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Disentangling species-specific
krill responses to local
oceanography and predator’s
biomass: The case of the
Humboldt krill and the
Peruvian anchovy
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Universidad de Concepción, Concepción, Chile, 8Departamento de Oceanografía y Medio Ambient,
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Euphausiids (hereafter “krill”) are one of the main components of the pelagic

communities of the Humboldt Current System (HCS). Their community

dynamics have been well studied in central-southern Chile where upwelling

is strongly seasonal, but little is known about the permanent-upwelling area of

the HCS, which yields the largest fishery in the world, the Peruvian anchovy. We

applied hierarchical generalized additive models with environmental and

biological predictors to determine the main drivers of krill abundance,

adjusting species-specific functions. We used a time series of 16 bi-annual

surveys to study annual, seasonal, and spatial scales of variability of the four

numerically dominant taxa: Euphausia mucronata (Humboldt krill), E. eximia,

Stylocheiron affine, and Nematoscelis spp. The spatial pattern of the Humboldt

krill (the dominant species) proved it is an upwelling-associated species, with

higher abundances within 10 km from the coast. The other 3 taxa showed

opposite spatial patterns with higher abundances offshore. Themain covariates

explaining krill abundances were the depth of the upper limit of the oxygen

minimum zone (dOMZ) and the mean temperature of the water column.

Humboldt krill was negatively correlated to both drivers, and the opposite

effect was observed for the other taxa. Although many krill species are

metabolically adapted to cope with the severe hypoxic conditions of this

system, the Humboldt krill was the only species with higher modeled

abundances when dOMZ was shallower. Chlorophyll-a remained high during

all sampling periods, and it was an insignificant predictor for all taxa, suggesting

food is not a limitation for krill in this highly productive system. The acoustic

biomass of the Peruvian anchovy had a negative non-linear effect on the
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2022.979984/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.979984/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.979984/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.979984/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.979984/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.979984/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.979984&domain=pdf&date_stamp=2022-10-13
mailto:rriquelm@udec.cl
https://doi.org/10.3389/fmars.2022.979984
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.979984
https://www.frontiersin.org/journals/marine-science


Dı́az-Astudillo et al. 10.3389/fmars.2022.979984

Frontiers in Marine Science
abundances of the Humboldt krill, and higher Humboldt krill abundances were

found in areas with no anchovy hotspots. Our results indicate that krill in this

system are susceptible to changes in temperature, oxygen, and upwelling

conditions. Extreme events (e.g. heatwaves and ENSO events) are expected

to increase in frequency and intensity, while climate change scenarios show a

potential intensification of upwelling. These conditions could lead to

distribution displacements and alter trophic interactions by modifying the

distribution and biomass of the predator.
KEYWORDS

euphausiids, upwelling, El Niño, generalized additive models, trophic interactions,
planktivorous fish
Introduction

The Humboldt Current System (HCS) is the most

productive eastern boundary upwelling system (EBUS)

regarding fish productivity (Montecino and Lange, 2009).

Here, coastal upwelling, driven by equatorward winds, sustains

high levels of primary productivity that ultimately support

abundant zooplankton and pelagic communities (Medellıń-

Mora et al., 2016; Espinoza et al., 2017). As in other cold and

temperate ecosystems, krill are an essential link in the food webs

of the HCS, transferring energy from phytoplankton and

microzooplankton to higher trophic levels (Espinoza et al.,

2017; Massing et al., 2022). Their large size in comparison to

other mesozooplankton groups, and their ability to form large

and dense swarms, make them one of the most diversely

predated animals in upwelling systems (Pillar et al., 1992;

Antezana, 2010), being a critical prey item for many marine

mammals, seabirds, and fishes of the HCS. The recruitment and

standing stocks of some of the most important biological

resources in the eastern South Pacific, such as the Peruvian

anchovy, the most globally productive fishery (FAO, 2020), the

south Pacific hake, and jack mackerel, rely on krill populations

(Espinoza and Bertrand, 2008; Antezana, 2010). Hence,

understanding all sources of temporal and spatial variability

influencing krill dynamics is critical to improving ecosystem and

fisheries management.

Krill communities of the HCS are strongly influenced by the

hydrographic structure and advective processes associated with

upwelling dynamics. The cross-shore distribution of krill life

stages in northern Chile suggests that, during spring months,

early stages are advected offshore through the Ekman layer

(Dıáz-Astudillo et al., 2022). Similar observations have been

made in central Chile, where upwelling is highly seasonal, and

smaller individuals are usually found farther offshore (Riquelme-

Bugueño et al., 2012). The cross-shore gradients in temperature,

dissolved oxygen concentration, and chlorophyll-a modulate the
02
community structure and distribution of the upwelling-

associated, transition, and oceanic krill ensembles off central

Chile (Riquelme-Bugueño et al., 2012). In contrast, the

upwelling is permanent year-round off northern Chile with the

presence of a quasi-permanent oxygen minimum zone (OMZ)

that can act as a biological barrier for organisms (Manrıq́uez

et al., 2009; Escribano et al., 2009). Highly migratory krill can

cross or even inhabit the OMZ, while others are restricted to

oxygenated waters (Escribano et al., 2009; Riquelme-Bugueño

et al., 2020). Despite being one of the most important trophic

links, relatively low efforts have focused on the effect of other

environmental and biological forcings (e.g., climate oscillations

and predator abundance) on krill population dynamics in the

HCS, compared to other highly productive systems.

In addition to mesoscale variability, basin-scale low-

frequency physical processes, such as marine heat waves and

climate events, also influence the distribution of species by

altering the environmental conditions of the water column and

circulation patterns, which causes changes in krill body length

and biomass (Brinton and Townsend, 2003; Sydeman et al.,

2013; Robertson and Bjorstedt, 2020; Killeen et al., 2022). In the

California Current System (CCS), the onshore advection of

warmer water masses during El Niño events causes changes in

the distribution of tropical, subtropical, and subarctic euphausiid

species, decreasing the overall contribution of krill to total

zooplankton carbon biomass (Ambriz-Arreola et al., 2018).

Warm events can also modify the phenology and intensity of

primary productivity peaks (Thomas et al., 2009). Consequently,

the abundance of cold-water species decreases, and reproductive

processes are delayed and/or altered (Dıáz-Astudillo et al., 2022;

Killeen et al., 2022). In the HCS, climate events affect net

primary productivity and zooplankton communities by

modifying species composition and increasing species diversity

(Aronés et al., 2009; Thomas et al., 2009; Escribano et al., 2012).

These changes in community traits, caused by environmental

anomalies, escalate through the trophic web ultimately
frontiersin.org
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modifying ecological prey-predator interactions (Orlova

et al., 2015).

