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Dynamic factor analysis of
mesozooplankton variability
In the Gulf of Cadiz
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Mesozooplankton plays a key role in pelagic ecosystems, acting as an
intermediate trophic link and a modulator of biogeochemical cycles. However,
its dynamics remain poorly understood on the northeastern shelf of the Gulf of
Cadiz, a highly productive region supporting important coastal sheries. This
study investigates the spatiotemporal variability of mesozooplankton in this
region using a six-year dataset of monthly observations from a spatially dense
monitoring network. The objective is to assess how oceanographic and trophic
forcing controls the spatiotemporal variability of mesozooplankton biovolume
along the northeastern shelf of the Gulf of Cadiz. To this aim, Dynamic Factor
Analysis (DFA) was applied to the mesozooplankton biovolume time series to
extract shared latent temporal signals. The analysis identi ed four optimal latent
temporal signals re ecting distinct components of mesozooplankton variability
across the shelf. Seasonality emerged as the dominant mode of variability,
although its expression varied spatially in response to local and regional
forcings. Mesozooplankton dynamics exhibit a clear latitudinal organization,
coherent with the contrasting wind regimes that characterize the northern and
southern sectors of the shelf. This regional structure is further modulated by
coastal—offshore gradients and by the in uence of the Strait of Gibraltar in the
Trafalgar area, where enhanced hydrodynamic activity leads to locally distinct
responses. Along the coastal band, river in uence plays a dual role, enhancing
productivity at intermediate distances from the estuary while constraining trophic
transfer under persistent estuarine conditions at the Guadalquivir mouth. Overall,
these results highlight the complexity of the mechanisms shaping
mesozooplankton spatiotemporal dynamics in the Gulf of Cadiz and contribute
to a better understanding of the role of this key trophic component in a highly
productive ecosystem that remains poorly studied in this region.

KEYWORDS
continental shelf-slope system, meteorological forcing, physical-biological coupling,
river in uence, seasonal forcing, spatio-temporal variability, temperate shelf sea

1 Introduction

Zooplankton comprise a diverse assemblage of organisms that coexist in the pelagic
environment, playing a central role in marine ecosystem functioning (Banse, 1992, 1995;
Ratnarajah et al., 2023). Their dynamics are strongly in uenced by environmental
variability, making them particularly sensitive to physical and biogeochemical changes in
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the surrounding conditions (Harris et al., 2010; Yang et al., 2024).
This sensitivity is especially relevant in coastal ecosystems, where
the interaction between continental processes, oceanic forcing, and
meteorological conditions gives rise to highly dynamic and
heterogeneous environments (Frank et al., 2007; Muelbert et al.,
2008; Schlacher et al., 2008). This complexity has direct
implications for food-web structure and ecosystem productivity,
particularly in coastal habitats that support important sheries
(Banse, 1994; Frank et al., 2011; Barbier, 2017; Lomartire et al.,
2021) and provide key areas for larval development and recruitment
of numerous species (Lefcheck et al., 2019), as is the case in the Gulf
of Cadiz (Garcia Lafuente and Ruiz, 2007).

Within this group, mesozooplankton constitutes an essential
component of marine pelagic ecosystems and plays a key role in
global oceanic biogeochemical cycles (Longhurst and Glen Harrison,
1989). Through grazing, mesozooplankton modulates the structure and
dynamics of phytoplankton communities (Calbet, 2001; Armengol
et al,, 2019; Rodriguez-Galvez et al., 2023), and contributes to energy
transfer within the food web by acting as a key trophic component
between phytoplankton and higher trophic levels (Calbet and Landry,
2004; Mackas and Beaugrand, 2010; Hernandez-Leon et al., 2020). This
role is particularly relevant during the early developmental stages of
many commercially important species, whose survival largely depends
on the availability of this size fraction as a food source (Grandremy
et al,, 2023).

