
P R IMA R Y R E S E A R CH A R T I C L E

Multifarious anchovy and sardine regimes in the Humboldt
Current System during the last 150 years

Renato Salvatteci1 | David Field2 | Dimitri Guti�errez3,4 | Tim Baumgartner5 |

Vicente Ferreira5,† | Luc Ortlieb6,† | Abdel Sifeddine6,7 | Daniel Grados3 |

Arnaud Bertrand8

1Institute of Geosciences, Kiel University,

Kiel, Germany

2College of Natural Sciences, Hawaii Pacific

University, Kaneohe, HI, USA

3Instituto del Mar del Per�u (IMARPE),

Esquina Gamarra y General Valle s/n,

Callao, Per�u

4Programa de Maestr�ıa de Ciencias del Mar,

Facultad de Ciencias y Filosof�ıa,
Universidad Peruana Cayetano Heredia,

Lima, Per�u

5Centro de Investigaci�on Cient�ıfica y de

Educaci�on Superior de Ensenada, Ensenada,

Baja California C.P, M�exico

6Institut de Recherche pour le

D�eveloppement (IRD)-Sorbonne Universit�es

(UPMC, Univ. Paris 06)-CNRS-MNHN,

LOCEAN Laboratory, Center IRD France-

Nord, Bondy, France

7Departamento de Geoqu�ımica, LMI

PALEOTRACES (IRD, UPMC, UFF, Uantof,

UPCH), Universidade Federal Fluminense,

Niteroi, RJ, Brazil

8IRD, UMR MARBEC, IRD/IFREMER/

CNRS/UM, S�ete, France

Correspondence

Renato Salvatteci, Institute of Geosciences,

Kiel University, Kiel, Germany.

Email: renatosalvatteci@gmail.com

Abstract

The Humboldt Current System (HCS) has the highest production of forage fish in

the world, although it is highly variable and the future of the primary component,

anchovy, is uncertain in the context of global warming. Paradigms based on late

20th century observations suggest that large-scale forcing controls decadal-scale

fluctuations of anchovy and sardine across different boundary currents of the Paci-

fic. We develop records of anchovy and sardine fluctuations since 1860 AD using

fish scales from multiple sites containing laminated sediments and compare them

with Pacific basin-scale and regional indices of ocean climate variability. Our records

reveal two main anchovy and sardine phases with a timescale that is not consistent

with previously proposed periodicities. Rather, the regime shifts in the HCS are

related to 3D habitat changes driven by changes in upwelling intensity from both

regional and large-scale forcing. Moreover, we show that a long-term increase in

coastal upwelling translates via a bottom-up mechanism to top predators suggesting

that the warming climate, at least up to the start of the 21st century, was favorable

for fishery productivity in the HCS.
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1 | INTRODUCTION

The Humboldt Current System (HCS) off Peru yields about 10% of

the global fish catch, producing more fish per unit area than any

other region in the world (Bakun & Weeks, 2008; Chavez, Bertrand,

Guevara-Carrasco, Soler, & Csirke, 2008). The high productivity is

maintained by the upwelling of cold, nutrient-rich, low-oxygen, sub-

surface waters sustained by weaker winds than other upwelling sys-

tems due to the low latitude of the region and hence greater

Coriolis factor per given amount of turbulence (Bakun & Weeks,

2008). Currently, the fishery is based almost exclusively on anchovy

(Engraulis ringens), fueling large parts of the global food supply based

on fishmeal, for example, aquaculture and pig and poultry farming

(Fr�eon et al., 2010). While a great abundance of anchovy in the

1950s stimulated the rapid development of the largest fishery in the

world, it later collapsed in the 1970s and recovered in the late

1980s. It has been hypothesized that the HCS is currently in a

“sweet spot” with regard to global warming resulting in greater

upwelling, which is ideal for anchovy development (Bakun & Weeks,

2008). However, some of the interannual to decadal variations in†Deceased.
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recent anchovy catches apparently alternate with sardine catches

(Sardinops sagax; Alheit & ~Niquen, 2004; Chavez, Ryan, Lluch-Cota,

& ~Niquen, 2003), which produce a much lower yield when they

dominate the ecosystem (Figure 1a,b). The underlying mechanisms

driving decadal fluctuations of anchovy and sardine populations as

well as the middle- to long-term trends of anchovy biomass are not

well understood. This is particularly vital in view of the changing

oceanographic conditions under global warming, putting a global

business and local economies at stake.

The current paradigm based on late 20th century fish landings

posits that anchovy and sardine alternate periodically and that fluctua-

tions are associated with large-scale changes in the Pacific Ocean

dynamics (Figure 1; Chavez et al., 2003; Schwartzlose et al., 1999).

Since the beginning of the industrial fishery (late 1950s), there were

two anchovy-dominated regimes (based on high landings from ~1960

to 1970 and late 1990s–present) generally associated with a cooler-

than-average eastern Pacific and higher primary production. There

was a sardine regime (~1975–2000), associated with a warmer-than-

average eastern Pacific and lower primary production (Chavez et al.,

2003) between the two anchovy regimes. These historical anchovy

and sardine fluctuations have been characterized as oscillating with an

approximate periodicity of 50–60 years in response to changes in the

Pacific Ocean dynamics captured by ocean climate indices, such as the

Pacific Decadal Oscillation (PDO; Chavez et al., 2003; Schwartzlose

et al., 1999). Although the paradigm has been questioned (Field et al.,

2009; Fr�eon, Bouchon, Mullon, Garc�ıa, & ~Niquen, 2008; Guti�errez

et al., 2009; McClatchie, Hendy, Thompson, & Watson, 2017; Vald�es

et al., 2008), it is still widely accepted and used in research and education.

In the present study, we question this paradigm for various rea-

sons. First, the timing of changes in fish populations does not match

that of the PDO and temperature changes at the interannual timescale

(Figure 1). Second, there are many years of overlap as sardine decline

and anchovy increase in the 1990s (Figure 1; Guti�errez, Swartzman,

Bertrand, & Bertrand, 2007). Third, the fish landing time series is at

most only a few years longer than the inferred periodicity. Fourth, the

use of fish landings to understand relationships between environmen-

tal conditions and fish abundance fluctuations is limited and poten-

tially biased due to a variety of factors inherent to human activity

(Bertrand, Segura, Guti�errez, & V�asquez, 2004; Finney et al., 2010).

Finally, the Humboldt Current does not change linearly and uniformly

with PDO indices, suggesting that other processes are also important.

Isaacs (1976) originally proposed that a great deal of multifarious

regimes involving biology, climate, oceanography, migration, tempera-

ture, weather, or combinations of these were likely to exist.

Apart from multidecadal anchovy fluctuations, there is an ongo-

ing debate about the potential impact of climate change on upwel-

ling dynamics and oceanographic conditions and hence on the trend

of anchovy biomass in the near- and long-term future. On the one

hand, it has been postulated that greenhouse warming will enhance

the alongshore wind stress and coastal upwelling (Bakun, 1990),

likely favoring marine productivity and thus anchovy populations in

the HCS. Several works suggest that winds have intensified at least

in parts of the California, Benguela, and Humboldt upwelling systems

over the last decades (e.g., Sydeman et al., 2014). Moreover, a nega-

tive trend in coastal SST off northern Chile since at least 1979 (Fal-

vey & Garreaud, 2009) and off central Peru since the mid-20th

century associated with an increase in marine productivity (Guti�errez

et al., 2011) has been recorded. On the other hand, sardine domi-

nate in other eastern boundary upwelling systems that are currently

subject to relatively stronger winds and hence more turbulence

(Bakun & Weeks, 2008). It is thus not clear if changes in oceano-

graphic conditions lead to regime shifts in the HCS and, moreover, it

F IGURE 1 Anchovy and sardine landings in the Northern Humboldt Current System and their distribution range. (a) Anchovy (Engraulis
ringens) landings in Peru. (b) Sardine (Sardinops sagax) landings in Peru. Note the different scales of the y-axes. (c) Annual and 7-year smoothed
(black line) Pacific Decadal Oscillation (PDO), derived from principal component analysis of North Pacific Sea surface temperatures (Mantua &
Hare, 2002). (d) Maximal range of distribution for anchovy (black dots) and sardine (black lines) and position of the sediment cores used in the
present work (black triangles) (redrawn from Checkley et al., 2009) [Colour figure can be viewed at wileyonlinelibrary.com]
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is hitherto unknown whether an intensification of upwelling winds

translates into changes in productivity across intermediate (e.g., pela-

gic fishes) and higher (e.g., marine birds) trophic levels (Sydeman

et al., 2014). The range and impacts of historical and present-day

trends and variations of marine productivity for pelagic fishes and

higher trophic levels remain to be established.

Fish scales accumulating in marine-laminated sediments provide

long-term records of population variability (Baumgartner, Soutar, &

Ferreira-Bartrina, 1992; Soutar & Isaacs, 1974). Over time, fish scales

and bones fall to the ocean floor, bury, and accumulate. Variation in

fish scale deposition rates (SDRs) as an indicator of fish population

size is attributable to scale shedding (Field et al., 2009; Salvatteci,

Field, Baumgartner, Ferreira, & Guti�errez, 2012). Under favorable

conditions (that is, low bottom-water oxygenation and high sedimen-

tation rates), a preserved record provides a history of the pelagic fish

populations that inhabited the water column of the area.