Modeling the relationships between krill and their predators

has been a common approach to studying the complex and non-

linear effect of predation on krill populations, while

incorporating environmental variability. In the Eastern Bering

Sea, krill are a main component of the ecosystem and a key prey

for several trophic levels, including many commercial fishes,

such as cod, capelin, and the walleye pollock (Hunt et al., 2016).

Several studies have shown a moderate effect, though statistically

significant, of the density of these fishes on krill abundance,

suggesting the occurrence, to different degrees, of top-down

control of krill populations (Hunt and McKinnell, 2006; Hunt

et al., 2016; Simonsen et al., 2016). Similar observations have

been made in the Barents Sea (Orlova et al., 2015), where fish

predation pressure on zooplankton has been well studied (Frank

et al., 2007). The extent and intensity of trophic interactions

depend on local and remote environmental proxies (Orlova

et al., 2015); thus, they vary in space and time. Krill also

dominates the zooplankton community in the CCS, being

associated with the distribution of predators such as whales

(Rockwood et al., 2020) and seabirds (Santora et al., 2014). Long-

term temporal correlations between euphausiid dominance and

anchovy biomass (Ayón et al., 2011), and small-scale spatial

correlations with jack mackerel (Bertrand et al., 2004), both in

the HCS, hint that some extent of trophic control between krill

and pelagic fish might occur in the HCS. Although krill is one of

the most abundant zooplankton groups in the HCS, regression

models determining the effect of predation on krill abundance in

this highly productive region have not been applied. This study

aims to identify the main environmental drivers of krill

abundance at interannual, seasonal and spatial scales, and to

determine the effect of predator biomass (the Peruvian anchovy

Engraulis ringens, hereafter anchovy) on the abundance of krill

in the permanent-upwelling area off northern Chile.
Methods

Study area and sampling design

The study area comprised the region off northern Chile from

20°S to 25°S and 70°W to 72°W (Figure 1). The area presents a

generally narrow continental shelf, with no river discharges.

Along-shore winds are dominant and sustain intense upwelling

year-round, which produces a very shallow oxygen minimum

zone (OMZ) and chlorophyll-a filaments that extend several

kilometers offshore (for a more detailed description of the study

area please refer to Dıáz-Astudillo et al., 2022). The in situ data

used in this study (i.e., euphausiid abundance, anchovy biomass

and CTD-O (conductivity, temperature, depth and, oxygen)

data) were collected during 16 research cruises, conducted

every austral fall (8 in April each year) and austral spring (8 in
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December each year) from 2010 to 2017 onboard the R/V Abate

Molina by the Instituto de Fomento Pesquero (IFOP).

The navigation track of the ship during the cruises was

composed of parallel along-shore transects each separated by 10

nm, in which in situ biological and physical sampling was

conducted. The sampling stations were positioned at 1, 5, 10,

20, and 40 nm from the coast along each transect (the 40 nm

station was available only during the fall cruises) by categorizing

the stations into 5 latitudinal groups according to topographic

and bathymetric features. Using this categorization, we

incorporate the variability in the continental shelf’s width and

the coastline’s shape, which can influence krill distribution and

trophic interactions (Ayón et al., 2011; Santora et al., 2017).

Group 1 includes the stations north of 21°S where the

continental shelf is narrow; Group 2, the stations at ~21°S,

where the continental shelf is wider; Group 3, the stations north

of Mejillones Peninsula (MP), a major upwelling point at 23.3°S,

with a narrow continental shelf; Group 4, the stations near MP;

and Group 5, the stations south of MP (Figure 1).
Environmental data

Temperature, salinity, and dissolved oxygen data were

collected using a SeaBird 911 CTD-O. Sampling stations were

classified according to their distance from the coast (‘DC’, 5

levels, 1, 5, 10, 20 and 40 nm), latitudinal group (‘LG’, 5 groups),

season (fall and spring), and year (8 levels, from 2010-2017). A

total of 240 samples were used in this study.

Daily satellite surface chlorophyll-a concentration (SSC, 4x4

km resolution) data were obtained from the merged Copernicus

Global Ocean Colour products (https://resources.marine.

copernicus.eu/). Daily satellite surface temperature (SST)

(0.025°x0.025° resolution) data were obtained from MODIS-

Aqua (https://oceancolor.gsfc.nasa.gov/), and daily satellite

winds (0.25°x0.25° resolution) from CMEMS IFREMER

CERSAT multi-sensor blended wind field (https://resources.

marine.copernicus.eu/). Ekman transport vectors for each

sampling period, and the zonal Ekman transport (ET, m
2 s-1)

of the previous 5 days of each sampling date, were calculated

using satellite winds.
Krill data

At each station, nighttime zooplankton sampling was

performed with a 60 cm mouth-diameter double-framed

Bongo net with 300 μm mesh. The Bongo net was equipped

with a calibrated T.S.K. flowmeter to measure the volume of

water filtered. The tows were oblique and integrated from 100 m

to the surface, and samples were immediately fixed onboard with

5% borax-buffered formaldehyde. In the laboratory, adult krill

were sorted, counted, identified to the lowest taxonomic level
frontiersin.org
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FIGURE 1

Map of the study area showing the bathymetry (color coded) and 200 m isobath as a black line. Yellow dots represent the zooplankton and
CTD-O sampling stations. Red dots (seen as red lines because of the high spatial resolution of the data) represent the anchovy acoustic
sampling records. Samples were grouped in 5 latitudinal groups (numbers 1-5, defined in the text).
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possible following Baker et al. (1990), and standardized to

individuals per 1000 cubic meters (ind. 1000 m-3). Due to

difficulties identifying the genus Nematoscelis (~50% of all

individuals had missing or broken appendages), the genus

species were pooled together. Because only 4 taxa accumulated

96% of the total abundance, only these were included in

subsequent analyses: Euphausia mucronata (Humboldt krill),

E. eximia, Stylocheiron affine, and Nematoscelis spp.
Anchovy data

Peruvian anchovy acoustic biomass data were continuously

recorded during the navigation track using a SIMRAD EK 60

multi-frequency echo sounder operating at 18, 38, 120 and 200

kHz. Acoustic data were georeferenced with a GPS and

discretized in 0.5 nm sampling intervals. Fishing catches were

performed at several random stations to validate acoustic

categorizations. Anchovy target strength estimations were

carried out when >80% of the catches corresponded to

anchovy and were adjusted to the observed size structure and

modal sizes. Anchovy identification was then made by visually

examining the echograms and the species-specific mean volume

backscattering strength (SV in dB). Acoustic data were processed

using Echoview software (Sonardata, Pty. Ltd.). The Nautical

Area Scattering Coefficient (NASC, m2 nmi-2), an acoustic proxy

for anchovy biomass, was determined by:

NASC = 4p kð Þ2  
Z z2

z1
Sv  Dz

where k = conversion factor from m to nm, z1/z2 = lower/upper

limit of the echo-integrated stratum, SV = mean volume

backscattering strength (dB), Dz = stratum depth (MacLennan

et al., 2002). Specific details about acoustic data processing and

fishing methods can be found in Leiva et al. (2018). This

standard methodology has been previously used with anchovy

data by Murase et al. (2009) and Gutiérrez et al. (2007).
Data analysis

Environmental and biological analysis
We constructed climatologies (April and December) of SST,

SSC, and Ekman transport to characterize the study area and the

study period, and to obtain indices for each sampling date and

position. We used 1 mg m-3 in the satellite chlorophyll-a

composites as a limit to visualize upwelling extension, Letelier

et al. (2009), who found that the upwelling front usually

coincided with the 1 mg m-3 boundary off central Chile. In

situ CTD-O data were used to calculate the mean temperature

(MeanTemp), salinity (MeanSal), and dissolved oxygen

(MeanDO) of the first 100 m of the water column, and the

depth of the upper limit of the OMZ (<1.4 m L-1, dOMZ).
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We calculated mean values for each station, and then the mean

for every LG and DC group, for every cruise, to explore across-

and along-shore spatial variability through years and seasons.

