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Abstract


In order to better explore quantitative reconstructions of net primary productivity (NPP) conditions using a dinoflagellate cyst (dinocyst)-based transfer function method, we revised the tropical Atlantic modern dinocyst database n = 208 (Marret et al., 2008). Modern assemblages from the worldwide dinocyst atlas (Zonneveld et al., 2013) were added to provide a better geographical coverage of the South Atlantic Ocean. The environmental dataset was updated using the World Ocean Atlas 2013 for sea-surface temperature (SST) and sea-surface salinity (SSS) data, as well as for 1997-2017 mean NPP values recorded during SeaWifs and MODIS spatial programs. New environmental datasets were tested using anomalies regarding mean latitudinal SST as a potential index to track past upwelling activity. Finally, preindustrial NPP values, simulated with the IPSL-CM5A-LR model developed at the Institut Pierre Simon Laplace (IPSL) have been added to the dinocyst environmental database to provide NPP values consistent with the mean age of “modern” dinocyst assemblages. The transfer function method using the updated modern database was then applied to fossil dinocyst assemblages of core KZAI-01, retrieved off the Congo River mouth and covering the last 43.2 kyr. Our results indicate a dominant orbital forcing, with higher primary productivity values reconstructed during precession minima (MIS 3 and the last deglaciation) and enhanced by a maximum of obliquity during the last deglaciation and the Holocene. The synchronicity between high upwelling intensity and high terrigenous inputs during high NPP period (e.g. during the last Deglaciation) highlighted the prevalent role of river-induced upwelling activity, which is specific to the Congo River. These results have improved our understanding of the environmental forcing leading to major trophic changes in the intertropical area.
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1. Introduction


The processes involved in changes in the global carbon budget during the Quaternary glacial-interglacial cycles are still poorly known, although it is acknowledged that the biological pump plays a determinant role in this cycle (Sarnthein et al., 1988; Zarriess and Mackensen, 2010; Penaud et al., 2016). Quantifying variations of past sea-surface primary productivity is needed (Blanchard et al., 2012; Henson et al., 2013) to better understand the underlying forcing mechanisms of natural climate variations and increasing anthropogenic impacts on marine surface environment (e.g. additional carbon dioxide inputs to the atmosphere, soil weathering through deforestation and expanding agricultural activities). To date, various proxies have been used to investigate past primary productivity conditions, including Total Organic Carbon (TOC; Sarnthein et al., 1988; Schneider et al., 1997), planktonic δ13C (Berger et al., 1989), and/or biogenic silica (Ragueneau et al., 2000) among others. However, calcareous and/or siliceous microfossils can be affected from dissolution which can lead to a significant loss of paleoecological information. Foraminiferal tests are sensitive to pH variations in the water column (Barker et al., 2005; Barker, 2016; An et al., 2018; Charrieau et al., 2018), while siliceous organisms such as diatoms and radiolarians could entirely dissolve at the water-sediment interface depending on the water depth (Takahashi and Honjo, 1981; Erez et al., 1982; Hatin et al., 2017). Organic-walled dinoflagellate cyst (dinocyst) taxa are immune to the effect of dissolution, which is a substantial advantage in paleoenvironmental reconstructions. However, although they are made of a very resistant material (Versteegh and Blokker, 2004), dinocysts can be affected by high level of oxygen in the water column as well as in the sediment (Meyers, 1997; Rühlemann et al., 1999), leading to the degradation of some sensitive species (e.g. Gray et al., 2017).

Quaternary dinoflagellate cysts have been routinely used over the past few decades to qualify and quantify past sea-surface parameters including temperature, salinity or sea-ice cover duration (e.g. de Vernal et al., 2001, 2005). More recently, sea-surface primary productivity conditions in northern (Radi and de Vernal, 2008) as well as in subtropical (Penaud et al., 2016) latitudes of the North Atlantic Ocean have been tentatively reconstructed using dinocyst-based transfer functions (with a global modern dinocyst reference database encompassing 1492 sites). This method, rarely used in the tropics (Marret et al., 2008), relies on a regional subset of a modern dinocyst database for the tropical Atlantic Ocean (n = 208). We have extended this new database with additional modern sites from the Tropical Atlantic Ocean and we tested it on recently published fossil dinocyst assemblages (Hardy et al., 2016).


Several objectives have motivated this study: i) to increase and upgrade the tropical Atlantic modern dinocyst reference database, which is currently unevenly distributed in the world ocean, with a high density of modern sites along the western African coast and a low density along the mid-ocean ridge and the southern American coast ; ii) to update the environmental dataset, especially net primary productivity (NPP) data, with discussion about different existing calculation methods and the experimentation of simulated -chlorophyll concentrations in preindustrial conditions, in order to get consistency with modern dinocyst assemblages that often average few centuries of sedimentation; iii) to identify major forcings involved in paleoproductivity changes across the last glacial – Holocene interval in the eastern equatorial Atlantic Ocean.