To understand the natural variability and middle- to long-term

trends of small-pelagic populations related to climatic conditions, we

analyze fish scale deposition records from a wide spatial range (11

latitudinal degrees) and over a 100-year period (since 1860 AD)

before the commercial fishery. We reconstruct marine productivity

and anchovy and sardine biomass fluctuations at high resolution

from two laminated sediment cores from Pisco and compare them

with other previously published records in the HCS (Guti�errez et al.,

2009; Vald�es et al., 2008). The new cores provide a more continu-

ous record with better preservation of scales than other cores

(Guti�errez et al., 2009; Salvatteci et al., 2012); Salvatteci, Field, et al.,

2014. In our study area, fish scale preservation indices revealed that

the degradation of fish scales occurred prior to mid-19th century

due to lower productivity and higher oxygenation of the water col-

umn and sediments, whereas for the past 150 years, the preserva-

tion is good (Salvatteci et al., 2012). Due to high temporal resolution

of the fish scale records developed in this work, it was possible to

reliably relate the reconstructed fish abundances to indices of

ocean–atmosphere variability like the PDO, the Tripole Interdecadal

Pacific Oscillation (TPI; Henley et al., 2015), Tropical Pacific zonal

wind stress (Compo et al., 2011), coastal and offshore SST from the

COADS database (National Climatic Data Center/NESDIS/NOAA/

U.S. Department of Commerce, 1984), and guano bird abundance

(Barbraud et al., 2017; Tovar, Guillen, & Nakama, 1987) to determine

the relative influence of basin-scale and regional forcings on anchovy

and sardine dynamics and higher trophic levels. The expectation

according to the paradigm would be that a warmer eastern Tropical

Pacific (ETP) is conducive to sardine development while anchovy

thrive in a cooler ETP. However, regional forcings could be as impor-

tant, or more, as basin-scale dynamics.

2 | MATERIALS AND METHODS

2.1 | Sediment core locations

The location of the cores was congruent with the spatial distribution

range of anchovy and sardine, with sediment cores spanning a range

of the preferred water masses. In the HCS, anchovy is more adapted

to productive, cold coastal waters, while sardine, which need more

oxygenated waters, prefers the oceanic waters and the front

between oceanic and coastal waters (Figure 1d; Bertrand et al.,

2011; Guti�errez et al., 2007). The southernmost Mejillones core was

retrieved at 9 km from the coast, in a small and shallow marine sedi-

mentary basin, near the present nucleus of the southern fishing

stock of anchovy and sardine (Figure 1d). The Pisco cores were

located at ~15 km from the coast near the main upwelling center

(Figure 1d). The site lies south of the present nucleus of the north-

ern fishing stock of anchovy, and that of sardine during the 1980s

when sardine fully dominated the HCS while sardine distribution

shifted northward during the 1990s (Guti�errez, Castillo, Segura, Per-

altilla, & Flores, 2012). The northernmost Callao core was located

farthest from the coast (~60 km) and lies within the nucleus of the

northern fishing stock of anchovy and that of sardine during the

1990s (Figure 1d; Checkley et al., 2009; Guti�errez et al., 2012).

Therefore, high sardine SDRs in Pisco indicate the period of maximal

sardine expansion in the HCS.

2.2 | Chronology

Unlike other settings like the Santa Barbara Basin, where varves can

be counted downcore to determine the age of the sediment records,

sediment cores from the Peruvian sediment margin show multiple

discontinuities and the addition of previously deposited material

from upslope (Salvatteci, Field, et al., 2014). Thus, we developed

independent chronostratigraphies based on multiple sediment cores

to construct accurate age models to reliably reconstruct past

changes at the highest possible temporal resolution (Salvatteci, Field,

et al., 2014; Salvatteci, Guti�errez, et al., 2014). Chronostratigraphies

for cores B05-13 and B05-14 were determined by means of 210Pb,
241Am, and laminae correlations to detect missing sections (Salvat-

teci, Field, et al., 2014; more details provided in the Supporting

Information). The subsampling procedure for radionuclide measure-

ments, fish scale identification, and export production quantification

is described in detail in the Supporting Information. The time step of

the sediment samples from 1860 to 1964 (best resolved in B05-13

and B05-14) is 1 year, while the time step from 1964 to 2005 (best

resolved in B04-6 and B04-13) is 2.9 and 3.1 years, respectively.

2.3 | Sediment records

For the regional comparison of fish SDRs and export production, we

used one record for Mejillones (Vald�es et al., 2008) and one for Cal-

lao for both fish SDR and export production. In Pisco, we used three

cores: for the fish scale record, we used cores B05-13 from 1860 to

1964 and B04-6 from 1964 to 2005 and for export production, B05-

14 from 1860 to 1964 and B04-6 from 1964 to 2005. The stacked

records from Pisco were assembled using the most complete sedi-

ment sequences of each core. Since these cores show a clear peak in

Americium-241 associated with the peak in atomic bomb testing in

the South Pacific in 1964, this feature can be used to correlate cores

SALVATTECI ET AL. | 3



and assemble a stacked record (Salvatteci, Field, et al., 2014). More

details are available in the Supporting Information.

For the comparison of fish SDR and export production with

indices of ocean–atmosphere variability, we used the following cores:

for fish SDR, we used B05-13 (Pisco) from ~1860 to 1964 and B04-

13 (Callao) from ~1964 to 2005. For export production, we used the

stacked record from Pisco as explained above since no high resolu-

tion export production data is available for B04-13. The less dis-

turbed sedimentary sequences in the first centimeters of B04-13

(Callao) indicated that this part of the core is the best section for

assembling a stacked record (more detailed explanation in the Sup-

porting Information). To assemble the stacked record of both fish

SDR and export production, we normalized the data as percent of

the maximum value in each series.

2.4 | Indices of ocean–atmosphere variability

To better understand the relationship of export production, anchovy,

and sardine with environmental conditions, we compared the recon-

structed fish SDR and a productivity record with tropical and regional

indices of ocean and atmosphere variability. The PDO is a climate

index of a dipole pattern of variation in sea surface temperature (SST)

of the extratropical (poleward of 20°N) North Pacific (Mantua & Hare,

2002), although it also reflects aspects of tropical dynamics. The

Walker circulation is an ocean–atmosphere system in the Pacific

Ocean that is a result of a difference in surface pressure and temper-

ature over the western and ETP (Bjerknes, 1969). The tropical Pacific

zonal wind stress record (Compo et al., 2011) serves as an indicator

of the Walker circulation strength, with stronger (lighter) winds

toward the west indicating a stronger (weaker) Walker circulation.

The TPI is based on the difference between sea surface temperature

anomalies (SSTA) averaged over the central and eastern equatorial

Pacific and the average SSTA in the Northwest and Southwest (Hen-

ley et al., 2015). By contrast, the PDO does not take into account the

South Pacific region. The TPI resembles a multidecadal “El Ni~no-like”

pattern of climate variability. During its positive phase, the tropical

Pacific is warm and trade winds are weak, whereas during its negative

phase, the tropical Pacific is cool and the trade winds are strong.

Finally, for the regional area, we show coastal and offshore SST

anomalies from the ICOADS dataset, and a temperature difference

between the offshore and coastal area that we refer to as a cross-

shore temperature gradient. One characteristic of coastal upwelling

regions is that the coastal SST is colder than offshore SST as a

response of wind forcing (Nykjær & Van Camp, 1994). Thus, we use

this SST gradient as a proxy to infer upwelling intensity since no

other upwelling indices are available for the time period considered in

this work.

The indices of ocean–atmosphere variability were obtained from

online databases. The Pacific zonal wind stress data at 1,000 mb

were downloaded from the NOAA/ESRL PSD webpage (http://

www.esrl.noaa.gov/psd/data/timeseries/), from the 20th century

reanalysis project (Compo et al., 2011); the selected region (6°N to

6°S and 180° to 150°W) corresponds to where the Interdecadal

Pacific Oscillation exhibits maximum regression onto Pacific Ocean

winds (sensu England et al., 2014). The PDO values (Mantua & Hare,

2002) since 1860 were taken from https://www.ncdc.noaa.gov/telec

onnections/pdo/. This PDO time series was developed by the

National Centers for Environmental Information (NCEI) based on

NOAA’s extended reconstruction of SSTs (ERSST v4). The Inter-

decadal Pacific Oscillation Tripole Index (TPI unfiltered; Henley et al.,

2015) was taken from the ERSST v4 dataset (http://www.esrl.noaa.

gov/psd/data/timeseries/IPOTPI/). SSTs from the offshore (11–21°S;

80–90°W) and coastal area (12–17°S; 73–78°W) off Peru were taken

from the ICOADS database (http://www.rda.ucar.edu). To estimate

the SST from the coastal area, only the 1°91° boxes nearest to the

coastline were selected. More detailed information is available in the

Supporting Information.

2.5 | Statistics

To seek for multiscale temporal coherency between time series, we

applied a wavelet approach (Torrence & Compo, 1998). Wavelet

analyses are well adapted to noisy, nonlinear, and nonstationary data

(Cazelles & Stone, 2003). We resampled the time series from the

composite record at a regular time step (3.7 years), based on the

longest time step of the samples, and then used a cross-wavelet

analysis that provide local information on the covariance of two pro-

cesses at any scale (M�enard, Marsac, Bellier, & Cazelles, 2007).

Wavelet was processed using the R package WaveletComp (Rosc-

hand & Schmidbauer, 2014). More detailed information is available

in the Supporting Information.