Interannual, seasonal, latitudinal, and longitudinal (distance

from the coast) comparisons of the environmental variables

were carried out using univariate Kruskal Wallis tests.

To explore spatial and temporal differences in the

community, non-metric permutational analysis of variance

(PERMANOVAs with Bray-Curtis similarity matrix and 9999

permutations) was performed with log(X+1)-transformed

abundances. The effects of the year (2010-2017), season (fall

and spring), DC, LG, and the interaction between year and

season, and DC and LG (two-way analysis), were tested. The

contribution percentage to total abundance was calculated to

observe changes in species proportions through time.

Spatial hotspots of krill and anchovy aggregations were

identified using the Getis-Ord statistic (Gi*, Getis and Ord,

1992). This index, commonly used to identify and describe krill

aggregations (Santora et al., 2017; Rockwood et al., 2020),

identifies statistically significant spatial clusters of an entity (in

this study log(Abundance+1) and log(NASC +1)). The local sum

for a feature and its neighborhood is proportionally compared

with the sum of all features, to determine whether the local sum

is significantly different from that randomly expected using the Z

score statistic. Significant values of Z>0 provide evidence for

hotspots, while values of Z<0 provide evidence for groups of

features that are lower than expected by chance (i.e., ‘coldspots’).

The analysis resolution was ~100 km² considering equal-sized

hexagons. The Gi* statistic was mapped to identify significant

spatial patterns in krill and anchovy distribution, and their

potential coupling. Hotspot analyses were performed in the

ArcGIS 10.5 software (ESRI, 2019).

Modeling euphausiid abundance in
the HCS

To explore the physical and biological mechanisms

controlling euphausiid abundance, we applied Hierarchical

Generalized Additive Models (HGAMs). As a form of

Generalized Additive Models (GAMs), HGAMs allow the

construction of flexible models that fit non-linear responses

using smooth curves (Pedersen et al., 2019). By being

“hierarchical”, HGAMs can account for intergroup variability

when data are grouped into categories (e.g., species or taxa).

Hence, they are suitable when the relationship between the

response and explanatory variables is expected to vary across

groups (Pedersen et al., 2019). We modeled the response of krill

[log(Abundance+1)] to 7 predictors that account for spatial

variability (latitude and longitude), environmental variability

(MeanTemp, MeanSal, dOMZ, SSC and ET), and predator

biomass [log(NASC +1)]. The spatial term was constructed

with the geographic position of each sample in order to obtain

the modeled distribution of each taxon in a continuous spatial

gradient. Abundance variables were log-transformed to
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approach a normal distribution of the residuals. The

hydrographic variables were selected to be incorporated in the

analysis after evaluating multicollinearity by calculating variance

inflation factors (VIF) and exploring correlograms using the

‘AlleleShift’ R package (Kindt, 2021). The original pool of

variables was composed of in situ surface temperature, salinity

and dissolved oxygen (first 20 m of the water column),

MeanTemp, MeanSal, MeanDO, dOMZ, SST, SSC, and the

zonal (cross-shore) Ekman transport (ET). The variables with

VIF<7 and Spearman correlation coefficient less than 0.7 were

selected as predictor variables in the models (Table 1).

The response variable was categorized according to taxa to

observe specific responses of E. mucronata, E. eximia, S. affine,

and Nematoscelis spp. After careful evaluating the model

outcomes and fittings and taking into consideration the

contrasting distribution and ecological role of the selected taxa

(Riquelme-Bugueño et al., 2012; Massing et al., 2022), we

decided not to incorporate a global smoother in the model. By

this, the specific response curves are not penalized if they deviate

from the global smoother. The general model structure is:

Y = g−1 + bo + fx1 + fx2 +…fxi +   z   +   ϵð Þ    
Where Y is the response value to be modeled, g-1 is the

inverse link function, b0 is the intercept, f(xi) is the smooth

function of the covariates, z is the random effect of the group-

specific intercepts, and ϵ is the error term. The spatial term was

constructed as a Gaussian process smooth to deal with spatial

autocorrelation.(i.e., the interaction between the latitudinal and

longitudinal position of each sample is a spherical correlation

model with a maximum range of 1) (Wood, 2017). This term

was included to incorporate any spatial trend that is unrelated to

the predictors (Ressler et al., 2014). Several model structures and

designs were tested, and the model with the lowest Akaike

Information Criterion (AIC), highest deviance explained, and

all terms being statistically significant for at least one taxon was

selected as the best. Smoothing parameters and model

coefficients were estimated using restricted maximum

likelihood (REML). Because anchovy data were unavailable for

the fall cruise of 2010, 2011 and 2013, these periods were not

included in the models, hence the number of observations used

for the model was 189 (by using 4 taxa the pseudo-n is 756).
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HGAMs were constructed in R (R Core Team, 2021) using the

‘mgcv’ package (Wood, 2017) and plots with the ‘gratia’ package

(Simpson, 2022).
Results

Temporal and spatial changes in
environmental conditions

The region presented high environmental variability at

interannual, seasonal, and spatial scales. The fall of 2015 was the

warmer period (21.96 ± 0.3°C), followed by the spring of 2016

(21.74 ± 0.25°C), both periods coinciding with the highest values of

the Multivariate El Niño Index for the study period (see Dıáz-

Astudillo et al., 2022). In contrast, the coldest periods were the

spring of 2010 (20.02 ± 0.26°C) and 2014 (20.06 ± 0.33°C). Large

SST anomalies were found during the fall of 2010, 2012 and 2015

(+0.63°C, +1.12°C and +1.11°C, respectively), and the spring of

2010 and 2014 (-0.83°C and -0.69°C, respectively) (Figure 2).

