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Abstract. The constant changing of the recent climate has urged comprehensive investigations of its impact on marine
ecosystems, notably those with high bio-, socio-, and economic importance, such as the upwelling ecosystem off Cape
Blanc, Northwest Africa. This paper discusses the relationship between changes in this ecosystem and climate-induced
changes of major environmental steering factors between 2003 and 2020. The study area is characterised by annual
permanent upwelling, indicating a cyclic character, with a strong interannual variability. Thus, we employed Morlet wavelet
analysis to detect periodicities and interannual variations on an 18-year high-resolution sediment trap record of dinoflagellate
cyst (dinocyst) export flux and the local environmental steering factors (e.g., wind direction, wind speed, Saharan dust input
and sea surface temperature). Dinocyst is a fossilisable structure produced by dinoflagellates, which is a major plankton
group that contains both primary and secondary producers. Significant half-year and annual cycles in the time series of
dinocyst, the upwelling winds, and the dust input time series were detected. Those cycles demonstrated variations that were
divided into three distinct phases: Phase | (2003 - 2008), Phase Il (2009 - 2012), and Phase 11l (2013 - 2020). We also
observed changes in the taxonomic composition of the dinocyst assemblages in every phase, demonstrating dinocysts as a
bioindicator for environmental changes. The significant variations within each phase were mostly explained by changes in
upwelling intensity and dust input into the area. Our results suggested that there is a strong interaction between these two
factors (which depend on the surface wind dynamics) and the export flux of dinocysts off Cape Blanc, representing the

ecosystem's sensitivity to local climate variability.
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1 Introduction

There has been growing concern about the influence of human activities on climate and the environment, including marine
ecosystems and the organisms inhabiting them (e.g., Telesh et al., 2021; Ratnarajah et al., 2023). This holds notably for
Eastern Boundary Upwelling Ecosystems (EBUESs). Despite the fact that they cover only about 4% of the oceanic realm,
these biodiversity hotspots contribute to around 25% of the global fishery (Pauly and Christensen, 1995). They are major
oceanic features that have a strong impact on the global carbon cycle by bringing colder and nutrient-rich deeper waters to
the ocean surface, stimulating primary production that takes up large amounts of CO, from the ocean surface and transports
it to the deeper ocean via the biological carbon pump (Beaulieu, 2002; Jiao et al., 2014). The EBUEs are controlled by
surface wind dynamics and, as such, are sensitive to climate change. Understanding the upwelling dynamics and the
associated abiotic and biotic changes may help understand the influence of climate change on these ecosystems.

A method to obtain information about the biotic changes in a marine ecosystem is to study the changes in the export flux of
key organisms of different trophic levels, reflecting the upper ocean bioproduction. Such key organisms in the marine
plankton community are dinoflagellates. This diverse group of microalgae vastly contributes to primary productivity but
contains, apart from numerous phototrophic/mixotrophic species and many heterotrophic species (e.g., Schnepf and
Elbrachter, 1992; Taylor et al., 2008; Jeong et al., 2010). Some dinoflagellates produce biotoxins and are capable of forming
harmful algal blooms (HABs). These can have negative impacts on the ecosystem as well as on local socio-economic
sectors, sometimes having significant negative repercussions on fishery resources, tourism, and human health (e.g., Starr et
al., 2017; Anderson et al., 2021; Pitcher and Louw, 2021). HABs threaten various ocean regions, including high-productive
regions such as the EBUEs (Pauly and Christensen, 1995). Approximately 11 - 16% of living dinoflagellate species produce
(resting) cysts during their reproductive cycle (Fig. 1) (Head, 1996; Dale et al., 2002; Bravo and Figueroa, 2014). The
morphology of the dinoflagellate cysts, or dinocysts, is often species-specific. After their production in the upper water
column, they tend to sink to the ocean floor, where they can be fossilised. Their assemblage composition is strongly
influenced by environmental changes (e.g., Dale and Dale, 1992; Pospelova et al., 2008; de Vernal et al., 2020; Marret et al.,
2020; Garcia-Moreiras et al., 2021; Likumahua et al., 2021; Rodriguez—Villegas et al., 2022; Zonneveld et al., 2022;
Obrezkova et al., 2023; Garcia-Moreiras et al., 2024). In combination with their good preservation potential in sediments,
they become excellent proxies to study past ecosystems (e.g., Dale et al., 2002; Pospelova et al., 2002; Ellegaard et al., 2017;
Garcia-Moreiras et al., 2018; Zonneveld et al., 2024). In modern environments, the composition changes of their downward
flux form an excellent tool to monitor changes of both phyto- and zooplankton production in upper waters in relationship to
changes in climate and environment, and as such, they also can be used as an excellent tool for monitoring changes in upper

ocean marine ecosystems.
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So far, most studies focusing on the dinocyst export out of the photic zone in relation to changing environmental conditions
covered short time intervals. Only two sediment trap studies span a period longer than a decade: one in the Cariaco Basin,
Southern Caribbean Sea, for 12.5 years and another in the upwelling area off the Cape Blanc, Northwest Africa, for 18 years
(Bringué et al., 2019; Roza et al., 2024). However, these studies primarily focused on the relationship between the changes
in annual and seasonal variation of individual environmental factors on the dinocyst export flux but did not investigate the
underlying climatic forcing mechanisms that influenced the marine ecosystem. This information gap motivated us to revisit
the 18-year sediment trap record obtained off Cape Blanc in Northwest Africa, which recorded changes in the dinocyst
export flux between 2003 and March 2020 (Roza et al., 2024).