3 | RESULTS

3.1 | Major patterns in anchovy and sardine
fluctuations

The primary downcore fluctuations in anchovy and sardine scales

show broad coherent decadal to multidecadal-scale variability along

the three different core locations in the HCS (Figure 2), but with

some marked local differences. The records show two anchovy

regimes (~1910–mid-1970s, and from the late 1990s to the date)

and two sardine regimes (~1890–1910, and mid-1970s–late 1990s),

although the temporal range of each regime is slightly different

among cores (Figure 2). The two sardine periods are separated by

~70 years and last about ~20 years each, while the longest anchovy

period is ~3 times longer than the sardine periods (Figure 2). These

regimes are defined based on the relative persistence of sardine

scales both within and between cores and taking into account that

high sardine SDRs in Pisco indicate the period of maximal sardine

expansion in the HCS. During the first multidecadal sardine regime

(1890–1910), anchovy regimes are greatly reduced off Callao and

Pisco but abundant in Mejillones Bay, which suggests that anchovy

move further south in times of lower biomass. However, the transi-

tion from the sardine to the anchovy regime is not abrupt; anchovy

SDRs increase before sardine scale SDRs diminish (Figure 2).
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Multiple combinations of anchovy and sardine abundances are

apparent in the HCS at decadal to multidecadal time scales, rather

than simple sardine and anchovy alternations (Figure 2). The fish

scale records show that there are decades of both high anchovy and

high sardine abundances in Mejillones from 1870 to 1900 (Fig-

ure 2a), and considerable overlap in relatively high SDR of both spe-

cies in Mejillones from 1900 to 1960 and in Callao from 1905 to

1921 (Figure 2c). The fish landings suggest an anchovy and sardine

overlap of 11 years (from ~1986 to ~1997) since 1950 (Figure 1a,b),

indicating that the anchovy and sardine overlap in the previous sar-

dine regime is longer than during the fishery period (Figure 2). The

fish scale records also show that from 1920 to 1960, anchovy are

abundant and sardine scarce off the Central Peruvian coast but are

present off Chile (Mejillones Bay), while anchovy are less abundant

when high sardine SDR occurred from 1890 to 1910 (Figure 2).

Additionally, low SDRs of both anchovy and sardine occur in Pisco

and Callao from 1870 to 1880 (Figure 2b).

While the broad patterns of high and low abundance are mostly

shared among sites, anchovy and sardine SDRs show different pat-

terns of shared variability at each different sites. In Mejillones,

anchovy and sardine SDRs show a positive and a significant correlation

(Pearson correlation, r = .41, n = 60, p = .001), while in Callao and off

Pisco, there is no correlation between the two species (Callao:

r = �.06, n = 54, p = .68; Pisco: r = �.03, n = 45, p = .85). The differ-

ent relationships suggest that part of the observed multidecadal vari-

ability at a given site may be due to shifts in the spatial distribution

and not entirely to changes in population size. Specifically the Mejil-

lones site seems to be less reflective of total population sizes than the

central Peruvian margin.

3.2 | Anchovy and sardine variability decoupled
from marine productivity

The multidecadal anchovy and sardine fluctuations seem to be decou-

pled from marine productivity because the export production records

do not follow the multidecadal fluctuation pattern observed in the

fish SDR records (Figure 2). Instead, both, the Pisco and Callao

records, show a positive trend in export production (Figure 2b,c), with

values of more than 3 (Pisco) and 1.5 (Callao) times higher from

~1960 to 2005 compared to the rest of the record. Nevertheless,

export production is positively correlated with both anchovy and sar-

dine SDRs. Export production is low off Pisco and Callao from ~1860

to the first decades of the 20th century and increases since then (Fig-

ure 2b,c). Anchovy SDR and the export production record show a

positive correlation in Mejillones (Pearson correlation, r = .41, n = 60,

p = .001), while in Callao (r = .34, n = 54, p = .012) and off Pisco

(r = .28, n = 45, p = .06), the correlations are also positive but

weaker. In the three sites, the correlations of export production and

anchovy SDR from 1860 to 1960 are higher than for the entire

record (record shown in Figure 3, correlations not shown). There is a

positive correlation of export production with sardine in Pisco

(r = .39, n = 44, p < .01) and Mejillones (r = .28, n = 60, p = .03),

F IGURE 2 Paleo reconstructions of export production and fish abundance along the Humboldt Current System from south to north. (a)
Mejillones (23°S), (b) Pisco (14°S), and (c) Callao (12°S). In green: Total organic carbon (TOC) fluxes (mg cm�2 y�1) as a proxy for export
production. In blue: Anchovy scale deposition rates (SDR) (#scales cm�2 y�1) along with anchovy landings (millions of tons, black bold line). In
red: Sardine SDR (#scales cm�2 y�1) along with sardine landings (millions of tons, black bold line). The Mejillones record was taken from
Vald�es et al. (2008) and the Callao record from Guti�errez et al. (2009). The records for export production and fish SDR are expressed as
percentages of the maximum value in each time series for a better comparison among sites. The original data (fluxes) can be found in the
Supporting information [Colour figure can be viewed at wileyonlinelibrary.com]
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while in Callao, no correlation was observed (Callao, r = .1, n = 54,

p = .51). The multiple modes of variability in anchovy, sardine, and

export production highlight the multidimensionality of the HCS.

3.3 | Decadal to multidecadal changes of tropical
and regional climate indices

The comparisons of the selected climate indices (Figure 3a–f) with

our composite records of anchovy SDR, sardine SDR, and export

production (Figure 3g–i) reveal the relative roles of regional and

large-scale climate on the HCS. The wavelet analyses provide evi-

dence about the covariance between the multidecadal fluctuations

of anchovy (Figure 4) and sardine (Figure 5) vs. the climate indices

at multiple timescales.

Anchovy regimes (Figure 3h) are more associated with stronger

zonal Pacific wind stress (Figure 3a), indicative of stronger Walker

Circulation, and a cooler ETP (Figure 3c). Significant periods of vari-

ability (>32 years) occur for anchovy and these basin-scale indices

since ca. 1950, but more consistent phase coherency (period of ca.

10 years) occurs only from 1920 to 1950 (Figure 4a,c). PDO and

F IGURE 3 Physical indices of ocean–atmosphere variability in the tropical Pacific and off Peru and records of marine productivity. (a) Pacific
zonal wind stress (Compo et al., 2011). (b) PDO index based on the NOAA’s extended reconstruction of SSTs (ERSST Version 4). (c) Interdecadal
Pacific Oscillation Tripole Index (TPI; Henley et al., 2015). (d) Cross-shore SST gradient calculated from the difference of the SST anomalies
between the offshore and coastal areas off Peru. (e) SST anomalies from the coastal area (12° to 17°S; 73° to 78°W). (f) SST anomalies from the
offshore area (11 to 21°S; 80 to 90°W). (g) Total organic carbon (TOC) fluxes as a proxy for export production off Pisco. (h) Anchovy scale
deposition rates (SDR) and anchovy landings (bold line). (i) Sardine SDR and sardine landings (bold line). The records shown in h and i are based on
a composite record (for more detail see Supporting Information). The records shown in export production and anchovy and sardine SDR are
expressed as percentages of the maximum value in each time series (with the highest value of each time series assigned 100%); the original data
(fluxes) can be found in the Supporting Information. (j) Number of guano producing birds: Guanay cormorant (Leucocarbo bougainvillii), Peruvian
booby (Sula variegata), and Peruvian pelican (Pelecanus thagus), between 6°S and 14°S (data from IMARPE). In e, f, and g, the horizontal-dashed
lines indicate the average of the dataset. In a–g, the thick-colored lines represent a 7-year running mean of the selected variable. The cyan boxes
across the panels highlight the sardine periods (1890–1910 and 1976–1999) [Colour figure can be viewed at wileyonlinelibrary.com]
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anchovy present weak but significant phase opposition at a multi-

decadal scale (period >32 years) during 1910–1940 and 1950–1990

(Figures 3b,h and 4b). On the contrary, the significant decadal varia-

tions observed at shorter periods (~8–20 years) in PDO during

1930–1970 are in some intervals in phase and in other intervals out

of phase with anchovy fluctuation illustrating nonlinear relationships

(Figure 4).

Regional temperature records, like the cross-shore temperature

gradient (Figure 3d) and the coastal SST (Figure 3e), are more consis-

tently related to anchovy fluctuations (Figures 3h and 4d–f) than the

basin-scale indices. The gradient is weaker (suggesting weaker

upwelling) from ~1885 to ~1900 and from ~1976 to ~1998, consis-

tent with a decline in anchovy abundance, and stronger (suggesting

stronger upwelling) from ~1900 to ~1970 and from ~1998 to ~2003,

consistent with high anchovy abundance (Figure 3h). Accordingly,

anchovy SDR and the cross-shore SST gradient show significant

periods of variability (period <16 years) from 1920 to 1955, with an

expected in phase relationship (Figure 4d). Anchovy SDR and the

coastal SST also present significant periods of variability (period

<16 years) from 1920 to 1945, with an expected out of phase rela-

tionship. Finally, offshore SST and anchovy patterns of variability do

not present any clear relationships (Figure 4f). The last years of the

record suggest a declining trend in upwelling intensity (Figure 3d),

associated with a decline in anchovy landings (Figure 3h). An impor-

tant observation is that the decrease in upwelling intensity from

~1977 to ~1999 is associated with a decrease in wind stress in the

tropical Pacific (Figure 3a,d). However, during the first multidecadal

sardine period (1890–1910), the decrease in upwelling intensity

occurred 10 years before the decrease in Pacific zonal wind stress.

This suggests a decoupling of regional and basin-scale forcings at

the end of the 19th century and indicates an important role for

regional forcing.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

F IGURE 4 Wavelet analysis between anchovy SDR and proxies
for environmental changes and export production. (a) Pacific zonal
wind stress. (b) PDO index based on the NOAA’s extended
reconstruction of SSTs (ERSST Version 4). (c) Interdecadal Pacific
Oscillation Tripole Index. (d) Cross-shore SST gradient. (e) SST
anomalies from the coastal area. (f) SST anomalies from the offshore
area. (g) Total organic carbon (TOC) fluxes. Arrows pointing to the
right (left) indicate that the two series are in phase (out of phase).
Arrows plotted within the white contour lines indicate significance
(with respect to white noise processes) at the 10% level. Colors
indicate significance levels. Y-axes (periods) are expressed in years
[Colour figure can be viewed at wileyonlinelibrary.com]

(a)

(b)

(c)

(d)

(e)

(f)

(g)

F IGURE 5 Wavelet analysis between sardine SDR and proxies
for environmental changes and export production. (a) Pacific zonal
wind stress. (b) PDO index based on the NOAA’s extended
reconstruction of SSTs (ERSST Version 4). (c) Interdecadal Pacific
Oscillation Tripole Index. (d) Cross-shore SST gradient. (e) SST
anomalies from the coastal area. (f) SST anomalies from the offshore
area. (g) Total organic carbon (TOC) fluxes. Arrows pointing to the
right (left) indicate that the two series are in phase (out of phase).
Arrows plotted within the white contour lines indicate significance
(with respect to white noise processes) at the 10% level. Colors
indicate significance levels. Y-axes (periods) are expressed in years
[Colour figure can be viewed at wileyonlinelibrary.com]
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In the case of sardine, the two regimes (highlighted areas in Fig-

ure 3) are generally contemporaneous with periods of weaker zonal

Pacific wind stress (Figure 3a), indicative of a weak Walker Circula-

tion, and with the two warmest multidecadal TPI periods (Figure 3c).