During fall of 2010 and spring of 2015, positive anomalies of ~2°

C were observed in a coastal band of ~40 km, while positive

anomalies affected the whole study area during the fall of 2012 and

the spring of 2015. The cross-shore Ekman transport remained

negative during the whole study period (Figure 2). The fall of 2010

was characterized by the highest ET values (-0.6 m
2 s-1), followed by

the fall of 2016 (-0.52 m2 s-1), while the spring of 2011 and 2013

were the periods with the lowest values (-0.3 and -0.28 m2 s-1,

respectively). In general, ET was less intense near the coast (-0.33 ±

0.4 m2 s-1 at 1 nm) and increased in intensity offshore (-0.44 ± 0.43

m2 s-1 at 40 nm), although differences were unsignificant (H=5.77,

p=0.22). ET was significantly lower (higher in intensity) during fall

(-0.44 ± 0.03 m2 s-1) than spring (-0.38 ± 0.02 m2 s-1)

(H=51.79, p<0.001).

The presence of a coastal band with satellite chlorophyll-a

concentration of >1 and up to 16 mg m-3 during all the sampling

periods (Figure 3), in addition to the negative ET, confirms the

average pattern of permanent upwelling in this area. The

offshore extension of chlorophyll-a filaments suggests high

mesoscale activity. Mean SSC was higher near the coast (5.87±

mg m-3 at the 1 nm stations) and decreased offshore (0.43±mgm-3
TABLE 1 Spearman correlations among the environmental variables selected as covariates for the HGAM models.

ET MeanTemp MeanSal SSC dOMZ

r p-value r p-value r p-value r p-value r p-value

ET 1 0.07 1.00 0.11 0.97 -0.07 1.00 0.03 1.00

MeanTemp 1 0.35 <0.001 -0.56 <0.001 0.66 <0.001

MeanSal 1 0.00 1.00 -0.12 0.95

SSC 1 -0.66 <0.001

dOMZ 1
fronti
Significant differences (p < 0.05) are highlighted in bold.
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at the 40 nm stations), with significant differences in

chlorophyll-a concentration among the stations at 1-5 nm, 10

nm, and 20-40 nm (H=109.7, p<0.001). The coastal band with

values >1 mg m-3 was usually wider near 21°S, where the

continental shelf gets wider, and north of the Mejillones

Peninsula (LG 2 and 3), exhibiting significant latitudinal

differences in SSC (H=15.9, p=0.003). There were no

significant interannual differences in SSC (H=7.19, p=0.41),

but the upwelling band was wider between 2010-2013 and

2017 than in 2014-2016. Fall of 2011 and 2017 were the

periods with higher mean SSC (of 0.98 ± 0.91 and 1.25 ± 0.59

mg m-3, respectively), which agreed with negative temperature

anomalies near the coast (Figure 2). In contrast, the fall of 2014
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was the period with the lowest mean SSC (0.5 ± 0.91 mg m-3).

There were no seasonal differences in chlorophyll-a

concentration (H=0.83, p=0.42).

The in situ environmental data confirmed the upwelling

pattern observed with satellite chlorophyll-a and temperature

data. MeanTemp, MeanDO, and dOMZ were significantly lower

near the coast (14.5 ± 0.9°C, 1.9 ± 0.8 ml L-1 and 24 ± 12 m at 1

nm, respectively) than in offshore stations (17.7 ± 1.6°C, 4.09 ±

1.17 ml L-1 and 73 ± 42 m at 40 nm, respectively) (H=102.4,

p<0.001, H=88.1, p<0.001, and H=217, p<0.001, respectively).

MeanSal tended to decrease toward the coast, although cross-

shore differences were not statistically significant (H=5,

p=0.29).During the study period, all DC and LG groups
FIGURE 2

Monthly SST anomalies (°C) of every April (representative of fall, upper panels) and December (representative of spring, lower panels). The vectors
correspond to the mean Ekman transport vectors (m2 s-1).
FIGURE 3

Monthly mean satellite chlorophyll-a (mg m-3) of every April (representative of fall, upper panels) and December (representative of spring, lower
panels). The black dotted line indicates the 1 mg m-3 isoline, whereas the blue line indicates the 200 m isobath.
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observed an increase in MeanTemp and MeanSal from 2014 to

the spring of 2016. MeanDO increased in all DC groups during

2011-2012 and in 2014-2016. Similarly, dOMZ showed an

increase in the same periods that was more noticeable in 2014-

2015, from 10-40 nm and in LG 3-5. In the latitudinal range,

only MeanSal presented a distinctive pattern of higher salinity

towards the north, with significantly higher salinity in LG 1

(34.91 ± 0.11) and 2, versus LG 5 (34.68 ± 0.12) (H=65.6,

p<0.001) (Figure 4).
Euphausiid abundance variability
by taxa

Out of the 4 taxa that dominated the community, Humboldt

krill was the most abundant (1222 ± 2312 ind. 1000 m-3) and

accounted for 73% of the total abundance, followed by E. eximia

(15%, 236 ± 631 ind. 1000 m-3), S. affine (9%, 181 ± 487 ind. 1000

m-3) and Nematoscelis spp. (3%, 46 ± 109 ind. 1000 m-3). Taxa

contributions to total abundance showed large fluctuations

among sampling periods (Figure 5). E. mucronata accounted

for 17% (spring of 2012) to 96% (fall of 2014) of the total

abundance, while the highest contribution of E. eximia (68%), S.

affine (39%), and Nematoscelis spp. (8%) was observed during

the fall of 2011, spring of 2011 and fall of 2012, respectively. E.

mucronata was negatively correlated to the abundance of S.

affine (r=-0.31, p<0.001) and Nematoscelis spp. (r=-0.18,
p=0.03), while E. eximia was positively related to the same

taxa (r=0.33, p<0.001 and r=0.58, p<0.001, respectively).
Significant interannual differences (Pseudo-F=1.59, p=0.002)

were found in all taxa (Figure 6; Table 2). The years with positive

temperature anomalies, such as 2012 and 2015, had lower mean

abundances than years with negative anomalies, such as 2014 and
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2017. The abundances caused the highest differences in the

contrasting consecutive years of 2014 and 2015. The mean

abundances of E. mucronata, S. affine, and Nematoscelis spp.

decreased significantly by one order of magnitude in 2015 (771 ±

1841, 31 ± 56 and 17 ± 40 ind. 1000 m-3, respectively) compared

to 2014 (1531 ± 2149, 435 ± 741 and 105 ± 219 ind. 1000 m-3,

respectively). At a seasonal scale, spring abundances of E. eximia,

S. affine andNematoscelis spp. were higher than fall abundances in

all taxa (Pseudo-F=4.39, p<0.001), with the highest differences

observed for S. affine (269 ± 598 and 38 ± 97 ind. 1000 m-3, in

spring and fall respectively). E. mucronata did not show a seasonal

abundance pattern. We did not find a significant effect of the

interaction between year and season on krill abundances (Pseudo-

F=-2.93, p=0.33).