The Cape Blanc region hosts the Canary Current upwelling system, which is one of the four major EBUEs. The upwelling
system is highly dynamic, with strong annual, inter-annual, and decadal variation (e.g., Romero et al., 2020; Romero et al.,
2021; Roza et al., 2024). Although upwelling off Cape Blanc is a permanent feature, its intensity has a cyclic character with
maximal upwelling intensity occurring in winter/early spring when the Intertropical Convergence Zone (ITCZ) is at its most
southern position and minimal intensity in late summer when the ITCZ has its most northern position. The seasonal change
in ITCZ position directly affects the region's surface wind speed and direction. In turn, the wind speed and direction
influence the occurrence and frequency of dust storm events, bringing Sahara dust into the oceanic realm. The dust fallout in
the oceanic realm contains several trace elements and, as such, can influence the primary production. Although all
parameters show a cyclic character, the cyclicity differs for different parameters, and its intensity can change between years.

The study of Roza et al. (2024) revealed that the dinoflagellate cyst flux reflected these seasonal changes in upper ocean
conditions. Four groups of species could be identified containing species that reacted comparable on upper water
environmental changes namely; (A) dinocyst taxa that increased export flux during intensive upwelling and enhanced dust
input (upwelling+dust group), (B) dinocyst taxa that enhanced export flux during intensive upwelling only (upwelling
group), (C) dinocyst taxa that showed no relationship with any environmental conditions (cosmopolitan group), and (D) taxa
that enhanced export flux during upwelling relaxation (upwelling relaxation group).

To obtain insight into how climate change influenced changes in cyclicity and cyclic intensity of different environmental
parameters varied over the last two decades and how this influenced the Canary Current upwelling ecosystem, we used
wavelet analysis to determine the presence and timely occurrence of cyclicities in the environmental factors wind direction,
wind speed, occurrence of dust storms, aerosol dust concentration, sea surface temperature and its anomaly, as well as in the
dinocyst export flux time series. This enabled the observation of significant changes in the above-mentioned forcing factors
in relation to the last two decades of climate change and the responses of the ecosystem as reflected by the dinocyst export
flux. All time series analyses have been compared in order to obtain new insights into how the ocean ecosystem responded to

changes in the local climate.
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2 Material and Methods
2.1 Study site and sampling

We conducted this study using the dinocyst export flux time series published by Roza et al. (2024). Dinocysts were collected
with a sediment trap (CBeu) that was deployed in the upwelling region off Cape Blanc over an 18-year period. This sediment
trap is located in an area influenced by upwelling, which is part of the Canary Current System, one of the Eastern Boundary
Upwelling Ecosystems (EBEUs) (e.g., Mittelstaedt, 1983; Hagen, 2001). In this region, nutrient fertilisation of the upper
ocean production primarily comes from the upwelled deep waters, as well as from additional micronutrients originating from
the Sahara (e.g., van Camp et al., 1991; Cropper et al., 2014; Chouza et al., 2016). Upwelling can be observed along the shelf
break of the northwestern African shelf, with permanent year-round upwelling in the region off Cape Blanc, Mauritania (e.g.,
Cropper et al., 2014). Here, the local topography, atmospheric, and oceanic conditions facilitate the unique character of this
upwelling zone, which also supplies the distribution of nutrient-rich waters farther to the open ocean region via large
filaments (Fig. 2a) (e.g., Mittelstaedt, 1991; van Camp et al., 1991; Hagen, 2001). Although the upwelling is a permanent
feature, its intensity changes over the year as a result of the annual migration of the Inter Tropical Convergence Zone (ITCZ)
(e.g., Hagen, 2001; Faye et al., 2015). Stronger upwelling is controlled by winds blowing in winter and spring when ITCZ
has migrated south (Fig. 2b-d), whereas upwelling is relaxed in summer to autumn when the ITCZ has its northernmost
position (Fig. 2e-g) (Hagen, 2001; Faye et al., 2015). The ITCZ also controls the transport of Saharan dust into the study
region by influencing the strength of the trade winds that carry the dust particles from the Sahara into the open ocean. High
dust input to the East Atlantic occurs in winter and spring, while dust is transported at higher altitudes, reaching more distal
locations in summer and autumn (Ben-Ami et al., 2009; Skonieczny et al., 2013; Prospero et al., 2014).

