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RESUMEN

El zooplancton es un componente clave del ecosistema marino, principalmente por su
papel como parte de la base de la vida en el océano, actuando como enlace trofico entre los
productores primarios y otros niveles troficos superiores, asi como un componente del anillo
microbiano y ejerciendo una funcién esencial en los ciclos biogeoquimicos. Ademas, debido
a sus ciclos de vida relativamente cortos, responde rdpidamente a las variaciones
oceanograficas y ambientales asociadas con el cambio climatico-oceanogréfico. En general,
el zooplancton ha sido ampliamente estudiado, especialmente los copépodos, que muestran
una fuerte dependencia de sus tasas vitales con la temperatura y otros factores ambientales
relacionados con el clima. En cuanto al impacto ambiental sobre el zooplancton, en el Océano
Pacifico Sur existe una amplia variabilidad de la productividad superficial-oceanica y los
regimenes fisico-oceanograficos que dan forma a diferentes ambientes y condiciones troficas
dentro del océano costero y abierto; por lo tanto, estudiar los forzantes de la diversidad de
especies de copépodos en esta region es Util para dilucidar como el zooplancton puede
responder a un océano cambiante. El presente trabajo de tesis evalud la diversidad del

zooplancton en relacion con la variacion oceanogréfica a gran escala en el Pacifico Sur.

En el primer capitulo, se utilizd una base de datos de 27 afios (1993-2019) de
ocurrencia de especies de copéepodos plancténicos en el Océano Pacifico Sur, junto con
variables oceanogréaficas asociadas, para evaluar los patrones espaciales de biodiversidad en
los 200 m superiores del océano. El objetivo de este estudio fue identificar las regiones
ecologicas y los predictores ambientales que explican dichos patrones. Se encontr6 que los

puntos calientes y frios de diversidad y los conjuntos de especies distintivos se encuentran



vinculados a las principales corrientes oceénicas y grandes regiones sobre la cuenca, con una
creciente riqueza de especies en las &reas subtropicales de los lados este y oeste del Pacifico
Sur. Los modelos espaciales sefialan que los mejores predictores ambientales que
contribuyen a la varianza de la diversidad y la composicion de especies son la temperatura,
la salinidad, la concentracidon de clorofila-a, la concentracion de oxigeno y la autocorrelacion
residual. No obstante, se encontré que los patrones espaciales observados y los efectos
ambientales derivados estaban fuertemente influenciados por la cobertura de muestreo en el

espacio y el tiempo, lo que revela una cuenca altamente sub-muestreada.

En el segundo capitulo, demostramos la hipétesis de que la estabilidad ambiental es el
mecanismo modulador clave de los patrones de diversidad de copépodos en el Sistema de la
Corriente de Humboldt (SCH), utilizando una base de datos de 17 afios (1995-2011) de
ocurrencia de especies y datos ambientales en los 500 m superiores (divididos en cinco
estratos verticales) para la zona de surgencia frente a Chile, distinguiendo dos regiones (norte
y sur) con diferentes regimenes estacionales de surgencia impulsada por el viento. Estimamos
indices de diversidad de copépodos y su distribucidn, segregados por regiones y estratos de
profundidad. Los indices fueron asociados con variables oceanograficas forzadas por la
intensidad de surgencia, junto con una estimacion de la energia cinética turbulenta (EKE),
como un proxy de la estabilidad ambiental. En la comunidad, encontramos 18 especies
dominantes ampliamente distribuidas en el area de estudio. Algunas corresponden a especies
exclusivas para el estrato de profundidad superior con diferencias en el nimero de especies
exclusivas por region y profundidad. Los modelos lineales mixtos revelaron que los indices
de diversidad diferian significativamente entre regiones y estratos, y su varianza se explicaba

principalmente por la temperatura, la salinidad, la concentracion de oxigeno, la estabilidad



de la temperatura y la energia cinética turbulenta (EKE). Tanto la estabilidad de la
temperatura como la EKE fueron los predictores mas eficientes de la diversidad de
copépodos, lo que sugiere que la estabilidad climéatica-oceanogréfica, forzada por la
intensidad de surgencia, es el impulsor clave para promover y mantener la diversidad de

copépodos en el SCH.

La tesis en su conjunto entrega resultados que permiten apoyar la hipdtesis principal,
concluyendo que la estructuracion de comunidades de copépodos a una escala espacial
extensa en el Pacifico Sur esta fuertemente asociada a una zonacion significativa sobre los
ejes horizontales y verticales en los cuales la estabilidad (varianza) de parametros
ambientales, tales como la temperatura y energia cinética aparecen como factores claves en

la modulacién de estos patrones biogeogréaficos y de diversidad.



ABSTRACT

Zooplankton are a key component of the marine ecosystem, mainly due to their role as part
of the foundation of life in the ocean acting as the trophic link between primary producers
and the other upper-trophic levels, as well as a component of the microbial loop and their
function in biogeochemical cycles. Moreover, due to their relatively short life cycles, they
are known to rapidly respond to oceanographic and environmental variations associated with
climate-oceanographic change. Zooplankton representatives have been widely studied,
especially copepods, which exhibit a strong dependence of their vital rates with temperature
and other climate-related environmental factors. Regarding environmental impact on
zooplankton, in the South Pacific Ocean there is a broad range of surface-ocean productivity
and physical-oceanographic regimes that shape different environments and trophic
conditions within the coastal and open ocean; therefore, to study the drivers of their species
diversity in these areas would be useful to elucidate how zooplankton may respond to a
changing ocean. The present thesis work focused on zooplankton diversity in relation to
large-scale oceanographic variation in the South Pacific while considering the vertical axis

as well.

In the first chapter, a 27-years (1993-2019) database on species occurrence of planktonic
copepods of the South Pacific Ocean was used, along with associated oceanographic
variables, to examine their spatial patterns of biodiversity in the upper 200 m of the ocean.
The aim of this study was to identify ecological regions and the environmental predictors
explaining such patterns. It was found that hot and cold spots of diversity, and distinctive
species assemblages were linked to major ocean currents and large regions over the basin,
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with increasing species richness over the subtropical areas on the East and West sides of the
South Pacific. While applying the spatial models, it was shown that the best environmental
predictors for diversity and species composition were temperature, salinity, chlorophyll-a
concentration, oxygen concentration, and the residual autocorrelation. Nonetheless, the
observed spatial patterns and derived environmental effects were found to be strongly
influenced by sampling coverage over space and time, revealing a highly under-sampled

basin.

In the second chapter, we tested the hypothesis that environmental stability is the key
modulating mechanism of copepod diversity patterns in the Humboldt Current System
(HCS), by using a 17-years (1995-2011) database on species occurrence of copepods along
with environmental data for the upper 500 m of the ocean (divided into five vertical strata)
for the upwelling zone off Chile, distinguishing two regions (northern and southern) having
different seasonal regimes of wind-driven upwelling. We estimated indices for copepod
diversity and their distribution, segregated by regions and depth strata. The indices were then
associated with oceanographic variables forced by upwelling intensity, along with an
estimate of eddy kinetic energy (EKE), as a proxy of environmental stability. From the entire
community, we found 18 dominant species widely distributed in the study area. Some were
exclusive species for the upper depth stratum with differences in the number of exclusive
species per region and depth. From Linear Mixed Models we found that the diversity indices
significantly differed between regions and strata, and their variance was mainly explained by
temperature, salinity, oxygen concentration, temperature stability, and eddy kinetic energy

(EKE). Both temperature stability and EKE were the best predictors of copepods diversity,



suggesting that climate-oceanographic stability, forced by upwelling intensity, is the key

driver for promoting and maintaining copepod diversity in the HCS.

The thesis provides findings that support the main hypothesis, concluding that the structuring
of copepod communities on a large spatial scale in the South Pacific is strongly associated
with a significant zonation on the horizontal and vertical axes in which the stability (variance)
of environmental parameters, such as temperature and kinetic energy appear as key factors

in the modulation of these biogeographic and diversity patterns.
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1. INTRODUCTION

1.1. MARINE BIODIVERSITY AND ITS LARGE-SCALE
PATTERNS

Biodiversity and its components’ measurement at the ocean requires high exploration effort,
moreover in open and deep sea (Costello and Chaudhary 2017). However, due to the growth
of marine sciences and the development of new technologies, it has been documented that in
the past decade the rate of discovery of marine species has been the highest than in any
previous one (Appeltans et al. 2012). Globally, only 16 (Costello, Wilson, and Houlding
2012) to 25 (Mora et al. 2011) percent of named eukaryotic species are marine and despite it
has been estimated that 19-23 (Costello et al. 2012) to 91 (Mora et al. 2011) percent of marine
species are still awaiting description, it has been suggested that marine species will not
increase their proportion of global species richness (Costello and Chaudhary 2017) due to
the relatively less variable environment that the ocean displays (with fewer physical niches

that isolate populations) and organisms’ greater dispersal abilities (Costello et al., 2012).

Marine biodiversity spatial patterns and the factors related to them are relatively well studied,
although there is little consensus about what factors or processes are the drivers of these
patterns (Currie et al., 1999). Within the ocean, there are undersampled areas due to spatial
biases in the distribution of sampling locations (Dornelas et al., 2018) that may affect
sampling as well as taxonomic effort, producing a skew on the apparent latitudinal gradient

(and thus vertical gradient) in marine species richness.



1.2. COPEPODA

Zooplankton are a key component of the marine ecosystem: they are the most widespread
form of animal life on Earth, with the longest history of evolutionary continuity (Verity and
Smetacek, 1996); and they are part of the foundation of life in the ocean acting as the trophic
link between primary producers and the other upper-trophic levels (Lombard et al., 2019), as
well as microbial loop (Valdés et al., 2018) and biogeochemical cycles (Hernandez-Leon et
al., 2019; Pérez-Aragén et al., 2011). Moreover, due to their relatively short life cycles (from
one week to a few months), they are known to rapidly respond to oceanographic and
environmental variations associated with climate change, such as fluctuations on temperature
(Escribano et al., 2014), oxygenation (Ruz et al., 2018), acidification (Lewis et al., 2013;
Thor and Dupont, 2015), stratification (Peterson and Bellantoni, 1987; Williams et al., 1994),
primary production (Berline et al., 2012; Kigrbe and Nielsen, 1994), upwelling (Escribano et
al., 2014; Medellin-Mora et al., 2016; Pino-Pinuer et al., 2014), circulation (Berline et al.,

2012) and advection (Frederick et al., 2018).

Despite there are no global standard methodologies for their quantification (Lombard et al.,
2019), due to their role as a key component of the marine ecosystem, zooplankton
representatives have been widely studied, specially copepods. This taxon is among the ones
having the biggest number of accepted species described and documented at the World
Register of Marine Species (WoRMS) (Costello and Chaudhary, 2017), so that a thorough
data base on their distribution (horizontal and vertical) is available for the South Pacific
Ocean (OBIS, 2024). Copepods also exhibit a strong dependence in their vital rates and most

of their ecological responses are related with temperature (Berline et al., 2012). Therefore,



within this context, to study the drivers of their species richness would be useful to elucidate

how zooplankton may respond to a changing environment.

1.3. SOUTH PACIFIC OCEAN

The South Pacific Ocean represents the largest, but least known marine ecosystem of the
world ocean. It has the greatest surface and seabed area, as well as the greatest volume, with
a mean depth of 3993 m (Costello et al., 2010). It stretches from the Equator, including those
islands of the Gilbert and Galapagos Groups which lie to the northward thereof, until the
parallel of 60°S, and between South America and the northeastern limit of the East Indian
Archipelago (from New Guinea to the Equator), along the southern, eastern and northern
limits of the Bismarck and Solomon Seas, the southeastern and northeastern limits of the
Coral Sea and the southern, eastern and northern limits of the Tasman Sea, going down the
meridian of 146°55’E starting at the South East Cape, the southern point of Tasmania, until
the parallel of 60°S (International Hydrographic Organization, 1953, 2002) (Figure 1). It has
a highly varied topography that consists of oceanic ridges, guyots, trenches, and seamount
chains that are formed by hotspot volcanoes under the Earth's surface. In the eastern side, the
topography off western South America is complex, with a variable relief that shapes a narrow
shelf (i.e., depth down to 200 m) off Colombia and Ecuador, which widens up to 1000 Km
off Peru, and narrowing again towards northern and central Chile, where in some points it is
virtually absent, dropping to a depth of 800 m at ca. 8 Km offshore at 30°S. Off Concepcidn
(36°S), the shelf expands to widths between 20 and 60 Km; and, towards the southern part
of Chile (from 42°S), the shelf becomes hundreds of Km wide, covered with scattered islands

offshore the fjords (Strub et al., 1998). The offshore regions of the South Pacific Ocean are



divided into the Peru Basin between 0° and 15°S, and the Chile Basin south of 15°S, with the
Carnegie Ridge leaving the coast near the Equator and stretching west to the Galédpagos
Islands that separates the Panama and Peru basins, and the Nazca ridge running southwest

from the coast around 15°S separating the Peru and Chile basins (Strub et al., 1998).

90° 120°  150° 180° -150° -120° -90°  -60°
1 ] ] L 1

al. . o T i
o o' '
' T F . Y f
R NNy .

30°1

) ;- £ ; \{"r"‘p
; /% = :é\
0°f N i e
fi \s\\_‘}\\ 7:{///,/ f;////////é// //////é/’///? \ >
W7 77 /7, "%,
! ‘>>’/ ISP AN S SIS //)/
{ P / 3 // ¢ / 7 ///2
'300 E ‘L,_r’ﬁ‘ ) LLLIAS S /' / //// /77 y
W/ 7
. 5 N P E /’/ /j/;/ / /,/ ; ;:/ g /
R 7 /,/;/4 "///// 'y 4
B /:/ SIS S / ~
-60°+ // IV LS 7
p\ﬁ‘ p ’_,,A_;AAN’“‘\«.)’\-M J”‘ﬂ\
Dl 1L T

Figure 1: South Pacific Ocean extent (blue area). Map projection is WGS 84 (EPSG 4326).

The topography at the southwest Pacific Ocean boundary is very complex and has a major
influence in the regional flow patterns (Ridgway and Dunn, 2003). The Tasman basin region
is bounded by the Australian continent in the west, New Zealand at its southeast corner and

the island archipelago of New Caledonia, Vanuatu and Fiji in the northeast (Ridgway and



Dunn, 2003). The bathymetry is dominated by several ridges that radiate northwards from
the New Zealand continental land mass, with the largest of these ridges (Lord Howe Rise)
diagonally bisecting the basin from the southeast to northwest reaching depths <1000 m
along its crest (Ridgway and Dunn, 2003). The Norfolk Ridge stretches almost meridionally
southward from New Caledonia, and is a sharper feature even though far more irregular
(Ridgway and Dunn, 2003). The eastern entrance to the region, from 15° to 35°S, is protected
by another double ridge system which lies immediately adjacent to the sheer wall of the
Tonga Trench (Ridgway and Dunn, 2003). On the western boundary, a wide and deep abyssal

plain narrows towards the north and pinching off at about 25°S (Ridgway and Dunn, 2003).

1.4. OCEANOGRAPHY AND CLIMATE VARIABILITY OF
THE SOUTH PACIFIC BASIN

The general circulation in the South Pacific Ocean is dominated by the subtropical gyre,
which manifests itself through elevated mean dynamic topography at its center (Schneider et
al., 2007) (near 15° to 20°S; Reid, 1986). The westward flow of the South Pacific Subtropical
Gyre, namely South Equatorial Current, terminates at its western boundary entering the Coral
Sea as a series of jets between the Solomon Islands, Vanuatu and New Caledonia. At the east
of the Great Barrier Reef between 15° and 22°S (Qu and Lindstrom, 2011), the South
Equatorial Current bifurcates to form the North Queensland Current and the Gulf of Papua
Current, as well as the southerly East Australian Current (Ganachaud et al., 2014), that is the
predominant dynamical feature in the region (Ridgway and Dunn, 2003). To the south, the
East Australian Current strengthens as it flows along the coast of Australia (Ganachaud et

al., 2014). Southward of ~33°S, it starts to separate into filaments, forming the northwestward



South Pacific Subtropical Counter Current, the East Australian Current extension and the
Tasman Front (Ganachaud et al., 2014) that consists of bands of zonal eastward outflow that
occur as a series of current jets, where each follows different paths across the basin, with its
main component occurring between 33° and 35°S (Ridgway and Dunn, 2003). The extension
of the East Australian Current flowing towards the east along the Tasman Front seems to be
a large component of subtropical water feeding into the South Pacific Subtropical Gyre
circulation through the South Pacific Current, although it is more distinguishable starting out
east of New Zealand as a combination of it with a narrow band of subtropical water flowing
around the southern end of South Island that then flows around the northern end of North
Island as the East Auckland Current and then southward as East Cape Current (Stramma et
al., 1995). The South Pacific Current streams along the Sub-Tropical Front, associated to the
Antarctic Circumpolar Current (West Wind Drift), that intersects the South American
continent at ~45°S, where the Humboldt Current System domain starts (Montecino and

Lange, 2009).

The Humboldt Current System is the largest of the four main Eastern Boundary Upwelling
Systems (the other three are embedded in the California, Canary, and Benguela Currents)
(Garcia-Reyes et al., 2015). It is shaped by a broad equatorward eastern boundary current
(Schneider et al., 2007) characterized by a flow of fresh, cooler Sub-Antarctic Surface Water
along the eastern rim of the subtropical gyre (Montecino and Lange, 2009). Its domain
extends from southern Chile (~45°S) to northern Peru and Ecuador (~4°S), where cool
upwelled waters collide with warm tropical waters forming the Equatorial Front (Montecino
and Lange 2009). It encompasses three well-defined upwelling subsystems: (1) a productive

seasonal upwelling system in central-southern Chile; (2) a lower productivity and rather large



“‘upwelling shadow” in northern Chile and southern Peru; and (3) the highly productive year-
round Peru upwelling system (Montecino and Lange 2009). How these subsystems are inter-

connected and/or dependent on each other remains uncertain (Montecino and Lange 2009).

In general, the high levels of productivity in the Eastern Boundary Upwelling Systems result
from large-scale atmospheric pressure systems that favor along-shore equatorward winds,
generating a wind driven flow that in combination with the Coriolis effect advects surface
water offshore. As the water that replaces the offshore drift cannot be supplied by horizontal
flow because of the coastal boundary, it is upwelled instead from the deeper layers, thus
causing deeper, cooler, nutrient rich water with low pH, high CO2 and low oxygen
concentrations to reach into the coastal photic zone (Mann and Lazier 2013a), where they
boost primary production (Anabalédn et al. 2016) and efficiently convert it into secondary

production and later into fish biomass (Strub et al. 1998).

In terms of atmospheric forcing, the South Pacific Subtropical Anticyclone or the South
Pacific High, which spins counter-clockwise, is the most influential off the west coast of
South America (Schneider et al. 2007; Strub et al. 1998) as well as being the dominant forcing
of the subtropical gyre (Ancapichun and Garcés-Vargas 2015). However, it presents seasonal
variation, abiding at its northern position (26°S, 86°W) during the late austral fall and winter,
when it also is closer to the South American continent and its intensity is weaker; whereas,
during austral spring and summer the South Pacific High moves southwest (37°S, 108 °W)
and shows its maximum intensity (Ancapichun and Garcés-Vargas 2015). The latter (former)
conditions generate stronger (weaker) Equatorward winds that favor (disfavor) coastal
upwelling offshore central-south Chile (Montecino and Lange 2009). Also, a more poleward

location of the South Pacific High during winter have caused more summer-like



hydrographic conditions on the continental shelf offshore central Chile, generating changes

in the plankton community (Jacob et al. 2018; Schneider et al. 2017).

Subtropical ocean gyres are oligotrophic areas characterized by very low levels of nutrients
in a stratified upper water column (euphotic zone, mixed layer), low biomass and low primary
production. The mean sedimentation rates within the South Pacific Subtropical Gyre are
among the lowest that occur at the Earth’s surface (D’Hondt et al. 2009). It has also been on
debate whether or not these areas may be subsided by westward mesoscale eddies (von
Dassow and Collado Fabbri 2014), that are involved in the offshore advection of nutrient-
rich waters and plankton from the coastal upwelling zone off Chile, potentially enhancing
cross-shelf exchanges and sustaining phytoplankton growth in the slope area (Morales et al.,
2017), that may explain the higher mean sedimentation rates found at the eastern-most sites
of the gyre (D’Hondt et al., 2009).The South Pacific Subtropical Gyre is dominated by
heterotrophic bacterioplankton (up to 83 percent of total particulate organic carbon), whereas
its phototrophic biomass is dominated by picoplankton (size fraction between 0,2 and 3 um
diameter), that contributes to the 53 percent of total phytoplankton biomass (von Dassow and
Collado Fabbri, 2014). Throughout the gyre between 0-50 m depths, heterotrophs account
for up to 75-80 percent of all eukaryotic cells, whereas in deeper euphotic zone communities,
where photosynthetic cells dominate, mixotrophs appear to be important or dominant among
chlorophyll-containing cells; leading to a vertical biomass distribution consisting of low
concentrations near the surface with very deep maxima, except in the case of
bacterioplankton and particulate organic matter, that exhibit more homogeneous vertical
distributions in the surface, decreasing below the euphotic zone (von Dassow and Collado

Fabbri, 2014). The deep chlorophyll maximum (DCM) is a permanent feature in the sub-



tropical oligotrophic basins and a typical occurrence in temperate waters after spring bloom
conditions (Mann and Lazier, 2013b), and for this system it has been located mostly below

100 m and centered at ~150 m depth (von Dassow and Collado Fabbri, 2014).

Eddies are of importance when studying ocean circulation and dynamics as they determine
vertical mixing in the ocean (lvanov and Ginzburg, 2002), nutrient or food retention (Chang
et al., 2018) and thus may have an effect on different organisms. They are classified by scale,
between synoptic, mesoscale and submesoscale eddies, with diameters of hundreds of
kilometers, between 20-100 kilometers and few hundreds of meters to tens of kilometers,
respectively (Kostianoy et al., 2018).These structures may be of importance for zooplankton
distribution, as they can concentrate in cyclonic cores showing significantly higher
populations than surrounding waters, potentially having implications for the biological pump
as well as biogeochemical fluxes since zooplankton have high feeding rates in eddy cores or
high-turbulence areas due to food enrichment; therefore increasing their growth (Chang et
al., 2018; Saito et al., 2014), fecal production (Goldthwait and Steinberg, 2008; Riquelme-
Buguerio et al., 2015) and lipid accumulation (Saito et al., 2014), which thus enhances their
survival rates and may favor their ampler distribution from surface into deeper waters (Zhong

et al., 2017) as well as from coastal into offshore waters (Haury et al., 1986).

1.5. VERTICALLY LAYERED (3-D) OCEAN STUDIES AND
DIVERSITY PATTERNS

The ocean has been structured vertically in terms of density and depth. Regarding density, it
has been divided, excluding poles, into three horizontal depth zones: mixed layer, pycnocline

and deep layer. Regarding depth, the ocean has been divided into five main zones or layers,
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namely epipelagic, mesopelagic, bathypelagic, abyssopelagic and hadalpelagic zones, that
are within the depth ranges of 200-0 m, 1000-200 m, 4000-1000 m, 60004000 m and below

6000 m, respectively.

Most of the biogenic material exported from the euphotic zone and ocean margins (Bauer
and Druffel, 1998) is remineralized within the mesopelagic zone (Jahnke et al., 1990; Jahnke
and Jahnke, 2000). Nutrient supply (Pichevin et al., 2009) as well as the structure of the
metazoan and planktonic food webs exert control on the vertical transport (Angel, 1982),
cycling (Roman and McCarthy, 2010) and composition of the particulate (Angel, 1982) and
dissolved (Pérez-Aragbn et al., 2011) organic matter, as well as its coupling with microbes
(Valdés et al., 2018; Valdés et al., 2017). At the bathypelagic zone, which includes all ocean
depths below 1000 m, residence time is on the centennial (Rowe et al., 1991; Stuiver et al.,
1983) scale, thus being slowly ventilated and circulated (van Aken, 2007) as well as
presenting biogeochemical signals that suggest the lateral transport of organic material
originated in ocean margins (Bauer and Druffel, 1998; Boetius et al., 1996; R A Jahnke et
al., 1990), hence integrating unique metabolisms (Tian et al., 2018) over a large temporal and
spatial range. The deep sea is an environment defined by depths beyond the continental shelf
(Roberto Danovaro et al., 2014) (ca. 200 m) that comprises most of the ocean, with only 11%
of the its area and <1% of its volume being shallower than 1000 m depth (Costello et al.,
2010). More specifically, 75% of the area and 90% of the volume of the ocean is between
3000 and 6000 m (Costello et al., 2010). Thus, deep oceans are ecosystems that, due to its
inaccessibility, have relatively few documentations in relation to their biology and ecology,
as well as the role they may play on the cycling of biogeochemical compounds. This

environment is considered to exhibit extreme conditions to marine life, as the organisms
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inhabiting it are surrendered to pressure, low temperature and no light (thus no diel nor
seasonal rhythms) plus a slow rain of sinking particles (Havermans and Smetacek, 2018).
Nowadays, a much greater degree of complexity and variation of this ecosystem has been
documented (Danovaro et al., 2002; Danovaro et al., 2008, 2016; Gambi et al., 2003; Thatje
et al., 2010; Thatje and Robinson, 2011), highlighting the necessity of organizing this

relatively new knowledge within a framework of more dynamic interactions.

Excepting hydrostatic pressure, physical characteristics of deep sea and trenches are not
different and actually reflect those of shallower depths (Jamieson et al., 2010), whereas
spatial and temporal patterns of food supply varies between systems, showing differences of
quantity as well as quality of food (Boetius et al., 1996; Kitahashi et al., 2014; Luo et al.,
2017). Therefore, within the context of climate change (Cohen et al., 2018; Francis et al.,
2018; Gentemann et al., 2017; Hobday et al., 2018; Jordan et al., 2018; Kretschmer et al.,
2018; Levitus et al., 2000; Oliver et al., 2018), it is important to better understand how the
interplay of biological and biogeochemical processes in the open and deep ocean function,
as they have direct connection to the processes occurring at surface through the biological
pump (R. Danovaro et al., 2003), and thus may have an impact on the CO> budget and finally
on circulation of water masses (Toggweiler and Key, 2001) and climate (Falkowski et al.,

1998), that will consequently have an effect on marine biodiversity patterns.

Marine biodiversity has shown variations along time series (Dornelas et al., 2014) as well as
geological time scales (Renema et al., 2008); however, its current decline is evident
(Monastersky, 2014; Pereira et al., 2010). Therefore, a better understanding of the spatial and
temporal biodiversity patterns is crucial for its preservation (Dornelas et al., 2018). And, in

order to improve that knowledge, the consideration of the third dimension of depth on the
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spatial determination of marine biodiversity patterns should be addressed, as in the ocean
realm, which is the most widespread suite of habitats of the planet, organisms are distributed
within its volume and not its area (Boero et al., 2019).To do so, a more coherent structure of
the water column should be developed, by considering ecologically functional compartments
characterized by certain biotic and abiotic parameters that occur within specific ranges, to

which plankton associate according their biological traits.

