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 A B S T R A C T

Coupled fluctuations between ecological and environmental processes — i.e., synchrony — have been 
documented in marine ecosystems across multiple spatial and temporal scales. To investigate multiscale 
synchrony, we applied Wavelet Coherence (WC) and Partial Wavelet Coherence (PWC) analyses to disentangle 
nonstationary associations between local and regional environmental variables that are critical for shellfish 
aquaculture along the southeastern Pacific. Specifically, we examined and controlled the effects of local 
associations between sea surface temperature (𝑆𝑆𝑇 ) and shellfish food supply, represented by normalized 
fluorescence line height (𝑛𝐹𝐿𝐻), in relation to the regional El Niño–Southern Oscillation (𝐸𝑁𝑆𝑂). Using 
MODIS-Aqua satellite time series (2003–2022) and the Multivariate ENSO Index (𝑀𝐸𝐼), we assessed temporal 
changes in the coupling between 𝑆𝑆𝑇  and 𝑛𝐹𝐿𝐻 in two bivalve aquaculture regions: Tongoy Bay (north-
central Chile) and northern Chiloé (southern Chile). Our analyses revealed that 𝑆𝑆𝑇  exhibited a stationary 
annual cycle explaining over 95% of total variance, while 𝑛𝐹𝐿𝐻 showed a dominant annual mode accounting 
for more than 60% of variance. However, the second mode of 𝑛𝐹𝐿𝐻 in both Tongoy Bay and northern Chiloé 
reflected the influence of local drivers — such as freshwater discharge events — that were not synchronized 
with the dominant pattern. PWC analyses identified significant intra- and interannual synchrony between 
𝑛𝐹𝐿𝐻 and 𝐸𝑁𝑆𝑂 within the 1.5–2.5 yr and 3–5 yr bands, after removing the influence of 𝑆𝑆𝑇 . These results 
demonstrate that large-scale climatic forcing modulates local environmental synchrony through differential 
regional coupling strengths. Consequently, the predictability of environmental conditions relevant to shellfish 
aquaculture in both regions appears to be strongly constrained by 𝐸𝑁𝑆𝑂-driven variability operating across 
multiple temporal scales.
1. Introduction

Over the past two decades, remote sensing has enabled the study of 
time-varying environmental processes over large spatial scales, unravel-
ing the basic dynamics and drivers of biospheric processes (Behrenfeld 
et al., 2009; Duveiller et al., 2018; Stramski et al., 2022; Sundarara-
man and Shanmugam, 2024). Climatic-scale biophysical synchrony 
(henceforth, synchrony) are temporal changes in biological processes 
unfolding together with environmental drivers over entire basins or 
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continents (Bjørnstad et al., 1999; Hansen et al., 2020). These coupled 
quasi-periodic patterns have been observed in terrestrial (Defriez and 
Reuman, 2017b; Tsang et al., 2023) and marine (Thackeray et al., 
2010; Batchelder et al., 2012; Buttay et al., 2017; Defriez and Reuman, 
2017b,a) ecosystems. One of the most common mechanisms driving 
synchrony is the Moran effect. Moran-type processes are usually linked 
 to disturbances driven by large-scale processes, i.e. changes in the 
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seasonal pattern of sea surface temperature (𝑆𝑆𝑇 ) following El Niño–
Southern Oscillation (ENSO) events or the different phases of the Pacific 
Decadal Oscillation (PDO). These random and spatially autocorrelated 
environmental processes trigger changes in ecosystem dynamics that 
ripple across space and time (Defriez and Reuman, 2017b,a; Sheppard 
et al., 2019). Moran-type coupled oscillations are incorporated into 
population dynamics through strongly conserved eco-evolutionary pat-
terns such as phenology or reproductive cycles. For example, global 
terrestrial vegetation and ocean phytoplankton biomass are synchro-
nized with temperature, precipitation, and 𝑆𝑆𝑇 , respectively, over 
multiple temporal scales (Defriez and Reuman, 2017b). In this way, 
global-scale biogeophysical drivers of synchrony and their ecosystem-
level consequences are well understood for mechanisms operating over 
long time scales. By implication, since climatic-scale synchrony in 
biological productivity is regulated through predictable physical mech-
anisms, ongoing climatic change is disrupting the temporal structure of 
environmental processes. Moreover, the changing climate is poised to 
alter the structure, stability, and functioning of ecosystems in regions 
under dynamical environmental forcing, such as highly productive 
coastal regions (Walter et al., 2024; Wanner et al., 2024).