The studied samples were collected using a Kiel and Honjo type of sediment trap moored between 20° 44.6” - 20° 53.0° N
and 18° 41.9” - 18° 45.4 W. The trap drifted in the water column at a depth of ~1300 m. Below the trap funnel, sampling
cups were connected to a computer-programmed carousel. Sampling cups were filled with a mercury chloride (HgCI2)
solution that functioned as a poison to stop biochemical processes. Pure Natrium Chloride (NaCl,) was added to increase the
salinity and density of seawater in the sampling cups to 40%o. This procedure followed the protocol of the trap research
program at MARUM that was applied by Romero and Fischer (2017), Romero et al. (2020), and Romero and Ramondenc
(2022). The trap funnels had a sampling surface area of 0.5 m? and were equipped with a baffle comb (Kremling et al.,
1996). The deployment and recovery at the mooring site have been conducted since 2003, with sampling intervals that varied
between one and three weeks. The time series of the sediment-trap data presented here covered June 2003 - March 2020,
which was almost continuous, with some small gaps due to the arrival schedules of the research cruises and a few longer
gaps that were caused by several reasons, such as (1) malfunctioning of the trap in summer and autumn of 2006, spring of
2008, autumn of 2011, summer of 2012, and winter of 2012/2013, (2) the absence of a research cruise from autumn of 2010
until early spring of 2011 (Fig. 3a). After recovery, the samples were stored in the MARUM repository at 4°C. The samples

were split into 1/125 fractions using the McLane wet splitter system. Before the materials were sieved with a 1mm pore size
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mesh, larger swimmer plankton, such as crustaceans, were manually picked out of the samples. The sampling and laboratory
treatment followed the protocol reported by Mollenhauer et al. (2015), Romero and Fischer (2017), and Fischer et al. (2019).

A total of 369 samples were prepared for dinocyst analyses.

2.2 Dinocysts extraction, identification, and quantification

Every sample representing a 1/125 split from the original trap sample was washed with tap water to remove HgCl, and
filtered using a high-precision metal sieve (Stork VVeco) with a pore size of 20 um. The samples were not treated with acids
to preserve calcareous materials. The sieved sample was sonicated in an ultrasonic bath to resuspend the fine particles. These
steps were repeated until no more floating fine particles were observed in the tube. The residue samples were transferred to
Eppendorf cups, centrifuged at 3000 rpm for 10 minutes, and successively concentrated to 1 mL. An aliquot (50 or 100pL)
was pipetted into glycerine gelatine on a microscopic slide, enclosed with a cover slip, and sealed with paraffin wax to
protect the organic component from oxidation. This standard procedure refers to Romero et al. (2020) and Roza et al. (2024)
sample preparation. The organic-walled dinocysts were counted and identified under light microscopy (Zeiss Axiovert) with
400x magnification. The minimum number of counted organic-walled dinocysts per sample was 100. When a microscope
slide did not reach this number, a maximum of two slides were counted to confirm the low cyst concentrations. Cyst taxa
were identified based on the morphological characteristics documented in Zonneveld and Pospelova (2015) and van

Nieuwenhove et al. (2020). The dinocyst export flux was calculated using equation 1:

-2 -1y _ (€Ox(S)x(F)
Export flux (cyst m™* day™) = GG 1)

where CC is the cyst concentration (cysts pL™?), S is the split fraction from the sampling cup, F is the fraction of the

identified sample (UL™), SS is the sampling surface of the trap funnel (m?), and Sl is the sampling interval (day™).

2.3 Dinocysts extraction, identification, and quantification

The atmospheric parameters of wind speed, wind direction, and dust storm frequency were obtained from the observation
site at Nouadhibou Airport, located on the peninsula of Cape Blanc, Mauritania (Fig. 2a). Information about the surface wind
systems and Saharan dust emissions was reported in the form of decoded synoptic values every day in intervals of three
hours. For the wind direction, the synoptic values were transformed into the vector values of wind speed relative to its

direction. The equations (equation 2) of wind direction vectors were adapted from a report by Grange (2014), stating that:

e . 6; .

u = —u; Xsin [Zn X 3—6‘0 calculated vector wind from the north
= 0; .

v = —u; X cos [27‘[ X 2o calculated vector wind from the east

Ogy = arctan (i) + flow calculated resultant vector average of the wind direction

v



160

165

170

175

180

185

https://doi.org/10.5194/egusphere-2025-2271
Preprint. Discussion started: 27 June 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

flow = +180° for arctan (%) < 180° and —180° for arctan @) > 180° (2)
where u; is wind speed (m/s) and 6; is wind direction (°). Meanwhile, the aerosol dust data were transcribed from the
horizontal visibility distance at the airport, which was limited when the dust storm activity from the Sahara intensified. The
time series of the surface wind and dust input in daily resolution were available from January 2003 to December 2017 (Fig.
53, 5d, and 5g).

Additional aerosol dust data were obtained from NASA AERONET through the Aerosol Optical Depth (AOD) level 2.0 at
various altitudes near Cabo Verde. AERONET (Aerosol Robotic Network) is a ground-based sun photometer that measures
aerosol properties through several approaches, including aerosol optical depth (AOD) (Fig. 6a). The AOD algorithm records
various light wavelengths reflected by the aerosol particles, providing a relative indication of dust concentration in the
atmosphere (see Holben et al., 1998). These data, particularly the reflected light at 440 nm wavelength, generated the aerosol
dust time series observed at 16° 43.9° N and 22° 56.1° W. The AOD datasets can be downloaded from the NASA
AERONET database (https://aeronet.gsfc.nasa.gov/new_web/units.html).