The ecological importance of mesozooplankton has motivated
numerous studies in marine regions adjacent to the Gulf of Cadiz,
where their central role in trophic dynamics and biogeochemical

uxes has been widely recognized (Albaina and Irigoien, 2004,
2007; Valdes et al., 2007, 2022; Bode et al., 2012; Buttay et al., 2015;
Cort et al., 2017; Dominguez et al., 2017; Fanjul et al., 2017; Villate
et al.,, 2017; Yebra et al., 2020; Uriarte et al., 2021; Dos Santos et al.,
2023; Hernandez-Leon et al., 2024; Peters et al., 2025). Despite their
importance, this planktonic compartment has received little
attention in the Gulf of Cadiz.

Most studies on the pelagic ecosystem in this region have
focused on phytoplankton (Navarro et al., 2012; Caballero et al.,
2014; Gonzalez-Garcia et al., 2018; Sala et al., 2018), or on early life
stages of species of sheries interest (Garcia-lsarch et al., 2003;
Baldo et al., 2006; de Carvalho-Souza et al., 2019), paying limited
attention to intermediate trophic components, despite their key role
in functional interactions between primary producers and higher
consumers. Zooplankton in general remains poorly studied at the
scale of the continental shelf, with most available studies being
restricted to local coastal environments and addressing speci ¢
zooplankton components, with some studies focusing on
mesozooplankton (Taglialatela et al., 2014; Reyes-Martinez et al.,
2024) and others on individual taxonomic groups (Baldo et al.,
2001; Vilas et al., 2009; Gonzalez-Ortegon and Drake, 2012;
Benavides et al., 2010). At the scale of the open shelf and
continental slope, however, mesozooplankton dynamics remain
comparatively less explored, with only a limited number of
studies addressing these processes over broader spatial domains
(Mafalda et al., 2007; Llope et al., 2020).

Analyzing mesozooplankton variability at suf cient
spatiotemporal resolution poses important methodological
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challenges, particularly in coastal systems as complex and
heterogeneous as the one under study (Mann and Lazier, 2005;
Garcia Lafuente and Ruiz, 2007). In this regard, the present work
offers a novel contribution by characterizing mesozooplankton
dynamics across the continental shelf using high-resolution
(monthly) time series collected at a dense network of stations
distributed along the northeastern shelf of the Gulf of Cadiz. To
the best of our knowledge, this represents the most spatially and
temporally resolved analysis of mesozooplankton dynamics carried
out in the region to date. This was enabled through the application
of Dynamic Factor Analysis (DFA), a statistical tool particularly
well-suited for integrating multiple time series and identifying
shared latent spatio-temporal patterns in highly variable systems,
challenges that are dif cult to address using conventional
techniques (Zuur et al., 2003).

The objective of this study is to assess how oceanographic and
trophic forcing controls the spatiotemporal variability of
mesozooplankton biovolume along the northeastern shelf of the
Gulf of Cadiz. This is addressed by applying Dynamic Factor
Analysis to a multi-year dataset with high spatial and temporal
resolution, in order to extract the main latent patterns of variability.
By interpreting these patterns within the physical and
biogeochemical context of the region, this study provides a better
understanding of the mechanisms driving mesozooplankton
dynamics in a complex and poorly studied coastal system.

Beyond its regional focus, this study contributes to a broader
understanding of the mechanisms structuring mesozooplankton
dynamics under multiple interacting forcings, a topic of global
relevance in marine ecology.

2 Materials and methods
2.1 Area of study and sampling

The sampled area includes the northeastern sector of the Gulf of
Cadiz, at the northeastern Atlantic Ocean (Figure 1). The Gulf of
Cadiz is a highly productive and heterogeneous region of the
Iberian Atlantic shelf, shaped by the interaction of multiple
physical and biogeochemical processes (Navarro and Ruiz, 2006;
Ruiz and Garcia-Lafuente, 2006; Prieto et al.,, 2009; Krug et al.,
2017). Shelf productivity is strongly in uenced by river inputs,
which modulate fertility and hydrographic conditions along the
eastern margin (Navarro et al., 2012; Caballero et al., 2014).
Additional fertilisation mechanisms arise from intense tidal
mixing near the Strait of Gibraltar, particularly associated with
the interaction between strong tidal currents and submarine
features such as the Trafalgar sill (\VVargas-Yazez et al., 2002; Sala
et al., 2018, 2023). Wind-driven circulation, including the Huelva
upwelling jet, frontal structures, and episodic eastward advection
under Levante conditions, further contributes to the marked spatial
heterogeneity of the shelf (Garcia-Lafuente et al., 2006; Criado-
Aldeanueva et al., 2006; Peliz et al., 2007, 2014). Together, these
processes generate a dynamic hydrodynamic environment and
strong biogeochemical gradients across the study area.
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Guadiana Tinto-Odiel

Rivers
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FIGURE 1
Map of the northeastern shelf of the Gulf of Cadiz showing the
spatial distribution of the stations included in the analysis.
Bathymetry of the study area is indicated in the legend.