Rapid growth of the human population, rising CO2 emissions, lim-
ited land, and the demand for high-quality protein and fatty acids 
will challenge current food production systems (Ezgeta-Balić et al., 
2012; Ottinger et al., 2016; Boyd et al., 2022). Shellfish aquaculture, 
a sustainable and highly efficient food production system, constitutes 
approximately 45% of global aquaculture production and it is projected 
to increase to 53% by 2050 (FAO, 2020). In this context, understand-
ing how a changing climate can impact biological productivity via 
Moran-type processes is crucial for aquaculture (Reid et al., 2019; Lara 
et al., 2016). Recent studies suggest that in mid- and high-latitude 
ecosystems, rising 𝑆𝑆𝑇  and changing phytoplankton patterns are af-
fecting the physiological performance and larval supply of bivalves over 
continental scales (Philippart et al., 2003; Maulu et al., 2021). These 
biological impacts may lead to changes in the distribution and amount 
of habitats suitable for bivalve cultivation (Froehlich et al., 2018; 
Torres et al., 2025), threatening global food security. The Humboldt 
Current Ecosystem, flowing along the coast of southern South America, 
displays extraordinary primary and secondary productivity accounting 
for almost 20% of global fisheries landings (FAO, 2020; Chavez and 
Messié, 2009). The elevated primary productivity also sustains a large 
shellfish aquaculture industry, Chile is among the top global producers 
of farmed mussels and scallops (FAO, 2020; Torres et al., 2025). Marine 
shellfish production in Chile, as elsewhere, is largely based on open 
water aquaculture, hence completely dependent on marine productiv-
ity: cultivated species are filter-feeders and seedstock replenishment 
depends on the capture of wild larvae (Molinet et al., 2025; von Brand 
et al., 2016). Remotely detected surface characteristics — 𝑆𝑆𝑇 , 𝐶ℎ𝑙𝑎
— have been used to approximate the suitability of the habitat of shell-
fish (Snyder et al., 2017; Newell et al., 2021). On the other hand, local, 
non-stationary changes in phytoplankton biomass have been also re-
lated to variations in nutrient concentration, salinity or turbidity (Jiang 
et al., 2014; Abbate et al., 2017; Ferreira et al., 2020; Poblete-Ulloa 
et al., 2024). The latter can be approximated though a remotely-sensed 
proxy of phytoplankton physiological state, normalized Fluorescence 
Line Height (𝑛𝐹𝐿𝐻 , (Behrenfeld et al., 2009)), but rarely used to 
examine conditions for aquaculture. When coupled to extended in situ
measurements on the suite of factors that can impact aquaculture, re-
mote sensing products cant allow the identification of climate impacts. 
However, such in situ datasets are largely unavailable in the part of 
the Humboldt Current Ecosystem where shellfish aquaculture is carried 
out  (Ramajo et al., 2020; Saavedra et al., 2020). Following their 
tight coupling over multiple temporal scale to phytoplankton dynamics, 
satellite-derived 𝑆𝑆𝑇  measurements are routinely used as an indicator 
of low-frequency climate forcing by ENSO or PDO on 𝑐ℎ𝑙𝑎 (Barrows 
et al., 2007; Martinez et al., 2009). In this way, changes in 𝑆𝑆𝑇  provide 
a mechanistic linkage to habitat suitability for farmed bivalves (Boyd 
2 
et al., 2022), and an indication of first-order changes in phytoplankton 
biomass that may be associated to large-scale climatic forcing (Martinez 
et al., 2009; Kahru et al., 2012; Weidberg et al., 2020).

As discussed above, time series from natural ecosystems are typ-
ically noisy, non-stationary, and exhibit complex behaviors (Cazelles 
and Stone, 2003; Cazelles, 2004). Shellfish aquaculture along the Hum-
boldt Current Ecosystem is fully dependent on the interplay between 
seasonal and sub-seasonal processes that interact with nonlinear forcing 
over longer temporal scales (Lara et al., 2016; Ramajo et al., 2020; 
Broitman et al., 2022). Linear correlations of short time series have 
shown that coupled inter-annual variation in 𝑆𝑆𝑇  and phytoplank-
ton biomass (measured as satellite surface chlorophyll-a), likely in 
association to climatic forcing, can severely curtail larval supply for 
aquaculture (Lara et al., 2016; Broitman et al., 2022). Such disruptions 
pose significant challenges for the sustainability of this important socio-
ecological system (Broitman et al., 2017). Wavelets are increasingly 
used to associate organismal responses to multiple environmental pro-
cesses taking place at different frequencies by detecting transient and 
multiscale relationships (Cazelles et al., 2007). To this end, we used 
wavelet coherence analyses and partial wavelet coherence (PWC) to 
determine associations between ocean satellite-derived times series of 
biophysical drivers of aquaculture productivity. This study aims to 
(1) describe and compare the temporal synchrony patterns in key 
bio-oceanographic characteristics and (2) disentangle the impact of 
global climate (𝐸𝑁𝑆𝑂) in multiscale synchrony in primary biological 
measured as satellite 𝑛𝐹𝐿𝐻 , as a proxy of food supply for shellfish, and 
𝑆𝑆𝑇 , a primary indicator of physical processes controlling primary and 
secondary productivity in the main aquaculture zones of Chile.

2. Materials and methods

2.1. Study area

Two regions of the Chilean coast account for almost the totality 
of exported shellfish and together the represent 5% of the world total 
(Fig.  1A), making Chile the second-largest producer after China, which 
accounts for 76% of the total (FAO, 2025). The first zone is Tongoy Bay, 
located on the semiarid coast of northern-central Chile (Fig.  1B). It is a 
small equator-facing Bay sheltered from upwelling-favorable winds by 
a large headland (Punta Lengua de Vaca, PLV), which closes the Bay 
to the southwest. The PLV headland is the largest upwelling center of 
the northern-central section of the coastline (Bravo et al., 2016; Lagos 
et al., 2016). Aquaculture in Tongoy Bay is primarily focused on the 
Peruvian Bay scallop Argopecten purpuratus and accounts for 90% of the 
total scallop production in Chile (Bakit et al., 2023). The second (Fig. 
1C) shellfish producing zone is focused on the Chilean mussel Mytilus 
chilensis. It occupies an area much larger than Tongoy bay in southern 
Chile, northern Patagonia characterized by high heterogeneity in local 
environmental conditions such as chlorophyll-𝑎, 𝑆𝑆𝑇  and freshwater 
input (Iriarte et al., 2007; Saldías et al., 2021; Flores et al., 2022; Muñoz 
et al., 2023).