The sea surface temperature (SST) and sea surface temperature anomaly (SSTa) in daily resolution covers the period from
January 2003 until March 2020 (Fig. 6d-g). The SSTa time series represents the SST difference between the trap location
and 200 km further offshore at the same latitude (Cropper et al., 2014). These time series were obtained from the ERDDAP
data server provided by the National Center for Environmental Information (NCEI) at the vicinity area (4 km grid) of the
CBeu trap. Those data can be accessed through the griddap page of ERDAPP, which lists detailed information regarding the
data type, e.g., resolution, sources, locations, and available time span. For example, the downloaded dataset for this study is
titled SST, daily optimum interpolation (OI), AVHRR Only, version 2.1, Final, Global, 0.25°, 1981-present, Lon +/-180°.
Furthermore, the Data Access Form can address the specification of the time span, depth, and coordinates of the desired
dataset. For this study, the sea surface temperature dataset was downloaded from 01 June 2003 until 30 March 2020, located
at 20° 22.5” N and 18° 22.5 W. This database is accessible at https://coastwatch.pfeg.noaa.gov/erddap/griddap/index.html.
A time lag of 10 days was estimated for all environmental parameters to account for the sinking duration of the dinocysts
(Fischer and Karakas, 2009; Iversen and Ploug, 2013).

2.4 Wavelet time series analysis

Wavelet analysis is a frequency-analysis technique that can examine one or more time series in two dimensions: period and
time (e.g., Andronov, 2020). However, wavelet analysis requires evenly spaced time resolutions, while the dinocysts export
flux time series had unequal sampling intervals ranging from 3.5 to 22 days. In addition, gaps in the dinocyst production
time series contributed to the variation in time resolutions, with a maximum interval of 255 days. To convert the time series
to evenly spaced intervals, the mean interval of 15 days has been calculated for the dinocyst and the environmental
parameters data. The missing data in all of the time series were interpolated using the Piecewise Cubic Hermite Interpolating

Polynomial (PCHIP) method (Fritsch and Carlson, 1980). This method was selected because its outcome reflected the
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characteristics of the original data better than the linear and cubic-spline methods (Fig. 3a). We performed this interpolation
using MATLAB version R2019a. For the Morlet wavelet transformation, we used the Paleontological Statistics "PAST"
software version 4.03 with the “Timeseries - Wavelet transform” package (Hammer et al., 2001). The Morlet wavelet
analysis provided a coherence coefficient between the wavelet functions and the examined time series, represented in
different colour spectra. The coherency colour scale increases from blue (low significance) to red (high significance) (see
Fig. 3b). Wavelet analysis was executed on the time series of the total dinocyst export flux and four groups of dinocyst taxa:
upwelling+dust group, upwelling group, cosmopolitan group, and upwelling relaxation group. The species composition of
the individual groups is given in Table 1. We also performed wavelet analysis on the following environmental variables:
wind speed, wind direction, dust storm frequency, aerosol dust, sea surface temperature at the sediment trap location and the

difference in sea surface temperature at the trap location and open ocean (sea surface anomaly).

3 Results
3.1 Wavelet analysis of the dinoflagellate cyst time series

The wavelet power spectrum analysis of dinocyst export flux revealed several significant power bands, with four bands
being the most often pronounced. Those four bands correspond to different periodicities: 180 days (half-year cycle), 240
days, 360 days (annual cycle), and 480 days (Fig. 3b). The expression of these periods varied over time in the time series of
the total dinocyst production and four species groups, categorised based on their similar ecological preferences, as described
by Roza et al. (2024) (Table 1). The dinocyst time series can be divided into three distinct phases:

- Phase | (2003 - 2008): This phase is characterised by insignificant half-year and annual cycles and more
pronounced power bands at 240 and 480 days in the total cyst export flux time series. These two pronounced bands
were also observed in the time series of group A (upwelling+dust) and group D (upwelling relaxation) (Fig. 4a and
4d).

- Phase 11 (2009 - 2012): During this phase, the total dinocyst production displayed strong power bands for the half-
year and annual cycles (180 and 360 days). Groups A and B (both associated with upwelling) showed a strong
annual cycle (Fig. 4a and 4b). The bands of these cycles were generally less pronounced in groups C (cosmopolitan)
and D, but became more assertive in group C towards the end of phase Il. Dinocysts of group D exhibited a
significant 480-day band during this phase (Fig. 4d).

- Phase 11 (2013 - 2020): The total dinocyst production showed stronger and intertwined half-year and annual cycles.
Group A indicated a brief occurrence of both half-year and annual cycles, as well as the 240-day period (Fig. 4a).
Group B showed somewhat intense half-year and annual cycles (but the annual cycle was of lower intensity than in
the previous phase) (Fig. 4b). In group C, these three periods were more pronounced than in previous phases (Fig.