Despite the lack of studies along the length and breadth as well as the depth of water column
pursuing to elucidate this issue for zooplankton as of yet, patterns of species diversity have
been however documented at the terrestrial environment (Currie, 1991; McCain, 2009;
McCain and Grytnes, 2010; Rapoport, 1975), and along depth for pelagic fishes (Smith and
Brown, 2002) as well as benthic and demersal species (Pineda and Caswell, 1998); and,
hypotheses or explanations have been tried to be established in order to explain these
diversity patterns. Among them, environmental factors (Gaston et al., 1998) such as
temperature (Allen et al., 2007; Smith and Brown, 2002), productivity (Levin et al., 2001,
Smith and Brown, 2002), pressure (Brown et al., 2017; Brown and Thatje, 2011; Mestre et
al., 2013; Thatje et al., 2010) as well as geometric constrains over habitat (Colwell et al.,
2004; Colwell and Lees, 2000; Gaston et al., 1998; Smith and Brown, 2002; Zeppilli et al.,

2016) are discussed as the primary causes of diversity.
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1.6. TEMPERATURE IN THE OCEAN

Two of the most important properties of seawater are temperature and salinity (concentration
of dissolved salts), for together they control its density, which is the major factor governing
the vertical movement of oceanwaters (Suckow et al., 1995). Temperature depends on the
part of solar radiation that reaches the surface, i.e., insolation; and, the intensity of insolation
depends primarily on the angle at which the Sun's rays strike the surface; therefore, the
distribution of temperature over the surface of the Earth varies with latitude and season,
because of the tilt of the Earth's axis with respect to its orbit round the Sun (Suckow et al.,
1995). In polar regions, the density of surface waters increases by direct cooling or by the
formation of sea-ice, whereas at lower latitudes, dense saline water is produced by excess
evaporation, which may be aided by strong winds (Suckow et al., 1995). The range of
temperature in the oceans is about 40°C (or about 30 °C if shallow and restricted seas are not
included), and its buffering effect depends on the continuous exchange of heat and water
between ocean and atmosphere, mainly by means of the hydrological cycle (Suckow et al.,
1995). Temperature decreases with depth, as most solar energy is absorbed within a few
meters of the ocean surface, directly heating the surface waters and providing the energy for
photosynthesis by marine plants and algae (Suckow et al., 1995). All of the infrared radiation
is absorbed within about a meter of the surface, and nearly half of the total incident solar
energy is absorbed within 10 cm of the surface (Suckow et al., 1995). Penetration will also
depend on the clarity or transparency of the water, which in turn depends on the amount of
suspended matter in it (Suckow et al., 1995). Turbulent mixing by winds and waves is the
main mechanism that establishes a mixed surface layer that can be as thick as 200—300 m or

even more at mid-latitudes in the open oceans in winter, and as little as 10 m thick or less in
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sheltered coastal waters in summer (Suckow et al., 1995). At the region between 200-300 m
and 1000 m depth, there is a steep temperature gradient where the temperature declines
rapidly throughout much of the ocean, known as the permanent thermocline, beneath which,
from about 1000 m to the ocean floor, there is virtually no seasonal variation and temperature
decreases gradually to between about 0°C and 3°C (Suckow et al., 1995). This narrow range
is maintained throughout the deep oceans, both geographically and seasonally, because it is
determined by the temperature of cold, dense water that sinks from the polar regions and

flows towards the Equator (Suckow et al., 1995).

1.7. STATE OF THE ART ON BIOGEOGRAPHY AND
DIVERSITY PATTERNS OF PLANKTON

Regarding global patterns of plankton species richness, many hypotheses have attempted to
explain its latitudinal gradients, although for most of them their support is provided by post
hoc analyses rather than testing them (Currie et al., 1999), and a general consensus on the
mechanisms that originate such relationships is lacking. However, efforts have been done in
order to test hypotheses as well as identifying the greater factors influencing richness; and,
among all of them, temperature is the factor showing the greatest correlation (Allen et al.,
2002; Brown et al., 2004; Currie et al., 1999; Rohde, 1992; Rombouts et al., 2009; Roy et al.,
2002; Tittensor et al., 2010), supporting the species-energy hypothesis, which proposes that
the latitudinal biodiversity gradient has somehow been generated and maintained as a direct
consequence of greater energy availability towards the equator (Allen et al., 2007). Energy
refers to solar radiation, which is a form of kinetic energy essential to life because it is used

by plants to photosynthesize reduced carbon compounds that once they are formed represent
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the potential energy, which is the second basic form of energy defined as energy stored in an
object, and that fuels virtually all biochemical reactions in the biosphere (Allen et al., 2007).
Metabolism is the process of transforming kinetic energy to potential forms (and vice versa)
through a complex network of biochemical reactions catalyzed by enzymes that regulates the
concentrations of substrates and products, as well as the rates of reactions (Allen et al., 2007;
Brown et al., 2004). The metabolic rate of an organisms is the fundamental biological rate,
because it is the rate of energy uptake, transformation, and allocation for fitness-enhancing
processes of survival, growth, and reproduction (Brown et al., 2004). Most organisms exhibit
phenotypic plasticity in the expression of metabolism; however, temperature is one of the
primary factors regulating it (Allen et al., 2007; Brown et al., 2004), leading to the hypothesis
that kinetic and potential forms of energy both help regulate biodiversity through their effects

on speciation rates (Allen et al., 2007).

Copepoda is a monophyletic taxon (Khodami et al., 2017; Spears and Abele, 2011) with over
10000 non- and parasitic species inhabiting a wide range of habitats, from north to south,
from high altitude lakes to deep sea. Although their fossil history is relatively poor (Blanco-
Bercial et al., 2011; Lange and Schram, 1999), the oldest register suggests they originate
from the Cambrian period (542-488 million years ago) (Selden et al., 2010), having
phylogenetic trees recording their origin in the benthos (Rigby and Milsom, 1996), from
where they radiated in response to the increasing oxygenation and habitat diversity
(Bradford-Grieve, 2002) maintaining their basic body shape despite their genetic variation,
thus suggesting strong environmental constraints on their morphology (Verity and Smetacek,
1996), which has been pointed as one of the main features accounting for their numerical

dominance in the pelagic realm (Kigrboe, 2011).
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Studies on copepods’ diversity and its fluctuations with environmental forcers have been
performed (Hooff and Peterson, 2006; Rombouts et al., 2009); however, despite their
importance and the relatively high amount of data available on their distribution, open ocean
studies on their biogeography patterns are scarce, especially at the South Pacific Ocean. As
of yet, a study performed over a large latitudinal range for copepods richness had shown
maxima around subtropical areas for the Northern Hemisphere and a tropical-subtropical
plateau at the Southern Hemisphere (Rombouts et al., 2009); and, similar patterns have been
found for other planktonic groups, such as euphausiids (Tittensor et al., 2010), tintinnid
cilliates (Dolan et al., 2006), foraminifera (Rutherford et al., 1999; Tittensor et al., 2010); as
well as benthic marine invertebrates such as prosobranch gastropods (Roy et al., 2002); and
higher trophic level organisms such as fishes (Tittensor et al., 2010; Worm et al., 2005),
sharks (Tittensor et al., 2010), squids (Tittensor et al., 2010) and cetaceans (Tittensor et al.,
2010). This spatial pattern among taxonomically distant species groups suggests the
existence of a common underlying mechanism that supports their similar distribution
(Rombouts et al., 2010; Worm et al., 2005), that may be related to the kinetic energy or
temperature hypothesis, that is, that higher metabolic rates or relaxed thermal constraints
promote diversity (Tittensor et al., 2010). Another focus has been put on functional traits
seeking to identify and understand the underlying ecophysiology of the biogeography of
plankton traits, rather than of plankton species, thus revealing the mechanisms that regulate
community ecology (Barton et al., 2013). For zooplankton, the main traits are body size,
ontogeny and feeding behavior, that are directly or indirectly related to temperature (Barton

etal., 2013).
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1.8. CONCEPTUAL FRAMEWORK, SCIENTIFIC
QUESTIONS AND PROPOSED HYPOTHESIS

Biogeographic patterns can be explained on the basis of evolutionary (Bradford-Grieve,
2002; Rigby and Milsom, 1996) processes and spatial correlations (Braga et al., 1999) which
are considered as the historical context for observed spatial distribution. However, over an
ecological time scale, environmental factors can play a fundamental role in structuring spatial
patterns, in particular in plankton groups with limited migration capacity and short life cycles.
In this case, species distribution and the structure of species assemblages may obey to some
physical processes (e.g. large-scale circulation, currents, eddies, fronts) and also the effect of
local conditions, such as the temperature, food resources, oxygen, or others, favoring
differential reproduction, mortality and growth. In this sense, temperature plays a
fundamental ecological role in the marine ecosystem. It controls physiological rates (Pértner,
2002), metabolism (Portner, 2002), reproduction (Escribano et al., 2014), mortality (Elliott
and Tang, 2011) and community structure (Hooff and Peterson, 2006; Sorte et al., 2011),
even at large spatial scales (Beaugrand et al., 2010; Mackas et al., 2007; Rombouts et al.,
2010). Because of this role it may be thought that temperature can also influence the
distribution of organisms in the ocean. This also because temperature can substantially vary
in the three dimensions in the ocean and thus displaying a gradient in the water column
structure that is thought to generate the large scale spatial trends on different organisms’
distribution across the global ocean. Over the meridional axis temperature exhibits a strong
gradient from the equator to the poles, while a similar gradient is commonly present from
coastal areas to central gyres. The vertical axis also has a strong temperature gradient from

the upper mixed layer down to the deep cold waters. Therefore, on the basis of the presence
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of temperature gradients in the ocean and a variable distribution of organisms, this study will

address the following main scientific questions:

What is the spatial conformation of the species diversity of zooplankton (Copepoda) in the

South Pacific Ocean?

What are the main environmental drivers that shape the geographical structure of that

diversity?

¢Is temperature the most important environmental driver structuring, shaping and
maintaining the horizontal and vertical zonation and so that the biogeographic patterns of

zooplankton in the ocean?
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2. OBJECTIVES AND HYPOTHESIS

2.1 GENERAL OBJECTIVE

The study aimed to determine the factors/processes that structure the zooplankton
community(ies) of the South Pacific Ocean allowing a mapping of the diversity patterns of
copepods in this region with the aim of defining functional/ecological compartments over the

horizontal and vertical axes in the upper ocean.

2.2 HYPOTHESIS

Considering the background given previously, and although the thesis addressed several
issues related to biogeographic patterns of zooplankton in the South Pacific Ocean at different
scales (basin and regional), the fundamental hypothesis underlying the study can be stated

as:

H1: The zooplankton diversity patterns of the ocean are horizontally and vertically structured
in ecological significant zones within which the interactions between the physical-chemical
environment and the organisms are the key drivers for ecological zonation, and so

determining the biogeographic and diversity patterns.
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2.3. SPECIFIC OBJECTIVES

1) Characterizing species diversity patterns of the key invertebrate ectothermic taxon

Copepoda, as a major component of marine zooplankton.

2) Evaluating how susceptible their biodiversity patterns are to be affected by

fundamental environmental factors in the ocean, such as temperature gradients

horizontally as well as vertically.

3) Defining ecological or functional compartments at the ocean over the vertical plane

by using physical and ecological data.
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3. MATERIALS AND METHODS

3.1STUDY AREA

3.1.1. South Pacific Ocean (Chapter 1)

The SPO possesses the greatest surface and seabed area, as well as the greatest volume, with
a mean depth of 3993 m (Costello et al., 2010). The ocean stretches from the Equator—
including the islands of the Gilbert and Galapagos Groups, which lie to the northward
thereof—until the parallel of 60°S, and between South America and the northeastern limit of
the East Indian Archipelago (from New Guinea to the Equator), along the southern, eastern
and northern limits of the Bismarck and Solomon Seas; the southeastern and northeastern
limits of the Coral Sea; and the southern, eastern and northern limits of the Tasman Sea,
going down the meridian of 146° 55°E starting at the South East Cape, the southern point of
Tasmania, up to the parallel of 60°S (International Hydrographic Organization, 1953, 2002)

(Figure 1).

3.1.2. The Humboldt Current System (Chapter 2)

The Humboldt Current System (HCS) (Figure 2) extends from southern Chile (~42-45°S) to
northern Peru and Ecuador (~4°S) (Montecino and Lange, 2009; Thiel et al., 2007), being
the largest of the four main Eastern Boundary Upwelling Systems—as the other three are
embedded in the California, Canary, and Benguela Currents (Garcia-Reyes et al., 2015). It
represents the equatorward-flowing, eastern portion of the basin-scale South Pacific
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Subtropical Gyre, that in terms of atmospheric forcing is mainly influenced by the South
Pacific Subtropical Anticyclone or the South Pacific High (Ancapichun, Garces-Vargas,
2015; Thiel et al., 2007), that presents seasonal variation, abiding at its northern position
(26°S, 86°W) during the late austral fall and winter, and moving southwest (37°S, 108 °W)
during austral spring and summer (Ancapichun, Garcés-Vargas, 2015). The latter (former)
conditions generate stronger (weaker) Equatorward winds that favor (disfavor) coastal
upwelling offshore central-south Chile (Montecino and Lange, 2009). Then, off Chile, the
HCS transitions from highly seasonal with maximum upwelling-favorable winds and
biological productivity in austral summer between 30°S and 40°S into permanent upwelling
off northern Chile (Montecino and Lange, 2009). Also, the HCS is characterized by the
presence of an Oxygen Minimum Zone (OMZ) caused by the shoaling of the oxygen-poor
Equatorial Subsurface Water (ESSW) due to the upwelling events, resulting in low
concentrations of dissolved oxygen near the surface (Morales et al., 1999). Therefore, the
distribution of the OMZ along the water column in the HCS obeys latitudinal shifts in the
upwelling regimes, with a shallower annual average depth of the upper OMZ in northern
Chile (permanent upwelling) compared to central south Chile (seasonal upwelling) (Yafiez

etal., 2012).
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Figure 2: Map illustrating the Humboldt Current System extension off Chile (yellow band). Map projection is

WGS 84 (EPSG 4326).
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3.2. ENVIRONMENTAL DATA

For the first chapter, the oceanographic variables used for analyses were obtained from
Copernicus Marine Environment Monitoring Service (CMEMS,

https://marine.copernicus.eu) to a resolution of 1 x 1 degree and 0.25 x 0.25 degrees. From

this data base, we obtained sea surface temperature (Desportes et al., 2021), salinity
(Desportes et al., 2021), total chlorophyll-a concentration (Le Galloudec et al., 2021),
dissolved oxygen concentration (Le Galloudec et al., 2021), and mixed layer depth
(Guinehut, 2021). The resolution selected to analyze our data was 1 degree; hence, the
environmental variables with a resolution of 0.25 degrees were resampled into a 1-degree
resolution using QGIS 3.10 (QGIS, 2022). All data were averaged for the 0-200 m depth
range, as well as from years 1993 to 2019. For temperature data, two additional variables
were generated: temperature stability and standard deviation of temperature, which were
calculated based on temperature data in temporal lags of two years, with the package
climateStability (Owens and Guralnick, 2019) implemented in R software (R Core Team,
2021). “Deviation” of temperature is defined as the mean standard deviation between time
slices over time elapsed, which was calculated at the beginning and end of each of the two
years temporal lags and dividing this result by the length of the interval to quantify deviation
over time for each time slice, to finally average the result across all time slices. Later,
“stability” was obtained when taking the inverse of the deviation and scaling it between 0
and 1 (Owens and Guralnick, 2019). Therefore, a total of seven variables were included in
the analyses, and are available in Zenodo repository:

https://doi.org/10.5281/zen0d0.8257222 (version 1).
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For the second chapter, eight oceanographic and two atmospheric variables were selected for
the analyses. The oceanographic variables were obtained from Copernicus Marine

Environment Monitoring Service (CMEMS, https://marine.copernicus.eu) to a resolution of

1 x 1 degree and 0.25 x 0.25 degrees, namely: mean temperature (Desportes et al., 2021),
salinity (Desportes et al., 2021), total chlorophyll-a concentration (Le Galloudec et al., 2021),
dissolved oxygen concentration (Le Galloudec et al., 2021), pH (Le Galloudec et al., 2021),
geostrophic eastward sea water velocity (ugo) (Guinehut, 2021), geostrophic northward sea
water velocity (vgo) (Guinehut, 2021) and particulate organic carbon (POC) (Sauzéde et al.,
2023). And, the atmospheric variables of eastward and northward components of the wind at
a height of 10 meters above the surface of the Earth (u10 y v10, respectively) (Hersbach et
al., 2024), were obtained from the Copernicus Climate Change Service (C3S) Climate Data

Store (CDS, https://cds-beta.climate.copernicus.eu/) to a resolution of 0.25 x 0.25 degrees.

All variables were retrieved within the time range from 1995 and 2011, excepting POC—
which registers start from 1998, and averaged between those years, as well as for each depth
range both at the north and south zones of the study area (i.e., 100-0 m, 200-100 m, 300-200
m, 400-300 m, 500-400 m). Finally, all environmental variables were resampled to a
resolution of 2 degrees using QGIS 3.10 (QGIS, 2022), and each grid-cell with environmental
data was linked with ecological data. The environmental variables included in the analyses

are available in a Zenodo repository: https://doi.org/10.5281/zenodo.xxxx (version 1).
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3.3. ECOLOGICAL DATA - OBIS

As to assess the objectives and test the hypothesis for each chapter, Copepoda was considered
as a model taxon, having ectothermal species for which more complete registers have been
done for the region and are available through OBIS (Ocean Biodiversity Information System
(OBIS), 2024), that is a global open-access data and information clearing-house on marine
biodiversity for science, conservation and sustainable development that pursues to build and
maintain a global alliance that collaborates with scientific communities to facilitate free and
open access to, and application of, biodiversity and biogeographic data and information on
marine life. It is organized with more than 20 OBIS nodes around the world, connecting 500
institutions from 56 countries that have collectively provided over 45 million observations
of nearly 120000 marine species, from bacteria to whales, from the surface to 10,900 meters
depth, and from the tropics to the poles. OBIS emanated from the Census of Marine Life
(2000-2010) and was adopted as a project under IOC-UNESCO’s International
Oceanographic Data and Information (IODE) programme in 2009. Over time, OBIS has been
cited on different publications, with a peak of 206 in 2022, including articles from renowned
peer-reviewed scientific journals, such as Nature and Science. The Department of
Oceanography of the University of Concepcién is running a Regional OBIS Node (RON)
that is focused on the Eastern South Pacific (Unesco/IODE/OBIS/ESPOBIS, the Eastern
Southern Pacific-Oceanographic Biodiversity Information System and Programa de
Biodiversidad Marina, 2024001000PG, Universidad de Concepcién) and aims to gather and
tabulate information on biodiversity from different researchers and institutions. With the data
collected, predictive models of copepods biodiversity were generated, based on

biogeographic information including environmental parameters as well as data on copepods’
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biodiversity patterns. The different sources of information were compiled in a spatial data
base, through ArcMap 10.4.1 software (ESRI 2016), and QGIS 3.10 (QGIS.org, 2022) for

the generation of predictive and explicative models of species diversity.

For both chapters, species occurrence records were obtained from OBIS data base. For the
first chapter, the robis (Provoost and Bosch, 2021) and devtools (Wickham et al., 2021)
packages implemented in the R Core Team (2021) were used for obtaining all occurrences
between 0-200 m of the SPO, from 1993 to 2019. For the second chapter, species occurrence

records were downloaded using the Mapper tool (http://https://mapper.obis.org/), obtaining

data for five strata of 100 m each between 500-0 m depth within the study area previously
described, within the time range from 1995 to 2011. Following the retrieval of the data,
records without information on the geographic coordinates, coordinates equal to zero, or
records located inside continents were eliminated, while selecting only records at level of
species and excluding duplicate records. This procedure allowed to compile data to estimate
species diversity, but also resulted in a drastic reduction of information since many records
are reported for genera or higher taxonomic levels (e.g. families), and in some cases without

clear or wrong georeference. Taxonomy was revised and updated using the WoRMS portal

(http://www.marinespecies.org) through the match_taxa function of ‘robis’ package
(Provoost and Bosch, 2021) implemented in R software (R Core Team, 2021). After we had
cleaned and curated the data, a total of 22345 and 7013 records of Copepoda were selected
for working on the first and second chapter, respectively. The data on occurrences of
Copepoda  species are available in different ~ Zenodo repositories:

https://doi.org/10.5281/zenodo.8257222  (version 1) for the first chapter and

https://doi.org/10.5281/zenodo.xxxxxx (version 1) for the second chapter. Finally, diversity
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indexes (see below) were generated based on biogeographic information of copepod
biodiversity patterns at 1 and 2 degrees resolution and totaling 393 1-degree cells and 13 2-

degrees cells for the first and second chapter, respectively.

3.4 SPATIAL ANALYSES

Biodiversity hotspots were determined based on spatial-statistical criteria to describe
biodiversity patterns for the 0-200 m depth water column of the SPO in the first chapter, and
for five 100 m strata in the HCS in the second chapter. It was specifically aimed to detect
cells or groups of cells (i.e., spatial clusters) with species richness greater than the richness
expected in a random distribution. Spatial hotspots were defined in ArcMap 10.4.1 (ESRI
2016) software using the High/Low Clustering (Getis-Ord G*) statistic (Getis and Ord,
1992), which identifies spatial concentrations of an entity (in this case species richness per
cell) or areas that contain higher/lower values than expected by chance for a given study area.
For a hot spot, the observed G* index indicated high values of richness clustered in the study
area; whereas for a cold spot, the observed G* index indicated that low values of richness

were clustered in the study area.

Species richness (alpha diversity) is the absolute number of species living in a given area,
giving equal weight to all resident species (Swingland, 2013). Species composition (namely
beta diversity) can be viewed as a measure that compares inventory diversity at two different
scales (alpha and gamma diversity). Beta diversity is also a measure of similarity between
sites (Koleff et al., 2003), and thus reflects the differences between local biological
communities within a region. These differences arise from two phenomena which should be
distinguished when understanding how biological diversity is distributed: nestedness and
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spatial turnover (Baselga and Gomez-Rodriguez, 2019). Nestedness of species occurs when
the biota of sites with smaller numbers of species are subsets of the biota at richer sites.
Contrary to nestedness, spatial turnover implies the replacement of some species by others
as a consequence of environmental sorting or historical and spatial constraints (Qian et al.,
2005). We therefore calculated alpha diversity as species richness and beta diversity as
species composition while distinguishing between turnover and nestedness. Alpha diversity
was calculated in Biodiverse 3.1 software (Laffan et al., 2010), whereas beta diversity was
estimated using the packages betapart (Baselga and Orme, 2012), CommEcol (Sanches Melo,

2021) and letsR (Vilela and Villalobos, 2015) in R software (R Core Team, 2021).

As biodiversity index, we used the Shannon-Wiener index which was calculated in

Biodiverse 3.1 software (Laffan, 2022).

We generated a biological-environmental spatial database, wherein each grid cell had the
biogeographic information of copepod diversity indices together with oceanographic data
from the selected environmental variables. We employed Generalized Additive Models
(GAMs) in the first chapter, and Linear Mixed Models (LMMs) in the second chapter to
evaluate the relationship between copepod diversity indices and the environmental predictors

in the SPO and the HCS, respectively.

The model selection was done through Bayesian Information Criterion (BIC) in the first
chapter, and through the corrected Akaike Information Criterion (AICc) in the second
chapter. The best model was the one providing the minimum delta BIC and AIC. The
analyses were conducted through the package MuMIn (Barton, 2022), in R software (R Core

Team, 2021).
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4. RESULTS

4.1 Chapter 1: “Biodiversity patterns of epipelagic copepods in the South
Pacific Ocean: Strengths and limitations of current data bases”. Scientific
article published in PLOS ONE, https://doi.org/10.1371/journal.pone.0306440.

Abstract

Basin-scale patterns of biodiversity for zooplankton in the ocean may provide valuable
insights for understanding the impact of climate change and global warming on the marine
ecosystem. However, studies on this topic remain scarce or unavailable in vast regions of the
world ocean, particularly in large regions where the amount and quality of available data are
limited. In this study, we used a 27-year (1993-2019) database on species occurrence of
planktonic copepods in the South Pacific, along with associated oceanographic variables, to
examine their spatial patterns of biodiversity in the upper 200 m of the ocean. The aim of this
study was to identify ecological regions and the environmental predictors explaining such
patterns. It was found that hot and cold spots of diversity, and distinctive species assemblages
were linked to major ocean currents and large regions over the basin, with increasing species
richness over the subtropical areas on the East and West sides of the South Pacific. While
applying the spatial models, we showed that the best environmental predictors for diversity
and species composition were temperature, salinity, chlorophyll-a concentration, oxygen
concentration, and the residual autocorrelation. Nonetheless, the observed spatial patterns
and derived environmental effects were found to be strongly influenced by sampling

coverage over space and time, revealing a highly under-sampled basin.
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Our findings provide an assessment of copepods diversity patterns and their potential drivers
for the South Pacific Ocean, but they also stress the need for strengthening the data bases of
planktonic organisms, as they can act as suitable indicators of ecosystem response to climate

change at basin scale.

Resumen

Los patrones de biodiversidad a escala de cuenca para el zooplancton en el océano pueden
brindar informacion valiosa para comprender el impacto del cambio climéatico y el
calentamiento global en el ecosistema marino. Sin embargo, los estudios sobre este tema
siguen siendo escasos 0 no estan disponibles en vastas regiones del océano mundial, en
particular en grandes regiones donde la cantidad y la calidad de los datos disponibles son
limitadas. En este estudio, utilizamos una base de datos de 27 afios (1993-2019) de ocurrencia
de especies de copépodos planctdnicos en el Pacifico Sur, junto con variables oceanogréficas
asociadas, para examinar sus patrones espaciales de biodiversidad en los 200 m superiores
del océano. El objetivo de este estudio fue identificar las regiones ecoldgicas y los predictores
ambientales que explican dichos patrones. Se encontré que los puntos calientes y frios de
diversidad y los conjuntos de especies distintivos estaban vinculados a las principales
corrientes oceénicas y a las grandes regiones de la cuenca, con una creciente riqueza de
especies en las areas subtropicales de los lados este y oeste del Pacifico Sur. Al aplicar los
modelos espaciales, demostramos que los mejores predictores ambientales de la diversidad
y la composicion de especies fueron la temperatura, la salinidad, la concentracion de
clorofila-a, la concentracion de oxigeno y la autocorrelacion residual. No obstante, se
encontrd que los patrones espaciales observados y los efectos ambientales derivados estaban
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fuertemente influenciados por la cobertura de muestreo en el espacio y el tiempo, lo que

revela una cuenca con un nivel de muestreo muy bajo.