2.2. Satellite ocean color data and climatic index

High spatial resolution daily data on surface normalized fluores-
cence line height (𝑛𝐹𝐿𝐻 , W m−2 μm−1 sr−1) and sea surface tempera-
ture (𝑆𝑆𝑇 ) from the Moderate Resolution Imaging Spectroradiometer 
(MODIS, onboard Aqua) were used to characterize the temporal vari-
ation in environmental surface characteristics in the study areas from 
2003 to 2022. The MODIS L2 data were obtained from NASA’s ocean 
color website (http://oceancolor.gsfc.nasa.gov, accessed on Septem-
ber 5, 2023). Standard procedures, including atmospheric corrections, 
were used for satellite estimates (O’Reilly et al., 2000). The quality-
controlled daily swaths were processed to generate gridded monthly 
composites at a 1 km spatial resolution. From these composites, univari-
ate monthly time series were derived by computing the spatial average 
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Fig. 1. Study area. Normalized fluorescence line height (𝑛𝐹𝐿𝐻 ; W m−2 μm−1 sr−1) in (A) coastal Chile (18–55◦S), (B) Tongoy Bay, (C) Northern Chiloé. PLV: 
Punta Lengua de Vaca, ISC: Inner Sea of Chiloé, DI: Desertores Islands.
at each selected location. These time series were subsequently used to 
analyze the temporal variability of the satellite-derived environmental 
conditions.

We used the Multivariate ENSO Index Version 2 (MEI v2) in a 
wavelet analysis to assess the coherence between the 𝐸𝑁𝑆𝑂 pattern 
of ocean–atmosphere variability across the Pacific basin and local 
environmental variables (𝐹𝐿𝐻 and 𝑆𝑆𝑇 ) in Tongoy Bay and northern 
Chiloé. The MEI time series corresponds to the leading combined 
Empirical Orthogonal Function (EOF) of sea level pressure, sea surface 
temperature (𝑆𝑆𝑇 ), the zonal and meridional components of surface 
wind and outgoing longwave radiation, with all the variables averaged 
over the 30◦ S–30◦ N and 100◦ E–70◦ W region (https://psl.noaa.gov/
enso/mei/, accessed 23 July 2023).

A schematic of the workflow for the analysis of MODIS-Aqua satel-
lite data is shown in (Fig.  2). Level-2 data are processed to Level-3 
to obtain sea surface temperature (𝑆𝑆𝑇 ) and normalized Fluorescence 
Line Height (𝑛𝐹𝐿𝐻) variables. Subsequently, preprocessing is per-
formed through detrending and normalization. Data are analyzed using 
two complementary approaches: (1) Empirical Orthogonal function 
analysis (EOF), to identify dominant spatial modes (Modes 1 and 2) 
and their corresponding eigenvalues; and (2) Wavelet analysis, to de-
compose temporal signals and extract their periodic components in the 
time–frequency domain. Finally, Partial Wavelet Coherence is applied 
to assess the association between two signals while controlling for the 
influence of a third one. The details of these analyses are described in 
the following sections.
3 
Empirical Orthogonal Function (EOF) analysis

We used EOF analysis to characterize the dominant patterns of 
spatio-temporal variability in 𝑆𝑆𝑇 , and 𝑛𝐹𝐿𝐻 . Due to the high spatial 
resolution of the images, we computed the EOF using Singular Value 
Decomposition (SVD) to avoid a very large covariance matrix (Thomson 
and Emery, 2014). The first and second modes captured most of the 
variance, so we present their temporal evolution and use the climatol-
ogy of each mode to describe the monthly spatial pattern. The spatial 
variability patterns of the dominant modes are shown together with 
maps of the percentage of data in the EOF analysis. The percentage 
of data was calculated as: valid data points pixel/total of data pixel 
(2003–2022) 𝑥 100.

Time–frequency wavelet and wavelet coherence analysis

Ecological time series are recognized as non-stationary due to a 
complex combination of factors that modify them and make them 
difficult to predict both in time and space (Cazelles et al., 2008; Liu 
et al., 2022). Continuous wavelets allow us to quantify the various 
periodic components of a time series locally in time and to examine 
their temporal evolution (Cazelles et al., 2008, 2023). The continuous 
wavelet transform of a time series 𝑥(𝑡) is defined as: 

𝑊𝑥(𝑎, 𝜏) =
1
√

𝑎 ∫

∞

−∞
𝑥(𝑡)𝜓∗

( 𝑡 − 𝜏
𝑎

)

𝑑𝑡 (1)

where 𝜓 denotes the mother wavelet, 𝑊𝑥(𝑎, 𝜏) is the contribution of 
the scale, 𝑎 to the signal at different positions, 𝜏 and ∗ denote the 
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Fig. 2. Workflow diagram summarizing the analysis of MODIS-Aqua satellite 
data for 𝑆𝑆𝑇  and 𝑛𝐹𝐿𝐻 .