The cross-shore variability in krill abundance showed

significant differences in relation to the distance from the coast

(H=6.89, p<0.001), and contrasting patterns were found according

to the taxa (Figure 6). Humboldt krill, the only species with higher

abundances nearshore, had the highest mean abundances at 1 and

5 nm from the coast (1697 ± 3033 and 1968 ± 2825 ind. 1000 m-3

respectively) and the lowest at 40 nm (363 ± 906 ind. 1000 m-3). E.

eximia exhibited the opposite pattern, with the lowest mean

abundances at 1 nm (0 ind. 1000 m-3 respectively), and the

highest at 20 and 40 nm from the coast (501 ± 964 and 250 ±

209 ind. 1000 m-3 respectively), evidencing their offshore habitat

preferences. Both S. affine and Nematoscelis spp. showed the

highest abundances at 10 and 20 nm (317 ± 690 and 308 ± 602

ind. 1000 m-3 respectively for S. affine, and 78 ± 125 and 89 ± 168

ind. 1000 m-3 for Nematoscelis spp.), and the lowest at 1 nm (15 ±

88 and 3 ± 11 ind. 1000 m-3 respectively), suggesting a tendency to

inhabit the upwelling front.

Latitude also significantly affected the abundance of krill

(Pseudo-F=2.76, p<0.001). The general pattern showed a
B C D
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FIGURE 4

Heatmaps of CTD-O derived variables across sampling periods and as a function of distance from the coast (A–D) and latitudinal group (E–H).
F, fall survey; S, spring survey.
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decrease in the abundances to the north (Figure 6). For

E. eximia, S. affine and Nematoscelis spp., Group 2 (area with

the widest continental shelf) was the one with lower

abundances (73 ± 149, 18 ± 35, and 12 ± 38 ind. 1000 m-3

respectively), indicating there could be a negative effect of the

width of the continental shelf on krill abundances. Their

highest mean abundances were observed in LG 5 (400 ±

1053, 441 ± 833 and 74 ± 163 ind. 1000 m-3, respectively).

Humboldt krill had the lowest abundances in Group 1 (977 ±

1446 ind. 1000 m-3) and the highest in Group 4, which

corresponds to the Mejillones Peninsula upwelling center

(1754 ± 3199 ind. 1000 m-3). The interaction between

DCxLG was also significant (Pseudo-F=-0.52, p=0.001), and

it was mainly driven by the high abundances of Humboldt krill

in the coastal stations in LG 4 and 5.
Model results: environmental drivers of
euphausiid abundance

We ran several models with different combinations of the

original 7 predictor variables derived from satellite, in situ, and

survey data. The best model explained 55.3% of the deviance and
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included 5 covariates: the spatial term, the mean temperature of

the upper 100 m of the water column, cross-shore Ekman

transport, the depth of the upper limit of the OMZ, and

anchovy acoustic biomass (Table 3). The contribution of

salinity and satellite chlorophyll-a to the overall explained

variance was negligible in every combination, and not

significant in the full model, so they were dropped in the

construction of the final model. Grouping by species revealed

contrasting responses among the 4 taxa (Figure 7). The spatial

term (a smooth Gaussian process between longitude and

latitude), MeanTemp, and dOMZ were the only terms that

were significant for all taxa when being the only smooth

function in the model. The spatial term explained 39.7% of the

deviance, while the depth of the OMZ explained 42.4%, and

temperature, 27.9% (in single-term models) (Table 3). In

contrast, ET and anchovy acoustic biomass were only

significant for S. affine and Humboldt krill, respectively.

biomass. In the final model all terms were significant for at

least 1 taxon, and at the same time, AIC was the lowest.

The spatial model revealed contrasting modeled distribution

patterns between Humboldt krill and the other taxa. The modeled

distribution of E. mucronata showed higher abundances near the

coast, between 22° and 23°S, while E. eximia had higher abundances
FIGURE 5

Percentage of contribution of each euphausiid taxon to total abundance, for each sampling period.
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in the offshore zone, near ~22°S. Both S. affine and Nematoscelis

spp. showed higher abundances in the offshore area south of 23°S

(Figure 7). In the dOMZ model, a strong, negative, and non-linear

effect was observed for Humboldt krill, in which the highest

abundances are observed when dOMZ is ~ 25 m. A weak non-
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linear positive effect was observed with E. eximia, and a linear

positive effect with S. affine and Nematoscelis spp. (Figure 7). In the

MeanTempmodel, the temperature had a negative non-linear effect

over the abundance of Humboldt krill, with a peak near ~15°C. E.

eximia, S. affine and Nematoscelis spp. showed a positive linear

relationship with temperature. In the full model, the effect of the

spatial covariate was significant for E. eximia and S. affine, the effect

of MeanTemp was significant on Humboldt krill, and the effect of

dOMZ, on all taxa. In addition, there was a significant non-linear

relationship between ET and S. affine abundances, with lower values

of ET (i.e., more intense offshore transport) having a negative effect

on the abundances. However, this result needs to be analyzed

carefully, because the scarce amount of data with ET<-0.5 creates

large confidence intervals.

Because dOMZ and MeanTemp were the only environmental

variables that were highly significant for all taxa in single-term

models, their abundances were plotted against these variables to

observe patterns across these environmental gradients (Figure 8).

E. eximia, S. affine, and Nematoscelis spp. had a similar pattern of

higher abundances when the depth of the OMZ was >50 m, and

when the temperature of the upper 100 m was >14°C. E.

mucronata had the opposite pattern, presenting the highest

abundances within 13° and 15°C, and<60 m depth of the OMZ.
FIGURE 6

Interannual, seasonal, longitudinal (distance from the coast) and latitudinal (latitudinal groups as defined in the Methods section) variability in
mean abundances (ind. 1000 m-3) and standard error, of the 4 most abundant taxa.
TABLE 2 PERMANOVA results for the 4 krill taxa, considering season,
year, distance from the coast (DC) and latitudinal group (LG) as
potential structuring factors.

Source df Mean square Pseudo-F p

Season 1 1.68 4.39 <0.001

Year 7 0.61 1.59 0.002

Interaction 7 1.12 -2.93 0.330

Residual 218 0.38

Total 233

DC 4 2.35 6.89 <0.001

LG 4 0.94 2.76 <0.001

Interaction 16 0.18 -0.52 0.001

Residual 209 0.34

Total 233
Significant differences (p<0.05) are highlighted in bold.
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Model results: the effect of anchovy on
euphausiid abundance

Even though the acoustic biomass of anchovy, included as a

predatory term, had only a marginal effect in the final selected

model, it was a significant predictor term for the endemic and

numerically abundant species E. mucronata in every model that

incorporated it. Anchovy acoustic biomass had a positive

nonlinear effect on this species’ abundance up to biomass of

~30 m2 nm-2. Biomasses above that threshold had a negative

effect, observed as a decrease in the abundance of E. mucronata

as the anchovy biomass reached ~900 m2 nm-2. Above that level,

the negative effect started to decrease (Figure 9).