4c¢), while in group D, they were generally weak, but the 240-day period was the most noticeable (Fig. 4d).
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3.2 Wavelet analysis of the environmental factors

The time series of environmental factors generally showed significant power bands of 180- and 360-day periods,
representing the half-year and annual cycles, although their distributions and intensities varied across different
environmental factors. In the time series of wind speed, wind direction, the dust concentration measured through aerosol
optical depth (AOD) by NASA AERONET satellite in Cabo Verde, and sea surface temperature (SST), the annual cycle was
much more significant than the half-year cycle indicated by the colour of the power band and the marking of the significance
lines (p = 0.05) (Fig. 5b, 5e, 6b, and 6e). In some of these time series, the same three different phases observed in the
dinocyst export flux can be distinguished: Phase | (2003 - 2008), Phase Il (2009 - 2012), Phase Ill (2013 - 2020). The
transition between these phases in the wind speed time series, at ~2008 and ~2013, was characterised by weaker annual
power bands, which were not highlighted by the significance lines (Fig. 5b). Although less pronounced, the transition of the
three phases can also be observed in dust concentration (AOD) and wind direction time series. The annual power bands of
dust concentration (AOD) became weaker and narrower at the same transition years (Fig. 6b), whereas the annual power
bands of wind direction displayed the same condition but appeared a little bit later (Fig. 5€). In contrast, the SST displayed
undisturbed annual cycle bands, indicating no phase differences in this time series (Fig. 6e).

The half-year cycle band was not significant in the SST time series (Fig. 6e), but it was expressed stronger in the wind
direction time series (Fig. 5e). The half-year cycle showed more significant and consistent power bands in the time series of
dust storms observed from the Nouadhibou Airport and sea surface temperature anomaly (SSTa). The half-year dust storm
intensity (Nouadhibou) intensified during Phase 111, whereas the annual cycle became less pronounced in Phase Il (Fig. 5h).
The annual and half-year cycles in the SSTa time series showed high variability, but the temporal variation did not match the

distribution of the three phases mentioned earlier (Fig. 6h).

4 Discussion

4.1 Annual cycle in dinoflagellate cysts and environmental parameters time series

The wavelet analysis generally showed a significant spectrum of annual cycles in all environmental factors and total dinocyst
export flux time series. The annual cycle in the wind system represented the highest intensity of the wind speed coming from
the north to northwest of our trap location, which was usually detected in spring (April - June) (Fig. 5¢c and 5f), even though
sometimes it started from late winter or stretched into early summer (Cropper et al., 2014; Fischer et al., 2016; Roza et al.,
2024). The temporal occurrence of this wind speed maximum was driven by the southward migration of the Inter Tropical
Convergence Zone (ITCZ), which allows the trade winds to blow stronger along the northwest African coast (Faye et al.,
2015; Sylla et al., 2019). This coastal wind mechanism accommodated the upwelling events in this region, bringing up
nutrient-rich subsurface waters that nourished the bloom of phytoplankton, including dinoflagellates (Chen et al., 2021;

Picado et al., 2023). Most of the dinocysts collected by the sediment trap were produced by heterotrophic dinoflagellates,
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whose dynamics depended on the concentration of their preys (such as phytoplankton), as shown by the results of diatom and
coccolithophore export fluxs from the same sediment trap (e.g., Romero et al., 2021; Romero and Ramondenc, 2022).
Therefore, we can see a significant concentration of dinocyst production from May until June (Fig. 3c), explaining the
general coupling observed between total dinocyst production, particularly groups A and B (upwelling+dust and upwelling
indicator taxa, respectively) and surface wind dynamics that showed strong annual cycles (Fig. 7a), notably in phase Il and
Il (Fig. 4a-b).

In addition to promoting upwelling, surface winds also transport dust particles from the Sahara, which contribute to
fertilising the ocean, increasing phytoplankton growth, and eventually increasing dinocyst production (Lohan and Tagliabue,
2018; Wyatt et al., 2023). As in the wind time series, a strong annual cycle in the dust time series was observed in the dust
storm frequency at Nouadhibou airport and aerosol optical depth (AOD) in Cabo Verde (Fig. 5h and 6b). The maximum dust
emission in the studied area usually occurred in winter (December - February) and sometimes extended to spring (Fischer et
al., 2016; Roza et al., 2024). Despite the time difference with the occurrence of the upwelling winds, the high transport of
dust was still favoured during the boreal winter when ITCZ migrated southward. Annual cycles of both dust records (Cabo
Verde and Nouadhibou) showed different patterns over time. The dust time series from the Nouadhibou airport showed a
weak annual cycle in dust storm frequency from 2005 to 2006 and from 2010 to 2013 but strongly expressed the half-year
cycle (Fig. 5h). Conversely, the annual cycle in dust concentration recorded in Cabo Verde was significant every year (Fig.
6b). This difference may be due to the differences in dust mobilisation between the two observation locations, with different
altitudes and distances from the dust source. Cabo Verde is situated further to the southwest of Nouadhibou airport, so
sources of emitted dust in boreal winter and summer could differ depending on the wind trade distribution in these two
locations (van Der Does et al.,2016; Yu et al., 2019). In addition, dust emission in Cabo Verde was observed by a satellite
that combined dust concentrations at various altitudes, resulting in a higher peak in summer (Fig. 6¢). Although the speed of
the surface winds was relatively weaker in winter compared to spring and summer, these winds blew from the continent
(northeast) where Sharan dust originated. In comparison, the dust storm events were observed from lower altitudes at the
Nouadhibou airport, where the dust load displayed the highest peak in winter (Fig. 5i). Furthermore, the dust storm data was
derived from the limit of human visibility observed at the Nouadhibou airport, which can be reduced by sandstorm activity in
the Sahara region where this airport is situated. The shorter visibility was translated to higher intensity of dust storm events.
The satellite versus human-based observation techniques also contributed to the differences between the two dust-related
time series. However, both dust records hinted at the intensification of dust emission in winter and summer, coinciding with
the higher production of dinocysts in both seasons (Fig. 7b).