Nuestros hallazgos brindan una evaluacién de los patrones de diversidad de copépodos y sus
posibles forzantes para el Oceéano Pacifico Sur, pero también enfatizan la necesidad de
fortalecer las bases de datos de organismos planctonicos, ya que pueden actuar como

indicadores adecuados de la respuesta del ecosistema al cambio climético a escala de cuenca.
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Abstract

Basin-scale patterns of biodiversity for zooplankton in the ocean may provide valuable
insights for understanding the impact of climate change and global warming on the marine
ecosystem. However, studies on this topic remain scarce or unavailable in vast regions of
the world ocean, particularly in large regions where the amount and quality of available data
are limited. In this study, we used a 27-year (1993-2019) database on species occurrence
of planktonic copepods in the South Pacific, along with associated oceanographic variables,
to examine their spatial patterns of biodiversity in the upper 200 m of the ocean. The aim of
this study was to identify ecological regions and the environmental predictors explaining
such patterns. It was found that hot and cold spots of diversity, and distinctive species
assemblages were linked to major ocean currents and large regions over the basin, with
increasing species richness over the subtropical areas on the East and West sides of the
South Pacific. While applying the spatial models, we showed that the best environmental
predictors for diversity and species composition were temperature, salinity, chlorophyll-a
concentration, oxygen concentration, and the residual autocorrelation. Nonetheless, the
observed spatial patterns and derived environmental effects were found to be strongly influ-
enced by sampling coverage over space and time, revealing a highly under-sampled basin.
Our findings provide an assessment of copepods diversity patterns and their potential driv-
ers for the South Pacific Ocean, but they also stress the need for strengthening the data
bases of planktonic organisms, as they can act as suitable indicators of ecosystem
response to climate change at basin scale.

Introduction

Spatial patterns of biodiversity in the marine environment have long been documented [1, 2J;
however, factors and processes controlling such patterns remain unclear [3]. In the framework
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of conservation purposes and preserving ocean biodiversity, it becomes clear that the variation
in the biogeographic regions from time series observations [4], as well as from geological time
scale analyses [5], requires a better understanding of underlying mechanisms driving the spa-
tial and temporal biodiversity patterns [6].

Zooplankton are a significant component of the marine ecosystem; they are the most wide-
spread form of animal life on Earth, with the longest history of evolutionary continuity [7].
These organisms are also the foundation of life in the ocean, acting as the trophic link between
primary producers and upper trophic levels [8], being important components of marine bio-
geochemical cycles [9]. They are also known to rapidly respond to oceanographic and environ-
mental variations, such as fluctuations on temperature [10], oxygenation [11], acidification
[12, 13], stratification [14, 15], primary production [16, 17], upwelling [10, 18, 19], circulation
[17] and advection [20], thus providing themselves essential environmental sensors for a
changing ocean.

Copepods are the taxon with the largest amount of accepted species described and docu-
mented in the World Register of Marine Species (WoRMS) [21]. It is also a well-represented
taxonomic group in several data bases for marine species, such that a relatively thorough data-
base on their distribution (horizontal and vertical) is available for the South Pacific Ocean
[22]. Most copepod data bases only report species occurrences, or at higher taxonomic levels,
and with emphasis on Calanoid copepods. Even that, such data can facilitate studies on the
drivers controlling copepods species richness, how they are spatially structured, and the way
they might respond to a changing environment. However, the study of large-scale copepod
diversity patterns and their fluctuations driven by environmental forces have been scarcely
conducted [23-25]. Moreover, open ocean studies on biogeography patterns of copepods are
especially scarce in the Southern Hemisphere. For the vast South Pacific Ocean (SPO), that
represents the largest yet the least-known marine ecosystem in the world, available data on
copepods are mostly compiled in the Ocean Biodiversity Information System (OBIS) Portal
[26]. An important task, however, to use these data sets for studies on copepods distribution
and diversity, is the assessment of their quality in terms of resolution and coverage, both in
time and space.

With respect to global distribution of plankton species richness, efforts have been made to
test hypotheses explaining spatial patterns [23, 27]. For instance, the species-energy hypothesis
[28, 29], stating that available energy can regulate species diversity, has been widely supported
[30], but how diversity becomes linked to available energy is matter of debate [23]. In the same
context, the best predictor of plankton diversity in the ocean appears to be temperature, exhib-
iting the greatest correlation or highest explanatory power as reported in many works [3, 23,
25, 30-35], although, when analyzing latitudinal patterns of copepod diversity in the Atlantic
Ocean, Woodd-Walker et al. (2002) [36] found that species diversity was fundamentally
related to variability in seasonality from the equator to polar regions rather than to tempera-
ture. The explanation was that more stable conditions and continuous primary production at
low latitude can promote a higher diversity, while a highly variable and strongly seasonal cycle
of primary production in high latitudes can favor the dominance of fewer species. In any case,
the positive correlation between sea temperature and diversity of zooplankton continues to be
a key issue for predicting large-scale spatial variability of plankton communities [37, 38]. Tem-
perature is one of the two most important properties of seawater controlling its density and
thus governing the dynamics and circulation of the water masses [39]. Temperature also plays
a key role in the range of distribution of various marine organisms [34, 40]. For instance, cope-
pods exhibit a strong dependence in their vital rates with temperature [17], since they are ecto-
therms, so that their population dynamics is strongly influenced by this factor, with major
implications on their species composition and diversity patterns [18, 41].
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Over a large-scale domain (e.g., a basin-scale), the role of temperature or other environ-
mental correlates as biogeographic predictors for copepods is still unclear for the South Pacific
region. The remaining questions are: do copepod species exhibit significant clustering or dis-
tinctive spatial assemblies? and, what are the most plausible environmental correlates to pre-
dict the diversity distribution of copepods at a basin scale? Lastly, is temperature alone the best
predictor of such spatial structures, and whether such structures and biogeographic patterns
replicate those observed in the North Pacific or Atlantic Ocean? In this study, we addressed
these questions using a long-term (1983-2019) data base on occurrence of copepod species,
extracted from the OBIS Portal, allowing us to further evaluate the robustness of these com-
piled data on species records of epipelagic copepods. For this, we assessed the diversity patterns
of planktonic Copepoda and their relationship with oceanographic conditions in the upper
200 m of the western and eastern sides of the SPO to identify biogeographic regions and the
presence of hot and cold spots of diversity. We aimed at testing the hypothesis that water tem-
perature is the best predictor explaining spatial diversity patterns of planktonic copepods at
basin scale in the SPO. Ultimately, our study will provide a first assessment of copepods diver-
sity for the entire basin, helping us to gain insights into how such patterns may vary under
ongoing ocean warming and, also allowing us to evaluate the robustness of current data bases
for plankton organisms in this large ocean basin.

Materials and methods
Study area

The SPO possesses the greatest surface and seabed area, as well as the greatest volume, with a
mean depth of 3993 m [42]. The ocean stretches from the Equator—including the islands of
the Gilbert and Galapagos Groups, which lie to the northward thereof—until the parallel of
60°S, and between South America and the northeastern limit of the East Indian Archipelago
(from New Guinea to the Equator), along the southern, eastern and northern limits of the Bis-
marck and Solomon Seas; the southeastern and northeastern limits of the Coral Sea; and the
southern, eastern and northern limits of the Tasman Sea, going down the meridian of 146°
55’E starting at the South East Cape, the southern point of Tasmania, up to the parallel of 60°S
[43, 44] (Fig 1). The general circulation in the SPO and major current systems are illustrated in
Fig 1.

Data sources—Copepoda species and quality control procedures

Species occurrence records were obtained from the Ocean Biodiversity Information System,
OBIS [22] (http://www.iobis.org) data base, using the robis [45] and devtools [46] packages
implemented in the R Core Team (2021). The data were obtained for all occurrences between
0-200 m of the SPO, from 1993 to 2019. Following the retrieval of the data, we eliminated rec-
ords without information on the geographic coordinates, coordinates equal to zero, or records
located inside continents. We selected only records at level of species and excluded duplicate
records. This procedure allowed us to compile data to estimate species diversity, but also
resulted in a drastic reduction of information since many records are reported for genera or
higher taxonomic levels (e.g. families), and in some cases without clear or wrong georeference.
Taxonomy was revised and updated using the WoRMS portal (http://www.marinespecies.org)
through the match_taxa function of robis package [45] implemented in R software (R Core
Team, 2021). After we had cleaned and curated the data, a total of 22345 records of Copepoda
were selected. The data on occurrences of Copepoda species are available in a Zenodo reposi-
tory: https://doi.org/10.5281/zenodo.8257222 (version 1). Finally, diversity indexes (see below)
were generated based on biogeographic information of copepod biodiversity patterns,
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Fig 1. The South Pacific Ocean basin (red dashed area), its sampling coverage with georeferenced locations of the 393 cells (1° x 1°) which
were generated (blue squares) from data spanning between 1993-2019. The major near-surface currents shown for the whole basin were
obtained from Harvard Dataverse (https://doi.org/10.7910/dvn/tkgo2z). CHC = Cape Horn Current; EAC = East Australian Current;

HCS = Humboldt Current System; SEC = South Equatorial Current; SPSG = South Pacific Subtropical Gyre; WWD = West Wind Drift;

ACC = Antarctic Circumpolar Current. Map projection is WGS 84/PDC Mercator (EPSG 3832).

https://doi.org/10.1371/journal.pone.0306440.g001

implemented in QGIS 3.10 (QGIS, 2022) at 1 degree resolution, totaling 393 cells (Fig 1). How-
ever, for all the spatial analyses, the basin was divided into two sections where more data were
available. i.e., eastern and western side, excluding a longitudinal band containing cells between
-110° and -170°, that had low data coverage (only 16 cells available for that area) and could
skew spatial patterns results. Therefore, 377 cells were considered for the analyses. Moreover,
when representing alpha diversity patterns through kriging and an inverse distance weighted
technique, all sampling cells containing less than 10 species were excluded, assuming they
underestimated the species records and hence introduced biases in the patterns. Therefore, for
those analyses, only 77 cells were considered.

Data sources—Environmental database and processing

The oceanographic variables used for analyses were obtained from Copernicus Marine Envi-
ronment Monitoring Service (https://marine.copernicus.cu) to a resolution of 1 x 1 degree and
0.25x 0.25 degrees. From this data source, we obtained sea surface temperature [47], salinity
[47], total chlorophyll-a concentration [48], dissolved oxygen concentration [48], and mixed
layer depth [49]. The resolution selected to analyze our data was 1 degree; hence, the environ-
mental variables with a resolution of 0.25 degrees were resampled into a 1-degree resolution
using QGIS 3.10 (QGIS, 2022). All data were averaged for the 0-200 m depth range, as well as
from years 1993 to 2019. For temperature data, two additional variables were generated: tem-
perature stability and standard deviation of temperature, which were calculated based on tem-
perature data in temporal lags of two years, with the package climateStability [50] implemented
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in R software (R Core Team, 2021). “Deviation” of temperature is defined as the mean standard
deviation between time slices over time elapsed, which was calculated at the beginning and end of
each of the two years temporal lags and dividing this result by the length of the interval to quantify
deviation over time for each time slice, to finally average the result across all time slices. Later, “sta-
bility” was obtained when taking the inverse of the deviation and scaling it between 0 and 1 [50].
Therefore, a total of seven variables were included in our analyses and are available in Zenodo
repository: https://doi.org/10.5281/zenodo.8257222 (version 1). These environmental variables
were preprocessed by standardizing them subtracting their mean and dividing them by their stan-
dard deviation for later performing variable selection by using Random Forests through the pack-
age VSURF [51] implemented in R software (R Core Team, 2021). This is a two-stage strategy
based on a preliminary ranking of the explanatory variables using the random forests permuta-
tion-based score of importance [52]. We selected a subset of important variables from the second
or the “interpretation” step according to the reduction of the out-of-bag error by adding them
into the decision training models. These variables were later used for analysis of predictive models
of species richness and species composition. Further, for the selected environmental variables, we
calculated the Spearman rank-order correlation coefficient matrix to visualize their degree of asso-
ciation as well as check for redundancy.

Spatial analyses

To analyze the species composition and its spatial distribution, the most dominant species
(most recurrent) were extracted from the data bases and then associated with major current
systems of the SPO, assuming they were representing distinctive species assemblages from
these currents. Also, for beta diversity and its components, turnover and nestedness, a pres-
ence-absence matrix (PAM) was generated through the package fuzzySim in R software (R
Core Team, 2021) [53] from the list of species that occurred for each range of values. This
PAM was later matrix plotted in PAST software [54], from which we selected visually the dom-
inant species, i.e., the ones occurring in all ranges of values for each component.

Biodiversity hotspots were determined based on spatial-statistical criteria to describe biodiver-
sity patterns for the 0-200 m depth water column. It was specifically aimed to detect cells or
groups of cells (i.e., spatial clusters) with species richness greater than the richness expected in a
random distribution. First, the evaluation of whether copepods depict spatial autocorrelation
using Moran’s I statistic was conducted. Second, spatial hotspots were defined in ArcMap 10.4.1
(ESRI 2016) software using the High/Low Clustering (Getis-Ord G*) statistic [55], which identi-
fies spatial concentrations of an entity (in this case species richness per cell) or areas that contain
higher/lower values than expected by chance for a given study area. For a hot spot, the observed
G* index indicated high values of richness clustered in the study area; whereas for a cold spot, the
observed G* index indicated that low values of richness were clustered in the study area.

Species richness (alpha diversity) is the absolute number of species living in a given area,
giving equal weight to all resident species [56]. Species composition (namely beta diversity)
can be viewed as a measure that compares inventory diversity at two different scales (alpha
and gamma diversity). Beta diversity is also a measure of similarity between sites [57], and thus
reflects the differences between local biological communities within a region. These differences
arise from two phenomena which should be distinguished when understanding how biological
diversity is distributed: nestedness and spatial turnover [58]. Nestedness of species occurs
when the biota of sites with smaller numbers of species are subsets of the biota at richer sites.
Contrary to nestedness, spatial turnover implies the replacement of some species by others as a
consequence of environmental sorting or historical and spatial constraints [59]. An application
of knowing these components of beta diversity is the attempt to use differences between
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communities to determine biogeographical regions, as a community that is a subset of a larger
one (nestedness) has no exclusive species, and thus such difference should not be taken into
account to delimit regions; whereas by using indexes not affected by nestedness it is possible to
delimit regions with unique biological communities [58]. We therefore calculated alpha diver-
sity as species richness and beta diversity as species composition while distinguishing between
turnover and nestedness. Alpha diversity was calculated in Biodiverse 3.1 software [60],
whereas beta diversity was estimated using the packages betapart [61], CommEcol [62] and
letsR [63] in R software (R Core Team, 2021), and using the following equation:

ﬂsor:ﬁsim+ﬁsne5£— : +(i)(L) (1)

2atbtc b+ta \2at+tb+c/)\b+a)’
where Bsor is Serensen dissimilarity, Psim is Simpson dissimilarity (i.e., turnover component
of Serensen dissimilarity), Bsne is the nestedness component of Serensen dissimilarity, a is the
number of shared species between two cells, b the number of species unique to the poorest
site, and ¢ the number of species unique to the richest site.
As biodiversity index, we used the Shannon-Wiener index which was calculated in Biodi-
verse 3.1 software [62], according to Eq 2 [64] in the following way:

H==Y" p;lnp, @)

where p; is the number of samples (in this case, occurrences) of the i species as a proportion of
the total number of occurrences in the neighborhoods (1° x 1° sampling cells). This proportion
is estimated as:

Bo=rc ®)

where #; is the number of records of the i species and N is the total number of records at spe-
cies level in the sampled cell.

In order to account for the low sampling coverage and explore whether cells with low values
of richness were causing biases in the analyses, we discarded the cells with values of alpha
diversity < 10, and later performed the spatial analysis using an inverse distance weighted
(IDW) technique that interpolates a raster surface from points, limiting to the range of the val-
ues used to interpolate and giving more (or less) weight where there is more (or less) data. In
addition, to explore further at higher taxonomic levels, we performed the same analysis con-
sidering genus and family levels. Both analyses were plotted through Kriging interpolation
using ArcMap 10.4.1 software (ESRI 2016).

Since species richness in a sample is highly dependent on sample size or sampling efforts
[65], and the ocean has under-sampled areas due to spatial biases in the distribution of sam-
pling locations [6], a skew on the apparent patterns of marine species richness can be pro-
duced. Hence, redundance statistics were used to count the total number of species, and an
assessment of sample completeness was done for species richness through the R package
iNEXT, which provides functions to compute and plot the seamless rarefaction and extrapola-
tion sampling curves [65]. This latter analysis was performed for each main surface current
system of the SPO, namely: Cape Horn current, East Australian Current, Humboldt Current
System, South Equatorial Current, South Pacific Subtropical Gyre, and West Wind Drift, to
evaluate whether some areas had a greater or lower coverage than others. The previously men-
tioned main surface current systems were downloaded from Harvard Dataverse [66].

We generated a biological-environmental spatial database, wherein each cell had the bio-
geographic information of copepod alpha and beta diversity together with oceanographic data
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from the selected environmental variables. We employed Generalized Additive Models (GAMs)
to evaluate the relationship between copepod alpha and beta diversity in the 0-200 m layer of
the South Pacific Ocean and the environmental predictors while considering spatial autocorre-
lation in our analyses. Spatial correlation is a pattern in which observations are related to one
another by the geographic distance between the observation, with locations close to each other
exhibiting more similar values than those further apart, thus violating the assumption of inde-
pendent and identically distributed errors, which can inflate type I errors [67]. This can lead to
the selection of unimportant explanatory variables and poorly estimated parameters, moreover
in ecology, as autocorrelation is a general property of ecological variables measured over geo-
graphic space [67]. Therefore, to take spatial autocorrelation into account, we used the residuals
autocovariate (RAC) approximation [67] by including autocorrelation in the GAMs by adding
another term to it that represents the influence of neighboring observations on the dependent
variable at a particular location. Subsequently, the residuals of the auto-covariables were used as
a new predictive variable in the models. The calculations of GAM+RAC were performed with
the spdep package [68, 69] implemented in R software (R Core Team, 2021).

The model selection was done through Bayesian Information Criterion (BIC), that is based
on information theory but within a Bayesian context and imposes a greater penalty for the
number of parameters compared to the Akaike information criterion [70]. The best model is
the one that provides the minimum BIC, denoted by BIC*, and delta BIC can be computed as:
ABIC = BIC,,,~BIC*. This implies that for given M models, the magnitude of the delta BIC can
be interpreted as evidence against a candidate model being the best model [70]. As a rule, val-
ues of ABIC less than 2 are not worth more than a mention, values between 2 and 6 indicate
that evidence against the candidate model is positive, values between 6 and 10 indicate that evi-
dence against the candidate model is strong, and values greater than 10 indicate that evidence
against the candidate model is very strong [70]. The analyses were conducted through the
package MuMIn [71], in R software (R Core Team, 2021).

Beta diversity was evaluated at each side of the SPO using Generalized Dissimilarity Model-
ling (GDM)-based spatial analysis technique, which involves mapping the first three axes
derived from a principal component analysis (PCA) performed on the set of transformed pre-
dictor layers [72]. It first formulates the relationship between biological dissimilarity and spa-
tial distance by transforming each predictor variable through I-spline basis functions
considering a term called ‘predicted ecological distance’ in a negative exponential function,
with the assumption that dissimilarity between site-pairs increases monotonically from 0 to 1
and in a saturating manner with predicted ecological distance. Based on the maximum height
of the spline function (and hence, the maximum value of the transformed predictor), which
shows the importance of the predictor in explaining dissimilarities, only the predictors with
maximum height over zero were selected for the generation and plotting of the spatial layers.
A RGB (RedGreenBlue) color palette dimension was assigned to each of the three axes of the
PCA, and they were mapped by combining them, finally enabling the visualization of areas
predicted to have more similar species composition (shown as similar colors) or less similar
species composition (shown as different colors). The GDM analysis was performed using the
package gdm [73] in R software (R Core Team, 2021) and its plotting was done through Kri-
ging interpolation using ArcMap 10.4.1 (ESRI 2016) software.

Results
Diversity patterns

For the South Pacific Ocean, a total of 178 species were reported at the upper 200 m water col-
umn of its basin. Regarding the main species present at each main surface current system, we
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searched the dominant ones in terms of their occurrence along the whole period for each of
the major current systems defined above. Most of the dominant species in the SPO were repre-
sentatives of the Order Calanoida (S1 Table), except for the cyclopoid Oithona similis, which
was the dominant species in the CHC, along with Calanus simillimus and Pleuromamma
robusta. In the EAC, O. similis and C. simillimus were the dominant species accompanied by
Neocalanus tonsus. In the SPSG Calocalanus kristalli, Paracalanus parvus, and Calocalanus plu-
mulosus dominated; in the WWD Calocalanus kristalli, Paracalanus parvus and Calocalanus
plumulosus were the most recurrent species; in the HCS Paracalanus indicus, Oithona similis
and Acartia tonsa prevailed; and finally in the SEC Paracalanus parvus, Calocalanus kristalli
and Calocalanus plumulosus were the most dominant ones (S1 Table).

For beta diversity and its components turnover and nestedness, the list of dominant species
is shown in S2 Table. The dominant species for the mean beta diversity were the Calanoids
Acartia longiremis, Calocalanus kristalli, Calocalanus pavo, and Paracalanus parvus, whereas
turnover had similar dominant species, except by the substitution of C. pavo by C. plumulosus.
Finally, nestedness resulted in a different species assemblage represented by Calocalanus pavo,
Euterpina acutifrons, Lucicutia flavicornis, and Mecynocera clausi.

The spatial distribution of alpha diversity considering the complete data set with the
curated data (i.e., 377 cells, excluding the -110°--170" longitudinal band) is shown in Fig 2A.
The removal of cells with values of alpha diversity < 10, left 77 cells located at the eastern and
western sides of the SPO, that were used for the inverse distance weighted (IDW) technique
analysis (Fig 2B), and for the Kriging interpolation (Fig 2C). Those results showed a similar
tendency as the ones obtained with Kriging interpolation done to explore the outcome of this
approach by using the complete dataset (393 cells, without excluding the -110°—-170" longitu-
dinal band), i.e., showing lower values of diversity at the western side of the SPO with a peak in
the tropical and temperate zone, decreasing towards higher latitudes, whereas the eastern side
showed higher values peaking at the temperate area that decreased towards the Equator and
from the coastal towards the oceanic zone (Fig 2B and 2C). When considering family level, the
number of cells increased to 399, and the Kriging interpolation presented a pattern with more
families observed towards the eastern tropical and equatorial zone, with lower values towards
the temperate, subpolar, and western area; whereas its western side showed higher values of
families towards the continent with peaks in equatorial and temperate areas, and decreasing
towards the open ocean (Fig 2D).When considering genus level, the number of cells increased
to 394, and the Kriging interpolation presented a similar pattern to that observed at species
level for eastern alpha diversity in Fig 2A and 2B, with clearer peaks in northern Chile and off
Ecuador; whereas its western side showed higher values of genus towards the continent with
peaks in equatorial and temperate areas, and decreasing towards the open ocean (S1 Fig).

The Shannon-Wiener index of diversity for pelagic copepods exhibited a pattern that varied
from that of alpha diversity. For the eastern and western sides of the basin, the higher values
were within the moderate range (2.4 and 2.9, respectively), showing different spatial patterns.
At the eastern side of the SPO, greater diversity is observed on a coastal band from the temper-
ate zone towards the equator, with decreasing values towards the open ocean (Fig 3). At the
western side, higher diversity was observed from subtropical areas towards temperate and sub-
polar zones, while also showing decreasing values towards the open ocean (Fig 3).

To identify the extreme areas in terms of diversity, we used the High/Low Clustering
(Getis-Ord G) statistical analysis. This method yielded patterns consistent with those of diver-
sity (in terms or species richness) and allowed us to identify most of the hot spots (high values
of richness) present in western temperate-subpolar areas off Australia, and in the equatorial
area off Peru and Ecuador, decreasing towards the south and into the open ocean (Fig 4).
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interpolation for family richness. Transparent squares are the 1° sampled cells used for interpolation, whereas the grey
dotted line delimits the South Pacific Ocean. Map projection is WGS 84/PDC Mercator (EPSG 3832).

https://doi.org/10.1371/journal.pone.0306440.9002

The expected number of species, as a function of sampling units for different defined
regions can illustrate the actual level of sampling coverage (Fig 5). As shown by species rarefac-
tion curves, the sampling effort (samples per sampling units) varied extensively within and
between regions, and no saturated curves were found in any of the regions, indicating a rather
low coverage to assess the whole copepod community (Fig 5A). The distribution of the defined
regions or current systems are illustrated in Fig 5B.

The spatial variability in diversity among potential distinct assemblies can be reflected in
beta diversity, which may also indicate the degree to which such communities differ from each
other. Beta diversity of copepods in the eastern SPO was higher in its equatorial-tropical area,
with another area showing higher values at is temperate zone (Fig 6A); whereas the western
side of the SPO had higher values of beta diversity expanding from tropical to subpolar areas
(Fig 6A). This beta diversity (Fig 6A; mean beta = 0.579) was better explained by mean turn-
over (Fig 6B; mean turnover = 0.295) rather than mean nestedness (Fig 6C; mean nested-
ness = 0.284). The turnover rate at the eastern side of the SPO was higher in its equatorial-
tropical area, with another area showing higher values at is temperate zone (Fig 6B); whereas
the western side of the SPO had higher values of turnover expanding form tropical to subpolar
areas (Fig 6B). Nestedness was found to be higher at the open ocean in the eastern side, with a
higher values patch associated to the coastal area in the temperate zone (Fig 6C); whereas at
the western side, it showed higher values in more oceanic areas at the temperate and subpolar
zones (Fig 6C).

‘When applying the GDM-based spatial analysis to assess species composition, we found
that salinity was the strongest predictor of the observed dissimilarities, followed by oxygen
concentration, mean temperature and chlorophyll-a concentration. In contrast, mixed layer
depth, temperature stability and standard deviation of temperature were the least important
predictors, (S2 Fig). The spatial layers were generated and plotted with the best predictors and
showed three clear latitudinal bands of similar color that kept almost the same distribution
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WGS 84/PDC Mercator (EPSG 3832).
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when extracting the -110°—-170" longitudinal band, indicating a more similar expected com-
position of Copepoda or the existence of distinctive species assemblies (communities) with a
variable degree of mix; however, they covered large areas over each side of the basin, indicating
the existence of different communities (Fig 7). These distinct communities can also be defined
in terms of their dominant species which are shown in S2 Table. Some of these dominant spe-
cies are shared between current systems, although their presence also reflects a wide distribu-
tion over the SPO basin.