However, no sardine regime occurs during ~1920–1940 when warm

TPI and PDO phases are also observed. Among the two sardine

regimes (highlighted areas in Figure 3), only the most recent one

presents a significant and expected covariation with the environmen-

tal proxies (Figure 5). Sardine SDR is then in significant phase oppo-

sition with the Tropical Pacific wind stress and in phase with the TPI

(Figure 5a,c). In the same way, only the last sardine regime is signifi-

cantly in phase with PDO variability (Figures 3b,i and 5b).

As also observed in the case of anchovy regimes, regional tem-

perature records (Figure 3d–f) are more consistently related to sar-

dine fluctuations (Figure 3i) than the basin-scale indices.

Particularly, the two sardine regimes have strongest correspon-

dence with the coastal SST record, which displays a first warm per-

iod from ~1870 to ~1900, and a second from the mid-1970s to

the late 1990s (Figure 3e). Accordingly, the wavelet analyses (at

multiple time scales of variability) show that sardine SDR was in a

significant phase opposition with the cross-shore gradient and in

phase with the coastal and offshore SST during the last decades

(Figure 5d,e,f).

The multidecadal-scale anchovy and sardine fluctuations do not

show the same multidecadal pattern as export production (Figure 3g,

h,i), which suggests that, at these timescales, anchovy and sardine

are not driven by productivity nor do they strongly control export

production. Accordingly, anchovy SDR and TOC show multiple sig-

nificant periods of variability (<8 to >32 years) from 1920 to 2005

(Figure 4g). However, these time series show both weak in-phase

relationships from 1920 to 1935 (<8 years) and strong out of phase

relationship from 1950 to 1970 at longer timescales (>16 years). In

the case of sardine (Figure 5g), only the most recent sardine regime

presents a significant covariation with TOC at longer timescales

(>30 years).

The increase in upwelling from ~1905 to 1971 (Figure 3d) is

associated with an increase in export production (Figure 3g) as well

as an increase in abundances of intermediate (i.e., anchovy; Fig-

ure 3h) and higher (i.e., guano birds; Figure 3j) trophic levels. The

positive trend toward strong upwelling, high abundance of anchovy

and guano birds is interrupted from ~1971 to the mid-1990s, associ-

ated with a weaker tropical Pacific zonal wind stress (Figure 3a), trig-

gering a sardine regime but not reducing export production

(Figure 3g). Export production and the offshore SST record show a

similar increasing trend from the start of the 20th century (Figure 3f,

g). The record of SST anomalies offshore off Peru (Figure 3f) indicate

a warm period between ~1880 and 1900, associated with the first

sardine period, and then a warming trend from 1905 to the end of

the record. From ~1900 to the mid-1970s, however, the coastal

region do not exhibit a warming trend like the offshore area (and

global average). The decrease in guano bird abundance after the

start of the fishery (~1960) has been attributed to a combination of

fishing pressure, prey accessibility, and the effect of El Ni~no in 1965

(Duffy, 1994; Jahncke, Checkley, & Hunt, 2004; Tovar et al., 1987).

The increase in anchovy productivity resumes in the late 1990s and

continues to ~2002, after which a slight decline in upwelling inten-

sity and anchovy landings is observed during the last years of the

record (Figure 3d,h).

4 | DISCUSSION

The modes and timescales of variability observed in our records

demonstrate that the range of variations observed in the second half

of the 20th century represent only part of the multiple responses of

the HCS to climatic and oceanographic changes. In particular, our

results provide evidence for asynchronous, regional fluctuations in

fish distribution at decadal timescales, for multiple modes and time-

scales of variability in anchovy and sardine regimes, for a weak cou-

pling between export production and fish fluctuations, and that

regional dynamics are at least as important as basin-scale dynamics

controlling fish population sizes and displacements, likely through

modulations of the amount of habitat.

4.1 | Regional, asynchronous fluctuations in fish
distribution at decadal timescales

In the HCS, anchovy and sardine modify their distribution (both

along and cross-shore) at seasonal to interannual timescales accord-

ing to the oceanographic conditions (Bertrand et al., 2004, 2011;

Guti�errez et al., 2007). Our results suggest that modifications in pop-

ulation distribution occur in response to oceanographic changes also

at longer timescales. For example, the persistence of anchovy in the

southern part of their range (Mejillones) for several decades from

~1880 to ~1905, when upwelling and anchovy were dramatically

reduced in the northern part of their range off Peru, is concordant

with the observation that during strong El Ni~no events anchovy tend

to move coast and southward (Alheit & ~Niquen, 2004). Moreover, in

Mejillones and Callao, sardine prevailed during a more extended time

interval than in Pisco, which is also in accordance with the observed

sardine distribution in the HCS (Guti�errez et al., 2012). During the

first half of the last sardine period in the 1980s, sardine regimes

were distributed along the entire HCS, while during the declining

phase of the sardine period (late 1990s), sardine regimes were dis-

tributed in the northern (around Callao) and southern (around Mejil-

lones) parts of their range (Guti�errez et al., 2012). The latter appears

to be a permanent sardine habitat (Checkley et al., 2009). Our

results emphasize the importance of regional population displace-

ments at multidecadal time scales, and that they must be taken into

account for the reconstruction of past fish abundance fluctuations.

Furthermore, the high resolution records from multiple locations reit-

erate the belief that scale records from a single location can reflect

many of the primary downcore changes observed at multiple sites,

but regional differences due to population dynamics and shifts in

distribution occur in patterns expected based on modern observa-

tions (Field et al., 2009).
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4.2 | Multiple modes of variability in anchovy and
sardine regimes

The different combinations of anchovy and sardine abundances are

consistent with nonalternating fluctuations documented in the HCS

at centennial time scales (Guti�errez et al., 2009), but do not support

the paradigm of regular anchovy and sardine alternations (Chavez

et al., 2003; Schwartzlose et al., 1999). During the Little Ice Age

(LIA), a global cold period that lasted from 1500 to 1850 AD, not

only anchovy biomass was greatly reduced but also sardine was

absent from the Peruvian coast (Guti�errez et al., 2009; Salvatteci

et al., 2012). Moreover, other types of variability involving high

abundances of both species and also low abundance of both species

observed in our records (Figure 2) make the multidimensionality of

the system evident. Alternations between sardine and anchovy seem

to be circumstantial and do not follow a consistent pattern in the

HCS (McCall, 2009).

4.3 | Multiple timescales of variability in anchovy
and sardine regimes

The observation of an anchovy regime that lasted ~65 years and a

sardine regime of ~20 years adds to a growing body of evidence

indicating that sardine and anchovy have a wide range of timescales

at which they persist, as opposed to the suggested 50–60 years

periodicity derived from fishery landings (Chavez et al., 2003;

Schwartzlose et al., 1999). In the Santa Barbara Basin off California,

both anchovy and sardine periods sometimes fluctuated at a period

of approximately 60 years, but periods of persistence occurred at

much shorter and longer timescales (Baumgartner et al., 1992; Linde-

gren, Checkley, Rouyer, MacCall, & Stenseth, 2013). The multiple

timescales regarding anchovy and sardine fluctuations observed in

the paleorecords indicate a wider range of long-term variability com-

pared to the late 20th century observations. Past periodicities should

be interpreted with caution for predicting future changes in anchovy

and sardine temporal fluctuations, particularly with the advent of

anthropogenic global warming (Field et al., 2009).

4.4 | Weak coupling between export production
and fish fluctuations

The weak relationship between export production and anchovy and

sardine fluctuations suggests that in the HCS, food abundance is not

the limiting factor for anchovy and sardine population growth, at

least during a time period of medium to high productivity that

occurred after the LIA (Guti�errez et al., 2009). While the earliest sar-

dine period had relatively low export production, the export produc-

tion in the most recent period was relatively high, although the

warmer ocean conditions would be expected to coincide with a low-

production regime (Chavez et al., 2003). Several authors have sug-

gested that food quality (e.g., zooplankton size) plays a major role

driving anchovy and sardine fluctuations (Espinoza & Bertrand, 2008;

Espinoza, Bertrand, van der Lingen, Garrido, & Rojas de Mendiola,

2009; van der Lingen et al., 2009), rather than food abundance,

which would better explain the observed patterns. The size structure

of zooplankton also exhibited multidecadal fluctuations during the

last 50 years; euphausiids and large copepods were associated with

the anchovy regimes while small zooplankton dominated when sar-

dine was abundant (Ay�on, Swartzman, Espinoza, & Bertrand, 2011).

The mechanism behind the similar trends in export production

and offshore SST records (Figure 3f,g) can be explained taking into

account the seasonal variation in productivity. During spring–sum-

mer, when upwelling is less frequent and less intense than in winter,

upwelling relaxation is followed by onshore pulses of stratified

waters that promote phytoplankton blooms until nutrients are

depleted (Echevin, Aumont, Ledesma, & Flores, 2008; Guti�errez

et al., 2011). In addition, an increase in water column stratification

as a result of increased warming would result in less mixing and light

limitation promoting primary production. Thus, a multidecadal trend

of increasing spring–summer upwelling, as revealed by an alkenone

record off Pisco (Guti�errez et al., 2011), combined with an increase

in offshore SST could be triggering the increase in export production

observed in our records.