Monthly cruises were conducted on board the research vessel
Regina Maris between March 2002 and August 2007, making a total
of 59 surveys. Two distinct cruise sets of 30 stations each were
conducted during the study period, with most stations overlapping
between sets. A rst set of cruises included bathymetries from 5 to
150 meters between the Guadiana and Guadalquivir River mouths,
during the period from March 2002 to September 2004. In the
second set (May 2005 to August 2007), the sampling area was
extended to deeper waters (ca. 200 m) and southward to
Cape Trafalgar.

2.2 Mesozooplankton time series and
environmental variables

Mesozooplankton samples were collected at each sampling
station using a Bongo net with a 40-cm mouth diameter and 200-
mm mesh size. All tows were conducted at a vessel speed of 2-2.5
knots and to a maximum altitude above the bottom of
approximately 5m, and no more than 100 meters of depth at the
stations with deeper bathymetry. Two independent owmeters
“General Oceanics 2030” xed on the mouth of each net were
used to measure the volume of water Itered. After collection,
plankton samples were xed in a formalin solution containing
about 4% bhorax-buffered formaldehyde.

Mesozooplankton was quanti ed as displacement volume
following standard procedures (Harris et al., 2010) and expressed
as milliliters per 100 m of ltered water (mL 100 m™). No
additional size-based or taxonomic separation was performed,
and larger organisms were not selectively excluded during sample
processing. Accordingly, in this study mesozooplankton refers
operationally to the fraction of organisms retained by the 200- m
mesh, i.e. organisms larger than 200 m.

In parallel, vertical CTD casts were also conducted at each
sampling station, and surface salinity (5 m depth) was used in the
subsequent analyses. Additionally, several environmental variables
were measured in situ. Surface water samples (<5 m) were collected
for the analysis of total Chlorophyll-a (Chla) and dissolved
inorganic nutrients. Chla concentrations were determined

uorometrically after Itration through Whatman GF/F glass
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ber Iters (0.7 m pore size) and extraction in 90% acetone,
following the method of (Yentsch and Menzel, 1963). Anacystis
nidulans (Sigma-Aldrich) was used as a calibration standard for the

uorometer (Turner Designs Model-10). Nitrate concentrations
was determined using a TRAAC 800 autoanalyser following the
method described by (Grasshoff et al., 1983).

The complete dataset of mesozooplankton, chlorophyll-a,
salinity, and nitrate data used in this study is publicly available
through the Digital CSIC repository (doi.org/10.20350/
digitalCSIC/15441).

Hourly data on wind vectors, air temperature, and precipitation
were obtained from a meteorological station (station code 5973)
located in Cadiz and operated by the Spanish Meteorological Agency
(“Agencia Estatal de Meteorologia” - AEMET). Monthly mean global
irradiance (kWh/m /day) in Cadiz, averaged over the 1983-2005
period, was obtained from Sancho Avila et al. (2012). Daily mean
discharge at the Alcala del Rio dam was obtained from the Automatic
Hydrological Information System (SAIH) of the Guadalquivir River
Basin Authority (“Confederacion Hidrogra ca del Guadalquivir”,
available at: https://www.chguadalquivir.es/saih/). This dam,
located approximately 108 km upstream from the river mouth,
constitutes the nal major hydrological control point before the
estuarine stretch of the lower Guadalquivir River, and is commonly
used as a reference for discharge into the Gulf of Cadiz (Ruiz
et al., 2015).