Data coverage, biogeographic patterns, and dominant species

This assessment was carried out in association with the major current systems illustrated in
Fig 1. The general circulation of the SPO is dominated by the subtropical gyre, that has an ele-
vated mean dynamic topography at its center [74] (near 15° to 20°S [75]). The South Equato-
rial Current represents the westward flow of the South Pacific Subtropical Gyre, that
terminates entering the Coral Sea and bifurcating at the east of the Great Barrier Reef between
15° and 22°S [76] to form the southerly East Australian Current [77], that strengthens as it
flows along the coast of Australia [77]. Southward of ~33°S, it begins to separate into filaments,
forming the East Australian Current extension and the Tasman Front [77] that consists of a
series of current jets flowing eastward, mainly between 33" and 35°S [78]. These appears to be
a large component of subtropical water feeding into the South Pacific Subtropical Gyre
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circulation along the Sub-Tropical Front associated with the West Wind Drift, that streams
equatorward of the Subantarctic Front associated with the Antarctic Circumpolar Current
(ACC) [79, 80] and intersects the South American continent at ~45°S, where the Cape Horn
Current and Humboldt Current System begin towards the south and the north, respectively
[81, 82]. The latter is the largest of the four main Eastern Boundary Upwelling Systems—as the
other three are embedded in the California, Canary, and Benguela Currents [83]—and is
shaped by a broad current of fresh, cooler Sub-Antarctic Surface Water along the eastern rim
of the subtropical gyre [81], extending from southern Chile (~45°S) to northern Peru and
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Ecuador (~4°S), where cool upwelled waters collide with warm tropical waters forming the
Equatorial Front [81]. The South Pacific Subtropical Anticyclone or the South Pacific High,
which spins counter-clockwise, is the most influential off the west coast of South America [74,
84] and acts as the dominant forcing of the subtropical gyre [85]. However, it presents seasonal
variation, abiding at its northern position (26°S, 86°W) during the late austral fall and winter,
when it is also closer to the South American continent and its intensity is weaker; whereas,
during austral spring and summer the South Pacific High moves southwest (37°S, 108°W) and
depicts its maximum intensity [85]. The latter (former) conditions generate stronger (weaker)
Equatorward winds that favor (disfavor) coastal upwelling offshore central-south Chile [81].
In terms of sampling coverage for epipelagic copepods, only 4.02% of the total area of the epi-
pelagic SPO has been sampled between 1993 and 2019. In fact, all the main current systems
have been sampled over less than 2.5% of their area, each covering less than 1% of the total
area of the SPO. An exception is the East Australian Current System with 17.28% of its area
sampled and covering 2.76% of the total area of the SPO (Table 1).

Environmental data selection and predictive models. The routine VSURF selected five
oceanographic factors to be tested for influence on species richness (arranged in decreasing order
of importance): mean temperature (Ty,e.n), salinity (S), dissolved oxygen concentration (O,),
chlorophyll-a concentration (Chla), and the mixed layer depth (MLD). For species composition,
all seven oceanographic variables were selected (arranged in decreasing order of importance):
mean temperature (Ty,e,n), chlorophyll-a concentration (Chla), dissolved oxygen concentration
(0O,), standard deviation of temperature (Ty), salinity (S), temperature stability (Ty,y), and mixed
layer depth (MLD). The Spearman correlation matrices (S3A and S3B Fig) obtained for each sub-
set of variables depicted that all were weakly correlated according to a Spearman’s rank correlation
coefficient |p <0,7], with exception of Tpean and O, which showed p = -0.99.

However, in addition to environmental variables, data on Copepoda richness within the
upper 200 m of the SPO depicted that the species and assemblies were significantly associated
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Table 1. y of spatial ch istics and cells pled per each main surface current system of the SPO. CHC = Cape Horn Current; EAC = East Australian
Current; HCS = Humboldt Current System; SEC = South Equatorial Current; SPSG = South Pacific Subtropical Gyre; WWD = West Wind Drift; n.a. = not applicable.
Current | Area Total number | Number of Total number of Number of species Sampled area per | % of the current’s | % of the area of the
(Km?) | of cells sampled cells | observations observed per current | current (Km?) area sampled SPO sampled
CHC | 265 152 5 55 3 6.16 *10" 2.32 0.05
*10°
EAC 1.93 1468 270 18207 148 3.33*10° 17.28 2.76
107
HCS 1.59 1230 16 2527 91 1.97 *10° 1.24 0.16
*107
SEC 6.74 685 12 510 94 1.48 *10° 219 0.12
100
SPSG 6.14 4436 67 899 24 8.26 *10° 1.34 0.68
107
WWD 146 804 23 147 10 2.83*10° 1.94 0.24
107
Total 121 8775 393 22345 na. 4.84%10° na. 4.02
108

https:/doi.org/10.1371/journal.pone.0306440.t001

over the space according to Moran’s I statistics. This is shown by regression residuals which
exhibited significant spatial autocorrelation, i.e., there are spatial-dependent elements in the
regression residuals (I = 0.012, p-value = 0.015). Therefore, the residuals autocovariate (RAC)
was added as a new variable for the model selection, after which the spatial autocorrelation
according to Moran’s I statistics was not significant (I = 0.003, p = 0.091).

When looking for environmental predictors to explain the distribution of species richness,
the best GAM explaining species richness included Chla, S, T,;ean and RAC (Table 2). The
adjusted R* value revealed that 60% of the variability is explained by this model. The predicted
values of alfa diversity were concordant with the observed data (r = 0.77; S4 Fig).

Regarding species composition within the 0-200 m range, a significant spatial correlation
according to Moran’s I statistics was observed, as regression residuals exhibited significant spa-
tial autocorrelation, (I = 0.018, p-value = 0.005). After we added RAC as a new variable for the
model selection, spatial autocorrelation did not occur based on Moran’s I statistics (I = -0.006,
p-value = 0.726).

The best GAM model explaining the species composition of copepods in the SPO included
Chla, O,, S, Tyean and RAC (Table 3). The adjusted R? value revealed that 70% of the variabil-
ity is explained by this model. The predicted values of beta diversity were concordant with the
observed data (r = 0.84; S5 Fig).

Discussion
Spatial patterns of biodiversity and their predictors

Hot and cold spots patterns of copepod distribution in the SPO do not seem to follow the pre-
viously reported latitudinal trends of global patterns of marine species with peaks of diversity

Table 2. GAM+RAC models for species richness. Statistics acronyms are BIC = Bayesian information criterion,
ABIC = delta BIC (i.e., the difference in BIC score between the best model and the model being compared). Predictors’
acronyms are: Ty,eqn = mean temperature, S = salinity, Chla = chlorophyll-a concentration, MLD = mixed layer depth,
autocovariate = residuals autocovariate. The best model is highlighted in bold.

Model BIC ABIC
1 Species richness ~ Chla, S, T ... + autocovariate 2364.54 0
2 Species richness ~ Chla, MLD, S, T,y + autocovariate 2365.47 0.93

https://doi.org/10.1371/journal.pone.0306440.t002
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Table 3. GAM+RAC models for species composition. Statistics acronyms are BIC = Bayesian information criterion,
ABIC = delta BIC (i.e., the difference in BIC score between the best model and the model being compared). Predictors”
acronyms are: Ty,e,, = mean temperature, Ty, = temperature stability, S = salinity, Chla = chlorophyll-a concentra-
tion, DO, = dissolved oxygen concentration, MLD = mixed layer depth, autocovariate = residuals autocovariate. The
best model is highlighted in bold.

Model BIC ABIC
1 Species composition ~ Chla, DO,, S, T ,can + autocovariate 553.32 0
2 Species composition ~ Chla, MLD, DO, S, T ean + autocovariate 551.84 1.48
3 Species composition ~ Chla, MLD, DO, S, T ycans Tstan + autocovariate 551.68 1.64

https://doi.org/10.1371/journal.pone.0306440.t003

at subtropical latitudes and a gradual decrease towards temperate and polar regions [23, 34,
86-90]. However, the presence of hot spots equatorial area off Peru and Ecuador (Fig 4) coin-
cides with the Eastern margin biogeographic region where coastal (0-250 Km offshore) and
eastern (250-1000 Km offshore) boundary currents that originate from the Humboldt Current
and has high levels of production [91]; whereas the hotspots observed in western temperate-
subpolar areas off Australia (Fig 4), corresponds, according to their zoning, to the South Sub-
tropical Convergence and to the Chatham Rise zones, both frontal zones that marks the inter-
section of colder sub Antarctic waters with warmer tropical waters thus supporting substantial
production [92]. The latitudinal trend, suggesting a plateau distribution of diversity from trop-
ical to temperate regions, can be observed at the spatial distribution of the Shannon index
shown in Fig 3, which shows greater diversity over a coastal band from the Equator towards
the temperate area in the eastern zone, and higher diversity from subtropical areas towards
temperate and subpolar zones at the western zone. Shannon Wiener, however exhibited some
discrepancies with species richness. For instance, when comparing the northern vs. the south-
ern portion of the eastern SPO (i.e. the Humboldt Current). In this regard, it is important to
consider that we estimated the Shannon Wiener based on the species occurrences over the
study period, not on species abundance, whereas species richness represents the total number
of species throughout the study period, independently of their frequency of occurrence. There-
fore, Shannon Wiener and species richness may show different patterns of diversity, when
comparing regions where copepod populations are highly frequent, since their populations are
more continuously present during their annual cycles, such as in tropical or subtropical
regions, or they have very seasonal life cycles, with low frequency of occurrence, such as in
temperate regions [93].

Regarding latitudinal trends, Woodd-Walker et al. (2002) [36] suggested that the decreasing
trend with latitude may arise from a more stable seasonal cycle of productivity in the tropical/
subtropical area supporting a stable high-diversity community in comparison with a strongly
seasonal productivity in temperate/polar regions which may limit the number of copepods
species and so resulting in a low diversity pattern. This latitudinal pattern is reflected in our
spatial distribution of Shannon-Wiener index in both sides of the SPO, but it is not clear for
the spatial distribution of alpha diversity, that at its western side showed lower values of diver-
sity and had a similar tendency with a peak in the tropical and temperate zone, decreasing
towards higher latitudes, although the eastern side showed higher values peaking at the tem-
perate area that decreased towards the Equator and from the coastal towards the oceanic zone.

The zonal pattern on the other hand, remains with much uncertainty due to a poor sam-
pling coverage in the oceanic region of the SPO. Our study shows that maximum values of
copepod richness occur around tropical-subtropical areas in both eastern and western sides,
but with a strongly reduced diversity in the oceanic region in areas with too few sampled cells.
In this regard, Rombouts et al. (2009) [23] suggested that temperature-predicted diversity of
copepods should be higher in a subtropical band in both hemispheres, although with no
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contrasting differences between coastal and oceanic regions. Such patterns have also been
found in other planktonic groups, such as euphausiids [34], tintinnid ciliates [94], foraminifera
[34, 95]; as well as benthic marine invertebrates, such as prosobranch gastropods [32]; and
higher trophic level organisms, fishes 34, 96], sharks [34], squids [34] and cetaceans [34]. For
instance, in a recent work [19] a total number of 121 species of copepods was reported from a
single cruise carried out in the South Pacific Subtropical Gyre, indicating this area can be com-
parable to the North Pacific Subtropical Gyre in which 125 species were reported by McGowan
and Walker (1979) [97], although more recently Vereshchaka et al. (2017) [98] indicated that
more than 240 species can be found in the central-south Pacific region. Therefore, the species
records available at OBIS may not represent the potentially rich copepod community in the
central gyre of the SPO; and that is why we opted for dividing the basin into a eastern and
western side and exclude the longitudinal band between -110°—-170" for performing our anal-
yses, as this area had too few sampling.

Temperature and its stability were the main factors, initially proposed in our hypothesis, as
predictors of copepod biodiversity patterns in this basin. However, hot spots were also found
off Chile, Peru and Ecuador along the main coastal upwelling system, which might be associ-
ated to 1) the habitat features hypothesis [34] related to ecosystem size and mesoscale pro-
cesses, that are known to influence positively copepod diversity [34, 86, 90]; and 2) the
productivity-richness hypothesis that predicts a positive effect of primary productivity on rich-
ness [34], supported by other studies finding a positive relationship between copepod diversity
and chlorophyll-a concentration [86, 87, 89, 99]. Biogeographic patterns can also be explained
on the basis of evolutionary [100, 101] and spatial processes [102] which are considered as the
historical context for observed spatial distribution. Nevertheless, as stressed above, limited
data coverage precludes a clear conclusion on underlying mechanisms explaining observed
patterns of diversity.

Considered the above-mentioned potential mechanisms, we selected environmental vari-
ables to evaluate factors explaining copepod species richness and species composition. All vari-
ables were correlated to each other with a Spearman’s rank correlation coefficient of [p <0,7|,
except for Tpean and O, that showed p = -0.99. In general, variables with correlation values of
|p| less than 0.7 are not recommended for selection [103]; nevertheless, despite this high value
of |p|, we chose to include both variables instead of conducting further testing. This is because
dissolved gases in the ocean tend to decrease their concentration with higher temperature
[104], and so this relationship would not reflect a systematic bias. The oceanographic factors
explaining copepod species richness (Chla, S, Ty,cqn) and species composition (Chla, O,, S,

T mean) in the SPO are of significance in a lesser or greater degree at different zones of the study
area; and, they have also been documented to be of importance on a macroscale basis for cope-
pod abundance and body size [25]. Moreover, the GDM-based spatial analysis conducted for
evaluating species composition showed that the stronger predictors of the observed dissimilar-
ities were the same variables (S, Oy, Tyyean» Chla; S3 Fig).

It has been found that chlorophyll strongly correlates with copepod abundance in the ocean
[34, 86, 99, 105]. Oxygen is also a significant factor influencing copepod distribution in the
ocean, because its availability is a major driver for temperature-size responses in aquatic
organisms [106], and the variation in its concentration, for example, due to deoxygenation,
can affect copepod physiology, with drastic impacts in both coastal [11, 107] and oceanic [108]
species. Warmer water increases copepod growth, development and molting rates [107], with
an associated increase in the oxygen demand. This can lead to a reduction in population
growth by limiting the hatching success and naupliar growth in early life stages [11], as well as
reducing egg production and somatic growth in adults [107], together with shifts in their
depth distribution [108]. This involves physiological adaptations that may vary according to
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the species, their body weight and extent of motion [109]. Altogether, these combined drivers
have a potential effect on copepod ecology and, consequently, on their biogeographic patterns.

Salinity and its variation also affects copepod distribution [110], biomass [111], reproduc-
tion [112, 113], growth [114, 115], body size [25] or fatty acid synthesis [115], with various
ranges of tolerance that may or may not be favorable, according to their biology and location.
This may be relevant since global warming in some areas of the ocean can lead to an increase
in salinity (evaporation or greater circulation) or a reduction of the same (greater run-off of
fresh water into the ocean, rainfall, or ice melt), producing osmotic stress that may be costly
for their physiology.

Temperature itself plays a fundamental role in the marine ecosystem, since it controls phys-
iological rates [116], metabolism [116], body size [25], reproduction [10], mortality [117] and
community structure [24, 118], even at large spatial scales [25, 35, 41, 119]. Thus, it may be
thought that temperature also influences the distribution of organisms in the ocean, as it can
substantially vary in its three dimensions. Over the meridional axis, temperature exhibits a
strong gradient from the equator to the poles, with a similar gradient commonly present from
coastal areas to central gyres, whereas in the vertical axis, it has a strong temperature gradient
from the upper mixed layer down to the deep, cold waters. These gradients in the water col-
umn structure may contribute to the generation of large-scale spatial trends in the distribution
of organisms such as copepods [120]. Although this study did not separate copepods into func-
tional groups according certain traits more specifically linked to environmental variations, the
fact that composition changed mainly due to oceanographic factors that influence the nesting
of functional groups, highlights and support those findings [121], as beta diversity is a proxy of
difference in number of species among ecosystems, thus reflecting changes or gradients in the
environment as well.

Species distribution and the structure of species assemblages may additionally obey some
physical processes (e.g., large-scale circulation, currents, eddies, fronts, interaction with the
atmosphere) and the effect of local conditions. In this sense, it is possible that in addition to
more direct effects on copepod populations, temperature is reflecting variability in water mas-
ses distribution controlled by large-scale circulation. The distribution of drifting plankton,
including copepods, is largely affected by near-surface currents, allowing species radiation and
colonization processes [122], and so influencing diversity patterns.

Regarding the structure of the copepod community, we found that some dominant species
were representing different current systems, and thus distinct plankton communities. How-
ever, we could only assess most occurrences of species (not abundance) for each main surface
current system of the SPO (S1 Table). The occurrences distribution of dominant species
seemed to be concordant with patterns documented for copepod diversity on a large scale,
with cyclopoids showing greater diversity in the subtropics and calanoids in the temperate
zone [25, 123]. Dominant species in the each of the major currents are mostly represented by
small Calanoid copepods and the widely distributed Cyclopoid Oithona similis. Some of the
recurrent species are Paracalanus parvus and P. indicus. Both species are possibly a single spe-
cies traditionally known as P. parvus, but morphologically close to P. indicus, although most
likely being a new, non-described species [124]. Lately, it has been referred as P. cf. indicus in
the Eastern SPO [125]. The other recurrent species are Calocalanus spp. They are also known
as small-sized copepods and mostly found in oceanic waters [126]. The high occurrence of
small-sized oceanic copepods, and low presence of large-sized Calanoids, such as Calanus spp.,
Calanoides spp., and Pleurommama spp., which are abundant in coastal areas of the SPO [38,
93] may indicate that small copepods prevail, or are numerically more abundant than large-
sized ones. Also, most data sets do not include harpacticoids or other cyclopoid copepods,
such as Oncaea spp. which may be highly abundant in oligotrophic waters of the SPO [127].
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The OBIS data base does not include the observed number of species in each of the surface cur-
rent systems (see S1 Table) when compared to total species inventories. For example, the maxi-
mum species richness available in OBIS for the East Australian Current (EAC) and the
Humboldt Current System (HCS) is 148 and 91, respectively (see Table 1); that account for ca.
a quarter of the species inventory compiled by the Banyuls Observatory data base on copepods
for those areas [128]. In the other current systems, similar levels of differences between OBIS
data and species inventories can be applied.

Current data limitations over space and time

Sampling biases must be considered when validating the robustness of the derived spatial pat-
terns and the role of environmental drivers. For example, it is crucial to consider that due to
spatial gaps of data (Fig 1, Table 1), our results may be strongly constrained be sampling cover-
age [129, 130].

The spatial sampling effort was evaluated over the SPO through rarefaction/extrapolation
curves by grouping the cells into the main surface current systems of the SPO (Fig 5A). It was
found that species richness counts did not reach a clear asymptote at any of the defined current
systems. Thus, the SPO is under-sampled for copepods. This aspect may have had an influence
on Shannon-Wiener index values (Fig 3), as moderate to high values (from 1.7 on) were esti-
mated only for a small area of the SPO. Subsequently, large areas exhibiting much lower values
of richness and biodiversity may result from lack of sampling, description, and digitization of
copepod data rather than having a relatively low diversity of species on a significant part of its
extension. Moreover, the GDM-based spatial analysis done for evaluating species composition
was performed with ecological data based on occurrence instead of abundance, which requires
the assumption that any location where the species has not been observed can be treated as
absence; therefore, making under-sampled locations more problematic [72]. Although inverte-
brates are the most common group documented after plants [131], and that an increasing
number of data papers over time reflects progress in digitization and online platforms develop-
ment for reporting observations that serve for biodiversity research [131, 132], it has been esti-
mated that less than 10% of specimens’ registers are digitized [133], with even less data
available online [134]. The lack of description and cataloguing of species and the incomplete
knowledge regarding their geographic distribution (i.e., Linnean and Wallacean shortfalls,
respectively) are among the most common setbacks for biodiversity research using databases
[130], representing a practical limit for biodiversity knowledge that may lead to misidentifica-
tion of ecological processes [130]. We further addressed this issue by estimating redundancy
index, that indicated a middling sampling over the SPO (S6 Fig) with a lower coverage on its
eastern side, that highlights the gaps on great extensions and depicts higher values for areas
where a greater sampling effort was seen. Moreover, through Moran’s I index, it is possible
to infer that the distribution of richness is more spatially clustered than expected if underly-
ing spatial processes were random, as biodiversity aspects of species and communities are
linked to complex interactions between physical, chemical, and biological factors. Consider-
ing this, and the developments in statistical modeling making possible to account for biases
within heterogeneous data [135], we chose to use the RAC approximation [67] for the GAM
analyses. This allows the incorporation of another variable into the models to take spatial
autocorrelation into account and maintain strong predictive and inferential performance
[67]. However, despite the usefulness of these methodologies, more effort is needed for
improving the number and quality of distribution records used as primary data in macroeco-
logical studies [136], with databasing focused on georeferencing the information obtained
from data collections [129].
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Copepod resilience to climate forcing

Copepod diversity may have remained stable over a long time and large space due to a strong
resilience to environmental variability. In this aspect and when dissecting species composition
into turnover and nestedness, we observed that the former was higher in areas where hot spots
were also identified (Figs 6 and 4, respectively), coinciding with the flow of cold currents
(Humboldt current, Zeehan Current in southern Australia, and southern part of the East Aus-
tralian current off New Zealand into the West Wind Drift). Therefore, basin-scale ocean cur-
rents seem to be an important oceanographic driver explaining the distribution of copepods in
the SPO. The potential of large-scale ocean currents generating distributional patterns at vari-
ous levels in the ocean has recently been studied more across different taxa [137-141], showing
results that support the hypothesis and suggest that it may be a general process transcending
taxa and spatial scales [141]. All these large-scale circulation patterns may allow the recoloniza-
tion and mixing of copepod assemblies, thereby acting as a buffer to cope with the local impact
of warming, deoxygenation, or other altered environmental conditions driven by natural per-
turbations or anthropogenic origin. This buffering effect may allow planktonic organisms such
as copepods to exhibit a high resilience to large-scale changes in hydrographic conditions due
to global warming.

Conclusion

The diversity distribution of copepods in the SPO follows general patterns observed in other
organisms in the ocean, although patterns over a basin scale with presence of hot and cold
spots do not replicate observed patterns reported for the North Pacific or Atlantic Ocean. The
key environmental correlates for such biodiversity patterns were found to be mean tempera-
ture, chlorophyll-a concentration, salinity, oxygen concentration, and residuals autocovariate.
A significant role for causing and maintaining copepod diversity patterns was also attributed
to large-scale circulation processes, which may act as a buffer for changes in local conditions
and allow species recolonization. Therefore, we suggest that planktonic copepods may exhibit
a strong resilience to climate change impact.

However, caution should be taken in interpreting our findings since our modeling
approaches and spatial analyses were strongly constrained by spatial and temporal gaps in
sampling efforts and data availability. Future analyses are expected to improve observed pat-
terns with the completion of global biodiversity data bases.

Supporting information

S1 Fig. Kriging interpolation analysis done for the western and eastern side of the SPO
with 394 cells accounting for number of genera. Transparent squares are the 1° sampled cells
used for Kriging interpolation, whereas the grey dotted line delimits the South Pacific Ocean.
Map projection is WGS 84/PDC Mercator (EPSG 3832).

(JPG)

S2 Fig. Maximum height of the spline function (hence the maximum value of the trans-
formed predictors), indicating the stronger predictors of the observed dissimilarities for
the Generalized Dissimilarity Modelling (GDM)-based spatial analysis. Their acronyms
are: s = salinity, 02 = dissolved oxygen concentration, tmean = mean temperature,

chla = chlorophyll-a concentration, mld = mixed layer depth, tstab = temperature stability,

tsd = standard deviation of temperature. The spatial layers were generated and plotted with the
predictors with heights over zero (i.e., s, 02, tmean and chla).

(JPG)
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S3 Fig. Spearman correlation matrices of environmental variables used in GAM models for
(a) alfa diversity and (b) beta diversity. Positive correlations are displayed in red and negative
correlations in blue color. Color intensity is proportional to the correlation coefficients. In the
right side of the correlogram, the legend color shows the correlation coefficients and the corre-
sponding colors. Their acronyms are: Tmean = mean temperature, Tstab = temperature stabil-
ity, Tsd = standard deviation of temperature, S = salinity, Chla = chlorophyll-a concentration,
02 = dissolved oxygen concentration, MLD = mixed layer depth.

(JPG)

S4 Fig. Correlation between observed and predicted species richness. Pearson’s r coefficient:
0.77 (p-value<0.01). Negative residuals (below the reference line) indicate knowledge short-
falls, whereas positive residuals (above the reference line) indicate underestimated species rich-
ness.

(JPG)

S5 Fig. Correlation between observed and predicted species composition. Pearson’s r coeffi-
cient: 0.84 (p-value<0.01). Negative residuals (below the reference line) indicate knowledge
shortfalls, whereas positive residuals (above the reference line) indicate underestimated species
composition.

(JPG)

S6 Fig. Redundancy index obtained for the western and eastern side of the SPO. Values
close to 1 indicate good sampling, whereas values close to 0 indicate poor sampling. Transpar-
ent squares are the 1° sampled cells used for Kriging interpolation, whereas the grey dotted
line delimits the South Pacific Ocean. Map projection is WGS 84/PDC Mercator (EPSG 3832).
(JPG)

§1 Table. Dominant copepod species in terms of occurrence for the main surface current
systems of the South Pacific Ocean. CHC = Cape Horn Current; EAC = East Australian Cur-
rent; HCS = Humboldt Current System; SEC = South Equatorial Current; SPSG = South
Pacific Subtropical Gyre; WWD = West Wind Drift.

(DOCX)

S2 Table. Dominant copepod species of the South Pacific Ocean in terms of occurrence for
all ranges values of beta diversity and its components turnover and nestedness.
(DOCX)

Acknowledgments

We are grateful to all the scientific community providing data on marine biodiversity to OBIS
portal, and special thanks to ESPOBIS, the Eastern South Pacific Node of OBIS. Two anony-
mous reviewers greatly helped to improve our work.

Author Contributions

Conceptualization: Manuela Pérez-Aragon, Ruben Escribano, Reinaldo Rivera.
Data curation: Reinaldo Rivera, Pamela Hidalgo.

Formal analysis: Manuela Pérez- Aragon.

Funding acquisition: Ruben Escribano.

Investigation: Manuela Pérez- Aragon, Ruben Escribano, Reinaldo Rivera, Pamela Hidalgo.

PLOS ONE | https://doi.org/10.1371/journal.pone.0306440 July 11,2024 21/28

53



PLOS ONE

Biodiversity of copepods in the South Pacific

Methodology: Manuela Pérez-Aragén, Ruben Escribano, Reinaldo Rivera.

Resources: Ruben Escribano, Pamela Hidalgo.

Software: Manuela Pérez-Aragon, Reinaldo Rivera.

Supervision: Ruben Escribano.