4.5 | Regional dynamics as important as basin-scale
dynamics

Regional dynamics inferred from the cross-shore temperature gradi-

ent (Figure 3d) are more consistently related to anchovy fluctuations

than basin-scale indices (Figure 3b,c), suggesting an important role of

regional processes underlying anchovy–sardine fluctuations. The

increase in upwelling, associated with the anchovy regimes, probably

also increased the spatial extent of the habitat favorable for anchovy

leading to an increase in anchovy biomass. This observation is con-

sistent with the hypothesis that anchovy concentration increases in

a favorable habitat when habitat quality increases (Barange et al.,

2009; Bertrand et al., 2004), while it does not seem to spatially

expand into and cope with less favorable habitats. Anchovy regimes

require habitat to become available for population to grow (Barange

et al., 2009; Bertrand et al., 2004); therefore, the change in the

extent of the favorable habitat may be a driving mechanism for

anchovy and sardine fluctuations.

4.6 | Changes in the regional 3D habitat as a driver
of anchovy and sardine fluctuations

Identifying causality between environment and resources is difficult

since nonlinearity is ubiquitous in nature and some processes are

stochastic (Sugihara et al., 2012). Moreover, fish populations are

dependent both on density-dependent processes (e.g., species-speci-

fic life history) and density-independent processes (e.g., ocean–atmo-

sphere dynamics). It is, therefore, important to combine several

factors to understand anchovy and sardine fluctuations (Jacobson &

MacCall, 1995; Jacobson & McClatchie, 2013; Lindegren et al.,

2013; McCall, 2009). In the California Current, for example, sardine

SDR and PDO alone are not correlated (McClatchie, 2012), but the
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multidecadal variability in anchovy and sardine fluctuations since

1661 AD was successfully modelled by a combination of density-

dependent processes and climate forcing (including the PDO; Linde-

gren et al., 2013). In the HCS, the interaction of climate indices and

density-dependent processes could also play a role in anchovy and

sardine fluctuations, but the relatively short time series do not pro-

vide robust results from tests of causation like convergent cross

mapping (Sugihara et al., 2012) or nonlinear dependence using gen-

eralized additive models (data not shown). Nonetheless, our results

along with studies from the last several decades (e.g., Ay�on et al.,

2011; Bertrand et al., 2011; Guti�errez et al., 2007; Swartzman, Ber-

trand, Guti�errez, Bertrand, & Vasquez, 2008) allow for a synthesis of

the most favorable conditions for each species and help understand-

ing the multidimensionality of the changing conditions of anchovy

and sardine habitat.

Changes in the vertical and horizontal extent of the local 3D

habitat can trigger anchovy and sardine regimes, because they

induce, among other factors, important changes in prey and recruit-

ment conditions. A key characteristic of the HCS is the presence of

an intense and shallow oxygen minimum zone (OMZ) limiting the

vertical range of habitat of most species (Bertrand, Ballon, &

Chaigneau, 2010; Bertrand et al., 2011). In the HCS, pelagic habitats

are bounded vertically by the oxycline, so they should be regarded

in 3D (Bertrand et al., 2010). Separate conditions and areas of opti-

mal habitat for sardine and anchovy result in their generally different

periods of greatest abundance. However, temporal and spatial vari-

ability in anchovy and sardine habitat allow them to coexist for peri-

ods of many years to decades (Bertrand et al., 2011; Field et al.,

2009; Guti�errez et al., 2009; Vald�es et al., 2008).

The ideal conditions favorable for anchovy development seem

relatively clear. To flourish anchovy need enough food and an

access to large vertically migrating zooplankton that distribute

mainly offshore, that is, the cold coastal waters need to extend off-

shore (Ball�on et al., 2011; Bertrand et al., 2011; Espinoza & Ber-

trand, 2008). During a great part of the record (from ~1905 to

1970), there was an efficient upwelling of cold and nutrient-rich

waters probably in combination with a shallower thermocline and

larger zooplankton; characteristics that are favorable for the devel-

opment of anchovy (Bertrand et al., 2011). A shallow-oxygenated

habitat, promoted by the increase in upwelling, concentrates the

prey near the surface enhancing anchovy foraging and leading to a

reproductive advantage over sardine (Bertrand et al., 2011, 2014).

On the opposite, anchovy are less abundant when the productivity

is very low (Figure 3g) and/or when the horizontal extent of the

cold coastal waters is reduced and the oxycline deepen as was

observed from the 1970s–mid-1990s (Figure 3; Bertrand et al.,

2011). In this last case, anchovy is confined close to the coast limit-

ing its access to large zooplankton in particular the euphausiids (Ber-

trand et al., 2011; Espinoza & Bertrand, 2008). The highest anchovy

abundance in the coastal area of Mejillones occurred (Figure 2a)

during a dramatic upwelling reduction as evidenced by the lowest

cross-shore SST values around 1890 AD (Figure 3f). This reinforces

the idea that upwelling decline associated with a reduction in

horizontal habitat led anchovy to concentrate in coastal refuge areas

(Bertrand et al., 2004).

By contrast, to flourish sardine require a complex set of condi-

tions in terms of productivity, oxygen content, and plankton size

structure. Indeed, from the 1970s to mid-1990s, the HCS was char-

acterized by a deeper thermocline and a shift to smaller-sized zoo-

plankton (Ay�on et al., 2011; Bertrand et al., 2011). Sardine is

physiologically well adapted to filter-feed on small zooplankton (van

der Lingen, 1995), whereas for anchovy, it is energetically very

expensive (James & Probyn, 1989). In addition, the HCS was more

oxygenated and the front between coastal low-oxygen waters and

the high-oxygen (and warmer) water moved closer to the coast (Ber-

trand et al., 2011). Consequently, sardine could distribute closer to

the coast (Bertrand et al., 2011) and benefit from the coastal pro-

duction and retention (Brochier, Lett, & Fr�eon, 2011), enhancing

their recruitment. During the last 150 years, sardine were more con-

sistently present off Mejillones (Figure 2) where the oxycline is dee-

per than the central Peruvian coast (Fuenzalida, Schneider, Garces-

Vargas, Bravo, & Lange, 2009). Moreover, both sardine periods were

characterized by weaker winds, and thus a weak Walker Circulation,

and a warmer Tropical Pacific (Figure 3a,c,i), while a high number of

strong and very strong El Ni~no events likely oxygenated the system

(Gergis & Fowler, 2006). Warmer coastal SST generally corresponds

to a reduced upwelling of cold and nutrient-rich water, a coastward

incursion of oceanic waters characterized by a deeper oxycline and

thermocline, and smaller zooplankton, favoring sardine (Bertrand

et al., 2011). It is thus probable that these conditions, during deca-

dal-scale periods, characterized by a weaker Walker Circulation and

reduced coastal upwelling are conducive to sardine development.

These complex processes could not be completely disentangled with

our proxies.

While our results support bottom-up forcing driven by regional

climate modifying the 3D habitat, it could be hypothesized that

interactions between sardine and anchovy or other mechanisms

might trigger a shift in their respective abundance through trophic

competition or behavioral processes. However, our results and other

long-term studies (Field et al., 2009; Guti�errez et al., 2009) show

periods of low and high abundance of both species as well as peri-

ods with one species dominating. The thermal range of anchovy and

sardine is very large (Bertrand et al., 2004; Swartzman et al., 2008)

and except during strong extraordinary El Ni~no events, both species

are well adapted to local thermal conditions. Sardine is rather ubiqui-

tous relative to water masses (Swartzman et al., 2008) but need a

deeper oxycline (Bertrand et al., 2011), so it is always distributed

further offshore than anchovy in the northern HCS. This explain

why the spatial overlap between sardine and anchovy is not that

high even when both species are present in the system (Guti�errez

et al., 2007; Swartzman et al., 2008). Furthermore, the feeding capa-

bilities of anchovy and sardine are different, so they can exploit dif-

ferent trophic niches (Espinoza & Bertrand, 2008; Espinoza et al.,

2009; van der Lingen et al., 2009). Sardine and anchovy are thus

ecological neighbors but not direct competitors (Guti�errez et al.,

2007).
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The combined evidence of the present study clearly refutes a lin-

ear driving effect of Pacific basin interdecadal changes in fish fluctu-

ations in the HCS. Based on the paradigm, we would have expected

sardine to flourish during positive PDO periods (Chavez et al., 2003),

but this was not the case during the warm PDO phase of 1920–

1940 (Figure 3b); when a strong coastal gradient persisted, indicating

sustained upwelling. Only in the late 20th century, records of tropi-

cal Pacific variability (e.g., Figure 3a) largely follow the PDO, indicat-

ing a strong role of the tropical Pacific dynamics in the North Pacific

area resulting in a strong coherence of physical and biological forcing

in both the tropical and extratropical Pacific (Deser & Phillips, 2006;

Deser, Phillips, & Hurrell, 2004; Graham, 1994). This strong coupling

of tropical forcing and local upwelling intensity off Peru from ~1960

to 2000 (Figure 3a,d,e) might explain the apparent synchronization

of anchovy and sardine in the Pacific during the last decades

(Schwartzlose et al., 1999). However, in the late 19th century and

the start of the 20th century, this relationship is not evident, and

there must have been different mechanisms driving the North Pacific

variability (D’Arrigo et al., 2005).

4.7 | Anchovy in a warmer world

The collective evidence from this study and others indicates that

there is a trend toward higher marine productivity during most of

the 20th century and that anchovy biomass may be up to eight

times higher than the last 500 years (Guti�errez et al., 2009),

although with superimposed variability (Figure 3). The increase in

upwelling intensity translated via a bottom-up mechanism to higher

trophic levels, increasing their populations. For example, in the

1950s, the number of guano birds doubled compared to the first

decades of the 20th century (Figure 3j). In the HCS, bottom-up pro-

cesses structure the faunal distribution from zooplankton to guano

birds (Bertrand et al., 2014). Climate warming was favorable for

anchovy productivity in the HCS until the start of the 21st century.