The annual sea surface temperature (SST) is usually driven by the sun's insolation into the ocean surface, with the maximum
insolation usually occurring during boreal summer (June - August) in the northern hemisphere (Bae et al., 2022; Faye et al.,
2015). The region impacted by high solar insolation has higher precipitation rates and lower air pressure that changes in time
with the movement of the ITCZ (Vindel et al., 2020; Bae et al., 2022). However, the primary upwelling in spring and early

summer might cushion the surface water warming by bringing colder subsurface waters, keeping the SST low until late
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summer and autumn (August - October) when SST starts increasing (Fig. 6f) (Faye et al., 2015). As a result, SST reached its
highest temperature once every year when the effect of primary upwelling weakened (Fig. 7a). The SST dynamics were
confirmed in the wavelet power spectrum, where only the annual cycle was pronounced (Fig. 6e). It can be concluded that

the annual peak production of dinocysts in the studied area thrived under strong upwelling, high dust input, and low SST
(Fig. 7).

4.2 Other periodicities in dinoflagellate cysts and environmental parameters time series

Besides the annual cycle, the wavelet power bands showed 240-day, 480-day, and half-year cycles. The 240- and 480-day
periods were only detected in the dinocyst time series, and none of the environmental factors showed this cyclic pattern.
Therefore, no relationship between these period occurrences in the total dinocyst production and the studied environmental
parameters could be drawn, and further study is required to investigate the possible driving factors. A significant power band
close to 1920 days also occurred in the dinocyst production time series, pointing out to a period of around five years (Fig.
3b). However, the dinocyst record spans only 18 years, which means further investigation is required to see if the five-year
period remains consistent in a more extended time span of this sediment trap series.

On the other hand, the half-year cycle was significant in a few time series, namely wind direction, dust storm frequency
(Nouadhibou airport), and SSTa, as well as in the dinocyst production. The half-year cycle in the wind direction was
observed when the trade winds blew from a north or northwest direction, coinciding with the strongest wind speed from
April until June and the slight increase (second peak) in September and October, which we called the primary and secondary
upwelling respectively (Fig. 5¢ and 5f). The first maximum dust emission occurred during winter, and the second usually
occurred in summer with a lower peak (Fig. 5i and 6c). In the SSTa time series (calculated by the temperature differences
between areas influenced by upwelling and offshore), the most significant occurrence of the half-year cycle coincided with
the primary upwelling in spring/summer (April - June) and once more in autumn (September - November) (Fig. 6h and 6i).
This result indicates the existence of the second period of upwelling with weaker intensity in the area that was not clearly
represented in the wind speed time series (Fig. 5a). The half-year cycle was also observed in the dinocyst time series,
coinciding with the high winter dust emission (January - February) as well as a combination of intensive upwelling and
summer dust emission (May - July) (Fig. 3c). In agreement with the findings of the annual cycle correlation between
environmental parameters and dinocyst production, the half-year cycle in dinocyst production can be mainly explained by

upwelling intensity and dust emission dynamics.

4.3 Impact of local climate change on the Canary Current Upwelling Ecosystem reflected by the dinoflagellate cyst
assemblage

The advantage of wavelet analysis is facilitating the visualisation of changes in the strength of cycles in a time series. Thus,
this method was applied to the muti-year series of dinocyst export flux off Cape Blac to detect shifts in the dinocyst
composition from 2003 until 2020 and link it to environmental factors that drove the changes. As mentioned earlier, wavelet
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power bands of the annual and half-year cycles of the dinocyst hinted at three phases. In the dinocyst production time series,
the half-year and annual cycles became significant from phase 11 (2009 - 2012) and strengthened in phase Il (2013 - 2020)
(Fig. 3b). This consistent increase was observed in the half-year and annual cycles of dust storm frequency (Nouadibhou)
time series (Fig. 5h). Meanwhile, half-year and annual cycles in upwelling wind speed and dust emissions (AOD) did not
show the same linear increase from Phase | until Phase Il (Fig. 5b and 6b). Despite their disparities in interannual variability
patterns, the changes in the annual cycles of those two parameters chronologically matched those in the dinocyst time series.