We tested potential distribution overlap between anchovy and

Humboldt krill by identifying the distribution of spatial hotspots.

Significant clusters of anchovy biomass were found throughout the

study area in the coastal zone (Figure 9). The aggregation of anchovy

hotspots followed bathymetry, with more significant clusters where

the continental shelf was wider (e.g., near 21°S, and north and south

of theMP), and almost no hotspots and several coldspots outside the

200 m isobath. The Gi* statistic calculated with log-transformed

abundance data for the whole study period did not show significant

Humboldt krill aggregations, probably due to the relatively low

number of sampling points and resolution compared to the anchovy

dataset. The mean distribution of E. mucronata showed its presence

in the whole study area, although abundances >2000 ind. 1000 m-3

were found in 3 main areas. A cluster of high abundances was found

~21°S, where the continental shelf is wider, a second cluster was

found south of 22°S, and the third cluster was found in the

continental shelf off the MP. The first cluster overlapped with

significant anchovy hotspots, but the other two were found in

areas with no anchovy hotspots.
Discussion

Impacts of thermal fluctuations, food
availability, advection and oxygen
concentration on krill abundances

Several modeling studies in cold and temperate systems have

proved that temperature has a strong influence on euphausiid
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population dynamics (Dorman et al., 2015; Orlova et al., 2015;

Hunt et al., 2016; Robertson and Bjorkstedt, 2020; Killeen et al.,

2022; Phillips et al., 2022). Accordingly, our results provide

evidence that temperature is one of the main drivers of krill

abundance off northern Chile and plays a significant role in

modulating krill spatial and temporal distribution. The HCS is

subject to climate perturbations that account for most of the

interannual environmental variability (Thomas et al., 2009; Di

Lorenzo et al., 2013). During the study period, both ENSO and

PDO indices shifted from negative (2010-2013) to positive (2014-

2016), and then to neutral values (2017), with consequent

fluctuations in water temperature, along-shore wind stress, and

satellite chlorophyll-a (Dıáz-Astudillo et al., 2022). Thermal

fluctuations associated with climate oscillations and/or heatwaves

tend to modulate interannual changes in euphausiid assemblages

of upwelling systems (Parés-Escobar et al., 2018; Lilly and Ohman,

2021; Phillips et al., 2022). For example, the 2014-2015 marine

heatwave off the west coast of the US and Canada caused a decline

in krill abundance (Phillips et al., 2022) and modified the size

structure of Euphausia pacifica (Robertson and Bjorkstedt, 2020), a

numerically important species in the CCS. We observed that the

years with the highest variations in krill abundances were also

the years with the highest temperature anomalies. However, those

years did not exhibit proportional changes in productivity. In

particular, the abundance of the upwelling-associated Humboldt

krill species (Riquelme-Bugueño et al., 2012; González et al., 2021)

had significantly higher abundances during the years with the most

negative temperature anomalies (late 2010, 2014, and 2017). These

interannual abundance fluctuations were probably caused by

distribution displacements driven by poleward water-mass

advection and/or by coastal trapped waves linked to ENSO

events, as it has been proved in the CCS (Lilly and Ohman,

2021). Although there is still conflicting evidence about the future

of EBUS, research suggests that the temperature of the coastal

areas of upwelling systems will decrease due to intensified winds

and upwelling (Sydeman et al., 2014; Garcıá-Ramos et al., 2015;

Seabra et al., 2019). Extreme El Niño (Cai et al., 2018) and La Niña

(Cai et al., 2015) events are also expected to increase in frequency

due to climate change. Marine heatwaves (spanning 30-100 days)

also show an increase in intensity and duration in the last

decades in the HCS (Pietri et al., 2021). It is plausible to expect

shifts in species distribution associated with these extreme events.
TABLE 3 HGAMs results for different tested models.

Model Terms Dev. Expl. (%) AIC D AIC

Full model Lat/Lon, Sal*, Temp, dOMZ, ET, SSC*, Anchovy 56 3316.65 7.25

Spatial Lat/Lon 39.7 3474.53 165.13

dOMZ dOMZ 42.4 3391.97 82.57

Temp Temp 29.3 3350.00 40.60

Final model Lat/Lon, Temp, dOMZ, ET, Anchovy 55.3 3309.40 0.00
frontie
Asterisk over a term indicates the covariate was unsignificant for any taxa.
The model with the lowest AIC is highlighted in bold.
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Warm events might be especially detrimental, since the Humboldt

krill as keystone species would probably be displaced towards the

south or restricted to coastal pools.

The model results showed that temperature is a better predictor

of krill abundance than primary productivity. An exhaustive

analysis of the spatial patterns of the krill community variability

in central-southern Chile found strong associations between coastal

species and chlorophyll-a (Riquelme-Bugueño et al., 2012).

Nonetheless, the study area of that study covered a larger
Frontiers in Marine Science 12
longitudinal range, and hence a larger productivity range, in an

area influenced by seasonal upwelling. The survey area of the

present study presents (on average) permanent upwelling

conditions, as observed in the Ekman transport and SSC

climatology. The SSC climatology confirmed high productivity

during spring and fall, even during years with lower ET or during

positive ENSO and PDO phases (e.g., 2015). Although the coastal

upwelling band was narrower in these periods, chlorophyll-a

concentration remained high. Previous studies on zooplankton
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FIGURE 7

HGAM models, showing function smooths with 95% confidence bands of the selected covariates, in different models. (A–D) Spatial model,
(E–H) dOMZ model, (I–L) MeanTemp model, and (M) effect of ET from final model. Only significant terms are shown. Emuc, E. mucronata, Eexi,
E. eximia, Saff, S. affine, and Nemspp, Nematoscellis spp.
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production have suggested that primary productivity off central

Chile allows copepod communities to grow without food

limitations (Escribano et al., 2016). At a basin scale, a study about

the main drivers of the abundance of euphausiid species in the

Pacific Ocean found that chlorophyll-a had a marginal effect on the

explained variance of the tested models (Letessier et al., 2011).

However, the authors did not distinguish upwelling from equatorial

or high seas dynamics. The lack of association between Humboldt

krill and chlorophyll-a, whose growth and abundance have been

directly associated with primary productivity (Riquelme-Bugueño

et al., 2012; Riquelme-Bugueño et al., 2013) hints that the species

population dynamics off central Chile differs from northern Chile.

A short-term study in northern Chile did not find any association

between phytoplankton biomass and any euphausiid species, but it

did find significant and species-specific relationships with dissolved

oxygen and water density (Fernández et al., 2002). In general, our

results suggest that chlorophyll-a concentration remains sufficiently

high to support large euphausiid populations off northern Chile and

is not a controlling factor of krill species abundances and

distribution, at least at the spatial and temporal scales covered in

this study. González et al. (2021) found no relationship between

chlorophyll-a concentration and Humboldt krill developmental

stages. However, to properly determine whether there is food

limitation, it is necessary to incorporate food ingestion rates

(Antezana, 2010), growth rates (Riquelme-Bugueño et al., 2016),

and biomass production (Riquelme-Bugueño et al., 2013) in future
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studies, to observe changes in these population parameters under

different productivity scenarios.