Models of future climate scenarios predict a weakening of upwel-

ling-favorable winds off Peru and southern Chile and a strengthening

south of 35°S (Belmadani, Echevin, Codron, Takahashi, & Junquas,

2013; Brochier et al., 2013; Echevin, Goubanova, Belmadani, &

Dewitte, 2011). These conditions will probably cause a potential

southward shift of anchovy distribution in the next decades,

opposed to the northward distribution pattern observed from the

1960s to the date (Guti�errez et al., 2012). The interactions among

climate, oceanographic conditions, and small pelagic fishes are com-

plex and highly sensitive. Thus, the future of the HCS and the pro-

ductivity predictions remain uncertain and should be treated as such

in future management strategies.

In conclusion, our paleo records challenge the current paradigms

of climate forcing and ecosystem response, particularly the idea that

anchovy and sardine alternate according to large-scale changes

across the Pacific. We show that fishery-independent paleo data

from at least several well-dated sediment records along a latitudinal

gradient are needed to unravel the complexity of underlying mecha-

nisms of small pelagic fish fluctuations. Proposed mechanisms of

change must be consistent with paleo-record observations if they

are to be predictive and helpful in understanding future changes. In

the HCS, complex and variable bottom-up modifications of the 3D

habitat, driven by regional or basin-scale mechanisms, seem to be

the major driver of anchovy and sardine population expansion and

contraction.

ACKNOWLEDGMENTS

RS is grateful to the Alexander von Humboldt foundation for grant-

ing a postdoctoral fellowship. We acknowledge the Instituto del

Mar del Peru (IMARPE) and the joint IMARPE-IRD projects PALEO-

TRACES and DISCOH for the support of this research. We also

acknowledge the program CIENCIACTIVA that granted the research

of climate change impacts on the upwelling ecosystem in the frame

of the Master’s Program in Marine Sciences at the Universidad

Peruana Cayetano Heredia. This study was supported by the Ger-

man Research Foundation through Sonderforschungsbereich 754

(“Climate-Biogeochemistry Interactions in the Tropical Ocean”). We

are grateful to R. Gingold (sweepandmore.com) for a thorough revi-

sion of the manuscript. This paper is dedicated to the memory of

Luc Ortlieb and Vicente Ferreira-Bartrina, great scholars, and

friends.

ORCID

Renato Salvatteci http://orcid.org/0000-0002-7399-6465

REFERENCES

Alheit, J., & ~Niquen, M. (2004). Regime shifts in the Humboldt Current

ecosystem. Progress in Oceanography, 60, 201–222. https://doi.org/

10.1016/j.pocean.2004.02.006

Ay�on, P., Swartzman, G., Espinoza, P., & Bertrand, A. (2011). Long-term

changes in zooplankton size distribution in the Peruvian Humboldt

Current System: Conditions favouring sardine or anchovy. Marine

Ecology Progress Series, 422, 211–222. https://doi.org/10.3354/me

ps08918

Bakun, A. (1990). Global climate change and intensification of coastal

upwelling. Science, 247, 198–201. https://doi.org/10.1126/science.

247.4939.198

Bakun, A., & Weeks, S. J. (2008). The marine ecosystem off Peru: What

are the secrets of its fishery productivity and what might its future

hold? Progress in Oceanography, 79, 290–299. https://doi.org/10.

1016/j.pocean.2008.10.027

Ball�on, M., Bertrand, A., Lebourges-Dhaussy, A., Guti�errez, M., Ay�on, P.,

Grados, D., & Gerlotto, F. (2011). Is there enough zooplankton to

feed forage fish populations off Peru? An acoustic (positive) answer.

Progress in Oceanography, 91, 360–381. https://doi.org/10.1016/j.

pocean.2011.03.001

Barange, M., Coetzee, J., Takasuka, A., Hill, K., Guti�errez, M., Oozeki, Y.,

. . . Agostini, V. (2009). Habitat expansion and contraction in anchovy

and sardine populations. Progress in Oceanography, 83, 251–260.

https://doi.org/10.1016/j.pocean.2009.07.027

Barbraud, C., Bertrand, A., Bouch�on, M., Chaigneau, A., Delord, K.,

Demarcq, H., . . . Bertrand, S. (2017). Density dependence, prey

SALVATTECI ET AL. | 11

http://orcid.org/0000-0002-7399-6465
http://orcid.org/0000-0002-7399-6465
http://orcid.org/0000-0002-7399-6465
https://doi.org/10.1016/j.pocean.2004.02.006
https://doi.org/10.1016/j.pocean.2004.02.006
https://doi.org/10.3354/meps08918
https://doi.org/10.3354/meps08918
https://doi.org/10.1126/science.247.4939.198
https://doi.org/10.1126/science.247.4939.198
https://doi.org/10.1016/j.pocean.2008.10.027
https://doi.org/10.1016/j.pocean.2008.10.027
https://doi.org/10.1016/j.pocean.2011.03.001
https://doi.org/10.1016/j.pocean.2011.03.001
https://doi.org/10.1016/j.pocean.2009.07.027


accessibility and prey depletion by fisheries drive Peruvian seabird

population dynamics. Ecography. https://doi.org/10.1111/ecog.02485

Baumgartner, T., Soutar, A., & Ferreira-Bartrina, V. (1992). Reconstruction

of the history of pacific sardine and northern anchovy populations

over the past two millennia from sediments of the Santa Barbara

basin, California. CalCOFI Reports, 33, 24–40.

Belmadani, A., Echevin, V., Codron, F., Takahashi, K., & Junquas, C.

(2013). What dynamics drive future wind scenarios for coastal upwel-

ling off Peru and Chile? Climate Dynamics, 43, 1893–1914.

Bertrand, A., Ballon, M., & Chaigneau, A. (2010). Acoustic observation of

living organisms reveals the upper limit of the oxygen minimum zone.

PLoS One, 5, e10330. https://doi.org/10.1371/journal.pone.0010330

Bertrand, A., Chaigneau, A., Peraltilla, S., Ledesma, J., Graco, M., Monetti,

F., & Chavez, F. (2011). Oxygen: A fundamental property regulating

pelagic ecosystem structure in the Coastal Southeastern Tropical

Pacific. PLoS One, 6, e29558. https://doi.org/10.1371/journal.pone.

0029558

Bertrand, A., Grados, D., Colas, F., Bertrand, S., Capet, X., Chaigneau, A.,

. . . Fablet, R. (2014). Broad impacts of fine-scale dynamics on seas-

cape structure from zooplankton to seabirds. Nature Communications,

5, 5239. https://doi.org/10.1038/ncomms6239

Bertrand, A., Segura, M., Guti�errez, M., & V�asquez, L. (2004). From small-

scale habitat loopholes to decadal cycles: A habitat-based hypothesis

explaining fluctuation in pelagic fish populations off Peru. Fish and

Fisheries, 5, 296–316. https://doi.org/10.1111/j.1467-2679.2004.

00165.x

Bjerknes, J. H. (1969). Atmospheric teleconnections from the equatorial

Pacific. Monthly Weather Review, 97(163–172), 1969.

Brochier, T., Echevin, V., Tam, J., Chaigneau, A., Goubanova, K., & Ber-

trand, A. (2013). Climate change scenarios experiments predict a

future reduction in small pelagic fish recruitment in the Humboldt

Current system. Global Change Biology, 19, 1841–1853. https://doi.

org/10.1111/gcb.12184

Brochier, T., Lett, C., & Fr�eon, P. (2011). Investigating the ‘northern Hum-

boldt paradox’ from model comparisons of small pelagic fish repro-

ductive strategies in eastern boundary upwelling ecosystems. Fish

and Fisheries, 12, 94–109. https://doi.org/10.1111/j.1467-2979.2010.

00385.x

Cazelles, B., & Stone, L. (2003). Detection of imperfect population syn-

chrony in an uncertain world. Journal of Animal Ecology, 72, 953–968.

https://doi.org/10.1046/j.1365-2656.2003.00763.x

Chavez, F., Bertrand, A., Guevara-Carrasco, R., Soler, P., & Csirke, J.

(2008). The northern Humboldt Current System: Brief history, pre-

sent status and a view towards the future. Progress in Oceanography,

79, 95–105. https://doi.org/10.1016/j.pocean.2008.10.012

Chavez, F., Ryan, J., Lluch-Cota, S., & ~Niquen, M. (2003). From Anchovies

to Sardines and Back: Multidecadal Change in the Pacific Ocean.

Science, 299, 217–221. https://doi.org/10.1126/science.1075880

Checkley, D., Ayon, P., Baumgartner, T., Bernal, M., Coetzee, J., Emmett,

R., . . . van der Lingen, C. (2009). Habitats. In D. M. Checkley Jr, J.

Alheit, Y. Oozeki, & C. Roy (Eds.), Climate change and small pelagic fish

(pp. 12–44). Cambridge, UK: Cambridge University Press. https://doi.

org/10.1017/CBO9780511596681

Compo, G. P., Whitaker, J. S., Sardeshmukh, P. D., Matsui, N., Allan, R. J.,

Yin, X., . . . Worley, S. J. (2011). The Twentieth Century Reanalysis

Project. Quarterly Journal of the Royal Meteorological Society Part A,

137, 1–28.

D’Arrigo, R., Wilson, R., Deser, C., Wiles, G., Cook, E., Villalba, R., . . . Lins-

ley, B. (2005). Tropical–North Pacific Climate Linkages over the Past

Four Centuries. Journal of Climate, 18, 5253–5265. https://doi.org/

10.1175/JCLI3602.1

Deser, C., & Phillips, A. S. (2006). Simulation of the 1976/77 Climate

Transition over the North Pacific: Sensitivity to Tropical Forcing.

Journal of Climate, 19, 6170–6180. https://doi.org/10.1175/

JCLI3963.1

Deser, C., Phillips, A. S., & Hurrell, J. W. (2004). Pacific interdecadal cli-

mate variability: Linkages between the Tropics and North Pacific dur-

ing boreal winter since 1900. Journal of Climate, 17, 3109–3124.

https://doi.org/10.1175/1520-0442(2004)017&lt;3109:PICVLB&gt;2.