In addition to the more significant of cyclic pattern from Phase I to 111, the intensity of the dust storm frequency showed a
consistent increase from 2008, when Phase | ended. A similar result was reported by Rodriguez et al. (2015), who found an
increase in the atmospheric pressure differences from the summer of 2008, where the subtropics (Morocco) indicated
maximum high pressure and the tropics (Bamako region) showed minimum low pressure. This report suggested an ITCZ
southward shift scenario because this convergence belt moves to areas with lower atmospheric pressures (Arbuszewski et al.,
2013; Rodriguez et al., 2015; Mamalakis et al., 2021). Supporting this finding, Mamalakis et al. (2021) conducted a
reconstruction of the global mean position of ITCZ from 1983 to 2005 (baseline), and they established a model to predict the
movement of this zone in the future to 2100. Their model suggests that the ITCZ in the East Pacific-Atlantic sector will
move southward by 0.7° £+ 0.9° from its original baseline from 2007 onwards. A southward shift of the ITCZ position would
lead to stronger surface trade winds and more aridity in the Sahara regions (North Africa), which would lead to more
intensified upwelling and more dust emission to the (sub)tropical part of the North Atlantic Ocean (Rodriguez et al., 2015).
This hypothesis is supported by the record of total dinocyst production reflecting more pronounced occurrences of the annual
and half cycles in Phase Il (2009 - 2012) and even stronger in Phase 111 (2013 - 2020). In addition, the half-year and annual
cycles of upwelling+dust taxa (group A) became significant in Phase Il and briefly in Phase 111, and upwelling taxa (group
B) showed more pronounced half-year and annual cycles in Phases Il and I11. In contrast, the cyst of the upwelling relaxation
group (group D) showed insignificant half-year and annual cycles from the beginning of Phase Il and continued until Phase
I11. Based on this comparison, we could observe that the ecological group of dinocyst taxa was related to the condition of the
upper water column. That means when the environmental condition shifted, the composition of dinocyst assemblages could
be used as an indicator. Furthermore, the high preservation rate of dinocysts in sediment archives enables the application of
our findings for paleoclimatic and paleoenvironmental reconstructions. However, the intensification of the cyclic pattern was
not detected in the total dinocyst concentration, which rose during most of Phase Il and declined again in Phase Il (Fig. 3a).
This result also did not align with the interannual changes in upwelling wind speed, dust emissions (AOD), and dust storm
frequency (Nouadibhou), considering their positive impact on other aspects of dinocyst production in this area. The latter
indicates that dinocyst concentration was not only controlled by nutrient concentrations but also influenced by more complex
processes in the upper water column until they were accumulated and preserved in the sediment floor.

The observed changes in the half-year and annual cycles of total dinocyst production from Phase | to Phase 11l (June 2003 -
March 2020) hinted at some connections to upwelling wind and dust dynamics, which might be caused by the southward

movement of the ITCZ position. This shift may be driven by decreasing air pressure and rising temperatures in the south of
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the Northwest Africa upwelling region, which is the climatic condition where ITCZ will migrate (Arbuszewski et al., 2013;
Mamalakis et al., 2021). The three-step change in dinocyst taxa composition suggests that the change in the upper ocean
ecosystem of this upwelling area reacted stepwise on the climate change-induced southward movement of the ITCZ. Our
results demonstrate that a long record of dinocyst (plankton) production may be very helpful in investigating the impact of
climatic changes in a specific region by comparing the dinocyst record with sea-surface water conditions and atmospheric
data.

5 Conclusions

The wavelet analysis performed on the dinocyst export flux from the 18-year sediment trap and environmental records off
Cape Blanc (NW African upwelling system) allowed the detection of periodicity, duration, and variance in cyclic changes in
wind speed, wind direction, dust storm events, aerosol dust, sea surface temperature and anomaly and better interpret the
response of the ecosystem to climate change through changes in the dinocysts time series. Significant annual cycles were
detected in all records, and a prominent half-year cycle was found in the total dinocyst production, wind direction, aerosol
dust observed in Carbo Verde, and sea surface temperature anomaly (SSTa) time series. Both annual and half-year cycles in
dinocyst production time series can be mainly explained by upwelling intensity and dust emission dynamics, which depend
on surface wind speed and direction. The annual highest dinocyst production occurred in spring and summer, which was
induced by primary upwelling (May - June) and summer dust peak (June - July). The dinocyst production was also enhanced
during the winter dust peak in December and January.

The pattern of half-year and annual cycles in dinocyst production, surface wind speed, and Saharan dust input varied over
the years, showing three clear phases. Throughout these phases, various patterns were also observed in the different groups
of dinocysts, according to their ecological preferences (upwelling+dust group, upwelling group, cosmopolitan group and
upwelling relaxation group):

- Phase I (2003-2008): Half-year and annual cycles were insignificant in the dinocyst records but prominent in most
environmental records. The upwelling+dust group mainly represented the total dinocyst export flux cycles.

- Phase Il (2009-2012): both cycles were observed in dinocyst records, with the annual cycle being the most
pronounced in the upwelling dinocyst group. These periodicities were also observed in wind speed, direction, and
dust dynamics.

- Phase Il (2013-2020): both cycles were more strongly pronounced in the spectra of the upwelling and
cosmopolitan groups.