The study of the mesoscale structure of krill hotspots in the

highly advective CCS revealed that krill aggregations were

inversely correlated to maximum upwelling points, suggesting

that upwelling could act as an optimal window, where both high

and low values of Ekman transport are detrimental for krill

abundance and growth (Santora et al., 2011; Dorman et al., 2015;

Riquelme-Bugueño et al., 2016). Our results showed a significant

effect of Ekman transport on the abundance of S. affine only, an

offshore epipelagic species (Gómez-Gutiérrez et al., 2005;

Riquelme-Bugueño et al., 2012). Highly migratory euphausiid

species might avoid cross-shore transport by inhabiting deep

and less advective layers during the day (Barange, 1990;

Escribano et al., 2009). The non-migratory behavior of S.

affine, its vertical distribution within the upper 100 m of the

water column (Escribano et al., 2009), and the fact of being one

of the smallest subtropical krill species of the HCS (8.5 mm of

maximum adult length, Baker et al., 1990), could be favoring its

offshore advection through the Ekman layer, as it has been

observed with early non-migratory life stages (Lu et al., 2003;

Dorman et al., 2005; Dıáz-Astudillo et al., 2022). The expected

intensification of upwelling due to an intensification of

alongshore winds (Sydeman et al., 2014) might be detrimental

to small epipelagic species and early life stages because of

increased offshore advection and transport to less productive
FIGURE 8

MeanTemp/dOMZ diagrams with observed abundances (ind. m-3) superimposed.
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FIGURE 9

Effect of anchovy biomass (m2 nm-2) on E mucronata abundances (smooth function obtained from the HGAM final model) (A), Getis-Ord local
Gi* cluster analysis for anchovy (B), and E mucronata (C), and mean abundance map of E mucronata (D).
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waters, as it has been observed in the CCS (Santora et al., 2011;

Dorman et al., 2015).

The permanent coastal upwelling off northern Chile generates a

practically continuous upwards transport of hypoxic Equatorial

Subsurface Water, which together with the biogeochemical

consumption of oxygen, creates and maintains a quasi-permanent

and shallow OMZ (Paulmier et al., 2006). Several pelagic coastal

organisms show vertical habitat partitioning to cope with oxygen

depletion (Sameoto et al., 1987; Castro et al., 2007; Hoving et al.,

2020). In the case of krill, some species inhabit the upper oxygenated

layer, while others inhabit theOMZ or are regularly crossing it during

their diurnal vertical migrations (Antezana, 2009; Escribano et al.,

2009; Riquelme-Bugueño et al., 2020). We observed significant and

opposite responses of krill abundance to dOMZ. Humboldt krill

presented higher modeled abundances when the OMZwas shallower

(and by association dissolved oxygen was lower), proving to be an

upwelling associated species with physiological capabilities to inhabit

and perform metabolically efficiently under hypoxic conditions

(Antezana, 2002; Tremblay and Abele, 2016; Kiko and Hauss

(2019). The other 3 taxa had the opposite pattern, suggesting a

habitat preference for more oxygenated waters. The known

distribution of these species shows that E. mucronata and several

Nematoscelis species normally inhabit the core of the OMZ during

the daytime, while S. affine occupies the surface oxygenated layer, and

E. eximia regularly crosses the OMZ, but does not stay in the core

(Antezana, 2009; Escribano et al., 2009). Both E. mucronata and E.

eximia are large and highly migratory species with metabolic

adaptations to survive in hypoxic or even anoxic conditions (e.g.,

through antioxidant enzyme activity and metabolism suppression

(Tremblay et al., 2010; Tremblay et al., 2020)). However, vertical

distribution descriptions and our model’s results indicate that higher

abundances of E. eximia should be expected at higher oxygen

concentrations. The adaptation of Humboldt krill to low oxygen is

probably the adaptative advantage explaining its large abundance in

this ecosystem. Tremblay and Abele (2016) found oxyconforming

pO2-dependent respiration below 80% air saturation inE.mucronata,

and Kiko et al. (2016), reported a strong reduction of respiration and

ammonium excretion at low oxygen levels. Antezana (2002) on the

other hand, found constant respiration rates in Humboldt krill when

exposed to different O2 concentrations, suggesting oxyregulation. A

larger gills/cephalotorax ratio have been found in E. mucronata and

E. eximia, increasing the surface area for oxygen uptake suggesting

enhanced O2 extraction capabilities in these species (Antezana,

2002). More recently, Tremblay et al. (2020) described Humboldt

krill as a metabolic suppressor species based on the “Regulation

Index” (RI) which ranges from RI = 0 (perfect oxyconformity) to

RI = 1 (perfect regulation).
Prey-predator interactions

The study of temporal correlations between anchovy and

krill (Ayón et al., 2011) and anchovy and zooplankton (Ayón
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et al., 2008) in the HCS have suggested that mesozooplankton

can directly affect anchovy populations by bottom-up trophic

control. Here, without discarding that hypothesis, we show the

opposite effect, with anchovy having a negative effect on krill

abundance, adding predation as a potential ecological process

controlling krill populations in the HCS at local scales. Trophic

processes depend on many aspects. Top-down control prevails

in ecosystems with low temperatures and species diversity

(Frank et al., 2007), such as the continental shelf of eastern

boundary upwelling systems. Top-down control influences

populations at local, but not regional scales (Hunt and

McKinnell, 2006; Atkinson et al., 2014). Orlova et al. (2015)

fitted different regression models to specific areas of the Barents

Sea, finding that predation pressure on krill abundance varied

among areas with contrasting oceanographic conditions. They

found a quadratic relationship with cod and a negative linear

regression with capelin, which together with environmental

variability explained between 30% and 64% of the total

euphausiid abundance variance. Nonetheless, a significant

effect of a covariate does not necessarily imply trophic control.

Ressler et al. (2014) found a significant effect of walleye pollock

(estimated with trawl and acoustic surveys) on krill biomass

(acoustically estimated) in the Bering Sea, but the relationship

was relatively flat, and the explained power of the model

containing the predator abundance did not improve much

compared to a model without it. Hence, Ressler et al. (2014)

discarded top-down control as the main process controlling krill

populations in the Bering Sea. The effect of anchovy on

Humboldt krill abundance was fitted as a complex non-linear

curve showing a negative effect. Nonetheless, the wide

confidence bands at the opposite ends of the covariate axis

suggest that the positive effect at both low and high anchovy

abundances should be analyzed with care, especially because

they were not estimated using the same approach (Bongo nets

versus acoustic estimations). Model approaches are useful for

exploring temporal and spatial relationships and functional

responses between prey and predator. However, food

consumption rates must be included to confirm feeding habits

and properly evaluate the existence of trophic control (Abrams

and Ginzburg, 2000).