Validation: Manuela Pérez-Aragon, Ruben Escribano, Reinaldo Rivera.

Visualization: Ruben Escribano, Reinaldo Rivera.

Writing - original draft: Manuela Pérez-Aragon, Ruben Escribano, Reinaldo Rivera.

Writing - review & editing: Ruben Escribano, Reinaldo Rivera, Pamela Hidalgo.

References

15.

Angel MV. Biodiversity of the Pelagic Ocean. Conserv Biol. 1993; 7: 760-772.

Ormond RFG, Gage JD, Angel M V. Marine Biodiversity: Pattems and Processes. Cambridge Univer-
sity Press. 1997.

Currie DJ, Francis AP, Kerr JT. Some general propositions about the study of spatial patterns of spe-
cies richness. Ecoscience. 1999; 6: 392—399. https://doi.org/10.1080/11956860.1999.11682541

Dornelas M, Gotelli NJ, McGill B, Shimadzu H, Moyes F, Sievers C, et al. Assemblage Time Series
Reveal Biodiversity Change but Not Systematic Loss. Science (80-). 2014; 344: 296-300. https://doi.
org/10.1126/science. 1248484 PMID: 24744374

Renema W, Bellwood DR, Braga JC, Bromfield K, Hall R, Johnson KG, et al. Hopping Hotspots:
Global Shifts in Marine Biodiversity. Science (80-). 2008; 321: 654—657. https:/doi.org/10.1126/
science.1155674 PMID: 18669854

Dornelas M, Antdo LH, Moyes F, Et al. BioTIME: A database of biodiversity time series for the Anthro-
pocene. Glob Ecol Biogeogr. 2018; 27: 760-786. https://doi.org/10.1111/geb.12729 PMID: 30147447

Verity PG, Smetacek V. Organism life cycles, predation, and the structure of marine pelagic ecosys-
tems. Mar Ecol Prog Ser. 1996; 130: 277-293. https://doi.org/10.3354/meps130277

Lombard F, Boss E, Waite AM, Vogt M, Uitz J, Stemmann L, et al. Globally Consistent Quantitative
Observations of Planktonic Ecosystems. Front Mar Sci. 2019; 6. https:/doi.org/10.3389/fmars.2019.
00196

Valdés V, Carlotti F, Escribano R, Donoso K, Pagano M, Molina V, et al. Nitrogen and phosphorus
recycling mediated by copepods and response of bacterioplankton community from three contrasting
areas in the western tropical South Pacific (20°S). 2018; 6019-6032.

Escribano R, Hidalgo P, Valdés V, Frederick L. Temperature effects on development and reproduction
of copepods in the Humboldt Current: the advantage of rapid growth. J Plankton Res. 2014; 36: 104—
116. https://doi.org/10.1093/plankt/fbt095

Ruz PM, Hidalgo P, Escribano R, Keister JE, Yebra L, Franco-Cisterna B. Hypoxia effects on females
and early stages of Calanus chilensis in the Humboldt Current ecosystem (23°S). J Exp Mar Bio Ecol.
2018; 498: 61-71. https://doi.org/10.1016/j.jembe.2017.09.018

Thor P, Dupont S. Transgenerational effects alleviate severe fecundity loss during ocean acidification
in a ubiquitous planktonic copepod. Glob Chang Biol. 2015; 21: 2261-2271. https:/doi.org/10.1111/
gcb.12815 PMID: 25430823

Lewis CN, Brown KA, Edwards LA, Cooper G, Findlay HS. Sensitivity to ocean acidification parallels
natural pCO2 gradients experienced by Arctic copepods under winter sea ice. Proc Natl Acad Sci.
2013; 110: E4960-E4967. https://doi.org/10.1073/pnas.1315162110 PMID: 24297880

Peterson WT, Bellantoni DC. Relationships between water-column stratification, phytoplankton cell
size and copepod fecundity in long island sound and off central Chile. South African J Mar Sci. 1987;
5:411-421. https://doi.org/10.2989/025776 187784522748

Williams R, Conway DVP, Hunt HG. The role of copepods in the planktonic ecosystems of mixed and
stratified waters of the European shelf seas. Hydrobiologia. 1994; 292—293: 521-530. https://doi.org/
10.1007/BF00229980

Kigrbe T, Nielsen TG. Regulation of zooplankton biomass and production in a temperate, coastal eco-
system. 1. Copepods. 1994; 39: 493-507. Available: https://play.google.com/store/apps/details ?id=
com.evozi.deviceid&hl=pl

PLOS ONE | https://doi.org/10.1371/journal.pone.0306440 July 11,2024 22/28

54



PLOS ONE

Biodiversity of copepods in the South Pacific

20.

21.

22.
23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Berline L, Siokou-Frangou I, Marasovic |, Vidjak O, Fernandez de Puelles ML, Mazzocchi MG, et al.
Intercomparison of six Mediterranean zooplankton time series. Prog Oceanogr. 2012; 97-100: 76-91.
https://doi.org/10.1016/j.pocean.2011.11.011

Pino-Pinuer P, Escribano R, Hidalgo P, Riquelme-Buguefio R, Schneider W. Copepod community
response to variable upwelling conditions off central-southern Chile during 2002-2004 and 2010
—2012. Mar Ecol Prog Ser. 2014; 515: 83-95. https://doi.org/10.3354/meps11001

Medellin-Mora J, Escribano R, Schneider W. Community response of zooplankton to oceanographic
changes (2002-2012) in the central/southern upwelling system of Chile. Prog Oceanogr. 2016; 142:
17-29. https://doi.org/10.1016/j.pocean.2016.01.005

Frederick L, Escribano R, Morales CE, Hormazabal S, Medellin-Mora J. Mesozooplankton respiration
and community structure in a seamount region of the eastern South Pacific. Deep Res Part |. 2018;
135: 74-87. https://doi.org/10.1016/j.dsr.2018.03.008

Costello MJ, Chaudhary C. Marine Biodiversity, Biogeography, Deep-Sea Gradients, and Conserva-
tion. Curr Biol. 2017; 27: R511-R527. https://doi.org/10.1016/j.cub.2017.04.060 PMID: 28586689

Ocean Biogeografic Information System (OBIS). Available: http://iobis.org/

Rombouts |, Beaugrand G, Ibafiez F, Gasparini S, Chiba S, Legendre L. Global latitudinal variations in
marine copepod diversity and environmental factors. Proc R Soc B Biol Sci. 2009; 276: 3053-3062.
https://doi.org/10.1098/rspb.2009.0742 PMID: 19515670

Hooff RC, Peterson WT. Copepod Biodiversity as an Indicator of Changes in Ocean and Climate Con-
ditions of the Northern California Current Ecosystem. Limnol Oceanogr. 2006; 51: 2607-2620.

Brandao MC, Benedetti F, Martini S, Soviadan YD, Irisson JO, Romagnan JB, et al. Macroscale pat-
terns of oceanic zooplankton composition and size structure. Sci Rep. 2021; 11: 1-19. https://doi.org/
10.1038/s41598-021-94615-5 PMID: 34344925

Muller-Karger FE, Canonico G, Aguilar CB, Bax NJ, Appeltans W, Yarincik K, et al. Marine Life 2030:
building global knowledge of marine life for local action in the Ocean Decade. ICES J Mar Sci. 2023;
80: 355—-357. https://doi.org/10.1093/icesjms/fsac084

Reid JL, Brinton E, Fleminger A, Venrick EL, McGowan JA. Ocean Circulation and Marine Life. Adv
Oceanogr. 1978; 65-130. https://doi.org/10.1007/978-1-4615-8273-1_3

Wright DH. Species-energy theory: an extension of species-area theory. Oikos. 1983; 41: 496-506.

Currie DJ. Energy and large-scale patterns of animal and plant species richness. Am Nat. 1991; 137:
27-49. https://doi.org/10.1086/285144

Allen AP, Brown JH, Gillooly JF. Global biodiversity, biochemical kinetics, and the energetic-equiva-
lence rule. Science (80-). 2002; 297: 1545-1548. https://doi.org/10.1126/science. 1072380 PMID:
12202828

Rohde K. Latitudinal Gradients in Species Diversity: The Search for the Primary Cause. Oikos. 1992;
65:514-527.

Roy K, Jablonski D, Valentine JW, Rosenberg G. Marine latitudinal diversity gradients: Tests of causal
hypotheses. Proc Natl Acad Sci. 2002; 95: 3699-3702. https:/doi.org/10.1073/pnas.95.7.3699 PMID:
9520429

Brown JH, Gillooly JF, Allen AP, Savage VM, West GB. Toward a metabolic theory of ecology. Ecol-
ogy. 2004; 85: 1771-1789.

Tittensor DP, Mora C, Jetz W, Lotze HK, Ricard D, Berghe E Vanden, et al. Global patterns and predic-
tors of marine biodiversity across taxa. Nature. 2010; 466: 1098—1101. https:/doi.org/10.1038/
nature09329 PMID: 20668450

Beaugrand G, Edwards M, Legendre L. Marine biodiversity, ecosystem functioning, and carbon
cycles. Proc Natl Acad Sci. 2010; 107: 10120-10124. https://doi.org/10.1073/pnas.0913855107
PMID: 20479247

Woodd-Walker RS, Ward P, Clarke A. Large-scale patterns in diversity and community structure of
surface water copepods from the Atlantic Ocean. Mar Ecol Prog Ser. 2002; 236: 189-203. https:/doi.
org/10.3354/meps236189

Richardson AJ, Schoeman DS. Climate impact on plankton ecosystems in the Northeast Atlantic. Sci-
ence (80-). 2004; 305: 1609—1612. https://doi.org/10.1126/science. 1100958 PMID: 15361622
Gonzalez CE, Medellin-Mora J, Escribano R. Environmental Gradients and Spatial Patterns of Cala-
noid Copepods in the Southeast Pacific. Front Ecol Evol. 2020; 8: 1-16. https://doi.org/10.3389/fevo.
2020.554409

Suckow MA, Weisbroth SH, Franklin CL. Temperature in the oceans. Seawater: Its Composition,
Properties and Behaviour. 1995. pp. 14-28. https://doi.org/10.1016/B978-0750637 15-2/50003-4

PLOS ONE | https://doi.org/10.1371/journal.pone.0306440 July 11,2024 23/28

55



PLOS ONE

Biodiversity of copepods in the South Pacific

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

Ibarbalz FM, Henry N, Brandao MC, Martini S, Busseni G, Byrne H, et al. Global Trends in Marine
Plankton Diversity across Kingdoms of Life. Cell. 2019; 179: 1084-1097.e21. htips:/doi.org/10.1016/}.
cell.2019.10.008 PMID: 31730851

Rombouts I, Beaugrand G, Ibafiez F, Gasparini S, Chiba S, Legendre L. A multivariate approach to
large-scale variation in marine planktonic copepod diversity and its environmental correlates. Limnol
Oceanogr. 2010; 55: 2219-2229. https://doi.org/10.4319/10.2010.55.5.2219

Costello MJ, Cheung A, De Hauwere N. Surface Area and the Seabed Area, Volume, Depth, Slope,
and Topographic Variation for the World's Seas, Oceans, and Countries. Environ Sci Technol. 2010;
44:8821-8828. https://doi.org/10.1021/es1012752 PMID: 21033734

International Hydrographic Organization. Limits of Oceans and Seas, 3rd Edition. Monaco;

1953. pp. 1-42.

International Hydrographic Organization. South Pacific Ocean and its sub-divisions. 4th Editio. Limits
of Oceans and Seas, 4th Edition. 4th Editio. Monaco; 2002. pp. 1-16. Available: https://www.iho.int/
mtg_docs/com_wg/S-23WG/S-23WG_Misc/Draft_2002/Draft_2002.htm

Provoost P, Bosch S. robis: Ocean Biodiversity Information System (OBIS) Client. R package version
2.8.2.2021. Available: https://cran.r-project.org/package=robis

Wickham H, Hester J, Chang W. devtools: Tools to Make Developing R Packages Easier. R package
version 2.4.3. 2021. Available: https://cran.r-project.org/package=devtools

Desportes C, Drévillon M, Clavier M, Gounou A. Global Ocean Ensemble Physics Reanalysis—Low
resolution. Available: https://data.marine.copernicus.eu/product/GLOBAL_REANALYSIS_PHY_001_
026/description

Le Galloudec O, Perruche C, Derval C, Tressol M, Dussurget R. Global ocean biogeochemistry hind-
cast. Available: https:/data.marine.copernicus.eu/product/GLOBAL_MULTIYEAR BGC_001_029/
description

Guinehut S. Multi Observation Global Ocean 3D Temperature Salinity Height Geostrophic Current
and MLD. Available: https://data.marine.copernicus.eu/product/MULTIOBS GLO_PHY TSUV_3D
MYNRT_015_012/description

Owens HL, Guralnick R. climateStability: An R package to estimate climate stability from time-slice cli-
matologies. Biodivers Informatics. 2019; 14: 8—13. https://doi.org/10.17161/bi.v14i0.9786

Genuer R, Poggi J-M, Tuleau-Malot C. Variable Selection Using Random Forests. 2019. Available:
https://cran.r-project.org/web/packages/VSURF/VSURF.pdf

Genuer R, Poggi J-M, Tuleau-Malot C. VSURF: An R Package for Variable Selection Using Random
Forests. R J. 2015; 7: 19-33. Available: https://journal.r-project.org/archive/2015-2/genuer-poggi-
tuleaumalot.pdf

Barbosa AM. fuzzySim: Applying fuzzy logic to binary similarity indices in ecology. Methods Ecol Evol.
2015; 6: 853-858. https:/doi.org/10.1111/2041-210X.12372

Hammer @, Harper DAT, Ryan PD. Past: Paleontological Statistics Software Package for Education
and Data Analysis. Palaeontol Electron. 2001; 4: 9pp. Available: http://palaeo-electronica.orghttp//
palaeo-electronica.org/2001_1/past/issue1_01.htm.

Getis A, Ord JK. The Analysis of Spatial Association by Use of Distance Statistics. Geogr Anal. 1992;
24:189-206. https://doi.org/10.1111/].1538-4632.1992.tb00261 .x

Swingland IR. Biodiversity, Definition of. Encycl Biodivers. 2013; 1: 377-391. https://doi.org/10.1016/
B978-0-12-384719-5.00009-5

Koleff P, Gaston KJ, Lennon JJ. Measuring beta diversity for presence—absence data. J Anim Ecol.
2003; 72: 367—-382. https://doi.org/10.1007/s00228-017-2223-5

Baselga A, Gémez-Rodriguez C. Alpha, beta and gamma diversity: measuring differences in biologi-
cal communities. Nov Acta Cientifica Compostel. 2019; 26: 39-45.

Qian H, Ricklefs RE, White PS. Beta diversity of angiosperms in temperate floras of eastern Asia and
eastern North America. Ecol Lett. 2005; 8: 15-22. https://doi.org/10.1111/].1461-0248.2004.00682.x

Laffan SW, Lubarsky E, Rosauer DF. Biodiverse, a tool for the spatial analysis of biological and related
diversity. Ecography (Cop). 2010; 33: 643—647. https://doi.org/10.1111/.1600-0587.2010.06237.x

Baselga A, Orme CDL. Betapart: An R package for the study of beta diversity. Methods Ecol Evol.
2012; 3: 808-812. https://doi.org/10.1111/j.2041-210X.2012.00224.x

Sanches Melo A. Package “CommEcol”, Community Ecology Analyses. 2021. pp. 1-34.

Vilela B, Villalobos F. LetsR: A new R package for data handling and analysis in macroecology. Meth-
ods Ecol Evol. 2015; 6: 1229-1234. https://doi.org/10.1111/2041-210X.12401

Laffan SW. Indices available in Biodiverse. 2022. Available: https:/github.com/shawnlaffan/
biodiverse/wiki/Indices#simpson-and-shannon

PLOS ONE | https://doi.org/10.1371/journal.pone.0306440 July 11,2024 24/28

56



PLOS ONE

Biodiversity of copepods in the South Pacific

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Hsieh TC, Ma KH, Chao A. INEXT: an R package for rarefaction and extrapolation of species diversity
(Hill numbers). Methods Ecol Evol. 2016; 7: 1451-1456. https:/doi.org/10.1111/2041-210X.12613

Hamilton S. Ocean Currents Data and Map. Harvard Dataverse, V1; 2018. https://doi.org/10.7910/
DVN/TKGO2Z

Crase B, Liedloff AC, Wintle BA. A new method for dealing with residual spatial autocorrelation in spe-
cies distribution models. Ecography (Cop). 2012; 35: 879-888. https:/doi.org/10.1111/].1600-0587.
2011.07138.x

Bivand RS, Wong DWS. Comparing implementations of global and local indicators of spatial associa-
tion. Test. 2018; 27: 716-748. https://doi.org/10.1007/s11749-018-0599-x

Bivand R. spdep: Spatial Dependence: Weighting Schemes, Statistics. 2023. p. 168. https:/doi.org/
10.1111/gean.12319

Fabozzi FJ, Focardi SM, Rachev ST, Arshanapalli BG. Model Selection Criterion: AIC and BIC. The
Basics of Financial Econometrics. John Wiley & Sons, Inc.; 2014. pp. 399—403. https://doi.org/10.
1002/9781118856406.app5

Barton K. Package MuMIn: Multi-Model Inference. 2022. Available: https://cran.r-project.org/web/
packages/MuMIn/

Mokany K, Ware C, Woolley SNC, Ferrier S, Fitzpatrick MC. A working guide to harnessing general-
ized dissimilarity modelling for biodiversity analysis and conservation assessment. Glob Ecol Bio-
geogr. 2022; 31: 802-821. htips://doi.org/10.1111/geb.13459

Fitzpatrick M, Mokany K, Manion G, Nieto-Lugilde D, FFerrier S, Lisk M, et al. Package “gdm.” 2022.
https://doi.org/10.1111/geb. 13459

Schneider W, Fukasawa M, Garcés-Vargas J, Bravo L, Uchida H, Kawano T, et al. Spin-up of South
Pacific subtropical gyre freshens and cools the upper layer of the eastern South Pacific Ocean. Geo-
phys Res Lett. 2007; 34: 1-5. https://doi.org/10.1029/2007GL031933

Reid J. On the total geostrophic circulation of the South Pacific Ocean: Flow patterns. Tracers. 1986;
and transp: Vol. 16.

Qu T, Lindstrom EJ. A Climatological Interpretation of the Circulation in the Western South Pacific*. J
Phys Oceanogr. 2011; 32: 2492—2508. https://doi.org/10.1175/1520-0485-32.9.2492

Ganachaud A, Cravatte S, Melet A, Schiller A, Holbrook NJ, Sloyan BM, et al. The Southwest Pacific
circulation and climate experiment (SPICE). J Geophys Res Ocean. 2014; 119: 7660-7686. https:/
doi.org/10.1002/2013JC009678.Received

Ridgway KR, Dunn JR. Mesoscale structure of the mean East Australian Current System and its rela-
tionship with topography. Prog Oceanogr. 2003; 56: 189-222. https://doi.org/10.1016/S0079-6611
(03)00004-1

Rintoul SR, Hughes CW, Olbers D. The Antarctic Circumpolar Current System. In: Siedler G, Church
J, Gould J, editors. Ocean Circulation and Climate: Observing and Modelling the Global Ocean.
2001. pp. 271-302.

Stramma L, Peterson RG, Tomczak M. The South Pacific Current. J Phys Oceanogr. 1995; 25: 77—
91. https://doi.org/10.1175/1520-0485(1995)025<0077:tspc>2.0.co;2

Montecino V, Lange CB. The Humboldt Current System: Ecosystem components and processes, fish-
eries, and sediment studies. Prog Oceanogr. 2009; 83: 65-79. https:/doi.org/10.1016/j.pocean.2009.
07.041

Merino-Campos V, De Pol-Holz R, Southon J, Latorre C, Collado-Fabbri S. Marine radiocarbon reser-
voir age along the chilean continental margin. Radiocarbon. 2019; 61: 195-210. htips://doi.org/10.
1017/RDC.2018.81

Garcia-Reyes M, Sydeman WJ, Schoeman DS, Rykaczewski RR, Black BA, Smit AJ, et al. Under
Pressure: Climate Change, Upwelling, and Eastern Boundary Upwelling Ecosystems. Front Mar Sci.
2015; 2: 1-10. https://doi.org/10.3389/fmars.2015.00109

Strub PT, Mesias JM, Montecino V, Rutllant J, Salinas S. Coastal Ocean Circulation off Western
South America. Volume 11. The Sea. Volume 11. John Wiley & Sons, Inc.; 1998. pp. 273-313.
Ancapichun, Santiago; Garcés-Vargas J. Variability of the Southeast Pacific Subtropical Anticyclone

and its impact on sea surface temperature off north-central Chile. Ciencias Mar. 2015; 41: 1-20.
https://doi.org/10.7773/cm.v41i1.2338

Carlotti F, Pagano M, Guilloux L, Donoso K, Valdés V, Grosso O, et al. Meso-zooplankton structure
and functioning in the western tropical South Pacific along the 20th parallel south during the OUT-
PACE survey (February-April 2015). Biogeosciences. 2018; 15: 7273-7297. https://doi.org/10.5194/
bg-15-7273-2018

PLOS ONE | https://doi.org/10.1371/journal.pone.0306440 July 11,2024 25/28

57



PLOS ONE

Biodiversity of copepods in the South Pacific

87.

88.

89.

90.

91.

92,

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Le Borgne R, Rodier M. Net zooplankton and the biological pump: A comparison between the oligotro-
phic and mesotrophic equatorial Pacific. Deep Res Part Il Top Stud Oceanogr. 1997; 44: 2003-2023.
https://doi.org/10.1016/S0967-0645(97)00034-9

Le Borgne R, Champalbert G, Gaudy R. Mesozooplankton biomass and composition in the equatorial
Pacific along 180. J Geophys Res Ocean. 2003; 108: 1-10. https://doi.org/10.1029/2000jc000745

Dail, LiC, Yang G, Sun X. Zooplankton abundance, biovolume and size spectra at western boundary
currents in the subtropical North Pacific during winter 2012. J Mar Syst. 2016; 155: 73-83. hitps:/doi.
org/10.1016/j.jmarsys.2015.11.004

Fernandez-Alamo MA, Farber-Lorda J. Zooplankton and the oceanography of the eastern tropical
Pacific: A review. Prog Oceanogr. 2006; 69: 318-359. https://doi.org/10.1016/j.pocean.2006.03.003

Pennington JT, Mahoney KL, Kuwahara VS, Kolber DD, Calienes R, Chavez FP. Primary production
in the eastern tropical Pacific: A review. Prog Oceanogr. 2006; 69: 285-317. https:/doi.org/10.1016/}.
pocean.2006.03.012

Dunstan PK, Hayes D, Woolley S, Allain V, Leduc D, Flynn A, et al. Bioregions of the South West
Pacific Ocean. 2018. Available: https:/rmi-data.sprep.org/system/files/Preliminary-worskop-report-
Pacific_v2_1.pdf

Hidalgo P, Escribano R, Vergara O, Jorquera E, Donoso K, Mendoza P. Patterns of copepod diversity
in the Chilean coastal upwelling system. Deep Res Part Il. 2010; 57: 2089-2097. https://doi.org/10.
1016/j.dsr2.2010.09.012

Dolan JR, Lemée R, Gasparini S, Mousseau L, Heyndrickx C. Probing diversity in the plankton: using
patterns in Tintinnids (planktonic marine ciliates) to identify mechanisms. Hydrobiologia. 2006; 555:
143-157. https://doi.org/10.1007/s10750-005-1112-6

Rutherford S, Hondt SD, Prell W. Environmental controls on the geographic distribution of zooplankton
diversity. Nature. 1999; 400: 749-753.

Worm B, Sandow M, Oschlies A, Lotze HK, Myers RA. Global patterns of predator diversity in the
open oceans. Science (80-). 2005; 309: 1365-1369. https://doi.org/10.1126/science.1113399 PMID:
16051749

McGowan JA, Walker PW. Structure in the Copepod Community of the North Pacific Central Gyre.
Ecol Monogr. 1979; 49: 195-226. Available: http://www.jstor.org/stable/1942513

Vereshchaka A, Abyzova G, Lunina A, Musaeva E. The deep-sea zooplankton of the North, Central,
and South Atlantic: Biomass, abundance, diversity. Deep Res Part Il Top Stud Oceanogr. 2017; 137:
89-101. https://doi.org/10.1016/j.dsr2.2016.06.017

Rivera R, Escribano R, Gonzalez CE, Pérez-Aragon M. Modeling present and future distribution of
plankton populations in a coastal upwelling zone: the copepod Calanus chilensis as a study case. Sci
Rep. 2023; 13. https://doi.org/10.1038/s41598-023-29541-9 PMID: 36823290

Rigby S, Milsom C. Benthic origins of zooplankton: An environmentally determined macroevolutionary
effect. Geology. 1996; 24: 52-54. https://doi.org/10.1130/0091-7613(1996)024<0052:BOOZAE>2.3.
CO;2

Bradford-Grieve JM. Colonization of the pelagic realm by calanoid copepods. Hydrobiologia. 2002;
485: 223-244. htips://doi.org/10.1023/A:1021373412738

Braga E, Zardoya R, Meyer A, Yen J. Mitochondrial and nuclear rRNA based copepod phylogeny with
emphasis on the Euchaetidae (Calanoida). Mar Biol. 1999; 133: 79-90. https://doi.org/10.1007/
002270050445

Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré G, et al. Collinearity: A review of methods
to deal with it and a simulation study evaluating their performance. Ecography (Cop). 2013; 36: 27-46.
https://doi.org/10.1111/j.1600-0587.2012.07348.x

Sverdrup HU, Johnson MW, Fleming RH. Dissolved Gases in Sea Water. Chapter VI: Chemistry of
Sea Water. The Oceans: Their Physics, Chemistry, and General Biology. New York: Prentice-Hall,
Inc.; 1942. pp. 186—191. Available: https:/publishing.cdlib.org/ucpressebooks/view?docld=
kt167nb66r;brand=eschol

White JR, Zhang X, Welling LA, Roman MR, Dam HG. Latitudinal gradients in zooplankton biomass in
the tropical Pacific at 140°W during the JGOFS EqPac study: Effects of El Nifio. Deep Res Part Il
1995; 42: 715-733. https:/doi.org/10.1016/0967-0645(95)00033-M

Forster J, Hirst AG, Atkinson D. Warming-induced reductions in body size are greater in aquatic than
terrestrial species. Proc Natl Acad Sci U S A. 2012; 109: 19310-19314. https:/doi.org/10.1073/pnas.
1210460109 PMID: 23129645

Roman MR, Pierson JJ. Interactive Effects of Increasing Temperature and Decreasing Oxygen on
Coastal Copepods. Biol Bull. 2022; 000—-000. https://doi.org/10.1086/722111 PMID: 36548979

PLOS ONE | https://doi.org/10.1371/journal.pone.0306440 July 11,2024 26/28

58



PLOS ONE

Biodiversity of copepods in the South Pacific

108.