Satellite-derived Level 4 (L4) sea surface temperature (SST) data
were obtained from the CMS European North West Shelf/Iberia
Biscay Irish Seas (https://doi.org/10.48670/moi-00153; last
accessed: May 2025), which merges data from different European
Space Agency (ESA) satellites to provide daily, gap-free means at 20
cm depth, with a horizontal resolution of 0.05 0.05 . These
satellite observations include thermal infra-red measurements from
Advanced Very High-Resolution Radiometers (AVHRRS), Along-
Track Scanning Radiometers (ATSRs), the Sea and Land Surface
Temperature Radiometer (SLSTR) on-board Sentinel-3, as well as
microwave observations (Embury et al., 2024). Daily data were then
averaged to monthly values.

Net primary production (NPP) values were derived from the
Atlantic Ocean Color (Copernicus-GlobColour; https://doi.org/
10.48670/moi-00289; last accessed: May 2025) multi-satellite
product, which similarly merges data from various ocean color
sensors (SeaWiFS, MODIS, MERIS, VIIRS-SNPP & JPSS1, OLCI-
S3A & S3B) to produce daily to monthly cloud-free maps (L4) at a
spatial resolution of 1 km. Copernicus-GlobColour products have
been extensively validated and have exhibited improved
performance in coastal waters compared to other processors, such
as OC-CCI/C3S (Garnesson et al., 2019).

Inorganic suspended particulate matter (ISPM) data were
obtained from the Global Ocean Color (Copernicus-GlobColour;
https://doi.org/10.48670/moi-00281; last accessed: May 2025) L4
product, providing daily to monthly gap-free composites at a spatial
resolution of 4 km. The decision to use the global product was
simply due to the fact that SPM is not available in the previously
described regional Atlantic Ocean Color product. It is important to
note that, although both products are processed using the same
GlobColour framework and satellite sensors, the regional dataset
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provides higher spatial resolution (1 km) and is speci cally
optimized for complex coastal optical environments. In contrast,
the global product emphasizes broader spatial consistency and
coverage, which may result in some smoothing of ne-scale
coastal features (Garnesson et al., 2019).

Stress-equivalent wind eastward component at 10 m above the sea
surface (referred to throughout the manuscript as the zonal wind
component) was obtained from the Global Ocean Monthly Mean Sea
Surface Wind and Stress from Scatterometer and Model dataset
(https://doi.org/10.48670/moi-00181; last accessed: May 2025). This
product provides surface wind and stress elds at a horizontal
resolution of 0.25 0.25, based on the European Centre for
Medium-Range Weather Forecasts (ECMWF) ERA5 reanalysis and
corrected using L3 satellite scatterometer observations (Metop-A/B/
C ASCAT, QuikSCAT SeaWinds, and ERS-1 and ERS-2 SCAT).

2.3 Dynamic factor analysis
2.3.1 Model structure

We used Dynamic Factor Analysis (DFA) (Zuur et al., 2003) to
detect and characterize the major temporal trends in

mesozooplankton biovolume. A DFA is a multivariate dimension-
reduction technique analogous to Factor Analysis and, in the

10.3389/fmars.2026.1737360

current setting, its main goal is to extract the major temporal
trends in mesozooplankton abundance across the spatial
ensemble datasets in the study area (see Zuur et al., 2003 for an
introduction). In this spatial setting, the output is a set of modeled
temporal trends (or factors) and a collection of factor loadings,
representing the regression of each time series for every spatial
sampling point in the study area (Figures 1, 2) on every common
trend. In simpli ed form, the DFA can be written as:

Ye=a+Zx +V, Vig MVN(O,R)

Xp =X 1 +W, Wy e MVN(O,Q)

X1 e MVN(0, 1)

)

In this equation, the observation vector y; stands for the
abundance of mesozooplankton at each spatial sampling station
at each time t. This vector evolves through time according to a latent
set of common trends encapsulated by the vector x,. At the same
time, the set of common trends evolve according to the simplest
form, namely a random walk. However, more complex forms can be
used (e.g., Ward et al, 2022). Z is a matrix of estimated factor
loadings, representing the regression of each time series at each
spatial location, y;, on each common trend in x;. The term a denotes
a vector of offsets (intercepts). Finally, the terms x; are the initial
latent states for each dynamic factor.