It has been described that, while being an opportunistic

omnivorous feeder, anchovy selects the largest available prey

from the community (Espinoza and Bertrand, 2008). In the

HCS, Humboldt krill is one of the largest species in the

mesozooplankton community, which can measure up to

30 mm (Dıáz-Astudillo et al., 2022 unpublished data) and

form highly dense aggregations, swarms, and schools.

Humboldt krill is, therefore, the main prey item in the diet of

anchovy, as it has been shown with stomach content (Espinoza

and Bertrand, 2008) and trophic biomarkers (Massing et al.,

2022) studies. Off Perú, Ayón et al. (2011) found that anchovy

was mostly distributed near the coast, while the highest

abundances of krill were found offshore and claimed there
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could be a spatial mismatch between both taxa. In this study, we

describe how both Peruvian anchovy and Humboldt krill are

mainly distributed near the coast, nonetheless, high Humboldt

krill abundances were mostly found in areas without anchovy

hotspots. The exception was found in areas where the

continental shelf was wider, specifically in the coastal area

~21°C. There, significant anchovy hotspots overlapped with

high Humboldt krill abundances, suggesting a potential effect

of shelf width on trophic interactions. The interaction and

overlap between both groups are complex, and they highlight

the need to improve the resolution of the krill datasets for future

analysis, for example, by using acoustic biomass estimations.

Peruvian anchovy abundances fluctuate with temperature,

chlorophyll-a, and oxygen changes, similar to Humboldt krill,

presenting higher abundances towards the coast (Bertrand et al.,

2011; Silva et al., 2016; Silva et al., 2019). Anchovy distribution is

closely associated with hypoxic coastal waters, where prey upon

zooplankton aggregations in the shallow normoxic layer (Bertrand

et al., 2011). Recent studies have shown that under climate change

IPCC scenarios, anchovy habitat suitability off northern and

central Chile will be reduced because of an increase in SST and

upwelling intensity, and a decrease in chlorophyll-a concentration

(Silva et al., 2016; Silva et al., 2018). Summer months were the

exception, since anchovy modeled habitat suitability showed an

increase near the coast (<50 km from the coast) in that season

(Silva et al., 2016). An increase in anchovy abundances near the

coast could modify trophic interactions by increasing the

predatory pressure on krill, favoring top-down trophic control

at a local scale. Nonetheless, this would only apply to anomalously

warmer periods. An intensification of upwelling and a decrease in

SST, the potential future conditions for the HCS (Garcıá-Reyes

et al., 2015; Seabra et al., 2019), could lead to either higher

productivity or offshore advection, which could benefit or harm

krill populations, respectively. Therefore, future studies in the

HCS, and EBUS in general, should (1) test the effect of increased/

decreased upwelling and higher/lower predator biomass on krill

populations, 2) incorporate anchovy food consumption rates and

stomach content to confirm top-down associations, and (3) model

the influence of climate regimes and local oceanography on krill-

anchovy associations, considering that both temperature and

oxygen dynamics, especially the depth of the OMZ (Gilly et al.,

2013) can modify trophic interactions.
Conclusion

We fitted an HGAM model to determine the main abiotic

and biotic predictors of krill abundance, fitting taxa-specific

flexible responses. We found that dOMZ and MeanTemp were

the main predictors of abundance, and were positively related to

E. eximia, S. affine and Nematoscelis spp. In contrast, the

Humboldt krill (E. mucronata), the numerically dominant

species of this ecosystem, showed a non-linear negative
Frontiers in Marine Science 16
relationship with dOMZ and MeanTemp, confirming its

association to hypoxic and cold upwelling waters. Ekman

transport was a significant predictor of S. affine abundances,

suggesting this small species could be advected offshore under

intense upwelling conditions.

Satellite chlorophyll-a was not a significant predictor, for any

taxa, and SSC climatologies showed high levels of primary

productivity throughout the study period. These results, along

with the known omnivore feeding behavior of krill, suggest the

absence of “bottom-up” trophic control of krill populations of

the HUS. Anchovy acoustic biomass was a significant predictor

of E. mucronata abundances, although its predictive power was

lower than the environmental covariates. We explored the

spatial distribution of anchovy and Humboldt krill and found

that they both distribute near the coast, but the clusters of high

krill abundance were mainly decoupled to anchovy hotspots.

This study arises evidence about the importance of the depth of

the OMZ and temperature as controlling factors of krill abundance

and distribution. Extreme events that alter hydrographic

conditions in the HCS, such as heat waves and El Niño events,

could get more intense and frequent with climate change. Krill

could be particularly sensitive to these changes. Trophic

interactions could also change with these extreme events since

both prey and predator distributions can be modified. Future

studies should focus on improving the resolution of krill datasets

and model the effect of remote variability on trophic interactions.
Data availability statement

The raw data supporting the conclusions of this article will

be made available by the authors, without undue reservation.
Author contributions

MD-A: conceptualization and design of the study, laboratory

analysis, data analysis, and writing of original and final draft; KB:

support with HGAM analyses, interpretation and discussion of

results, revision, and draft editing. RR-B: conceptualization, analysis

supervision, interpretation and discussion of results, revision, and

draft editing. GS: interpretation and discussion of results, revision,

and draft editing. RR: support spatial analysis and draft editing. JL:

provided the datasets and revision of the draft. All authors

contributed to the article and approved the submitted version.
Funding

This work was funded by the Chilean Agency for Research and

Development (ANID/CONICYT-PFCHA/Doctorado Nacional/

2018–21180600) and by the UCO 1866 program of Universidad

de Concepción (MD-A). MD-A and RR-B are supported by the
frontiersin.org

https://doi.org/10.3389/fmars.2022.979984
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Dı́az-Astudillo et al. 10.3389/fmars.2022.979984
ANID Millennium Science Initiative Program (Millennium

Institute of Oceanography ICN12_019), and project VRID

219.113.097-INV. GS is supported by FONDECYT grant N°

1220167, the Millennium Science Initiative Program Code

ICN2019_015 (Coastal Social-Ecological Millennium Institute,

SECOS), and by COPAS COASTAL ANID FB210021.
Acknowledgments
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condiciones previas y durante El niño 1997-98. Investig. Mar. 30, 25–43.
doi: 10.4067/s0717-71782002000100002

Frank, K. T., Petrie, B., and Shackell, N. L. (2007). The ups and downs of trophic
control in continental shelf ecosystems. Trends Ecol. Evol. 22, 236–242.
doi: 10.1016/j.tree.2007.03.002
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reclutamiento de la anchoveta en la XV, I y II regiones, año 2017 (Chile:
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