109.

110.

114.

112,

113.

114.

115.

116.

17

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Wishner KF, Seibel B, Outram D. Ocean deoxygenation and copepods: Coping with oxygen minimum
zone variability. Biogeosciences. 2020; 17: 2315-2339. hitps://doi.org/10.5194/bg-17-2315-2020
Paffenhofer G-A. Oxygen consumption in relation to motion of marine planktonic copepods. Mar Ecol
Prog Ser. 2006; 317: 187-192.

Cervetto G, Gaudy R, Pagano M. Influence of salinity on the distribution of Acartia tonsa (Copepoda,
Calanoida). J Exp Mar Bio Ecol. 1999.

Vuorinen |, Hanninen J, Viitasalo M, Helminen U, Kuosa H. Proportion of copepod biomass declines
with decreasing salinity in the Baltic Sea. ICES J Mar Sci. 1998.

Choi SY, Lee EH, Soh HY, Jang MC. Effects of Temperature and Salinity on Egg Production, Hatch-
ing, and Mortality Rates in Acartia ohtsukai (Copepoda, Calanoida). Front Mar Sci. 2021; 8. https://doi.
org/10.3389/fmars.2021.704479

Dutz J, Christensen AM. Broad plasticity in the salinity tolerance of a marine copepod species, Acartia
longiremis, in the Baltic Sea. J Plankton Res. 2018; 40: 342-355. https://doi.org/10.1093/plankt/
fby013

Milione M, Zeng C. The effects of temperature and salinity on population growth and egg hatching suc-
cess of the tropical calanoid copepod, Acartia sinjiensis. Aquaculture. 2008; 275: 116—123. https://doi.
org/10.1016/j.aquaculture.2007.12.010

Lee SH, Lee MC, Puthumana J, Park JC, Kang S, Hwang DS, et al. Effects of salinity on growth, fatty
acid synthesis, and expression of stress response genes in the cyclopoid copepod Paracyclopina
nana. Aquaculture. 2017; 470: 182-189. https://doi.org/10.1016/j.aquaculture.2016.12.037

Portner HO. Climate variations and the physiological basis of temperature dependent biogeography:
Systemic to molecular hierarchy of thermal tolerance in animals. Comp Biochem Physiol—A Mol

Elliott DT, Tang KW. Influence of carcass abundance on estimates of mortality and assessment of
population dynamics in acartia tonsa. Mar Ecol Prog Ser. 2011; 427: 1-12. https:/doi.org/10.3354/
meps09063

Sorte CJB, Jones SJ, Miller LP. Geographic variation in temperature tolerance as an indicator of
potential population responses to climate change. J Exp Mar Bio Ecol. 2011; 400: 209-217. https:/
doi.org/10.1016/j.jembe.2011.02.009

Mackas DL, Batten S, Trudel M. Effects on zooplankton of a warmer ocean: Recent evidence from the
Northeast Pacific. Prog Oceanogr. 2007; 75: 223-252. https://doi.org/10.1016/j.pocean.2007.08.010

Barton AD, Pershing AJ, Litchman E, Record NR, Edwards KF, Finkel Z V., et al. The biogeography of
marine plankton traits. Ecol Lett. 2013; 16: 522-534. htips://doi.org/10.1111/ele. 12063 PMID:
23360597

Benedetti F, Wydler J, Vogt M. Copepod functional traits and groups show contrasting biogeographies
in the global ocean. BioRxiv. 2022. https://doi.org/10.1101/2022.02.24.481747

Gonzalez CE, Goetze E, Escri R, Ulloa O, Victoriano P. Genetic diversity and novel lineages in the
cosmopolitan copepod Pleuromamma abdominalis in the Southeast Pacific. Sci Rep. 2020; 1-15.
https://doi.org/10.1038/s41598-019-56935-5 PMID: 31980660

Turner JT. Latitudinal Patterns of Calanoid and Cyclopoid Copepod Diversity in Estuarine Waters of
Eastern North America. J Biogeogr. 1981; 8: 369-382. https:/doi.org/10.2307/2844757

Cornils A, Blanco-Bercial L. Phylogeny of the Paracalanidae Giesbrecht, 1888 (Crustacea: Copepoda:
Calanoida). Mol Phylogenet Evol. 2013; 69: 861-872. https:/doi.org/10.1016/.ympev.2013.06.018
PMID: 23831457

Escribano R, Bustos-rios E, Hidalgo P, Morales CE. Non-limiting food conditions for growth and pro-
duction of the copepod community in a highly productive upwelling zone. Cont Shelf Res. 2016; 126:
1-14. https://doi.org/10.1016/j.csr.2016.07.018

Brun P, Payne MR, Kigrboe T. A trait database for marine copepods. Earth Syst Sci Data. 2017; 9:
99-113. https://doi.org/10.5194/essd-9-99-2017

Medellin-Mora J, Escribano R, Corredor-Acosta A, Hidalgo P, Schneider W. Uncovering the Composi-
tion and Diversity of Pelagic Copepods in the Oligotrophic Blue Water of the South Pacific Subtropical
Gyre. Front Mar Sci. 2021; 8: 1-18. https://doi.org/10.3389/fmars.2021.625842

Razouls C, Desreumaux N, Kouwenberg J, de Bovée F. Biodiversity of Marine Planktonic Copepods
(morphology, geographical distribution and biological data), 2005-2023. In: Sorbonne University,
CNRS. [Internet]. 2023 [cited 25 Jan 2024]. Available: http://copepodes.obs-banyuls.fr/en

Boakes EH, McGowan PJK, Fuller RA, Chang-Qing D, Clark NE, O’Connor K, et al. Distorted views of
biodiversity: Spatial and temporal bias in species occurrence data. PLoS Biol. 2010;8. https:/doi.org/
10.1371/joumnal.pbio.1000385 PMID: 20532234

PLOS ONE | https://doi.org/10.1371/journal.pone.0306440 July 11,2024 27/28

59



PLOS ONE

Biodiversity of copepods in the South Pacific

130.

131.

132

133.

134.

135.

136.

137.

138.

139.

140.

141.

Hortal J, De Bello F, Diniz-Filho JAF, Lewinsohn TM, Lobo JM, Ladle RJ. Seven Shortfalls that Beset
Large-Scale Knowledge of Biodiversity. Annu Rev Ecol Evol Syst. 2015; 46: 523-549. htips://doi.org/
10.1146/annurev-ecolsys-112414-054400

Ball-Damerow JE, Brenskelle L, Barve N, Soltis PS, Sierwald P, Bieler R, et al. Research applications
of primary biodiversity databases in the digital age. PLoS One. 2019; 14. https://doi.org/10.1371/
journal.pone.0215794 PMID: 31509534

Nelson G, Ellis S. The history and impact of digitization and digital data mobilization on biodiversity
research. Philosophical Transactions of the Royal Society B: Biological Sciences. Royal Society Pub-
lishing; 2019. https://doi.org/10.1098/rstb.2017.0391 PMID: 30455209

Page LM, Macfadden BJ, Fortes JA, Soltis PS, Riccardi G. Digitization of Biodiversity Collections
Reveals Biggest Data on Biodiversity. BioScience. Oxford University Press; 2015. pp. 841-842.
https://doi.org/10.1093/biosci/bivi04

Arifio AH. Approaches to estimating the universe of natural history collections data. Biodivers Informat-
ics. 2010; 7: 81-92. https://doi.org/10.17161/bi.v7i2.3991

Isaac NJB, van Strien AJ, August TA, de Zeeuw MP, Roy DB. Statistics for citizen science: Extracting
signals of change from noisy ecological data. Methods Ecol Evol. 2014; 5: 1052—1060. https://doi.org/
10.1111/2041-210X.12254

Garcia-Rosell E, Guisande C, Manjarrés-Hernandez A, Gonzalez-Dacosta J, Heine J, Pelayo-Villa-
mil P, et al. Can we derive macroecological patterns from primary Global Biodiversity Information
Facility data? Glob Ecol Biogeogr. 2015; 24: 335—-347. https://doi.org/10.1111/geb.12260

Gaylord B, Gaines SD. Temperature or transport? Range limits in marine species mediated solely by
flow. Am Nat. 2000; 155: 769-789. https://doi.org/10.1086/303357

Navarrete SA, Broitman B, Wieters EA, Finke GR, Venegas RM, Sotomayor A. Recruitment of inter-
tidal invertebrates in the southeast Pacific: Interannual variability and the 1997-1998 El Nifio. Limnol
Ocean. 2002; 47: 791-802. Available: http://www.pfeg.noaa.gov

Watson JR, Hays CG, Raimondi PT, Mitarai S, Dong C, McWilliams JC, et al. Currents connecting
communities: nearshore community similarity and ocean circulation. Ecology. 2011. https:/doi.org/10.
1890/10-1436.1 PMID: 21797147

Coleman MA, Feng M, Roughan M, Cetina-Heredia P, Connell SD. Temperate shelf water dispersal
by Australian boundary currents: Implications for population connectivity. Limnol Oceanogr Fluids
Environ. 2013; 3: 295-309. https://doi.org/10.1215/21573689-2409306

Wernberg T, Thomsen MS, Connell SD, Russell BD, Waters JM, Zuccarello GC, et al. The footprint of
continental-scale ocean currents on the biogeography of seaweeds. PLoS One. 2013; 8. https:/doi.
org/10.1371/journal.pone.0080168 PMID: 24260352

PLOS ONE | https://doi.org/10.1371/journal.pone.0306440 July 11,2024 28/28

60



Supporting Information

Pérez-Aragon et al. (2024) Biodiversity patterns of epipelagic copepods in the South
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Figure S1: Kriging interpolation analysis done for the western and eastern side of the SPO with 394 cells
accounting for number of genera. Transparent squares are the 1° sampled cells used for Kriging interpolation,
whereas the grey dotted line delimits the South Pacific Ocean. Map projection is WGS 84/PDC Mercator (EPSG

3832).
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Figure S2: Maximum height of the spline function (hence the maximum value of the transformed predictors),
indicating the stronger predictors of the observed dissimilarities for the Generalized Dissimilarity Modelling
(GDM)-based spatial analysis. Their acronyms are: s = salinity, 02 = dissolved oxygen concentration, tmean =
mean temperature, chla = chlorophyll-a concentration, mld = mixed layer depth, tstab= temperature stability,
tsd = standard deviation of temperature. The spatial layers were generated and plotted with the predictors with
heights over zero (i.e., s, 02, tmean and chla).
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Figure S3: Spearman correlation matrices of environmental variables used in GAM models for (a) alfa diversity
and (b) beta diversity. Positive correlations are displayed in red and negative correlations in blue color. Color
intensity is proportional to the correlation coefficients. In the right side of the correlogram, the legend color
shows the correlation coefficients and the corresponding colors. Their acronyms are: Tmean = mean
temperature, Tstab= temperature stability, Tsd = standard deviation of temperature, S = salinity, Chla =
chlorophyll-a concentration, O2 = dissolved oxygen concentration, MLD = mixed layer depth.
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Figure S4: Correlation between observed and predicted species richness. Pearson’s r coefficient: 0.77 (p-
value<0.01). Negative residuals (below the reference line) indicate knowledge shortfalls, whereas positive
residuals (above the reference line) indicate underestimated species richness.
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Figure S5: Correlation between observed and predicted species composition. Pearson’s r coefficient: 0.84 (p-
value<0.01). Negative residuals (below the reference line) indicate knowledge shortfalls, whereas positive
residuals (above the reference line) indicate underestimated species composition.
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Figure S6: Redundancy index obtained for the western and eastern side of the SPO. Values close to 1 indicate
good sampling, whereas values close to 0 indicate poor sampling. Transparent squares are the 1° sampled cells
used for Kriging interpolation, whereas the grey dotted line delimits the South Pacific Ocean. Map projection
is WGS 84/PDC Mercator (EPSG 3832).
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Table S1: Dominant copepod species in terms of occurrence for the main surface current systems of the South
Pacific Ocean. CHC=Cape Horn Current; EAC=East Australian Current; HCS=Humboldt Current System;
SEC=South Equatorial Current; SPSG=South Pacific Subtropical Gyre; WWD=West Wind Drift.

Species name Order % of occurrence
CHC Oithona similis Cyclopoida 61.8
Calanus simillimus Calanoida 36.4
Pleuromamma robusta Calanoida 1.8
EAC Oithona similis Cyclopoida 26.9
Calanus simillimus Calanoida 11.0
Neocalanus tonsus Calanoida 8.9
HCS Paracalanus indicus Calanoida 6.5
Oithona similis Cyclopoida 5.9
Acartia tonsa Calanoida 5.8
SEC Paracalanus parvus Calanoida 18.4
Calocalanus kristalli Calanoida 111
Calocalanus plumulosus Calanoida 111
SPSG Calocalanus kristalli Calanoida 42.2
Paracalanus parvus Calanoida 29.1
Calocalanus plumulosus Calanoida 14.6
WWD Calocalanus kristalli Calanoida 59.9
Paracalanus parvus Calanoida 27.9
Calocalanus plumulosus Calanoida 4.1
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Table S2: Dominant copepod species of the South Pacific Ocean in terms of occurrence for all ranges values
of beta diversity and its components turnover and nestedness.

Species name Order
Beta Acartia longiremis Calanoida
Calocalanus kristalli Calanoida
Calocalanus pavo Calanoida
Paracalanus parvus Calanoida
Turnover Acartia longiremis Calanoida
Calocalanus kristalli Calanoida
Calocalanus plumulosus Calanoida
Paracalanus parvus Calanoida
Nestedness Calocalanus pavo Calanoida

Euterpina acutifrons
Lucicutia flavicornis

Mecynocera clausi

Harpacticoida

Calanoida

Calanoida

Table S3: Analysis of map overlay and Pearson correlation between the richness of species, genera and

families.

Index

Species richness vs. family richness
Species richness vs. genus richness
Family richness vs. genus richness

Overlap
0.799
0.883
0.881

Correlation
0.549
0.850
0.787
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4.2 Chapter 2: “The influence of environmental stability and
upwelling variation on copepod diversity in the Humboldt
Current System off Chile”. Scientific manuscript submitted to
“Frontiers in Ecology and Evolution” journal.

Abstract

The Humboldt Current System (HCS) is a highly dynamic upwelling system implying a
strongly variable environment for zooplankton inhabiting the coastal zone. This variability
has major consequences for population dynamics, community composition, and ultimately
diversity patterns of planktonic copepods which dominate the bulk of zooplankton biomass.
In this work, we tested the hypothesis that environmental stability is the key modulating
mechanism of copepod diversity patterns in the HCS. We used a 17-years (1995-2011)
database on species occurrence of copepods along with environmental data for the upper 500
m of the ocean (divided into five vertical strata) for the upwelling zone off Chile,
distinguishing two regions (northern and southern) having different seasonal regimes of
wind-driven upwelling. We estimated indices for copepod diversity and their distribution,
segregated by regions and depth strata. The indices were then associated with oceanographic
variables forced by upwelling intensity, along with an estimate of eddy kinetic energy (EKE),
as a proxy of environmental stability. From the entire community, we found 18 dominant
species widely distributed in the study area. Some were exclusive species for the upper depth
stratum with differences in the number of exclusive species per region and depth. From
Linear Mixed Models we found that the diversity indices significantly differed between
regions and strata, and their variance was mainly explained by temperature, salinity, oxygen

concentration, temperature stability, and eddy kinetic energy (EKE). Both temperature

67



stability and EKE were the best predictors of copepods diversity, suggesting that climate-
oceanographic stability, forced by upwelling intensity, is the key driver for promoting and

maintaining copepod diversity in the HCS.

Resumen

El Sistema de la Corriente de Humboldt (SCH) es un sistema de surgencia altamente
dinamico que implica un ambiente muy variable para el zooplancton que habita la zona
costera. Esta variabilidad tiene consecuencias importantes para la dinamica poblacional, la
composicion de la comunidad y, en dltima instancia, los patrones de diversidad de los
copépodos planctdnicos que dominan la mayor parte de la biomasa del zooplancton. En este
trabajo, probamos la hip6tesis de que la estabilidad ambiental es el mecanismo modulador
clave de los patrones de diversidad de copépodos en el SCH. Utilizamos una base de datos
de 17 afos (1995-2011) sobre la ocurrencia de especies de copépodos junto con datos
ambientales para los 500 m superiores del océano (divididos en cinco estratos verticales) para
la zona de surgencia frente a Chile, distinguiendo dos regiones (norte y sur) con diferentes
regimenes estacionales de surgencia impulsada por el viento. Estimamos indices para la
diversidad de copépodos y su distribucion, segregados por regiones y estratos de
profundidad. Los indices fueron asociados con variables oceanograficas forzadas por la
intensidad de surgencia, junto con una estimacion de la energia cinética turbulenta (EKE),
como un proxy de la estabilidad ambiental. De toda la comunidad, encontramos 18 especies
dominantes ampliamente distribuidas en el area de estudio. Algunas son especies exclusivas
para el estrato de profundidad superior con diferencias en el nimero de especies exclusivas
por region y profundidad. A partir de modelos lineales mixtos, encontramos que los indices
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de diversidad diferian significativamente entre regiones y estratos, y su varianza se explicaba
principalmente por la temperatura, la salinidad, la concentracion de oxigeno, la estabilidad
de la temperatura y la energia cinética turbulenta (EKE). Tanto la estabilidad de la
temperatura como la EKE fueron los mejores predictores de la diversidad de copépodos, lo
que sugiere que la estabilidad climéatica-oceanogréfica, forzada por la intensidad de
surgencia, es el impulsor clave para promover y mantener la diversidad de copépodos en el

SCH.
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Abstract

The Humboldt Current System (HCS) is a highly dynamic upwelling system implying a
strongly variable environment for zooplankton inhabiting the coastal zone. This variability
has major consequences for population dynamics, community composition, and ultimately
diversity patterns of planktonic copepods which dominate the bulk of zooplankton biomass.
In this work, we tested the hypothesis that environmental stability is the key modulating
mechanism of copepod diversity patterns in the HCS. We used a 17-years (1995-2011)
database on species occurrence of copepods along with environmental data for the upper 500
m of the ocean (divided into five vertical strata) for the upwelling zone off Chile,
distinguishing two regions (northern and southern) having different seasonal regimes of
wind-driven upwelling. We estimated indices for copepod diversity and their distribution,
segregated by regions and depth strata. The indices were then associated with oceanographic
variables forced by upwelling intensity, along with an estimate of eddy kinetic energy (EKE),
as a proxy of environmental stability. From the entire community, we found 18 dominant
species widely distributed in the study area. Some were exclusive species for the upper depth
stratum with differences in the number of exclusive species per region and depth. From
Linear Mixed Models we found that the diversity indices significantly differed between
regions and strata, and their variance was mainly explained by temperature, salinity, oxygen
concentration, temperature stability, and eddy kinetic energy (EKE). Both temperature
stability and EKE were the best predictors of copepods diversity, suggesting that climate-
oceanographic stability, forced by upwelling intensity, is the key driver for promoting and

maintaining copepod diversity in the HCS.
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Introduction

The Humboldt Current System (HCS) extends from southern Chile (~42-45°S) to northern
Peru and Ecuador (~4°S) (Montecino and Lange 2009; Thiel et al. 2007), being the largest
of the four main Eastern Boundary Upwelling Systems, including the California, Canary, and
Benguela Currents (Garcia-Reyes et al. 2015). The HCS is also considered an important and
unique biogeographic province that contains a large proportion of endemic fauna (Briggs and
Bowen 2012; Costello et al. 2017; Spalding et al. 2007, 2012). It represents the equatorward-
flowing, eastern portion of the basin-scale South Pacific Subtropical Gyre which, in terms of
atmospheric forcing, is mainly influenced by the South Pacific Subtropical Anticyclone or
the South Pacific High (Ancapichun and Garcés-Vargas 2015; Thiel et al. 2007), which spins
counter-clockwise and is predominant off the west coast of South America (Schneider et al.
2007; Strub et al. 1998). The South Pacific Subtropical Anticyclone presents seasonal
variation, abiding by its northern position (26°S, 86°W) during the late austral fall and winter,
when it is also closer to the South American continent and its intensity is weaker. During
austral spring and summer, it moves southwest (37°S, 108°W) and shows its maximum
intensity (Ancapichun and Garcés-Vargas 2015). As a result, winds are upwelling-favorable
during summer (all year round) southern (northern, respectively) than 30 °S (Montecino and
Lange 2009). Four water masses have been found in the upper 500 m of the HCS: Subtropical
Water (STW), Subantarctic Water (SAAW), Equatorial Subsurface Water (ESSW), and
Antarctic Intermediate Water (AAIW) (Silva, Rojas, and Fedele 2009). Of these, STW and
SAAW are surface waters containing the mixed layer. STW is found mostly in the north
(<23°S) and the SAAW in the south (>28°S) (Silva et al. 2009). The HCS is also
characterized by the presence of an Oxygen Minimum Zone (OMZ) caused by the shoaling
of the oxygen-poor ESSW due to the upwelling events. This results in low concentrations of
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dissolved oxygen near the surface (Morales, Hormazéabal, and Blanco 1999). Therefore, the
distribution of the OMZ along the water column in the HCS obeys latitudinal shifts in the
upwelling regimes, with a shallower annual average depth of the upper OMZ in northern
Chile (permanent upwelling) than in central south Chile (seasonal upwelling) (Yafiez,

Hidalgo, and Escribano 2012).

Within the zooplankton community in the HCS, copepods are the most representative
components (Escribano et al. 2007). These organisms respond rapidly to oceanographic and
environmental variations (Escribano et al. 2014; Medellin-Mora, Escribano, and Schneider
2016; Peterson and Bellantoni 1987; Pino-Pinuer et al. 2014; Ruz et al. 2018; Yafez et al.
2012). In the HCS, a large part of the oceanographic variation is controlled by changes in the
wind-driven upwelling over a variety of time and spatial scales. Upwelling variation can have
a major influence on the ecophysiology and distribution of copepods (Escribano and Hidalgo
2000; Peterson 1998), ultimately affecting their diversity patterns (Hidalgo et al. 2010;
Rivera et al. 2023). However, the mechanisms underlying the influence of upwelling
variation on copepod diversity remain unclear. From a broad ecological perspective, studies
emphasize the importance of deterministic processes based on species niche differences
(niche theory), suggesting that environmental factors maintain species richness and originate
from environmental heterogeneity (e.g. Chesson, 2000; Tilman, 2004). From Pianka's major
hypotheses (Pianka 1966), the climate stability hypothesis (Fischer 1960; Klopfer 1959) to
explain observed patterns of diversity is the only one that remains essentially unchanged and
relatively unexplored (Fine 2015; Fjeldsa et al. 1997; Guerrina et al. 2024; Schemske and
Mittelbach 2017). Notably, in the HCS, such environmental stability appears to be mostly

linked to upwelling intensity, which can affect coastal circulation (Marin et al. 2001), water
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column stratification and temperature (Schneider et al. 2017), distribution of the OMZ and
oxygenation (Sobarzo et al. 2007), and availability of food resources (quantity and quality)
(Anabalon et al. 2007; Vargas, Escribano, and Poulet 2006). All of these factors can have a
fundamental role in the population and community dynamics of copepods in the HCS
(Escribano et al. 2012), ultimately influencing their diversity patterns and potentially
uploading the relevance of the climate stability hypothesis to the ocean. This is very relevant,
considering that initially, the hypothesis was proposed by analyzing diversity patterns on a
terrestrial two-dimensions planar scale. Still, the ocean is a three-dimensional (3D) space,
and the habitats of different species in seawater are unevenly distributed within it (e.g. Fang
et al., 2024). Consequently, evaluating the climate stability hypothesis from a 3D spatial
perspective is necessary, revealing when different depths in the same sea area exhibit

multiple diversity patterns, attributes, and causes (e.g. Moreno et al., 2008).

However, marine biodiversity can depend on regional biogeographical limits (e.g. Hernadndez
et al., 2005; Miloslavich et al., 2011; Moreno et al., 2006), thus the relevance of the climate
stability hypothesis can potentially change depending on these limits which, in the case of
HCS, are in a latitudinal environmental gradient. Particularly on the South East Pacific,
Camus (2001) review suggests two primary limits delimiting three principal spatial units:
one at the 30°S limiting the Peruvian Province (18°-30°S) and Intermediate area (30°-41°S),

and the second at the 41°S delimiting the southern Magellanic Province (41°-56°S).

This study tested the climate stability hypothesis as the central modulating mechanism of
copepod diversity patterns in the HCS. We used a long-term (17 years) database on copepod
species occurrence in the upwelling zone off Chile. Our approach included the estimates of

indices for copepod diversity and distribution from available species records within the upper
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500 m, comparing upwelling regions with distinct seasonal regimes: a north zone (NZ, 20°-
30°S) characterized by a permanent upwelling regime, and a south zone (SZ, 30°-40°S)
characterized by a seasonal upwelling regime; and the association with environmental
stability estimated from databases on oceanographic variables, including an estimate of
kinetic energy in the water column, as driven by changes in upwelling intensity under
different climatic forcing conditions. We evaluated the hypothesis that a more stable system
would allow to find greater diversity, as a more stable system in terms of upwelling index,
temperature and salinity would support greater diversity than more unstable areas. The
objectives were a) to evaluate copepod species diversity variability and compare its vertical
structure between north and south zones, at different depth ranges, b) to understand the
environmental drivers influencing patterns of distribution of Copepoda as representatives of
zooplankton in the HCS, c) to determine whether there are differences between strata and
between NZ and SZ in terms of diversity, and d) to assess whether observed patterns obeyed

to changes in environmental stability forced by upwelling intensity.

75



Methodology
Study Area

The study area is located within the HCS off Chile, between 20°S and 40°S, and between
70°W and 78°W. To evaluate when different depths in this sea area exhibit multiple diversity
patterns attributes, we consider five depth strata: 0-100 m, 100-200 m, 200-300 m, 300-400
m, and 400-500 m. On the other hand, to consider the effect of regional biogeographical
limits we separated between north and south zones (NZ and SZ, respectively) at 30°S (Figure
1). Due to a relatively low data availability, this area and strata were divided into 2x2 degrees
grid-cells of 100 m depth each, to ensure adequate sample size and visualization of emerging

diversity patterns.
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Figure 1: Study area at the Humboldt Current System (HCS, represented by the sand color dotted area)
delimiting the 2x2 degrees grid cells forming the total grid. Blue grids represent the sampled ones, whereas the
red dots represent the sampling stations from where data was obtained. The black dashed line at 30°S separates
the north zone (NZ) and the south zone (SZ) of the HCS study area. Map projection is WGS 84 (EPSG 4326).
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Data sources—Copepoda species and quality control procedures

Species occurrences were downloaded during August 2023 from the Ocean Biodiversity

Information System (OBIS) database using its Mapper tool (https://mapper.obis.org/). The

data were obtained for five strata of 100 m each between 500-0 m depth within the study area
and within the time range from 1995 to 2011. Following the retrieval of the data, we
eliminated occurrences without geographic coordinates, coordinates equal to zero, or those
located inside the continent. We only selected occurrences at the species level and excluded
duplicate records. This procedure allowed us to compile data to estimate species diversity
indices, but also resulted in a reduction of information since many records are reported for
genera or higher taxonomic levels (e.g. families), and in some cases without clear or wrong
georeference. Taxonomy was revised and updated using the World Register of Marine

Species (WoRMS) portal (http://www.marinespecies.org) through the match_taxa function

of ‘robis’ package (Provoost and Bosch 2021) implemented in R software (R Core Team,
2021). After we had cleaned and curated the data, a total of 7013 occurrence records of
Copepoda species were selected, and the number of species was counted by bathymetric
strata and latitudinal zones (Table 1). The data on occurrences of Copepoda species are

available in a Zenodo repository: https://doi.org/10.5281/zenodo.xxxxxx (version 1).
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Table 1: Number of occurrence records at species level per strata and zone in the study area. N=north; S=south.