Charts legend
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FIGURE 2
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Contour maps of average mesozooplankton biovolume (A) and chlorophyll-a concentration (B) over the entire study period. The remaining panels,
organized by transects, display the time series at each sampling site, with station numbers indicated in the upper left corner of each panel.
Mesozooplankton biovolume is shown as a bold line (mL-100 m™3) and chlorophyll-a concentration as a thin line (mg-m~). Axis scales for each

variable are indicated in the legend.
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The error of the observation equation is assumed to be
multivariate normally distributed, v MVN(0,R), where R is
assumed to be a diagonal matrix with equal variances across
spatial sampling sites. The process error of the latent common
trends equation, w;, also follows a multivariate normal distribution,
w;  MVN(0,Q) where Q is assumed to be an identity matrix.
Finally, the initial latent states follow a multivariate normal
distribution, x; MVN(O,I), where | is assumed to be an
identity matrix.

2.3.2 Model complexity and tting

Before tting the DFA to the multivariate abundance time-series,
we pruned the global dataset to include only those stations having
more than 24 non-missing temporal sampling (approximately the
36% of the temporal length of the sampling scheme). This cutpoint
was the optimal value according to the amount of explained variance
of the DFA, but the pruning was robust to small deviations from this
threshold. Applying this criterion resulted in a nal dataset of 38
stations, which are those shown in Figure 1. The temporal coverage
and sampling periods of these stations are summarized in Figure 2.

We tted a suit of DFAs (Equation 1) exploring model
dimensions from 1 to 8 latent factors. Thus, if K is the dimension
of the DFA in terms of latent factors and T is the temporal length of
the spatial sampling, the matrix of loading factors Z and the vector
X are of size K T. We evaluated the performance of each DFA
using the combined evaluation of the Akaike Information Criterion
(Ward, 2008) and the total amount of explained variance (R?). We
selected the number of trends based on the ability of the model for
minimizing this quantity while retaining a suf cient amount of
explained temporal variance. To achieve the identi ability of all the
parameters in the DFA, the factor loadings for stations 1, 2 and 3
were set to 0 (see Zuur et al., 2003).

We tted the DFASs using the R packages MARSS and marssTMB
(Holmes et al., 2012). We used the routine TMB (Template Model
Builder; Kristensen et al., 2016), which employs the Laplace
approximation to calculate exact derivatives of likelihood surfaces
that are functions of states (the latent trends in the DFA) and
parameters (the factor loadings), while simultaneously computing
likelihood values at speci ed state-parameter combinations. This
computationally ef cient implementation generates both gradients
and likelihood values, which serve as inputs for optimization
algorithms to rapidly determine maximum likelihood states
and parameters.

To explore potential forcing mechanisms associated with the
dynamic factors identi ed through DFA, Spearman correlation
analyses were conducted between the temporal signals of each
factor and a set of selected environmental variables (global
irradiance, air temperature, rainfall, Guadalquivir River discharge,
westerly or easterly dominance, SST, NPP, ISPM and in situ salinity,
Chla and nitrate concentration). This non-parametric approach was
chosen after examining the statistical assumptions and
distributional characteristics of the data, which did not meet the
criteria for parametric tests. The choice of these variables was based
on their previously documented ecological relevance as key drivers
of plankton dynamics.
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3 Results

3.1 Temporal dynamics of
mesozooplankton and phytoplankton

Figure 2 presents the time series of mesozooplankton
biovolume and Chla concentration across the sampling stations
over the study period. These series indicate that both the temporal

uctuations and station-speci ¢ mean values of mesozooplankton
biovolume and Chla exhibit marked spatial variability, re ecting
pronounced spatiotemporal heterogeneity in phytoplankton and
mesozooplankton dynamics across the continental shelf.