complex conjugate form (Cazelles et al., 2007, 2023). As 𝜓 , we used 
the continuous Morlet wavelet, widely used in the study of ecological 
time series studies (Lara et al., 2019a; Xiao et al., 2019; Lara et al., 
2019b). The mother Wavelet is defined as: 
𝜓(𝑡) = 𝜋−1∕4𝑒𝑥𝑝(−𝑖𝜔0𝑡)𝑒𝑥𝑝(−𝑡2∕2) (2)

where 𝜔0 is the central angular frequency of the wavelet and 𝜋−1∕4 a 
normalization factor (Cazelles et al., 2007). With the Morlet wavelet 
and 𝜔0 = 2𝜋, the wavelet scale 𝑎 is inversely proportional to the central 
frequency of the wavelet, thus 𝑎 ≈ 1∕𝑓 (Cazelles et al., 2007, 2008). 
By analogy to Fourier analysis, the wavelet power spectrum (WPS) can 
be computed as 𝑆𝑥(𝑓, 𝑡) = ‖𝑊𝑥(𝑓, 𝑡)‖2 to quantify the contribution of 
different periodic components to the variance along the time axis.

To analyze the statistical co-variation at a particular period between 
two nonstationary time series, 𝑥1(𝑡) and 𝑥2(𝑡), we used a Wavelet 
Coherence (WC): 

𝑊𝐶𝑥1 ,𝑥2 (𝑓, 𝑡) =

(

| < 𝑊𝑥1 ,𝑥2 (𝑓, 𝑡) > |

2

| < 𝑊𝑥1 (𝑓, 𝑡) > |.| < 𝑊𝑥2 (𝑓, 𝑡) > |

)1∕2

(3)

where <> denotes a smoothing operator in both time and frequency 
domains and 𝑊𝑥1 ,𝑥2 (𝑓, 𝑡) is the co-wavelet spectrum between 𝑥1(𝑡) and 
𝑥2(𝑡). When 𝑊𝐶𝑥1 ,𝑥2 (𝑓, 𝑡) = 1, the two times series 𝑥1(𝑡) and 𝑥2(𝑡) are 
in perfect synchrony, and when these two times series are independent 
𝑊𝐶𝑥1 ,𝑥2 (𝑓, 𝑡) = 0 (Cazelles et al., 2007, 2023). Often in ecology, local 
environmental signatures are modulated by regional and/or global 
processes (Ghil et al., 2002; Cazelles et al., 2023). To remove the effect 
of external variables on the relationship between the 𝑥1(𝑡) and 𝑥2(𝑡) time 
series, we applied partial wavelet coherence (PWC) (Lara et al., 2019a; 
Cazelles et al., 2023). PWC is based on the spectral matrix Σ(𝑓, 𝑡) where 
4 
all elements are the cross-wavelet spectrum for the 𝑖 and 𝑗 signals from 
the 𝑛 time series analyzed 𝑥𝑛(𝑡): 

Σ(𝑓, 𝑡) =

⎛

⎜

⎜

⎜

⎜

⎜

⎝

𝑊11(𝑓, 𝑡) 𝑊12(𝑓, 𝑡) … 𝑊1𝑛(𝑓, 𝑡)

𝑊21(𝑓, 𝑡) 𝑊21(𝑓, 𝑡) … 𝑊2𝑛(𝑓, 𝑡)

⋮ ⋮ ⋱ ⋮

𝑊𝑛1(𝑓, 𝑡) 𝑊𝑛2(𝑓, 𝑡) … 𝑊𝑛𝑛(𝑓, 𝑡)

⎞

⎟

⎟

⎟

⎟

⎟

⎠

(4)

Finally, the PWC between 𝑥𝑘(𝑡) and 𝑥𝑙(𝑡), by excluding the effects of 
all other signals of 𝑥𝑖(𝑡) is defined as : 

𝑃𝑊 𝐶𝑘𝑙|(⧵𝑘𝑙)(𝑓, 𝑡) =

(

|𝑆𝑘𝑙(𝑓, 𝑡)|2

|𝑆𝑘𝑘(𝑓, 𝑡)|.|𝑆𝑙𝑙(𝑓, 𝑡)|

)1∕2

(5)

where 𝑆𝑘𝑙 is the (𝑘, 𝑙) element of the inverse spectral matrix Σ(𝑓, 𝑡)−1
and (⧵𝑘𝑙) means all elements of Σ(𝑓, 𝑡)−1 excluding the 𝑘th and the 𝑙th 
elements (Lara et al., 2019a; Cazelles et al., 2023).

3. Results

3.1. Temporal variability in bio-oceanographic characteristics

We used EOF analysis to characterize the spatio-temporal variability 
of satellite-derived ocean parameters in Tongoy Bay and northern 
Chiloé. Fig.  3 shows the principal temporal components of the EOF 
analysis for 𝑆𝑆𝑇  and 𝑛𝐹𝐿𝐻 , represented by mode 1 and 2.