Stratum Number of Number of Number of species
occurrences sampled points per stratum
0-100 m N 2413 281 85
0-100m S 1355 116 85
100-200 m N 889 116 74
100-200m S 276 63 40
200-300m N 649 98 69
200-300m S 138 65 49
300-400 m N 543 108 69
300-400m S 109 52 41
400-500 m N 559 116 72
400-500 m S 82 43 36
Total north zone 5053 719 88
Total south zone 1960 339 90
TOTAL 7013 1058 126
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Data sources—Environmental data

Ten oceanographic and two atmospheric variables were selected for the analyses. The
oceanographic variables were obtained from Copernicus Marine Environment Monitoring

Service (CMEMS, https://marine.copernicus.eu) to a resolution of 1 x 1 degree and 0.25 x

0.25 degrees, namely: mean temperature and mean salinity, from global ocean reanalyses
with data assimilation of satellite and in situ observations (Desportes et al. 2021); total
chlorophyll-a concentration, dissolved oxygen concentration and pH from PISCES
biogeochemical model forced by daily mean fields of ocean, sea ice and atmosphere coming
from numerical simulation and reanalysis (Le Galloudec et al. 2021); geostrophic eastward
sea water velocity (ugo) and geostrophic northward sea water velocity (vgo) from
reprocessed in-situ and satellite data (Guinehut 2021); and particulate organic carbon (POC)
from reprocessed in-situ and satellite data (Sauzéde, Renosh, and Claustre 2023). The
atmospheric variables of eastward and northward components of the wind at a height of 10
meters above the surface of the Earth (ul0 y v10, respectively) were obtained from the
Copernicus Climate Change Service (C3S) Climate Data Store (CDS) to a resolution of 0.25
x 0.25 degrees from reanalysis combining model data with in situ observations (Hersbach et
al. 2023). Monthly surface (10 m height) wind velocity was used to compute the alongshore
wind speed climatology. For each latitude, standard deviation is also computed from the

monthly alongshore wind series to assess the wind variability.

All variables were retrieved within the time range from 1995 to 2011, except POC—which
registers start from 1998, and averaged between those years, as well as for each depth range
both in the north and south zones of the study area (i.e., 0-100 m, 100-200 m, 200-300 m,

300-400 m, 400-500 m).
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To compute the Eddy Kinetic Energy (EKE), daily currents from the 1/12° horizontal
resolution GLORYS12 reanalysis were downloaded from the CMEMS

(https://marine.copernicus.eu/). Zonal and meridional current anomalies u’ and v’ were then

computed from seasonal climatology. Finally, EKE is computed as (Jia, Wu, and Qiu 2011):
1 12 12
EKE = > (u'g+v'g

Also, to evaluate the climate stability hypothesis, we calculated the stability of temperature
and salinity. These variables were calculated by taking the inverse of the mean standard
deviation between time slices over time. We then inverted variability to stability (as stability
= 1/variability) and scaled it between 0 and 1. The calculations were performed with the

package ‘climateStability” (Owens and Guralnick 2019).

Data sources processing

All species occurring in each stratum from each zone were compared to the total to determine
the number of shared and non-shared species and then to determine exclusive (restricted
range) and more widely distributed species. These features were analyzed per stratum and
zone in R software (R Core Team, 2021). The analysis was run by using the %in% operator
and the union, intersect and setdiff functions that operate row-wise on data frames (in this
case, lists of species as vectors for each stratum and zone). The script used for this analysis

is available in a Zenodo repository: https://doi.org/10.5281/zenodo.xxxxxx (version 1).
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All environmental variables were resampled to a resolution of 2 degrees (Figure 1) using
QGIS 3.10 (QGIS.org, 2022). Initially, nine predictors were considered in our analyses (mean
temperature, mean salinity, temperature stability, salinity stability, total chlorophyll-a
concentration, dissolved oxygen concentration, pH, particulate organic carbon (POC), and
EKE). Then, we obtained the Spearman rank-order correlation coefficient matrix with the
‘corrplot’ package (Wei T 2024), for visualizing their degree of association. Predictors
showing correlation values over |0.7| were removed for further analyses (Dormann et al.
2013); then, particulate organic carbon (POC) and pH were no longer considered (Figure S1).
The remaining predictors were later used to evaluate species richness, the Shannon-Wiener
index, the Hurlbert index, and B-diversity and its additive components: turnover, and

nestedness (eg., Baselga, 2010; Baselga and Gdmez-Rodriguez, 2019).

To assess diversity patterns, species richness (measured as the number of species per grid-
cell of 2°) was calculated using Biodiverse software (Laffan, Lubarsky, and Rosauer 2010).
The Hulbert diversity index was also calculated. Although this index is designed to measure
dominance in a community, where a lower value indicates greater diversity and a higher
value indicates greater dominance, it can be used for presence-absence data, calculating the
proportion of sample units where that species is present. To do this, count the number of
sample units with the presence of the species and divide by the total number of sample units,

as follows:

H=1-

Z|

S
zk?
i=1
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where:

e His the Hulbert diversity index,
e N is the total number of sample units,
e piis the proportion of presence of species i in the sample units and

e Sis the total number of species.

The calculations were performed with the ‘vegan’ package (Oksanen et al. 2024), and the
script is available in the Zenodo repository: https://doi.org/10.5281/zenodo.xxxxxx (version

1).

Since we only have occurrence records, the Shannon-Wiener index was calculated
considering that each species present has the same importance in the community. In this case,
the proportions pi will be defined as the proportion of species present with respect to the total
species in the set. Then, the Shannon-Wiener index for occurrence data was calculated in

Biodiverse 3.1 software (Laffan et al. 2010), according to Laffan (2022):

n
H = —Z. pi - Inp;
i=1

where pj is the number of samples (in this case, occurrences) of the i species as a proportion
of the total number of occurrences in the neighborhoods (2° x 2° sampling grid cells). This

proportion is estimated as:

Pi—N

where nj is the number of records of the i species and N is the total number of records at

species level in the sampled cell.
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We therefore calculated alpha diversity as species richness and beta diversity as species
composition. In the latter, we differentiated between turnover and nestedness. Alpha diversity
was calculated in Biodiverse 3.1 software (Laffan et al. 2010), whereas beta diversity was
estimated using the packages ‘betapart’ (Baselga and Orme 2012), ‘CommEcol’ (Sanches

Melo 2021) and ‘letsR’ (Vilela and Villalobos 2015) using the following equation:

Bsor = Bsim + fsne = b+c :L_l_( c=b )(a)

2a+b+c b+a 2a+b+c b+a

where Bsor is Sgrensen dissimilarity, fsim is Simpson dissimilarity (i.e., turnover
component of Sgrensen dissimilarity), Bsne is the nestedness component of Sgrensen
dissimilarity, a is the number of shared species between two cells, b the number of

species unique to the poorest site, and ¢ the number of species unique to the richest site.

For species richness, spatial hotspots were defined using spatial clustering analysis, Getis-
Ord G* statistic (Getis and Ord 1992). This identifies spatial concentrations of an entity (in
this case species richness per cell) or areas that contain higher/lower values than expected by
chance for a given study area. Significant values of Z>0 provide evidence for significant
hotspots whereas values of Z<0 provide evidence for groups of entities with lower values
than expected by chance. The statistical determination of hotspots was performed in ArcMap

10.4.1 software (ESRI 2016) and were plotted by using the package ‘ggridges’ (Wilke 2024).
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Statistical analysis

To evaluate differences in diversity and richness between strata, as well as between NZ and
SZ, we used a two-way Permutational Multivariate Analysis of Variance (PERMANOVA)
(Anderson 2001) since statistical inferences are made in a distribution-free setting using
permutational algorithms (Anderson 2001, 2017). This analysis was performed in PAST v

4.17 software (Hammer, Harper, and Ryan 2001).

To assess the effect of the environmental variables on diversity, Linear Mixed Models
(LMM) were used, which allow both fixed and random effects, thus serving for analyzing
data that are non-independent (Arngvist 2020; Bates 2005; Bolker 2015). First, we assessed
normality using Shapiro-Wilk test. This analysis showed that species richness (W = 0.85695;
p-value = 2.399e-05), Shannon index (W = 0.8206; p-value = 2.707e-06), Hurlbert index (W
= 0.85695; p-value = 2.399e-05), B-diversity (W = 0.82175, p-value = 2.888e-06), and its
additive components: turnover (W = 0.95377, p-value = 0.04883) and nestedness (W=
0.79035, p-value = 5.292e-07) had normal distribution. Then, a set of Linear Models (LM)
and Linear Mixed Models (LMM) were developed for species richness, the Shannon-Wiener
and Hurlbert indices, B-diversity and its two additive components: turnover, and nestedness.
The residual diagnosis was carried out using the simulateResiduals function in 'DHARMa'
package (Hartig 2024) to assess the distribution of data and their independence through
observing the dispersion in variance. A lack of independence in the data can lead to
overdispersion, which can be accounted for by fitting a random effect to the model. The
residuals diagnosis showed that residuals for Linear Models (LM) and Linear Mixed Models
(LMM) showed no deviation from the expected normal distribution (Figure S2, left panel),

and that the difference between the observed and expected values was greater in the LM (i.e.,

85



they showed more unexplained variation of their residuals shown as an over-dispersion in
their variance, Figure S2, right panel). Then, the analyses continued with the use of LMM,
that included mean temperature, temperature stability, mean salinity, salinity stability,
chlorophyll-a concentration, oxygen concentration, and EKE as fixed-effect predictors;
whereas bathymetry (every 100 m strata) and zones (north and south) were included as
random effects. These analyses were performed with the ‘Ime4’ package (Bates et al. 2024).
The environmental variables were normalized before the analysis. We generated a series of
models to evaluate the drivers of diversity (Table S1); the models with the best fit were
selected through the corrected Akaike Information Criterion (AICc), through the ‘MuMIn’
package (Barton 2022). Models with AAICc values (i.e., the difference in AICc score
between the best model and the model being compared), within 2 units of the best model
should be selected (Anderson, Gorley, and Clarke 2008). Finally, a marginal and conditional
R? value was estimated for the best models with the r.squaredGLMM function of ‘MuMIn’
package (Barton 2022). The marginal R? (R?m) estimates the fraction of the variance
explained by the fixed effects in the model, whereas the conditional R? (R%c) estimates the
fraction explained by the fixed and random effects. The script of this analysis is available in

the Zenodo repository: https://doi.org/10.5281/zenodo.xxxxxx (version 1).
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Results

Spatial biodiversity

The integration of the northern and southern zones (NZ and SZ, respectively) for all
associated cells and strata (i.e., five strata from both NZ and SZ), showed that there are 126
species in the whole study area. The NZ of the study area (i.e., five 100 m strata between 20
and 30°S) has 88 species. The SZ of the study area (i.e., five 100 m strata between 30 and
40°S) has 90 species. The stratum between 0 and 100 m depth has 85 species in the north and
85 species in the south. The stratum between 100 and 200 m depth has 74 species in the north
and 40 species in the south. The stratum between 200 and 300 m depth has 69 species in the
north and 49 species in the south. The stratum between 300 and 400 m depth has 69 species
in the north and 41 species in the south. The stratum between 400 and 500 m depth has 72
species in the north and 36 species in the south. Only 18 species are common to all strata,
thus distributed from 0 to 500 m at the NZ and SZ of the study area (Table S1 Supplemental
Material): Agetus typicus, Calanoides patagoniensis, Calanus chilensis, Euchaeta marina,
Heterorhabdus papilliger, Metridia brevicauda, Metridia lucens, Oithona plumifera,
Oithona setigera, Oithona similis, Oncaea curvata, Oncaea media, Oncaea mediterranea,
Paracalanus indicus, Pleuromamma gracilis, Pleuromamma quadrungulata, Triconia
conifera, and Triconia minuta. There are 46 common species at the NS and SZ of the 0-100
m stratum (Table S1), whereas the 100-200 m, 200-300 m, 300-400 m, and the 400-500 m

strata have 26, 29, 28, and 23 common species from the NS and SZ, respectively (Table S1).

We found that the NZ and SZ have 32 and 14 exclusive species, respectively (Table S1). This
means that those species can only be found at the north or south zone, at different strata.

Regarding exclusive species per zone and stratum, only three strata had species that were not
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shared elsewhere within the study area: 0-100 m NZ, 0-100 m SZ and 400-500 m NZ. Four
species were exclusively registered at the 0-100 m NZ stratum (Table S1), twenty-five
species were exclusively registered at the 0-100 m SZ (Table S1), and two species were

exclusively registered at the 400-500 m NZ stratum (Table S1).

From the common species for the north and south zone that occur along all strata (Table 2)
the order Cyclopoida and Calanoida both present 50% relative occurrence, with nine species
each (Table 2). From the order Cyclopoida, the family Oncaidae showed the greatest number
of representatives (five species), followed by Oithonidae (three species) and Corycaeidae
(one species) (Table 2). From the order Calanoida, four species belong to the Metridinidae
family, two species to the Calanidae family, and one species to the Euchaetidae,
Heterorhabdidae, and Paracalanidae families, respectively (Table 2). The observed
distribution of these species occurrences at this study have been previously cited off Chile

(Table 2).

Table 2: Dominant species of the HCS off Chile, occurring between 0 and 500 m depth and between 20°-40°S
and 70°-78°S.

Scientific name (species level)  Order Family Reported previously at
(location, depth range, author)
Agetus typicus Cyclopoida Corycaeidae SPSG oligotrophic blue water, between 0-200

and 600-800 m (Medellin-Mora et al. 2021),
supplementary material

SZ of coastal HCS, between 0-200 m (Morales
et al. 2010)

SZ of oceanic HCS, between 0-100 m (Morales
et al. 2010)

Calanoides patagoniensis Calanoida  Calanidae SZ of coastal HCS, between 0-100 m (Hidalgo
et al. 2010)
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SPSG oligotrophic blue water, between 200-
400 m (Medellin-Mora et al. 2021),
supplementary material

Calanus chilensis

Calanoida

Calanidae

NZ and SZ of coastal HCS, between 0-100 m
(Hidalgo et al. 2010)

Euchaeta marina

Calanoida

Euchaetidae

NZ and SZ of coastal HCS, between 0-600 m
(Hidalgo et al. 2010)

SPSG oligotrophic blue water, between 0-100
m (Medellin-Mora et al. 2021), supplementary
material

Heterorhabdus papilliger

Calanoida

Heterorhabdidae

SZ of coastal HCS, between 0-100 m (Hidalgo
et al. 2010)

SZ of coastal HCS, between 0-200 m (Morales
et al. 2010)

SZ of oceanic HCS, between 0-100 m (Morales
et al. 2010)

Metridia brevicauda

Calanoida

Metridinidae

SZ of coastal HCS, between 0-100 m (Hidalgo
et al. 2010)

Metridia lucens

Calanoida

Metridinidae

NZ and SZ of oceanic HCS, between 0-100 m
(Hidalgo et al. 2010)

SZ of coastal HCS, between 0-200 m (Morales
et al. 2010)

SZ of oceanic HCS, between 0-100 m (Morales
et al. 2010)

Deep waters of the Southern Ocean (Park and
Ferrari 2009)

Oithona plumifera

Cyclopoida

Oithonidae

NZ and SZ of oceanic HCS, between 0-100 m
(Hidalgo et al. 2010)

SPSG oligotrophic blue water, between 100-
200 m (Medellin-Mora et al. 2021),
supplementary material

SZ of oceanic HCS, between 0-100 m (Morales
et al. 2010)

Oithona setigera

Cyclopoida

Oithonidae

SZ of oceanic HCS, between 0-100 m (Hidalgo
et al. 2010)

SPSG oligotrophic blue water, between 0-600
m (Medellin-Mora et al. 2021)

SZ of coastal HCS, between 0-200 m (Morales
et al. 2010)

SZ of oceanic HCS, between 0-100 m (Morales
et al. 2010)

Oithona similis

Cyclopoida

Oithonidae

NZ and SZ of coastal HCS, between 0-100 m
(Hidalgo et al. 2010)

SPSG oligotrophic blue water, between 0-100
and 200-400 m (Medellin-Mora et al. 2021),
supplementary material

SZ of coastal HCS, between 0-200 m (Morales
et al. 2010)
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SZ of oceanic HCS, between 0-100 m (Morales
et al. 2010)

Oncaea curvata

Cyclopoida

Oncaeidae

SPSG oligotrophic blue water, between 200-
400 m (Medellin-Mora et al. 2021),
supplementary material

Oncaea media

Cyclopoida

Oncaeidae

NZ of coastal HCS, between 0-100 m (Hidalgo
et al. 2010)

SPSG oligotrophic blue water, between 0-800
m (Medellin-Mora et al. 2021)

SZ of coastal HCS, between 0-200 m (Morales
et al. 2010)

SZ of oceanic HCS, between 0-100 m (Morales
et al. 2010)

Oncaea mediterranea

Cyclopoida

Oncaeidae

NZ and SZ of coastal HCS, >100 m (Hidalgo et
al. 2010)

SPSG oligotrophic blue water, >800 m
(Medellin-Mora et al. 2021)

Paracalanus indicus

Calanoida

Paracalanidae

NZ and SZ of coastal HCS, >100 m (Hidalgo et
al. 2010)

SPSG oligotrophic blue water, 100-800 m
(Medellin-Mora et al. 2021), supplementary
material

Pleuromamma gracilis

Calanoida

Metridinidae

SZ of oceanic HCS, between 0-100 m (Hidalgo
et al. 2010)

SPSG oligotrophic blue water, between 0-600
m (Medellin-Mora et al. 2021)

SZ of coastal HCS, between 0-200 m (Morales
et al. 2010)

SZ of oceanic HCS, between 0-100 m (Morales
et al. 2010)

Pleuromamma quadrungulata

Calanoida

Metridinidae

SZ of coastal HCS, between 0-100 m (Hidalgo
et al. 2010)

SZ of coastal HCS, between 0-200 m (Morales
et al. 2010)

SZ of oceanic HCS, between 0-100 m (Morales
et al. 2010)

Triconia conifera

Cyclopoida

Oncaeidae

NZ and SZ of coastal HCS, between 0-100 m
(Hidalgo et al. 2010)

SPSG oligotrophic blue water, >400 m
(Medellin-Mora et al. 2021)

SZ of coastal HCS, between 0-200 m (Morales
et al. 2010)

SZ of oceanic HCS, between 0-100 m (Morales
et al. 2010)

Triconia minuta

Cyclopoida

Oncaeidae
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Environmental stability

The Hovmoller diagram of the alongshore winds’ climatology showed that there is seasonal
upwelling south of 35°S, whereas north of this latitude upwelling is continuous (Figure 2a).

Regarding wind’s variability, its monthly standard deviation is greater towards the south

(Figure 2Db).
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Figure 2: Alongshore surface wind speed (in m s*) from ERA5 reanalysis over the 1995-2011 period (a)
Hovmaller diagram of the wind speed monthly climatology (b) latitudinal variation of the monthly wind
standard deviation.

The turbulent kinetic energy at the surface analysis showed a zone with maximum EKE
between 26 and 36°S (Figure 3a, detail in Figure S3), whereas the vertical EKE profiles

averaged for each zone shows that the NZ has a more intense mesoscale activity compared
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to the SZ (Figure 3b). For better assessing EKE latitudinal variations, it was averaged into 1°
latitude bands and plotted along the strata, where it shows maximum intensity between 26
and 34°S over 100 m depth, decreasing with depth at all latitudes, and with a stronger

decrease in the upper layers in the SZ than in the NZ (Figure 3c).
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Latitude

Figure 3: Mean Eddy Kinetic Energy (EKE in cm? s2) computed from the daily outputs of the Glorys12
reanalysis over the 1995-2011 period. (a) surface EKE (b) vertical profile of the mean EKE averaged over the
20-30°S region (blue line) and the 30-40°S region (red line) (c) latitudinal variation of the mean EKE averaged
from the coast to 78 °W and over 1° latitudinal bins, at different depths (0, 50, 100, 200, 300, 400 and 500 m).
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Statistical outcomes

The two-way PERMANOVA analyses showed that species richness and Shannon-Wiener
index were significantly different between zones, but not between strata (Table 3). These
diversity measures showed that, on average, the NZ had higher species richness and a
Shannon-Wiener index in all strata, excepting the 300-400 m depth range (Figures 4B and
4F, respectively). On the other hand, nestedness was significantly different between strata
but not between zones (Table 3), indicating greater mean differences in the 100-200 m and
the 200-300 m depth ranges, and lower mean differences in the 0-100m, 300-400 m, and 400-
500 m depth ranges (Figure 4E). Hurlbert index, species composition and turnover were
significantly different between zones, as well as between strata (Table 3). In particular, the
Hurlbert index was on average greater in the NZ and upper strata (0-100 m, 100-200 m, and
200-300 m depth ranges; Figure 4D); whereas the species composition and turnover were on
average greater in the NZ and lower strata (100-200 m, 200-300 m, 300-400 m and 400-500

m depth ranges; Figures 4A and 4C, respectively).

The clustering analysis (Getis-Ord Gi*) allowed us to identify high values of richness in all
strata at the NZ, whereas cold spots (i.e., low species richness values) were greater at the SZ

and at greater depths (Figure 5).
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Table 3: Two-way PERMANOVA results for models of species richness, Shannon-Wiener index, Hulbert
index, species composition and its components turnover and nestedness. Significant permutation p-values below
the 0.05 level are highlighted in bold.

Source Sum of df Mean square F p-value
squares
Depth 15.606 4 0.390 18.277 0.058
g8 Zone 16.854 1 16.854 78.955 0.002
8 £ Interaction -1.599 4 -0.399 -18.727 0.999
&2 Residual 85.384 40 0.213
Total 10.185 49
< Depth 10.208 4 0.255 0.992 0.318
= 2 Zone 0.986 1 0.986 38.331 0.017
% = Interaction -26.926 4 -0.673 -2.618 1
S & Residual 10.285 40 0.257
= Total 95.988 49
Depth 156.057 4 0.390 23.068 0.045
£ Zone 168.539 1 16.854 9.965 0.001
2 5 Interaction 0.174 4 0.044 0.258 0.966
T = Residual 676.519 40 0.169
Total 10.185 49
— Depth 0.805 4 0.201 73.752 0.0003
¢S Zone 0.116 1 0.116 42.444 0.047
g 8 Interaction 144.088 4 0.360 13.199 0.0001
& E  Residual 109.167 40 0.027
©  Total 34.535 49
Depth 0.872 4 0.218 34.584 0.005
§ Zone 0.323 1 0.323 51.276 0.007
g Interaction 271.197 4 0.678 10.761 0.0001
2 Residual 252.026 40 0.063
Total 64.269 49
,  Depth 128.334 4 0.321 20.888 0.049
g  Zone 0.407 1 0.407 26.517 0.081
2 Interaction 202.089 4 0.505 32.892 0.007
g Residual 614.399 40 0.1536
Total 98.555 49
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Figure 4: Diversity indices for the study area, separated by zone (NZ=north zone; SZ=south zone) and

bathymetric range.
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Figure 5: Getis-Ord Gi* statistic of species richness of Copepoda at each depth range and zone of the study
area. A positive value for a standardized Z score suggests a hot spot, whereas a negative value indicates a cold
spot.

The best-fitting LMM explaining species richness revealed that the variables mean
temperature, mean salinity, and oxygen concentration were the most important predictors
(Table 4). The R?m and the R?c explain a 44% and a 51% of the variability, respectively. The
environmental predictors that explain the diversity evaluated through the Shannon-Wiener
index included mean temperature, mean salinity, and oxygen concentration (Table 4). The
R2m and the R?c explain a 43% and a 50% of the variability, respectively. The best-fitting
model for diversity assessed through the Hurlbert index indicated that temperature, mean
salinity, and oxygen concentration were significant predictors (Table 4). The R?m and the

R2c explain a 44% and a 51% of the variability, respectively. The environmental predictors

97



explaining the distribution of beta diversity (species composition), included temperature
stability and EKE (Table 4). The R?m and the R%c explain a 20% and a 53% of the variability,
respectively. The environmental predictors that explain the distribution of turnover included
temperature stability and EKE (Table 4). The R?m and the R%c explain a 4% and a 21% of
the variability, respectively. The environmental drivers that explain the distribution of
nestedness included temperature stability and EKE (Table 4). Both the R?m and the R%c

explained 18% of the variability.
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Table 4: LMM for species richness (SR), Shannon-Wiener index (SW), Hurlbert index (HI), species
composition (SC) and its components turnover (TO) and nestedness (NE). Statistics acronyms are df=degrees
of freedom, logLik=log-likelihood, AlCc=corrected Akaike information criterion, AAICc=delta AlCc,
RZm=marginal R?, R?%c=conditional R2. Predictors’ acronyms are: Tmean=mean temperature, Smean=mean salinity,
EKE=Eddy Kinetic Energy,

Chla=chlorophyll-a concentration,

O,=dissolved oxygen concentration,
Tswp=temperature stability, Ssan=salinity stability. The best fitting models are highlighted in bold.