A consistent spatial gradient is evident, with elevated
mesozooplankton biovolume in coastal regions that progressively
declines offshore. Mean mesozooplankton biovolume across the
shelf ranges from values around 90 mL+100 m™ at the outer shelf to
maxima exceeding 360 mL+100 m™® in nearshore areas (Figure 2A).
The most prominent mesozooplankton hotspots are located in two
main coastal domains. The rst corresponds to the area in uenced
by the Guadalquivir River plume, where stations 6, 7, and 8 show
consistently high mean biovolume values, over 300 mL+100 m™.
The second hotspot is associated with the shallow banks in the
vicinity of Cape Trafalgar, particularly south of the cape (station
51), where mean mesozooplankton biovolume reaches values above
360 mL+100 m™. The northeastern coastal band of the shelf exhibits
the highest Chla concentrations across the study area (Figure 2B),
with mean values ranging from ~1.8 to more than 3.5 mgm™,
However, this elevated Chla signal is not always matched by a
proportional increase in mesozooplankton biomass. A clear
example is found at stations 4 and 5, where average Chla
concentrations range between 3 and 4 mg'm3, while
mesozooplankton biovolume remains below 190 mL+100 m™, In
fact, biovolume levels at these stations, located at the river mouth,
are comparable to those recorded at offshore stations situated
between the 80 and 200m isobaths, where Chla concentrations
are four to seven times lower (stations 1, 11, 20, 46, and
53; Figure 2A).

The temporal component of mesozooplankton biovolume
exhibits a clear seasonal pattern, with minimum values during
winter (December—January) and maxima generally occurring
from spring to summer (e.g. stations 3, 6, 7, 8, 28, 29, 44, and
45). In contrast, this seasonal signal is less evident at other locations
(e.g. stations 4, 5, 11, 17, and 18). The large volume of data and the
spatial heterogeneity of temporal responses (Figure 2) hinder the
identi cation of consistent patterns at interannual or longer
temporal scales. In complex datasets such as this, characterized by
spatially structured variability and data gaps, the application of
statistical approaches that reduce dimensionality and identify
dominant trends is essential. In the following section, we present
the results of the DFA.

3.2 Dynamic factor analysis
DFA was employed to perform dimensionality reduction,

synthesizing the entire dataset into a limited number of dynamic
factors or latent trends. These trends capture the principal
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FIGURE 3
Akaike Information Criterion (AIC) and the percentage of explained
variance of the Dynamic Factor Analysis (DFA) (Equation 1) as a
function of the number of dynamic factors.

underlying temporal patterns shared among the time series.
Speci cally, four dominant trends were identi ed, each
representing distinct components of temporal variability and
enabling the classi cation of stations into groups with similar
dynamics, thereby facilitating the spatial and temporal
interpretation of the system.

Model selection was guided by the Akaike Information
Criterion (AIC) and the proportion of temporal variance
explained by the DFA model (Equation 1) as a function of the
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number of included trends. As shown in Figure 3, the model with
two trends yielded the lowest AIC (3275.86), but the four-trend
model, despite a slightly higher AIC (3281.22), accounted for a
greater proportion of temporal variance (67.3% vs. 54.2%).
Additionally, the model including the third and fourth factors
captured spatial patterns that correspond to well-known
oceanographic structures in the Gulf of Cadiz, as discussed in the
following sections. Therefore, we selected the four-trend solution as
the best compromise between model parsimony and
explanatory capacity.

Among the four identi ed factors, Factor 1 accounted for the
highest relative contribution to the model, based on the sum of
squared loadings (57.1%), followed by Factors 2, 3, and 4 which
explained 11%, 15.3%, and 16.6%, respectively.

All stations exhibited positive loadings for Factor 1 (Figure 4A),
indicating a coherent response of the mesozooplankton across the
entire shelf. However, loading magnitudes varied spatially, with
lower values in certain areas where the in uence of this trend
appeared reduced. Such areas included the Guadalquivir River
mouth, the vicinity of Cape Trafalgar, and the northern sector
between the mouths of the Guadiana and Tinto-Odiel rivers, all of
which showed loading values below 0.51 (Figure 4A, lighter colors).

Figure 5 illustrates the dominant periodicities associated with
each dynamic factor, highlighting the most relevant temporal cycles
(in months) that characterize their temporal signals. Peaks of the
power spectrum (solid black line) that rise above the shaded
bootstrapped con dence intervals (BCI) areas are signi cant at
their corresponding con dence level. This indicates that the power
of the major dynamic factors at these periods is greater than would
be expected if the corresponding temporal signal uctuated
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FIGURE 5

derived using the standard bootstrap resampling method.

randomly (white noise). The periodogram for Factor 1 (Figure 5A),
shows a dominant spectral peak at approximately 12 months,
con rming the seasonal character of the signal.