In Tongoy Bay, mode 1 𝑆𝑆𝑇  accounted for 96.79% of the total vari-
ance and was mainly associated with the annual temperature cycle and 
mode 2 only 3.20% (Fig.  3A, E). The spatial pattern of mode 1 shows a 
stronger annual cycle offshore, particularly between longitudes -72◦ W 
and -73◦ W. Along the coast, the annual signal showed lower intensity, 
which is consistent with the influence of local coastal processes such 
as coastal upwelling. The mode 2 spatial pattern shows a longitude 
gradient, with positive values nearshore and negative values offshore 
(Fig.  4B, C). The variability of 𝑛𝐹𝐿𝐻 was mainly explained by mode 1 
(66.05%), while mode 2 represented a greater variance than for 𝑆𝑆𝑇
with values of 33.94% (Fig.  3B,F). The spatial variability in mode 1 for 
𝑛𝐹𝐿𝐻 showed a negative coastal band that intensified north of Tongoy 
bay (29◦20’S; 29◦40’S), while a positive maximum was identified near 
the coast around 29◦ S. Mode 2 maintained the negative coastal band 
but with a reduced spatial extent compared to mode 1 (Fig.  4E, F). 
The percentage of data used in the EOF analysis for 𝑆𝑆𝑇  and 𝑛𝐹𝐿𝐻
exceeded 98% in each pixel for the 2003–2022 period (Fig.  4A, D).

In northern Chiloé, 𝑆𝑆𝑇  mode 1 accounted for 93.56% of the 
variance, while mode 2 accounted for 6.43% of the total variance. 
The climatology of 𝑆𝑆𝑇  mode 1 was positive during austral summer 
and negative during austral winter, associated with the annual cycle 
(Fig.  3E, G). The variance explained by mode 1 of 𝑛𝐹𝐿𝐻 (73.8%) was 
higher, while mode 2 explained less than <27% of the total variability. 
The climatology showed a negative maximum during austral winter, 
which decreased in summer (Fig.  3D, H). The climatology for 𝑛𝐹𝐿𝐻
showed positive monthly averages with the exception of October (Fig. 
3 H). Using more than 80% each pixel for the 2003–2022 period (Fig. 
5A, D), the spatial pattern of mode 1 for 𝑆𝑆𝑇  showed maxima along 
the continental margin, decreasing southward as a meridional gradient 
toward Chiloé Island, with minima confined to the southern Desertores 
Islands. Mode 2 revealed marked seasonal variability between the 
continental margin and Chiloé Island (Fig.  5B, C). The spatial patterns 
of modes 1 and 2 for 𝑛𝐹𝐿𝐻 displayed a pronounced negative core 
around the Desertores Islands, while the continental margin remained 
positive in both modes (Fig.  5E, F).

The WPS analysis showed that the temporal variability in 𝑆𝑆𝑇  in 
both Tongoy Bay (Fig.  6A) and northern Chiloé (Fig.  6B) was com-
pletely dominated by the annual cycle. The WPS for 𝑛𝐹𝐿𝐻 for Tongoy 
Bay showed a pattern similar to 𝑆𝑆𝑇  (Fig.  7A). In northern Chiloé, the 
WPS for 𝑛𝐹𝐿𝐻 was characterized by a non-stationary annual signal 
and its significance was interrupted during 2011–2012 and 2017–2018 
(Fig.  7B).
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Fig. 3. Temporal dominant modes for 𝑆𝑆𝑇  and 𝑛𝐹𝐿𝐻 in Tongoy Bay (A–B), and northern Chiloé (C–D). The temporal mode 1 (blue line), and mode 2 (orange 
line) are shown with their respective percentage of explained variance. The right panels show the climatological pattern for each mode. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)
Multiple scale in synchrony in local bio-oceanographic characteristics

WC analyzes identified patterns of local environmental variability 
showing that, regardless of geographic distance, synchrony patterns be-
tween environmental processes were similar between Tongoy Bay and 
northern Chiloé. The PWC helped disentangle common dependencies 
and revealed differences in scale-specific relationships between both 
regions.

Temporal synchrony between 𝑛𝐹𝐿𝐻 and 𝑆𝑆𝑇  in Tongoy Bay exhib-
ited annual and, to some extent, semiannual synchrony throughout the 
study period. Furthermore, we observed transient periods of significant 
synchrony at the 2–3 yr band (Fig.  8A). When controlling for the effect 
of 𝐸𝑁𝑆𝑂 through PWC the synchrony pattern was simplified (Fig. 
8B), showing synchrony likely caused by the annual mode of 𝑛𝐹𝐿𝐻 . 
Synchrony between 𝑛𝐹𝐿𝐻 and 𝐸𝑁𝑆𝑂 (Fig.  8C) showed transients on 
sub-annual and inter-annual scale (2–6 yr). However, when controlled 
by 𝑆𝑆𝑇 , a significant period of multiscale coherence appears, the 
autotrophic biomass is more strongly associated with ENSO-related 
forcing (Fig.  8D).

In northern Chiloé, our analyzes revealed a similar pattern as de-
scribed above for Tongoy: a marked annual synchronous signal between 
5 
𝑛𝐹𝐿𝐻 and 𝑆𝑆𝑇  throughout the study period accompanied by annual 
synchrony (Fig.  9A). After excluding the effects of 𝐸𝑁𝑆𝑂 the syn-
chrony showed a significant annual pattern (Fig.  9B). The temporal 
co-occurrence between 𝑛𝐹𝐿𝐻 and 𝐸𝑁𝑆𝑂 showed scattered periods 
of synchrony at different scales across the study period (Fig.  9C). 
However, when controlling for 𝑆𝑆𝑇 , significant mode 2-3-year and 
5–6-year appears and persists throughout the time series also highlights 
that multi-annual components are primarily influenced by ENSO (Fig. 
9D).