0.CO;2

Duffy, D. C. (1994). The guano islands of Peru: The once and future

management of a renewable resource. In D. N. Nettleship, J. Burger

& M. Gochfeld, (Eds.), Seabirds on Islands, threats, case studies and

action plans (p. 68–76). Cambridge, UK: BirdLife International.

Echevin, V., Aumont, O., Ledesma, J., & Flores, G. (2008). The seasonal

cycle of surface chlorophyll in the Peruvian upwelling system: A mod-

elling study. Progress in Oceanography, 79, 167–176. https://doi.org/

10.1016/j.pocean.2008.10.026

Echevin, V., Goubanova, K., Belmadani, A., & Dewitte, B. (2011). Sensitiv-

ity of the Humboldt Current system to global warming: A downscal-

ing experiment of the IPSL-CM4 model. Climate Dynamics, 38, 761–

774. https://doi.org/10.1007/s00382-011-1085-2

England, M. H., McGregor, S. M., Spence, P., Meehl, G. A., Timmermann,

A., Cai, W., . . . Santoso, A. (2014). Recent intensification of wind-dri-

ven circulation in the Pacific and the ongoing warming hiatus. Nature

Climate Change, 4, 222–227. https://doi.org/10.1038/nclimate2106

Espinoza, P., & Bertrand, A. (2008). Revisiting Peruvian anchovy (Engraulis

ringens) trophodynamics provides a new vision of the Humboldt Cur-

rent system. Progress in Oceanography, 79, 215–227. https://doi.org/

10.1016/j.pocean.2008.10.022

Espinoza, P., Bertrand, A., van der Lingen, C. D., Garrido, S., & Rojas de

Mendiola, B. (2009). Diet of sardine (Sardinops sagax) in the northern

Humboldt Current system and comparison with the diets of clupeoids

in this and other eastern boundary upwelling systems. Progress in

Oceanography, 83, 242–250. https://doi.org/10.1016/j.pocean.2009.

07.045

Falvey, M., & Garreaud, R. D. (2009). Regional cooling in a warming

world: Recent temperature trends in the southeast Pacific and along

the west coast of subtropical South America (1979–2006). Journal of

Geophysical Research, 114, D04102.

Field, D. B., Baumgartner, T. R., Ferreira, V., Guti�errez, D., Lozano-Mon-

tes, H., Salvatteci, R., & Soutar, A. (2009). Variability from scales in

marine sediments and other historical records. In D. Checkley, J.

Alheit, Y. Oozeki, & C. Roy (Eds.), Climate change and small pelagic fish

(pp. 45–63). Cambridge, UK: Cambridge University Press. https://doi.

org/10.1017/CBO9780511596681

Finney, B. P., Alheit, J., Emeis, K. C., Field, D. B., Guti�errez, D., & Struck,

U. (2010). Paleoecological studies on variability in marine fish popula-

tions: A long-term perspective on the impacts of climatic change on

marine ecosystems. Journal of Marine Systems, 79, 316–326. https://d

oi.org/10.1016/j.jmarsys.2008.12.010

Fr�eon, P., Bouchon, M., Domalain, G., Estrella, C., Iriarte, F., Lazard, J., . . .

Voisin, S. (2010). Impacts of the Peruvian anchoveta supply chains:

From wild fish in the water to protein on the plate. GLOBEC Interna-

tional Newsletter, 2010(16), 27–31.

Fr�eon, P. B., Bouchon, M., Mullon, C., Garc�ıa, C., & ~Niquen, M. (2008).

Interdecadal variability of anchoveta abundance and overcapacity of

the fishery in Peru. Progress in Oceanography, 79, 401–412. https://d

oi.org/10.1016/j.pocean.2008.10.011

Fuenzalida, R., Schneider, W., Garces-Vargas, J., Bravo, L., & Lange, C.

(2009). Vertical and horizontal extension of the oxygen minimum

zone in the eastern South Pacific Ocean. Deep-Sea Research II, 56,

992–1003. https://doi.org/10.1016/j.dsr2.2008.11.001

Gergis, J. L., & Fowler, A. M. (2006). How unusual was late 20th century

El Ni~no-Southern Oscillation (ENSO)? Assessing evidence from tree-

ring, coral, ice-core and documentary palaeoarchives, A.D. 1525–

2002. Advances in Geosciences, 6, 173–179. https://doi.org/10.5194/

adgeo-6-173-2006

Graham, N. E. (1994). Decadal-scale climate variability in the tropical and

North Pacific during the 1970s and 1980s: Observations and model

12 | SALVATTECI ET AL.

https://doi.org/10.1111/ecog.02485
https://doi.org/10.1371/journal.pone.0010330
https://doi.org/10.1371/journal.pone.0029558
https://doi.org/10.1371/journal.pone.0029558
https://doi.org/10.1038/ncomms6239
https://doi.org/10.1111/j.1467-2679.2004.00165.x
https://doi.org/10.1111/j.1467-2679.2004.00165.x
https://doi.org/10.1111/gcb.12184
https://doi.org/10.1111/gcb.12184
https://doi.org/10.1111/j.1467-2979.2010.00385.x
https://doi.org/10.1111/j.1467-2979.2010.00385.x
https://doi.org/10.1046/j.1365-2656.2003.00763.x
https://doi.org/10.1016/j.pocean.2008.10.012
https://doi.org/10.1126/science.1075880
https://doi.org/10.1017/CBO9780511596681
https://doi.org/10.1017/CBO9780511596681
https://doi.org/10.1175/JCLI3602.1
https://doi.org/10.1175/JCLI3602.1
https://doi.org/10.1175/JCLI3963.1
https://doi.org/10.1175/JCLI3963.1
https://doi.org/10.1175/1520-0442(2004)017%3c3109:PICVLB%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017%3c3109:PICVLB%3e2.0.CO;2
https://doi.org/10.1016/j.pocean.2008.10.026
https://doi.org/10.1016/j.pocean.2008.10.026
https://doi.org/10.1007/s00382-011-1085-2
https://doi.org/10.1038/nclimate2106
https://doi.org/10.1016/j.pocean.2008.10.022
https://doi.org/10.1016/j.pocean.2008.10.022
https://doi.org/10.1016/j.pocean.2009.07.045
https://doi.org/10.1016/j.pocean.2009.07.045
https://doi.org/10.1017/CBO9780511596681
https://doi.org/10.1017/CBO9780511596681
https://doi.org/10.1016/j.jmarsys.2008.12.010
https://doi.org/10.1016/j.jmarsys.2008.12.010
https://doi.org/10.1016/j.pocean.2008.10.011
https://doi.org/10.1016/j.pocean.2008.10.011
https://doi.org/10.1016/j.dsr2.2008.11.001
https://doi.org/10.5194/adgeo-6-173-2006
https://doi.org/10.5194/adgeo-6-173-2006


results. Climate Dynamics, 10, 135–162. https://doi.org/10.1007/

BF00210626

Guti�errez, D., Bouloubassi, I., Sifeddine, A., Purca, S., Goubanova, K.,

Graco, M., . . . Ortlieb, L. (2011). Coastal cooling and increased pro-

ductivity in the main upwelling zone off Peru since the mid-twentieth

century. Geophysical Research Letters, 38, L07603.

Guti�errez, M., Castillo, R., Segura, M., Peraltilla, S., & Flores, M. (2012).

Trends in spatio-temporal distribution of Peruvian anchovy and other

small pelagic fish biomass from 1966-2009. Latin American Journal of

Aquatic Research, 40, 633–648. https://doi.org/10.3856/vol40-issue

3-fulltext-12

Guti�errez, D., Sifeddine, A., Field, D. B., Ortlieb, L., Vargas, G., Chavez, F.,

. . . Baumgartner, T. (2009). Rapid reorganization in ocean biogeo-

chemistry off Peru towards the end of the Little Ice Age. Biogeo-

sciences, 6, 835–848. https://doi.org/10.5194/bg-6-835-2009

Guti�errez, M., Swartzman, G., Bertrand, A., & Bertrand, S. (2007).

Anchovy (Engraulis ringens) and sardine (Sardinops sagax) spatial

dynamics and aggregation patterns in the Humboldt Current ecosys-

tem, Peru, from 1983–2003. Fisheries Oceanography, 16, 155–168.

https://doi.org/10.1111/j.1365-2419.2006.00422.x

Henley, B. J., Gergis, J., Karoly, D. J., Power, S., Kennedy, J., & Folland, C.

K. (2015). A Tripole Index for the Interdecadal Pacific Oscillation. Cli-

mate Dynamics, 45, 3077–3090. https://doi.org/10.1007/s00382-

015-2525-1

Isaacs, J. D. (1976). Some ideas and frustrations about fishery science.

California Cooperative Oceanic Fisheries Investigations Reports, 18, 34–

43.

Jacobson, L. D., & MacCall, A. D. (1995). Stock-recruitment models for

Pacific sardine (Sardinops sagax). Canadian Journal of Fisheries and

Aquatic Sciences, 52, 566–577. https://doi.org/10.1139/f95-057

Jacobson, L. D., & McClatchie, S. (2013). Comment on temperature-

dependent stock–recruit modeling for Pacific sardine (Sardinops sagax)

in Jacobson and MacCall (1995), McClatchie et al. (2010), and Linde-

gren and Checkley (2013). Canadian Journal of Fisheries and Aquatic

Sciences, 70, 1566–1569.https://doi.org/10.1139/cjfas-2013-0128

Jahncke, J., Checkley, D. M., & Hunt, G. L. (2004). Trends in carbon flux

to seabirds in the Peruvian upwelling system: Effects of wind and

fisheries on population regulation. Fisheries Oceanography, 13, 208–

223. https://doi.org/10.1111/j.1365-2419.2004.00283.x

James, A. G., & Probyn, T. (1989). The relationship between respiration

rate, swimming speed and feeding behaviour in the cape anchovy en-

graulis capensis Gilchris. Journal of Experimental Marine Biology and

Ecology, 131, 81–100. https://doi.org/10.1016/0022-0981(89)90001-

4

Lindegren, M., Checkley, D. M., Rouyer, T., MacCall, A. D., & Stenseth, N.

