Giesbrecht, 1888), and S. subtenuis (Giesbrecht, 1888). This is in
relation to October, when their abundance decreased or when
they were absent. In particular, S. pileatus is characteristic of
coastal tropical areas and is commonly found after phytoplankton

10

blooms from which it benefits (Jiménez-Pérez and Lavaniegos,
2004; Tutasi et al,, 2011), as it is a large coarse filter-feeding
herbivore like other members of the family Eucalanidae (Timonin,
1971; Benedetti et al., 2018).

Some copepods, such as D. andrewsi, O. clevei, and P. parvus,
were found during all evaluated periods, and were more abun-
dant in October samples; added to the decrease in abundance of
S. pileatus, they formed the October groups. These copepods are
considered small (total length under 1,500 wm) (Turner, 2004;
Rakhesh et al,, 2013; Jerez-Guerrero et al., 2017); D. andrewsi is
an ambush carnivore, O. clevei a detritivore, and P. parvus a fine
filter-feeding herbivore (Timonin, 1971; Benedetti et al., 2018).
They can exploit different food sources, including the microbial
loop, and ingest small particles without competing with each
other. In October, the movement of the ITCZ to the north increases
precipitation and nutrient input from continental runoff (Giraldo
et al,, 2008, 2011, 2014a; Blanco, 2009), which could create a
change in food availability, increasing organic matter and the
abundance of small organisms such as cyanophytes, pennate di-
atoms, and dinoflagellates, as has been reported by some authors
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Fig. 7. Grouping analysis of the copepod community recorded around Gorgona
Island during the study period. The dotted line represents the significance of
the groups created (SIMPROF, p < 0,05). The sampling stations are represented
as follows; circle: year 1, triangle: year 2, square: year 3. The filled figures
represent the periods of March, and the empty figures represent the periods of
October.

for the area (Soto et al., 2001; Valencia and Giraldo, 2012; Giraldo
et al., 2014a). This would benefit small-sized copepods during
October periods, although these organisms were found during
all periods evaluated in this study. Similarly, this process could
explain the significant increase recorded in copepod abundance
in March 2011, but this could also be attributed to the impact of
the cold phase of the El Nifio-Southern Oscillation phenomenon
2010-2011 (standardized SOI index October 2015: —1.7, March
2016: —0.1, NOAA, 2021, ONI index, October 2015: 2.4, March
2016: 1.6, Climate Prediction Center Internet Team, 2021). Dur-
ing this phenomenon, there was an increase in precipitation in
the CP region (IDEAM, 2011; Hoyos et al.,, 2013; Vargas et al,,
2018), coinciding with the greatest values of surface chlorophyll-
a recorded in this study. ENSO could be an important driver
of copepod community structure in the pelagic environment of
Gorgona Island, but it was not possible to assess because the time
scale is not sufficient to corroborate it.

The Bio-Env analysis revealed that the copepod community
structure was influenced not only by trophic preferences and nu-
trient availability (chlorophyll-a and water column transparency)
but also by temperature and salinity. This was particularly ev-
ident in years 1 (October 2010-March 2011) and 3 (October
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Table 5

BEST Bio-Env analysis results for each year of study. Only the best five results
are shown. ps: Spearman’s correlation coefficient, Ty m: temperature at 1 m,
T30 m: temperature at 30 m, Tsg p,: temperature at 50 m, Syg : salinity 10 m,
S30 m: salinity at 30 m, Ssp y: salinity at 50 m, Chl: superficial chlorophyll-a,
Twec: transparency of the water column.

Year 1 (October 2010-March 2011)

No. of variables S Best variables
2 0.755 Siom, TWC

3 0.733 T30m, lemv Twc
3 0.732 S10m,» S30m, TWC
2 0.725 S30m, TWC

2 0.718 T30m, Twc

Year 2 (March 2013-October 2013)

No. of variables S Best variables

5 0.832 T1im» Tsom» S1om» Chl, Twc
5 0.83 T10m» T30m» Ts50m» S1om, TWC
5 0.83 T1om> T30m»> T50m, Chl, Twc
5 0.827 T1om» T30m» Ss0m» Chl, Twc
5 0.827 T1om» Tsom» S1om, S30m, Twce

Year 3 (October 2015-March 2016)

No. of variables S Best variables

2 0.868 T30m, Twc

3 0.866 Tiom, Tsom, Twe

3 0.865 Ts0m, S1om, Twc

4 0.858 T1om» T30m» S]om, Twc

6 0.847 Tiom, T30m, S1om, S3om, Ssom, TWC

2015-March 2016), which presented the greatest differences and
during which an increase in copepod abundance was also ob-
served. Studies undertaken in areas close to the coast (Santhanam
and Perumal, 2012; Yoshida et al., 2012; Boersma et al., 2016;
Chew and Chong, 2016; Jerez-Guerrero et al., 2017) have shown
how temperature and salinity affect the copepod community,
particularly in terms of distribution, metabolic processes, repro-
duction, growth, and community structure. In this study, the
parameters that most influenced the community structure were
temperature and salinity, especially in March, when 20 exclu-
sive species were found, including Lubbockia squillimana Claus,
1863, Mecynocera clausi Thompson 1.C., 1888, P. attenuatus, and
Rhincalanus nasutus Giesbrecht, 1888. These species could present
preferences for the cold and salty conditions recorded around
Gorgona Island in March, compared with October. Some authors
(Bjornberg, 1963; Ehrhardt, 1967; Xu and Gao, 2011; Razouls
et al,, 2021) have reported a similar trend in temperature and
salinity preferences for these species, which are also considered
oceanic water species (Bradford-Grieve et al., 1999; Razouls et al.,
2021). These results demonstrate the entrance of oceanic cold and
salty subsurface waters into the pelagic environment of Gorgona
Island; these waters are the result of the upwelling process that
occurs in the Panama Bight as a consequence of the ITCZ move-
ment over the ETP, which has been reported by other authors
for different regions of the CP (Giraldo, 2008; Giraldo et al.,
2008, 2014a; Jerez-Guerrero et al., 2017; Valencia et al.,, 2019;
Corredor-Acosta et al., 2020).

5. Conclusion

This study is the first to document the intra-annual and in-
terannual changes in abundance, composition, and community
structure of the epipelagic copepods around Gorgona Island, a
location of particular interest due to its high diversity levels
and its location in the easternmost region of the ETP. Changes
to the copepod community structure are a consequence of the
movement of the ITCZ over the ETP, which modulates the en-
trance of subsurface waters coming from the Panama Bight in
March and the increase in continental runoff in October. The
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abundance of copepod species is affected mainly by temperature,
salinity, chlorophyll-a, and water column transparency. The most
important copepods were S. pileatus in March and D. andrewst, O.
clevei, and P. parvus in October, which shows that the copepod
community in the pelagic environment of Gorgona Island has a
dynamic structure and composition.

The identification of temporal variability effects on energy
flows in the pelagic system of the marine protected area asso-
ciated with Gorgona Island is one of the medium-term research
challenges that this study leaves open. Finally, a temporal series
analysis is necessary to determine the response of the copepod
community in the study area to the effect of large-scale processes
such as ENSO, considering differences in the oceanographic pa-
rameters and changes in the abundances of copepods recorded
during the present study.
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