4. Discussion

Using robust statistical methods, our results demonstrate that dis-
tinct biophysical modes of variability regulating shellfish productivity 
operate across multiple temporal and spatial scales. Previous research 
has largely emphasized the role of mesoscale to local processes in 
driving biophysical variability within our study regions. Among these 
drivers are coastal upwelling, river discharge under contrasting regimes 
(pluvial and/or nival), and nutrient inputs (Garreaud et al., 2011; 
Bravo et al., 2016; Garreaud, 2018; Flores et al., 2022), which may 
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Fig. 4. (A) Percentage of data available for first and two EOF modes of 𝑆𝑆𝑇  in Tongoy Bay. (B) Space first mode of 𝑆𝑆𝑇  in Tongoy Bay. (C) Space second 
mode of 𝑆𝑆𝑇  in Tongoy Bay. (D) Percentage of data available for first two EOF modes of 𝑛𝐹𝐿𝐻 in Tongoy Bay. (E) Space first mode of 𝑛𝐹𝐿𝐻 in Tongoy Bay. 
(F) Space second mode of 𝑛𝐹𝐿𝐻 in Tongoy Bay.
be associated with the variance captured by intra-seasonal scale (mode 
2) of both 𝑆𝑆𝑇  and 𝑛𝐹𝐿𝐻 . However, a recent study Saavedra et al. 
(2020) synthesized the influence of multiple environmental drivers 
on coastal areas used for shellfish aquaculture in Chile and high-
lighted the complexity of interactions across different temporal and 
spatial scales. The authors demonstrated that distinct temporal modes 
of co-variability drive local environmental conditions, and that these 
conditions vary systematically along the latitudinal gradient. In this 
way, our results are a first step to address the complexity of the re-
lationships between large-scale climatic forcing and mesoscale to local 
processes when evaluating the environmental context of aquaculture 
systems. The cross-scale relationship is manifested in the latitudinal 
contrast between regions. For example, coastal upwelling is a key 
driver of 𝑆𝑆𝑇  and 𝑛𝐹𝐿𝐻 . Yet persistent upwelling in northern Chile 
transitions to a distinctly seasonal upwelling regime in the south-central 
region (Blanco et al., 2001; Sobarzo et al., 2007; Narváez et al., 2019), 
6 
and the latitudinal change is accompanied by the distinct change in the 
annual cycle in solar heat flux and light availability towards higher lat-
itudes, which are synchronous with 𝑆𝑆𝑇  (Jacques-Coper et al., 2023). 
In contrast, 𝑛𝐹𝐿𝐻 also exhibits an annual cycle, but the seasonal 
partitioning is less clear at higher latitudes, with a larger fraction of 
its variance is explained by the second mode in northern Chiloé. These 
results suggest that, although the annual cycle dominates the temporal 
evolution of the leading modes, local drivers — such as freshwater 
discharge — can generate regional variability in the spatial and tem-
poral patterns of 𝑛𝐹𝐿𝐻 , particularly at higher latitudes. In northern 
Chiloé, phytoplankton biomass variability is modulated by nutrient 
availability (González et al., 2010), water column stratification and 
wind dynamics (Muñoz et al., 2023). The phytoplankton community 
in this region is largely dominated by diatoms (Montero et al., 2017), 
whose growth is closely associated with surface silicate concentration 
and enhanced stratification driven by freshwater input from rivers, 
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Fig. 5. (A) Percentage of data available for first and two EOF modes of 𝑆𝑆𝑇  in northern Chiloé. (B) Space first mode of 𝑆𝑆𝑇  in northern Chiloé. (C) Space 
second mode of 𝑆𝑆𝑇  in northern Chiloé. (D) Percentage of data available for first two EOF modes of 𝑛𝐹𝐿𝐻 in northern Chiloé. (E) Space first mode of 𝑛𝐹𝐿𝐻
in northern Chiloé. (F) Space second mode of 𝑛𝐹𝐿𝐻 in northern Chiloé.
estuaries, and fjords (Cuevas et al., 2019). In contrast, in Tongoy 
Bay, nutrient availability for phytoplankton is primarily regulated by 
seasonally variable coastal upwelling events (Broitman et al., 2022). 
The spatial and temporal variability of 𝑛𝐹𝐿𝐻 , as revealed by EOF 
analysis, highlights the role of local forcing and physical processes in 
contributing to the variability captured by mode 2 and its associated 
fraction of the total variance (Iriarte et al., 2007; Cuevas et al., 2019; 
Moraga-Opazo et al., 2011).