C. (2013). Climate, fishing, and fluctuations of sardine and anchovy in

the California Current. PNAS, 110, 13672–13677. https://doi.org/10.

1073/pnas.1305733110

van der Lingen, C. D. (1995). Respiration rate of adult pilchard Sardinops

sagax in relation to temperature, voluntary swimming speed and

feeding behavior. Marine Ecology Progress Series, 129, 41–54.

https://doi.org/10.3354/meps129041

van der Lingen, C. D., Bertrand, A., Bode, A., Brodeur, R., Cubillos, L. A.,

Espinoza, P., . . . Temming, A. (2009). Trophic dynamics. In D. Check-

ley, J. Alheit, Y. Oozeki, & C. Roy (Eds.), Climate change and small

pelagic fish (pp. 112–157). Cambridge, UK: Cambridge University

Press. https://doi.org/10.1017/CBO9780511596681

Mantua, N., & Hare, S. (2002). The Pacific Decadal Oscillation. Journal of

Oceanography, 58, 35–44. https://doi.org/10.1023/A:

1015820616384

McCall, A. D. (2009). Mechanisms of low-frequency fluctuations in sar-

dine and anchovy populations. In D. Checkley, J. Alheit, Y. Oozeki, &

C. Roy (Eds.), Climate change and small pelagic fish (pp. 45–63). Cam-

bridge, UK: Cambridge University Press.

McClatchie, S. (2012). Sardine biomass is poorly correlated with the Paci-

fic Decadal Oscillation off California. Geophysical Research Letters, 39,

L13703.

McClatchie, S., Hendy, I. L., Thompson, A. R., & Watson, W. (2017). Col-

lapse and recovery of forage fish populations prior to commercial

exploitation. Geophysical Research Letters, 44, https://doi.org/10.

1002/2016GL071751

M�enard, F., Marsac, F., Bellier, E., & Cazelles, B. (2007). Climatic oscilla-

tions and tuna catch rates in the Indian Ocean: A wavelet approach

to time series analysis. Fisheries Oceanography., 16, 95–104. https://d

oi.org/10.1111/j.1365-2419.2006.00415.x

National Climatic Data Center/NESDIS/NOAA/U.S. Department of Com-

merce. Data Support Section/Computational and Information Systems

Laboratory/National Center for Atmospheric Research/University

Corporation for Atmospheric Research, Earth System Research Labo-

ratory/NOAA/U.S. Department of Commerce, and Cooperative Insti-

tute for Research in Environmental Sciences/University of Colorado,

1984, updated monthly. International Comprehensive Ocean-Atmo-

sphere Data Set (ICOADS) Release 2.5, Individual Observations.

Research Data Archive at the National Center for Atmospheric

Research, Computational and Information Systems Laboratory.

Nykjær, L., & Van Camp, L. (1994). Seasonal and interannual variability of

coastal upwelling along northwest Africa and Portugal from 1981 to

1991. Journal of Geophysical Research Oceans, 99, 14197–14207.

https://doi.org/10.1029/94JC00814

Roschand, A, & Schmidbauer, H. (2014). WaveletComp: A guide tour

through the R-package. Online version paper-December, 17.

Salvatteci, R., Field, D. B., Baumgartner, T., Ferreira, V., & Guti�errez, D.

(2012). Evaluating fish scale preservation in sediment records from

the oxygen minimum zone off Peru. Paleobiology, 38, 52–78.

https://doi.org/10.1017/S0094837300000403

Salvatteci, R., Field, D., Sifeddine, A., Ortlieb, L., Ferreira, V., Baumgartner,

T., . . . Guti�errez, D. (2014). Cross-stratigraphies from a seismically

active mud lens off Peru indicate horizontal extensions of laminae,

missing sequences, and a need for multiple cores for high resolution

records. Marine Geology, 357, 72–89. https://doi.org/10.1016/j.marge

o.2014.07.008

Salvatteci, R., Guti�errez, D., Field, D., Sifeddine, A., Ortlieb, L., Boulou-

bassi, I., . . . Cetin, F. (2014). The response of the Peruvian Upwelling

Ecosystem to centennial-scale global change during the last two mil-

lennia. Climate of the Past, 10, 715–731. https://doi.org/10.5194/cp-

10-715-2014

Schwartzlose, R. A., Alheit, J., Bakun, A., Baumgartner, T. R., Cloete, R.,

Crawford, R. J. M., . . . Zuzunaga, J. Z. (1999). Worldwide large-scale

fluctuations of sardine and anchovy populations. South African Journal

of Marine Science, 21, 289–347. https://doi.org/10.2989/

025776199784125962

Soutar, A., & Isaacs, J. (1974). Abundance of pelagic fish during the 19th

and 20th century as recorded in anaerobic sediment off the Califor-

nias. Fisheries Bulletin, 72, 257–273.

Sugihara, G., May, R., Ye, H., Hsieh, C., Deyle, E., Fogarty, M., & Munch,

S. (2012). Detecting Causality in complex ecosystems. Science, 338,

496–500. https://doi.org/10.1126/science.1227079

Swartzman, G., Bertrand, A., Guti�errez, M., Bertrand, S., & Vasquez, L.

(2008). The relationship of anchovy and sardine to water masses in

the Peruvian Humboldt Current System from 1983 to 2005. Progress

in Oceanography, 79, 228–237. https://doi.org/10.1016/j.pocean.

2008.10.021

Sydeman, W. J., Garcia-Reyes, M., Schoeman, D. S., Rykaczewski, R. R.,

Thompson, S. A., Black, B. A., & Bograd, S. J. (2014). Climate change

and wind intensification in coastal upwelling ecosystems. Science,

345, 77–80. https://doi.org/10.1126/science.1251635

Torrence, C., & Compo, G. P. (1998). A Practical Guide to Wavelet Analy-

sis. Bulletin of the American Meteorological Society, 79, 61–78.

SALVATTECI ET AL. | 13

https://doi.org/10.1007/BF00210626
https://doi.org/10.1007/BF00210626
https://doi.org/10.3856/vol40-issue3-fulltext-12
https://doi.org/10.3856/vol40-issue3-fulltext-12
https://doi.org/10.5194/bg-6-835-2009
https://doi.org/10.1111/j.1365-2419.2006.00422.x
https://doi.org/10.1007/s00382-015-2525-1
https://doi.org/10.1007/s00382-015-2525-1
https://doi.org/10.1139/f95-057
https://doi.org/10.1139/cjfas-2013-0128
https://doi.org/10.1111/j.1365-2419.2004.00283.x
https://doi.org/10.1016/0022-0981(89)90001-4
https://doi.org/10.1016/0022-0981(89)90001-4
https://doi.org/10.1073/pnas.1305733110
https://doi.org/10.1073/pnas.1305733110
https://doi.org/10.3354/meps129041
https://doi.org/10.1017/CBO9780511596681
https://doi.org/10.1023/A:1015820616384
https://doi.org/10.1023/A:1015820616384
https://doi.org/10.1002/2016GL071751
https://doi.org/10.1002/2016GL071751
https://doi.org/10.1111/j.1365-2419.2006.00415.x
https://doi.org/10.1111/j.1365-2419.2006.00415.x
https://doi.org/10.1029/94JC00814
https://doi.org/10.1017/S0094837300000403
https://doi.org/10.1016/j.margeo.2014.07.008
https://doi.org/10.1016/j.margeo.2014.07.008
https://doi.org/10.5194/cp-10-715-2014
https://doi.org/10.5194/cp-10-715-2014
https://doi.org/10.2989/025776199784125962
https://doi.org/10.2989/025776199784125962
https://doi.org/10.1126/science.1227079
https://doi.org/10.1016/j.pocean.2008.10.021
https://doi.org/10.1016/j.pocean.2008.10.021
https://doi.org/10.1126/science.1251635


https://doi.org/10.1175/1520-0477(1998)079&lt;0061:APGTWA&gt;

2.0.CO;2

Tovar, H., Guillen, V., & Nakama, M. E. (1987). Monthly population size

of three guano bird species off Peru, 1953 to 1982. In D. Pauly & I.

Tsukayama (Eds.), The Peruvian anchoveta and its upwelling ecosystem:

Three decades of change (p. 351). Callao, Per�u: Instituto del Mar del

Peru (IMARPE); Deutsche Gesellschaft f€ur Technische Zusammenar-

beit (GTZ), GmbH, Eschborn, Federal Republic of Germany; and Inter-

national Center for Living Aquatic Resources Management, Manila,

Philippines,.

Vald�es, J., Ortlieb, L., Guti�errez, D., Marinovic, L., Vargas, G., & Sifeddine,

A. (2008). 250 years of sardine and anchovy scale deposition record

in Mejillones Bay, northern Chile. Progress in Oceanography, 79, 198–

207. https://doi.org/10.1016/j.pocean.2008.10.002

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

How to cite this article: Salvatteci R, Field D, Guti�errez D,

et al. Multifarious anchovy and sardine regimes in the

Humboldt Current System during the last 150 years. Glob

Change Biol. 2017;00:1–14. https://doi.org/10.1111/

gcb.13991

14 | SALVATTECI ET AL.

https://doi.org/10.1175/1520-0477(1998)079%3c0061:APGTWA%3e2.0.CO;2
https://doi.org/10.1175/1520-0477(1998)079%3c0061:APGTWA%3e2.0.CO;2
https://doi.org/10.1016/j.pocean.2008.10.002
https://doi.org/10.1111/gcb.13991
https://doi.org/10.1111/gcb.13991