Model df :_Oli AlCc AAICc Weight Rm R%c
SR ~ TmeantSmeantO2 7 -75.6 167.88 0.00 0.40 0.44 0.51
SR ~ Tstap+SstantEKE 7 -76.8 170.32 2.44 0.12
SR ~ Tstan+Sstab+O2 7 -76.9 170.60 2.72 0.10
SW ~ TmeantSmeantO2 7 -31.9 80.52 0.00 0.55 0.43 0.50
SW~ Tstan+Sstav+EKE 7 -33.4 83.51 2.99 0.12
SW ~ Tstan+Sstav+Chla 7 -33.5 83.60 3.08 0.12
HI ~ Tmean+SmeantO2 7 -75.6 167.88 0.00 0.40 0.44 0.51
HI ~ Tstab+SstabtEKE 7 -76.8 170.32 2.44 0.12
HI ~ Tstap+SstantO2 7 -76.9 170.60 2.72 0.10
SC ~ TstabtEKE 6 15.1 16.2 0.00 0.90 0.20 0.53
SC ~ Tstap+SstaptEKE 7 13.29 -9.9 6.25 0.04
SC ~ Tstab+Sstant+Chla 7 13.18 -9.7 6.46 0.04
TO ~ Tstab+EKE 6 4.55 4.86 0.00 0.79 0.04 0.21
TO~ TstabtSstantO2 7 3.16 10.34 5.49 0.05
TO ~ Tstant+Sstan+EKE 7 3.10 10.47 5.61 0.05
NE ~ TstavtEKE 6 19.68 -25.41 0.00 0.78 0.18 0.18
NE ~ Tstapt+Sstav+Chla 7 19.27 -21.87 3.54 0.13
NE ~ TmeantSmeantChla 7 18.35 -20.04 5.37 0.05
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Discussion

The assessment of copepod diversity patterns in the HCS both, over the horizontal and
vertical planes, clearly indicated a strong connection between the copepod community and
upwelling variation. Changes in upwelling intensity over a seasonal time scale and according
to the latitudinal regime can strongly influence the habitat conditions for copepods inhabiting
the upper 500 m in the HCS. These changes can affect copepod populations and ultimately
the community structure, including biodiversity. It is also important to highlight the strong
link between the diversity indices and environmental stability as assessed by temperature
stability and kinetic energy (EKE). More stable conditions throughout the year can allow
populations to reproduce more continuously and so be present permanently, but also this
stability may help maintaining the community composition more stable year-round. In this
context, it can be inferred that fewer perturbations or a more predictable environment may
also allow that species interactions along with their specific responses to environmental
change can function more efficiently (Fischer et al. 2001) to promote a higher species

richness.

It is important to stress that both temperature stability and EKE are driven by variation of
upwelling intensity. Regarding latitudinal variation, it must be noted that permanent
continuous upwelling regime north of 35°S derived from alongshore winds’ climatology
(Figure 2a) and greater surface EKE (Figure 3a) are masked by the delimitation of the zones
for this study, as the southern region (SZ) starts at 30°S. However, when considering averages
for each zone, a lower monthly standard deviation of wind’s variability (Figure 2b) together
with greater EKE along depth (Figures 3) can be observed in the northern region (NZ) than

in the SZ, indicating more upwelling favorable conditions in the NZ throughout the year,
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while the SZ shows more variability between seasons, giving lower average values. On the
other hand, it has been documented that the SZ (data from 36,4°S) is characterized by a
continuous alternation between strong southerly and weak northerlies (upwelling index < 0,
downwelling favorable), even at a sub-seasonal scale (Aguirre et al. 2021), with implications
on biogeochemical cycles and productivity. In addition, a more poleward location of the
South Pacific High during winter has caused more summer-like hydrographic conditions on
the continental shelf offshore central Chile (where the SZ was delimited), generating changes
in the plankton community (Jacob et al. 2018; Schneider et al. 2017) that may explain
increased coastal upwelling in the HCS, and the changes in species dominance associated
with it in terms of abundance (Pino-Pinuer et al. 2014), as shifts in the upwelling regimes
also affects phytoplankton composition that in turn are determinant for zooplankton
reproductive pulses (Vargas et al. 2006). Besides that, NZ is characterized by an oxygen
minimum zone that is relatively shallow (ca. 10-60 m depth of its upper limit) (Hidalgo et al.
2005, Morales et al. 1999) in the coastal upwelling area and adjacent oceanic waters,
generating usually low oxygen concentrations to which organisms may respond in
physiological or distributional terms (Morales et al. 1999). Despite zooplankton may tend to
aggregate above the oxycline associated with more oxygenated surface waters (Tutasi and
Escribano 2020), nauplii, small- and large-sized copepods are able to perform diel vertical
migration the upwelling zone, withstanding severe hypoxia and being able to exhibit a large
migration amplitude (~500 m, large-sized copepods and copepods of the group Eucalanidae),
remaining either temporarily or permanently during day or night conditions within the core
of the OMZ (Tutasi and Escribano 2020). Therefore, considering that the OMZ occurs over
the whole study area under different conditions and reaches depths of ca. 500 m, it appears

as the dominant species of the HCS described here (Tables S1 and 2) may be adapted or have
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evolved the capacity to cope with low oxygen conditions, temporally through vertical
migration (Tutasi and Escribano 2020) or during more extended periods (Hidalgo et al. 2005).
This also could explain the fewer exclusive species found in the 0-100 m depth range at NZ
(Table S1), as different species may occur along the whole water column, whereas at the SZ
more species may tend to aggregate in the upper layer for oxygen (Tutasi and Escribano
2020) or when the OMZ becomes shallower. The clustering analysis (Figure 5) indicated a
similar tendency, with high values of richness in all strata at the north zone (NZ), whereas

low species richness values (cold spots) were found at greater depths in the south zone (SZ).

Regarding copepod species diversity, the species common to all strata and zones can be
considered, in terms of occurrence, dominant for the HCS off Chile as they occur between 0
and 500 m depth and between 20°-40°S. The observed distribution of these species
occurrences at this study have been previously cited off Chile (Table 2), and complements

the information previously documented.

From the dominant species of the HCS, Calanus chilensis has been considered as a coastal-
neritic species endemic to the eastern South Pacific between 10° and 42°S (Marin, Espinoza,
and Fleminger 1994), being later proposed as a biological indicator of the intrusion of the
Humboldt Current in the Ecuadorian Pacific (Bucheli, Cajas, and Hidalgo 2019). More
recently, a continuous distribution for the species has been modeled, that ranges from
Ecuador to the southernmost area of South America between 0—200 m depth range, whereas
the organisms occurring between 200-400 m have a modeled discontinuous distribution with
greater suitability for the coast of Chile (Rivera et al. 2023). The neritic zone comprises the
shallow coastal waters (down to 100-200 m) overlying the continental shelf (Boaden and

Seed 1985); however, in this study the occurrence of C. chilensis has been registered down
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to a depth of 500 m, supporting the modeled projection of this species. Together with C.
chilensis, Calanus patagoniensis is another species considered endemic to the HCS, but with
a more inshore distribution due to biological behavior involving vertical migration that may
avoid them to be transported offshore by mesoscale processes (Morales et al. 2010). Our data
can corroborate that for the south zone, that has more data available towards open ocean,
where C. chilensis occurs along all its extension, while C. patagoniensis occurrences are
restricted until the 73°W centroid. Oithona similis, Paracalanus indicus, Pleuromamma
gracilis and P. quadrungulata are species that we found to be dominant in terms of
occurrence and that have been described in other studies as dominant for the HCS (Escribano
et al. 2012; Pino-Pinuer et al. 2014). Here, we found these species occurrence to be restricted
until the 73°W centroid as well. P. indicus dominance in terms of abundance has been
documented to vary strongly over the south zone, being outnumbered by Drepanopus
forcipatus (Pino-Pinuer et al. 2014). In this study, D. forcipatus did not appear to be dominant
in terms of occurrence as it only appeared between 0-200 m at NZ and SZ (Table S1), and
restricted until the 73°W centroid, which is concordant with its known distribution restricted
to coastal and shelf areas along southern South America (Park and Ferrari 2009).
Additionally, it has been reported that the regional distribution of C. chilensis secondary
production extends much further offshore in the HCS than what is typical for its ecological
counterparts in other coastal upwelling systems, extending the area of high productivity
which in turn maximizes trophic transfer efficiency towards economically important pelagic
fish (Schukat et al. 2021). These aspects involve specific life-strategy traits and life-cycle
adaptations (Schukat et al. 2021) that highlights C. chilensis importance as an endemic

species adapted to the environmental variability of the HCS.
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Acartia tonsa is a widely studied species in the HCS (e.g., Aguilera 2020; Aguilera and
Bednarsek 2022; Ruz et al. 2015; Yafez et al. 2018), considered cosmopolitan and
characteristic of estuarine and upwelling systems, while also associated to the inshore area
(Morales et al. 2010). In this study, this species did not appear to be dominant for the HCS,
however it is present in both NZ and SZ between 0-300 m (Table S1) and restricted until the

73°W centroid, thus it may be considered an upper-mesopelagic species.

Paraeuchaeta barbata appeared as an exclusive species for the 400-500 m stratum of the NZ
(Table S1). This calanoid species occurs in deep water throughout the world oceans (Park
1994), being a very common species between the Southern Ocean and the Arctic basin (Park
and Ferrari 2009) associated with the Antarctic Intermediate Water (AAIW) during austral
summer and winter when migrating from and arriving to the Chilean coast, respectively
(Yamanaka 1976). This demonstrates that vertical zonation occurs in the HCS and is
associated with seasonal physical-biological processes that in turn may be linked to
temperature. Moreover, various species found in the HCS are characteristic of the Southern
Ocean (SO) (Park and Ferrari 2009), such as Metridia lucens and Pleuromamma
quadrungulata, deep water species in the SO considered dominant species in this study
(found between 0-500 m depth and in both the NZ and SZ, Table 2); Gaetanus brevispinus,
G. kruppii, Lophothrix frontalis (deep water species in the SO), Metridia gerlachei (very
common herbivore calanoid in the SO), found between 0-500 m in the NZ in this study (Table
S1); Calanus propingquus, Neocalanus tonsus (epipelagic calanoids of the SO, the latter can
perform diapause), Gaetanus tenuispinus (very common deepwater species in the SO), found
between 0-500 in the SZ in this study (Table S1); Haloptilus oxycephalus, Scolecithricella

minor (very common deepwater calanoids of the SO that reach temperate and subarctic
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regions, respectively), Ctenocalanus citer (epipelagic calanoid endemic to the SO) found
between 0-100 m in the SZ in this study (Table S1). These examples indicate intrusion and
colonization of epipelagic and deepwater copepods from the SO, that are adapted to that
productive habitat (Park and Ferrari 2009), into the HCS. Thus, the HCS must be a suitable

habitat for increasing regional diversity, especially that of calanoid copepods.

Generally, when several models produce quite similar AICc values (i.e., within 1 to 2 units
of each other), it suggests that there is a reasonable amount of redundancy among predictor
variables, as several different combinations of them could be used interchangeably to explain
the observed relationship (Anderson et al. 2008). In this study, this was not the case (Table
4), so it can be inferred that the predictors are not inter-correlated. The fact that mean
temperature, mean salinity, and oxygen concentration are the main predictors for richness
indices such as alpha diversity, Shannon-Wiener index and Hurlbert index relates to the
kinetic energy and the environmental stress hypotheses, as higher temperatures are beneficial
for ectotherms development, which may lead to higher speciation rates (Fraser and Currie
1996; Tittensor et al. 2010); whereas environmental stress in terms of temperature and
salinity extremes (Fraser and Currie 1996) and oxygen depletion (Tittensor et al. 2010) is
negatively correlated with diversity. This also reflects the relevance that water masses and
the OMZ may have on copepod populations, as the environmental conditions they generate
have effects on different aspects of copepods ecology in the HCS (Escribano et al. 2014; Ruz
et al. 2018). The importance of temperature stability and EKE as main predictors of species
composition and its additive components turnover and nestedness, relates to the climate
stability and historical factors hypotheses, that assumes higher diversity in more

environmentally stable regions (Tittensor et al. 2010) and provide habitat features that favor
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extant patterns of dispersal and richness (Fraser and Currie 1996), respectively. Therefore,
mesoscale activity seems to be an important feature at a regional scale for zooplankton, as it
has been documented how copepods are transported offshore by eddies, with some species
potentially coupling their ontogeny to that process, such as Calanus chilensis (Schukat et al.

2021).

In summary, it appears that even at regional scale, different aspects related to basal
hydrographic conditions, as well as the coupling of physical and biological processes are
affecting diversity, with responses to their variations in terms of phenotypic plasticity that
are species-specific. This, added to the individual variability (Bi and Liu 2017), may generate
a variety of responses on copepod species. Moreover, within the context of climate change
and global warming, it has been described that the effects of temperature variation on
different marine communities at different scales are translated into a slowly replacement of
cold-tolerant species with warm-tolerant counterparts, with the former being redistributed to
greater depths (Burrows et al. 2019), without necessarily decreasing the system’s
functionality or shifting horizontal patterns, unless the species interact with the surface for
the need of light, or as in the case of copepods, for feeding following DVM. Then, some
increased depth range found in this study for some copepod species may be related to
warming responses and vertical redistribution. However, this may represent an increase in
the metabolic activity for some individuals not adapted for low oxygen conditions or that
perform their life cycles associated with processes occurring at shallower depths.
Considering the dynamism of the HCS and the increased capacity of plankton to rapidly
respond to environmental shifts in temporal and special scales, greater assessments are

required for better understanding copepods distribution and their shifts extent, with an
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associated need for an enrichment of ecological data bases in terms of temporal and spatial
coverage, for better implementing macroecological modeling techniques that yield more

robust spatial patterns and their associated dominant drivers or processes.
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Figure S1: Spearman correlation matrix of environmental variables used in the Linear Mixed Models (LMM).
Positive and negative correlations are displayed in blue and red color, respectively. Color intensity is
proportional to the correlation coefficients, and the non-significant correlations are crossed out. The acronyms
are: Temperature=mean temperature, Stab_T=temperature stability, Salinity=mean salinity, Stab_S=salinity
stability Chla=chlorophyll-a concentration, O2=dissolved oxygen concentration, POC=particulate organic
carbon, pH=potential of hydrogen, EKE=Eddy Kinetic Energy.
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Figure S2: Residual diagnosis inferred from a linear model (LM, left panels) and a linear mixed model (LMM,
right panels) for (a) species richness, (b) Shannon-Wiener index, (c) Hurlbert index, (d) B-diversity and its
additive components (e) turnover and (f) nestedness. Each panel show a QQ plot (quantile-quantile plot)
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p>0.05.
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Table S1: Summary of common and exclusive species found in each zone and stratum of the study area.

NORTH and SOUTH zones NORTH zone SOUTH zone
0-500 0-100 100-200 = 200-300 300-400 400-500 | 0-500 0-100  400-500 | 0-500 0-100
m m m m m m m m m m m
Acartia danae X
Acartia tonsa X X X
Aegisthus aculeatus X
Aetideus armatus X
Aetideus bradyi X
Agetus flaccus X
Agetus typicus X X X X X X
Calanoides patagoniensis X X X X X X
Calanus australis X
Calanus chilensis X X X X X X
Calanus propinquus X
Calocalanus pavo X
Calocalanus styliremis X
Calocalanus tenuis X
Candacia bipinnata X
Candacia catula X
Candacia curta X
Candacia longimana X
Centropages brachiatus X X X X
Centropages typicus X
Chiridius gracilis X
Chiridius poppei X
Clausocalanus arcuicornis X
Clausocalanus furcatus X
Clausocalanus jobei X
Clytemnestra scutellata X
Corycaeus speciosus X
Ctenocalanus citer X
Ctenocalanus vanus X
Dioithona oculata X
Ditrichocorycaeus amazonicus X
Drepanopus forcipatus X X
Euaugaptilus magnus X
Eucalanus elongatus X
Eucalanus hyalinus X
Eucalanus inermis X
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Euchaeta marina
Euchaeta media
Euchirella amoena
Euchirella maxima
Euchirella messinensis
Euchirella pulchra
Euchirella truncata
Euterpina acutifrons
Gaetanus brevispinus
Gaetanus kruppii
Gaetanus miles
Gaetanus tenuispinus
Goniopsyllus rostratus
Haloptilus acutifrons
Haloptilus longicornis
Haloptilus oxycephalus
Heterorhabdus clausi
Heterorhabdus lobatus
Heterorhabdus papilliger
Heterorhabdus spinifrons
Heterostylites longicornis
Lophothrix frontalis
Lubbockia squillimana
Lucicutia flavicornis
Lucicutia grandis
Lucicutia longiserrata
Lucicutia magna
Mecynocera clausi
Mesocalanus tenuicornis
Metridia brevicauda
Metridia gerlachei
Metridia lucens
Microcalanus pygmaeus
Microsetella norvegica
Microsetella rosea
Mormonilla phasma
Nannocalanus minor
Neocalanus cristatus
Neocalanus gracilis
Neocalanus tonsus
Neomormonilla minor
Oculosetella gracilis

Oithona atlantica
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Oithona nana

Oithona plumifera
Oithona setigera

Oithona similis

Oncaea curvata

Oncaea media

Oncaea mediterranea
Oncaea notopus

Oncaea venusta
Onchocalanus subcristatus
Paracalanus indicus
Paracalanus parvus
Paraeuchaeta barbata
Paraeuchaeta scotti
Paraeuchaeta weberi
Paraheterorhabdus vipera
Pareucalanus attenuatus
Phaenna spinifera
Pleuromamma abdominalis
Pleuromamma gracilis
Pleuromamma piseki
Pleuromamma quadrungulata
Pleuromamma robusta
Pleuromamma xiphias
Pontellina plumata
Pontoeciella abyssicola
Pseudoamallothrix emarginata
Pseudoamallothrix ovata
Pseudoamallothrix profunda
Rhincalanus nasutus
Scaphocalanus curtus
Scaphocalanus echinatus
Scaphocalanus elongatus
Scolecithricella abyssalis
Scolecithricella minor
Scolecithrix bradyi
Subeucalanus crassus
Subeucalanus longiceps
Subeucalanus subtenuis
Temora discaudata
Temora stylifera

Triconia antarctica

Triconia conifera
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Triconia minuta
Triconia similis
Urocorycaeus lautus
Vettoria granulosa

TOTAL SPECIES

18

46

26

29

28

23

32

14

132

25




Table S2: Coefficients obtained by linear mixed models used to evaluate the best predictors for species richness,
Shannon-Wiener index, Hurlbert index, beta diversity (species composition) and its additive components
turnover and nestedness. Predictors’ acronyms are: Chla=chlorophyll-a concentration, EKE=Eddy Kinetic
Energy, O,=dissolved oxygen concentration, S=mean salinity, Ssas=salinity stability, Tswn = temperature

stability, T=mean temperature.

Intercept Chla EKE 02 S Sstab Tstab T
2.23 -1.54 -0.51 1.44
2.17 -0.26 -1.25 0.17
2.21 0.07 -1.09 0.09
2.20 -0.18 -1.13 0.21
2.22 -0.21 -1.50 -0.59 1.53
2.19 -0.56 0.58 -1.67 0.18
2 2.23 0.07 -1.56 -0.49 1.44
% 2.18 0.38 -1.01 -0.32 -0.52 -1.22 -0.06 1.34
; 2.22 0.32 -0.53 -1.60 -0.63 1.75
8 2.17 -0.13 -0.22 -1.27 0.23
» 2.21 -0.20 0.09 -1.19 0.23
2.19 -0.03 -0.54 0.56 -1.66 0.19
2.20 -0.23 0.14 0.18
2.23 -0.13 0.18 0.08
2.22 -0.05 -0.16 0.15 0.15
0.97 -0.57 -0.15 0.49
0.96 -0.08 -0.42 0.03
0.96 -0.08 -0.39 0.05
0.96 -0.01 -0.36 0.00
0.97 -0.05 -0.57 -0.17 0.52
é 0.97 0.01 -0.57 -0.15 0.49
E 0.96 -0.17 0.16 -0.54 0.03
g 0.96 -0.07 -0.06 -0.43 0.06
= 0.97 -0.09 0.01 -0.41 0.07
S 0.97 0.06 -0.11 -0.58 -0.18 0.56
cc% 0.96 -0.04 -0.15 0.14 -0.53 0.05
@ 0.95 0.11 -0.31 -0.16 -0.15 -0.38 -0.04 0.44
0.96 -0.06 0.11 0.01
0.98 -0.07 0.09 0.01
0.99 -0.11 0.09 0.10 -0.03
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Intercept Chla EKE 02 S Sstab Tstab T
2.23 -154 -0.51 1.44
2.17 -0.26 -1.25 0.17
2.21 0.07 -1.09 0.09
2.20 -0.18 -1.13 0.21
2.22 -0.21 -1.50 -0.59 153
2.19 -0.56 0.58 -1.67 0.18
X 2.23 0.07 -1.56 -0.49 1.44
= 2.18 0.38 -1.01 -0.32 -0.52 -1.22 -0.06 1.34
E 2.22 0.32 -0.53 -1.60 -0.63 1.75
5 2.17 -0.13 -0.22 -1.27 0.23
T 2.21 -0.20 0.09 -1.19 0.23
2.19 -0.03 -0.54 0.56 -1.66 0.19
2.20 -0.23 0.14 0.18
2.23 -0.13 0.18 0.08
2.22 -0.05 -0.16 0.15 0.15
0.52 0.06 0.08
0.52 0.06 -0.04 0.10
0.52 0.05 -0.05 0.10
0.52 0.01 -0.06 0.11
0.51 0.06 -0.01 0.02
0.51 0.09 0.00 -0.02
IS5 0.52 0.08 -0.06 0.01 0.11
§ 0.52 0.03 0.03 -0.04 0.10
§ 0.51 0.05 -0.02 -0.03 0.09
; 0.51 0.01 -0.02 0.01
g 0.51 0.06 0.01 -0.004 0.01
N 0.51 0.07 -0.01 -0.01 0.03
0.52 0.09 0.01 0.01 -0.03
0.52 0.02 0.06 -0.05 0.002 0.10
0.51 0.06 0.01 -0.01 -0.01 0.02
0.52 0.02 0.05 -0.06 -0.03 -0.01 0.11 0.03




Intercept Chla EKE 02 S Sstab Tstab T
0.39 0.04 0.005
0.39 0.02 -0.08 0.05
0.39 0.03 -0.06 0.04
0.39 -0.02 -0.06 0.07
0.39 0.07 0.02 -0.04
0.39 -0.03 -0.04 0.04
0.39 -0.03 -0.03 0.03
s 0.39 -0.08 0.12 0.00 -0.05
é 0.39 -0.06 0.07 -0.05 0.05
-
IE 0.39 0.04 -0.02 -0.05 0.05
0.39 -0.03 0.04 -0.09 0.05
0.39 0.07 -0.03 0.01 -0.02
0.39 -0.02 -0.02 -0.04 0.04
0.39 -0.07 0.11 -0.05 -0.01 0.05
0.39 -0.08 0.13 0.02 0.01 -0.07
0.39 -0.10 0.13 0.00 -0.01 -0.05 0.07 -0.06
0.18 0.04 0.06
0.18 0.06 -0.02 0.05
0.17 0.08 0.01 0.01
0.18 0.04 0.00 0.05
0.18 0.04 -0.03 0.05
0.18 0.04 -0.01 0.01
0.18 0.06 0.00 -0.02 0.05
ﬁ 0.18 0.06 0.00 -0.02 0.05
§ 0.17 0.09 -0.04 0.00 0.04
B 0.18 0.02 -0.03 0.03
= 0.17 0.07 0.01 0.02 0.00
0.18 0.05 -0.02 0.02 0.06
0.18 0.06 0.00 0.00 -0.02 0.05
0.18 0.02 0.05 0.00 -0.01
0.17 0.10 -0.05 -0.02 -0.01 0.05
0.17 0.11 -0.05 -0.09 -0.03 0.05 0.02 0.10
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5. GENERAL DISCUSSION

For the South Pacific Ocean (SPO), the patterns of copepod distribution do not seem to follow
the previously reported latitudinal trends of global patterns of marine species with peaks of
diversity at subtropical latitudes and a gradual decrease towards temperate and polar regions
(Le Borgne, Champalbert, and Gaudy 2003; Le Borgne and Rodier 1997; Carlotti et al. 2018;
Dai et al. 2016; Fernandez-Alamo and Féarber-Lorda 2006; Rombouts et al. 2009; Tittensor
et al. 2010). However, the presence of hot spots equatorial area off Peru and Ecuador (Figure
4, Chapter 1) coincides with the Eastern margin biogeographic region where coastal (0-250
Km offshore) and eastern (250-1000 Km offshore) boundary currents that originate from the
Humboldt Current and has high levels of production (Pennington et al. 2006); whereas the
hotspots observed in western temperate-subpolar areas off Australia (Figure 4, Chapter 1),
corresponds, according to their zoning, to the South Subtropical Convergence and to the
Chatham Rise zones, both frontal zones that marks the intersection of colder sub Antarctic
waters with warmer tropical waters thus supporting substantial production (Dunstan et al.
2018). For the Humboldt Current System (HCS), copepods appear to inhabit the whole water
column with shared species between zones, as well as distinct or exclusive species that were
mainly occurring at the upper stratum (0-100 m) or intruding from deeper waters. The
clustering analysis (Getis-Ord Gi*) allowed us to identify high values of richness in all strata
at the NZ, whereas cold spots (i.e., low species richness values) were greater at the SZ and

at greater depths (Figure 5, Chapter 2).

Regarding drivers of copepods diversity at regional and basin scales, various factors may

serve to explain their patterns of horizontal and vertical zonation, based on different
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hypotheses that appear not to be exclusive, and more likely revealing a combined effect.
However, hydrographic conditions and processes determined as drivers of copepods diversity
in the SPO and the HCS appear to be related to the kinetic energy hypothesis, highlighting
the role of temperature on the biogeography of copepods and supporting our hypothesis

where it is considered as a main driver of zooplankton distribution.

Our results described in both chapters of this thesis work highlight in one hand the dynamism
of the ocean at basin (SPO) and regional (HCS) scales; and, on the other hand, the high
ecological plasticity displayed by copepods to adapt to that natural environmental variability.
However, more complete databases are required for better inferring macroecological patterns
and determine to what extent they may cope with shifts in the timing, duration and extension
of the hydrographic conditions and processes they rely on to survive, within the context of

climate change and global warming.
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6. CONCLUSIONS

Our findings provide an overview of copepods diversity patterns and their potential
drivers for the South Pacific Ocean (SPO, basin scale) and the Humboldt Current
System (HCS, regional scale).

Diversity patterns were detected zonally and meridionally for the SPO and the HCS.
And, along the water column they were detected only at a regional scale (HCS), that
counted with more data availability for performing analyses. For the basin scale
study, we used integrated data from the upper 200 m of the water column of the
eastern and western sides of the SPO as there was insufficient data both towards the
South Pacific Central Gyre (open ocean) and greater depths. However, we were able
to obtain emerging patterns despite these limitations and biases on databases, that
undoubtedly may reveal in the future new evidence on the processes sustaining
biodiversity.

This thesis work stresses the need for strengthening the databases on planktonic
organisms, as they can act as suitable indicators of ecosystem response to climate
change at both basin (SPO) and regional (HCS) scales.

The thesis supports the hypothesis that significant ecological zonation of copepods
communities in the South Pacific region over the horizontal and vertical axes are
strongly influenced by variation and stability of key environmental factors of which

the variance of sea temperature and kinetic energy appeared as most important.
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