Along the central and northern of Chile, the coastal zone is char-
acterized by elevated biological productivity fueled by semipermanent 
upwelling (Montecino and Lange, 2009; Chavez and Messié, 2009). 
Tongoy Bay exhibits low seasonal and intraseasonal variability in 𝑆𝑆𝑇 , 
a condition associated with year-round upwelling (Fernández et al., 
7 
2024). At the local scale, energy fluxes are primarily driven by semidi-
urnal tides (Bravo et al., 2013). Hence, a local interaction of upwelling 
and tides may play a crucial role in the strongly seasonal transport 
of larvae to the coast over different seasonal periods. For example, 
larval delivery of benthic invertebrates, cultivated and wild is strongly 
seasonal (Broitman et al., 2022; Navarrete et al., 2022). In this way, 
beyond large-scale forcing, biophysical variability is dominated by 
mesoscale processes mainly accounted by subtle change to coastline 
topography and bathymetry. The dominant factors shaping biological 
activity in northern Patagonia, on the other hand, are vast; they in-
clude freshwater and terrigenous organic carbon inputs, and a complex 
coastline, which results in high spatial heterogeneity of local environ-
mental conditions (González et al., 2013). Thus, autotrophic activity is 
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Fig. 6.  Wavelet Power Spectrum (WPS) showing the dominant periods (in years) of variability for the 𝑆𝑆𝑇  2003–2022 time series in (A) Tongoy Bay and (B) 
Northern Chiloé. The white line define the cone of influence above which computations are not influenced by edge effects. The color code for spectral power values 
is graded from blue (low power) to yellow (high power). The black dot-dashed lines indicate the 95% significant areas obtained by adapted bootstrapping (Cazelles 
et al., 2014). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
regulated by different physicochemical, environmental and biological 
factors; temperature, salinity, pH, turbidity, macronutrient availability, 
solar radiation, wind stress and grazing pressure (Poblete-Ulloa et al., 
2024). Most of these factors, in turn, are driven primarily by the mixing 
of freshwater inputs from rivers, glacial melt, and heavy precipitation, 
together with the influx of Subantarctic Water and Equatorial SubSur-
face Water from the adjacent oceanic zone (Sievers and Silva, 2006; 
Linford et al., 2023).

Understanding the concurrent correlation scales between time series 
is essential for uncovering the underlying significance of synchrony 
patterns between large-scale climatic variability and local-scale envi-
ronmental dynamics (Chavez and Cazelles, 2019). In this study, we 
selected two regions with contrasting environmental regimes, where 
functional relationships among environmental conditions may nonethe-
less be differentially affected by climate variability. According to vari-
ous climate projections, a poleward shift of upwelling-favorable winds 
could disrupt the synchrony in the seasonal timing of local responses 
to global forcing. Along the Humboldt Current Ecosystem, complex 
responses such as shifts in the amplitude and timing of wind-driven 
coastal upwelling have already been observed (Aguirre et al., 2018). 
Although an intensification of upwelling is projected for the southern 
region, a weakening in seasonality at lower latitude may affect primary 
productivity (Du et al., 2024), potentially impacting the provision 
of key ecosystem services for aquaculture (Bograd et al., 2023; Du 
et al., 2024). A recent study demonstrated that the seasonality of larval 
arrival in two benthic species along the central-northern coast of Chile 
is modulated by the seasonal migration of the Southeastern Pacific 
Anticyclone, underscoring the complexity of coastal system responses 
to anthropogenic climate change (Navarrete et al., 2022; Weidberg 
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et al., 2020). Likewise, detecting changes in phytoplankton phenology 
(for example, timing of initiation, peak biomass, and seasonal dura-
tion) provides critical insights into how climate-driven variability can 
affect trophic energy transfer to higher levels, carbon sequestration 
efficiency, and overall ecosystem functioning (Nicholson et al., 2025). 
It is worth emphasizing that our results reveal multiscale responses 
in environmental synchrony across both central-northern and south-
ern Chile. These responses—manifested as changes in the co-variation 
between phytoplankton biomass (measured as 𝐹𝐿𝐻) and local 𝑆𝑆𝑇
can be interpreted as signatures of large-scale climatic forcing. Long-
term climatic patterns and their impacts on hydrological conditions and 
biodiversity in northern Patagonia have been previously documented. 
The supply of mussel larvae to the aquaculture industry was disrupted, 
probably due to a decrease in the food availability for larvae, poten-
tially driven by large-scale climatic variability (Lara et al., 2016). A 
positive phase synchrony between 𝐸𝑁𝑆𝑂 and the Southern Annular 
Mode (𝑆𝐴𝑀) led to anomalous local conditions, including reduced 
river discharge and diminished nutrient input from the adjacent ocean.

The Southeast Pacific Anticyclone (SPA) plays a key role in modulat-
ing atmospheric and oceanographic conditions along the southeastern 
Pacific. Its seasonal displacement and intensity regulate wind regimes, 
which in turn control coastal upwelling events and associated produc-
tivity (Schneider et al., 2017; Ancapichún and Garcés-Vargas, 2015). 
Interannual and decadal fluctuations in SPA are strongly linked to 
large-scale climate modes such as 𝐸𝑁𝑆𝑂 and 𝑃𝐷𝑂 (Aguirre et al., 
2018; Muñoz et al., 2023). During El Niño events, which support 
high biological productivity in central–northern Chile (Broitman et al., 
2022). Furthermore, a more complex synchrony in environmental and 
climatic variability is observed in the north Patagonian region (Lara 
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Fig. 7.  Wavelet Power Spectrum (WPS) showing the dominant periods (in years) of variability for the 𝑛𝐹𝐿𝐻 2003–2022 time series in (A) Tongoy Bay, and (B) 
Northern Chiloé. The white line define the cone of influence above which computations are not influenced by edge effects. The color code for power values is 
graded from blue (low power) to yellow (high power). The black dot-dashed lines indicate the 95% significant areas obtained by adapted bootstrapping (Cazelles 
et al., 2014). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
et al., 2019b), where additionally, the poleward SPA migration con-
tributed to the intensification of upwelling along the outer coast of the 
northern Patagonian fjords (Narváez et al., 2019; Pérez-Santos et al., 
2019).