In contrast to Factor 1, which elicits a platform-wide response
of consistent sign in the spatial distribution of loadings (Figure 4A),
the remaining three factors delineate spatial domains of opposing
signs in their loadings (Figures 4B-D). With the exception of
stations 10, 57 and 85 in Factor 3 (Figure 4C), the spatial
divisions derived from the factor loadings produce well-structured
regional patterns, as most stations with similar loadings cluster in
contiguous areas, re ecting a clear geographic coherence in the
factor values.

Factor 2 distinguishes two sharply contrasting zones, both with
high loading magnitudes but opposite signs. A coastal strip,
extending from the Tinto-Odiel estuaries to the northern Cape
Trafalgar region, exhibits positive loadings (hereafter Inner-Shelf
region; Figure 4B, red hues). In contrast, a more offshore domain
located along the continental slope (hereafter Outer-Shelf region;
Figure 4B, blue hues) displays negative loadings. These opposing
loadings indicate that the temporal signals in the Inner and Outer
shelf regions are in opposite phase. Stations situated between these
two domains exhibit very low loadings, suggesting a minimal
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Periodograms of the main dynamic factors modelled through Dynamic Factor Analysis (DFA). Panels (A—D) correspond to Trends 1—4, respectively.
The solid black line of each panel shows the density of the power spectra of each trend (Trends 1-4) as a function of the period (months). The blue
shaded areas are the bootstrapped con dence intervals (BCI) at different empirical signi cance levels, constructed form 10000 bootstrap samples

contribution from Factor 2 in these transitional areas. In terms of
temporal variability, the power spectrum of Factor 2 (Figure 5B)
shows a clear but relatively weak peak around 12 months, together
with a broader increase in spectral power across the low-frequency
range, particularly for periods longer than ~22 months. This
spectral structure suggests enhanced variability at long periods
(interannual or multiannual scales).

Factor 3 is most prominently expressed at stations 4 and 5,
located at the mouth of the Guadalquivir River, with positive
loadings of 0.53 and 0.67, respectively. Stations 3, 10, 85, and 57
also display positive loadings, although the strength of their
association with the temporal signal of this factor is limited, as
indicated by their low loading values (0.06, 0.03, 0.18, and 0.38,
respectively). The power spectrum of this factor (Figure 5C)
exhibits two marked peaks of comparable power, the rst around
12 months and the second near 18-20 months. The dominant
annual signal re ects a clear seasonal cycle, while the secondary
enhancement at longer periods suggests an additional interannual
modulation superimposed on the seasonal variability.

Factor 4 reveals two distinct groups of stations with opposite
trends, as indicated by the contrasting signs of the loadings. The

rst group, which shows a strong positive correlation with this
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factor, is located in the northern shelf region. The second group,
characterized by negative loadings, is situated in the southern sector
of the study area. The periodogram of this factor (Figure 5D)
displays two dominant spectral peaks, a smaller one around 15
months and a stronger one near 25 months (Figure 5D).

3.3 Latent trends and their relationship
with environmental variables

To investigate the mechanisms underlying the patterns captured
by the four latent factors, we examined their relationships with a set
of environmental variables selected for their potential in uence on
mesozooplankton dynamics. Environmental variables were selected
based on both the spatial domains de ned by each factor (Figure 4)
and the spectral pattern observed in the corresponding periodogram
(Figure 5), as both elements provide insight into potential
environmental forcing acting on each temporal signal.

3.3.1 Dynamic factor 1

Figure 6A shows the temporal evolution of Factor 1,
characterized by a seasonal pattern with minima in winter and
maxima from spring to autumn, in phase with both photoperiod
(irradiance) and air temperature (Figure 6B). Given that this factor
affects the entire platform to varying degrees, the environmental
time series presented in Figure 6 represent averages across the full
study area.