The three-step change in dinocyst taxa composition between 2003 and 2020 suggested that the change in the upper ocean
ecosystem of this upwelling area reacted stepwise to the climate change-induced southward movement of the Inter Tropical
Convergence Zone (ITCZ). This new result has notably contributed to the knowledge of the dinocyst ecology, which can be

applied to improve their use as environmental indicators of modern and ancient ecosystems. In addition, the observed
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coupling between the annual and half-year cycles of the dinocyst export flux and trade wind dynamics evidenced the high
reactivity of dinocysts to changes in the offshore ecosystems of the NW African upwelling system, highlighting the use of

dinoflagellate cysts as a (paleo)climatic proxy.
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Figure 1: The simplified scheme of dinoflagellate cysts formation (encystment) shows two types of cysts: fossilisable cysts through sexual
reproduction and potentially temporary cysts that are not usually preserved in the fossil record. The scheme was drawn based on the result

of in-situ observation by Zonneveld et al. (2022) and also adapted from Bravo and Figueroa (2014).
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Figure 2: Location of the moored sediment trap on the Northwest African coast and temperature of the upper water column extracted from

NASA “State Of The Ocean (SOTO)”: (a) the main hydrographic currents of the Atlantic coast of Mauritania depicted after Mittelstaedt
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(1983, 1991) and Zenk et al. (1991) showing Canary Current (CC) and North Equatorial Current (NEC) in the blue arrow (representing
colder waters) as well as Cape Verde Current (CVC), north Cape Verde Current (nCVC), and Mauritania Current (MC) in red arrows
(representing warmer waters). The warmer and colder colours of the sea surface correspond to the temperature, as shown by the sea
surface temperature (SST) scale bar. (b-d) The Condition of SST distribution was influenced by colder subsurface upwelled waters at
maximum upwelling phases in 2005, 2010, and 2015, respectively. (e-g) SST distribution at minimum upwelling phases in 2005, 2010,
and 2015, respectively.
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Figure 3: The time series of total dinocyst export flux collected by the CBeu trap off Cape Blanc (NW African upwelling system). (a) The

original time series of total dinocyst export flux in grey bars and interpolated data are represented by dashed lines with colours
corresponding to each methodology. (b) The wavelet power spectra. The colour spectra indicate the different degrees of variance (ranging
from high significance in red to low significance in blue), solid lines indicate regions with a high level of significance (p=0.05), cone of
influence surrounds the significant region of time and frequency that is not affected by the edges of the time series. (c) The monthly

average flux of total dinocysts.
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Figure 4: The wavelet power spectra of dinocyst groups with similar ecological traits: (a) upwelling+dust group, (b) upwelling group, (c)

cosmopolitan group, (d) upwelling relaxation group. Spectra of colours indicate the differing degree of variance (ranging from high
significance in red to low significance in blue), solid lines indicate regions with a high level of significance (p=0.05), cone of influence

surrounds the significant region of time and frequency that is not affected by the edges of the time series.
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Figure 5: The original time series, wavelet power spectra (left) and the monthly average values (right) of (a-c) surface wind speed, (d-f)
surface wind direction, and (g-i) frequency of dust storm events observed at the Nouadhibou airport. The wavelet colour spectra indicate
the different degrees of variance (ranging from high significance in red to low significance in blue), solid lines in the colour spectra
indicate regions with a high level of significance (p=0.05), cone of influence surrounds the significant region of time and frequency that is
not affected by the edges of the time series.
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Figure 6: The original time series, wavelet power spectra (left) and the monthly average values (right) of (a-c) aerosol dust concentration
(aerosol optical depth) observed in Cabo Verde by NASA AERONET satellite, (d-f) sea surface temperature, and (g-i) sea surface

705  temperature anomaly. The wavelet colour spectra indicate the different degrees of variance (ranging from high significance in red to low
significance in blue), solid lines in the colour spectra indicate regions with a high level of significance (p=0.05), cone of influence
surrounds the significant region of time and frequency that is not affected by the edges of the time series.
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Figure 7: The comparison of monthly average data of dinocyst export flux time series (yellow line) from 2003 until 2020 with the
environmental parameters showcasing (a) the dinocyst export flux peak in spring coincided with the highest upwelling intensity and (b) the

dinocyst export flux peaks in winter and summer coincided with the highest intensity of dust input.

Table 1: The taxa list of dinocyst groups according to their relationship to the environmental preferences at the trap site, as established by
Roza et al., 2024. The names in brackets are the motile names affiliated with the cyst, while dinocyst taxa with the asterisk symbol (*) are
those whose motile names have not been described at the species level.

Group name Ecological preference Dinocysts taxa

Archaeperidinium spp.
Impagidinium spp.
Lejeunecysta paratenella*
Operculodinium israelianum*
A Maximum upwelling+dust Polykrikos spp.
Protoperidinium americanum
P. stellatum
Quinquecuspis concreta (P. leonis)
Selenopemphix nephroides (P. subinerme)

Echinidinium spp.
E. delicatum/granulatum*

B Maximum upwelling E. transparantum/zonneveldiae*
Trinovantedinium spp.

Votadinium calvum (P. dorsale)

Brigantedinium spp.
. Echinidinium aculetum*
C Cosmopolitan o
Impagidinium aculeatum*

Protoperidinium monospinum
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Pentapharsodinium dalei
Selenopemphix quanta (P. conicum)
Spiniferites spp.

. . Gymnodinium spp.
D Upwelling relaxation . o
Lingulodinium machaerophorum (L. polyedra)
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