Bivalve aquaculture, including scallops and mussels along the
Chilean coast, is highly dependent on larval supply from the en-
vironment. This intrinsic dependence makes the system particularly 
vulnerable to the impacts of climate change. Oceanographic features 
such as stratification and fronts, which form in response to warming 
or freshwater input, can act as barriers to larval dispersal (Woodson 
and Litvin, 2015). However, these structures may be disrupted by 
storms, suggesting that climate change could influence the availability 
of bivalve larvae. On the other hand, temperature is a key factor 
that regulates shellfish growth (Almada-Villela et al., 1982): it affects 
metabolism, food conversion efficiency, energy expenditure, and oxy-
gen demand (Matoo et al., 2021). Moderate temperature increases 
within a species physiological tolerance can enhance growth, but 
exceeding this range results in reduced growth and feeding, increased 
mortality, and deterioration in flesh quality. Our results suggest that 
𝑆𝑆𝑇  variability in shellfish habitats is driven by large-scale temporal 
and spatial forcing, including 𝐸𝑁𝑆𝑂 dynamics, which has differen-
tial impacts between shellfish production regions. Global warming is 
projected to increase the frequency and intensity of 𝐸𝑁𝑆𝑂 events, 
alter the complexity of their atmospheric teleconnections, and increase 
the likelihood of more severe El Niño occurrences (Chen et al., 2024). 
Based on our findings, these changes can alter the suitability of shellfish 
habitats, affecting organism physiology and the viability of aquaculture 
operations.
9 
5. Conclusion

The transition from free-swimming larvae to juvenile stages rep-
resents a critical bottleneck in the production of viable individuals 
for aquaculture. Climate-induced changes — such as fluctuations in 
sea surface temperature and shifts in the availability of larval food — 
pose significant risks to the physiological performance and survival of 
farmed species. These environmental perturbations can modify the spa-
tial and temporal distribution of marine organisms, particularly those 
of commercial importance, with potentially profound consequences for 
food security.

In both Tongoy Bay and northern Chiloé, our results demonstrate 
that large-scale climatic variability exerts a dominant influence on the 
synchrony of key oceanographic characteristics derived from satellite 
observations, thereby shaping the local environmental dynamics of 
coastal ecosystems. The temporal evolution of autotrophic biomass was 
largely governed by the annual cycle of 𝑆𝑆𝑇 , reflecting the central role 
of temperature in structuring productivity. Moreover, differences in the 
magnitude and timing of synchrony between oceanographic variables 
in the two shellfish-farming regions were associated with the influence 
of large-scale 𝐸𝑁𝑆𝑂 variability acting across multiple temporal scales. 
These findings underscore that shellfish productivity depends on the 
multiscale interplay between climatic and local forcing, which con-
strains the predictability of environmental conditions. Ultimately, this 
study highlights the value of identifying the temporal windows and 
scales of environmental synchrony as a basis for developing adaptive 
management strategies that better integrate ecological dynamics with 
climatic variability across spatial and temporal gradients.
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Fig. 8. Wavelet Coherence and Partial Wavelet Coherence in Tongoy Bay. (A) Wavelet Coherence between 𝑛𝐹𝐿𝐻 and 𝑆𝑆𝑇 . (B) Partial Wavelet Coherence 
between 𝑛𝐹𝐿𝐻 and 𝑆𝑆𝑇  controlled 𝐸𝑁𝑆𝑂. (C) Wavelet Coherence between 𝑛𝐹𝐿𝐻 and 𝐸𝑁𝑆𝑂. (D) Partial Wavelet Coherence between 𝑛𝐹𝐿𝐻 and 𝐸𝑁𝑆𝑂
controlled by 𝑆𝑆𝑇 . The black line define the cone of influence above which computations are not influenced by edge effects. The color code for coherence values 
is graded from blue (low synchrony) to yellow (high synchrony). The black dot-dashed lines indicate the 95% and 90% significant areas obtained by adapted 
bootstrapping (Cazelles et al., 2014). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Wavelet Coherence and Partial Wavelet Coherence in Northern Chiloé. (A) Wavelet Coherence between 𝑛𝐹𝐿𝐻 and 𝑆𝑆𝑇 . (B) Partial Wavelet Coherence 
between 𝑛𝐹𝐿𝐻 and 𝑆𝑆𝑇  controlled 𝐸𝑁𝑆𝑂. (C) Wavelet Coherence between 𝑛𝐹𝐿𝐻 and 𝐸𝑁𝑆𝑂. (D) Partial Wavelet Coherence between 𝑛𝐹𝐿𝐻 and 𝐸𝑁𝑆𝑂
controlled by 𝑆𝑆𝑇 . The black line define the cone of influence above which computations are not influenced by edge effects. The color code for coherence values 
is graded from blue (low synchrony) to yellow (high synchrony). The black dot-dashed lines indicate the 95% and 90% significant areas obtained by adapted 
bootstrapping (Cazelles et al., 2014). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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