The relationship between Factor 1 and these environmental
variables is supported by statistically signi cant correlations
with photoperiod (R = 0.56, p< 0.001) and air temperature
(R = 0.45, p< 0.001), re ecting a strong connection to the
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seasonal cycle. Consistent with this seasonality, variations in
Factor 1 also align with uctuations in primary production
(Figure 6A). Peak values of Factor 1 coincide with increases in
NPP, with a signi cant correlation between both variables (R = 0.62,
p< 0.001). In general, periods of high mesozooplankton biovolume
align with peaks in phytoplankton productivity, whereas minima in
Factor 1 occur in winter, when phytoplankton activity is
more limited.

3.3.2 Dynamic factor 2

Figure 7 shows the temporal trend of Factor 2 alongside the
environmental variables analyzed in relation to this component. As
previously described, Factor 2 (Figure 7A) captures contrasting
trends, a spatial gradient broadly associated with bathymetry, with
positive loadings nearshore and negative loadings at deeper,
offshore sites (Figure 4B). This con guration implies that the
factor varies in opposite directions across the shelf, with Inner-
Shelf stations responding in phase and Outer-Shelf stations in
antiphase. This polarity is essential for correctly interpreting the
relationships described below.

According to Figure 7A, the Factor 2 trend exhibits positive
peaks in 2002, 2004, and 2006, and pronounced declines in 2003
(from late 2002 to early 2004), during autumn-winter 2005-2006,
and between January and June 2007. Among these, the 2003 decline
stands out for its duration, with persistently low values maintained
for over a year, including the summer months, which distinguishes
this episode from the rest of the time series.

This sustained period of low values in 2003 coincided with a
period of particularly low salinity (Figure 7A), associated with high
precipitation and discharge from the Alcala del Rio dam, which
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Dynamic trend of Factor 1 and potential environmental drivers. (A) Dynamic trend and monthly mean net primary production (NPP, mgC/m?/day).

(B) Air temperature (°C) and monthly mean global irradiance (kwh/m?/day).
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FIGURE 7

Dynamic trend of Factor 2 and potential environmental drivers. (A) Dynamic trend and salinity. (B) Monthly mean discharge from the Alcala del Rio
dam (m®/s) and monthly accumulated rainfall (mm). (C) Nitrate (uM) and monthly mean inorganic suspended particulate matter (ISPM, mg/L). (D)
Chlorophyll-a (mg/m®) and monthly mean net primary production (NPP, mgC/m?/day). Solid and dashed lines correspond to environmental variables

averaged across stations with positive and negative loadings, respectively.

intensi ed from the end of 2002 (Figure 7B). Speci cally, from
November 2002 to December 2003, the cumulative rainfall recorded
at the meteorological station (Cadiz) was 1099 mm, while the total
river discharge measured at the Alcala del Rio dam during the same
period amounted to 3084 hm . Concurrently, salinity levels
remained low throughout 2003, with values in the Inner-Shelf
region dropping below 35 in April and November (Figure 7A). In
the Outer-Shelf region, although the salinity decline was less
pronounced due to greater distance from the estuary (dashed line,
Figure 7A), a moderate signal of freshwater in uence was still
evident during peak discharge events.

During the remainder of the study period, precipitation and
dam discharge were less intense, leading to relatively higher salinity
values in both regions (with consistently higher values offshore).
Accordingly, Factor 2 also showed higher mean values during
these periods, re ecting a different dynamic from that of 2003.
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Another marked minimum was recorded in March 2007, although
it was much shorter in duration compared to the 2003 event. This
latter episode was not associated with extreme salinity anomalies or
exceptional discharge levels.

Complementary correlation analyses showed a signi cant
positive relationship between the Factor 2 trend and salinity in
the Inner-Shelf region (R = 0.56, p< 0.001), and a weaker but
signi cant negative correlation in the Outer-Shelf region (R = -0.36,
p< 0.01), reinforcing the link between hydrographic processes and
the dynamics captured by this factor.

The high-precipitation event of 2003 also left a clear signal in
the time series of ISPM and nitrate concentrations (Figure 7C). An
increase in both variables was observed at the Inner-Shelf stations
during periods of high rainfall and river discharge, particularly in
2002-2003. Outer-Shelf stations also exhibited increases, but these
were considerably less pronounced.
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