2. Environmental setting 

2.1. Present-day oceanographic context

The intertropical Atlantic Ocean, a key area in the Atlantic Meridional Overturning Circulation (e.g. Rahmstorf, 2003), is characterized by complex upper ocean dynamics (Fig. 1). Major currents bordering the intertropical Atlantic Ocean are parts of the South and North Atlantic subtropical gyres, and connect surface water masses from low and high latitudes. Water masses from high latitudes are brought to the intertropical area by cold eastern boundary currents, such as the Canary and Benguela Currents (CC and BC, Fig. 1), which are also part of eastern boundary upwelling systems. These currents evolve to westward currents, such as the North and South Equatorial Currents (NEC and SEC; Fig. 1), connecting eastern and western boundary currents at around 15° of latitude of both hemispheres. The NEC and SEC, strengthened by easterly winds, contribute to the offshore transport of upwelled waters from the western African coast (Lass and Mohrholz, 2008) and also separate high-salinity waters in Atlantic subtropical gyres from low-salinity waters characterizing the intertropical area (Qu et al., 2013).


Between subtropical gyres, the intertropical Atlantic Ocean is characterised by a complex system of warm currents and counter currents, i.e. the eastward North and South Equatorial Counter Current (NECC and SECC; Fig. 1). Most equatorial currents are, however, tributaries of the broader SEC, with eastern, central and northern SEC (Lass and Mohrholz, 2008), strengthened by the convergence of tropical easterly winds. Although northern and eastern SEC are associated with SEC, these appear to be mostly fed by the Guinean Current, itself generated from NECC (Fig. 1). These currents are separated from SEC by the Angola Current, which constitutes a clockwise gyre (AC, Fig. 1; Lass and Mohrholz, 2008). AC contributes to bringing equatorial warm water to the south, meeting cold waters of BC at the Angola Benguela Front Zone (Jansen et al., 1996; Lass and Mohrholz, 2008), a convergence zone characterized by strong thermal and trophic gradients.

2.2. Present-day atmospheric context


Climatic features of the intertropical Atlantic Ocean are mainly driven by the seasonal latitudinal shifts of the Tropical Rainbelt (TR), and are mainly characterized with high sea-surface temperatures (SST) and low salinities (SSS) offshore (Tierney et al., 2011; Arbuszewski et al., 2013). The low-pressure belt is characterized by rising moist air and large tropical rainstorms, driven by the combined influence of the tropical and African easterly jets in the Northern Hemisphere (Nicholson, 2009). The TR and the Intertropical Convergence Zone (ITCZ, Fig. 1) constitute the complex convective systems of the African monsoon system, which shifts seasonally from a northward position during the boreal summer to a southward position during the austral summer (Hsu and Wallace, 1976).


The atmospheric system of the TR is bordered at the north and at the south by semi-permanent high-pressure systems, the subtropical highs, which generate easterly-equatorward trade winds and westerly-poleward winds (Peterson and Stramma, 1991). The highest atmospheric pressure gradients occur during summer, and strengthened winds are then responsible for western African coastal upwellings (Peterson and Stramma, 1991).
2.3. Present-day primary productivity conditions


Primary productivity is a key component in the oceanic carbon cycle and the Earth’s climate system, and is essentially driven by the inorganic nutrient fertilization of the surface layers of the ocean. Major mechanisms responsible for the distribution of inorganic nutrients at the oceanic surface in the tropical Atlantic Ocean involve eastern boundary upwelling cells, bringing deep nutrient-enriched cold waters to the surface. A wide variety of upwelling cells includes coastal and equatorial cells driven by easterly winds (Wyrtki, 1981; Hagen et al., 2005; Mohrholz et al., 2008), large upwelling cells generated by Rossby waves (Chelton and Schlax, 1996; Fu and Qiu, 2002; Lass and Mohrholz, 2008) such as the Benguela and Canary upwelling systems (Gordon et al., 1995), and/or upwelling cells developed within regions characterized by high eddy kinetic energy along subtropical and equatorial oceanic fronts (Rudnick, 1996; Moore and Abbott, 2000), such as observed for the Angola Dome (e.g. Voituriez, 1981).

River discharge also plays an important role in marine primary production, in particular from the Amazon, Congo and Plata Rivers (e.g. da Cunha and Buitenhuis, 2013), providing substantial amount of nutrients to the ocean. Strong freshwater outflows have a major impact on the upper ocean by decreasing salinities as well as increasing water-mass stratification and SST during periods of enhanced fluvial discharges (Materia et al., 2012). The massive Congo River freshwater runoff is unique on Earth which can generate upwelling by entrainment of nutrient-rich subsurface waters (Cadée, 1984; Jansen and Van Iperen, 1991), enhanced by the specific coastal geomorphology of the Congo River mouth. This atypical upwelling process is restricted to a small geographical area located at 150-200 km off the river mouth (Jansen and Van Iperen, 1991). Although not currently documented, surface wind stress through easterlies may also contribute to enhance this river-induced upwelling mechanism.
3. Material and methods

3.1. Dinocyst-based quantitative reconstructions of sea-surface parameters 

Among statistical methods enabling the reconstruction of quantitative environmental data from microfossil assemblages, the Modern Analogue Technique (MAT) has often been applied to dinocyst assemblages (e.g. de Vernal et al., 1993, 1994, 2001; Marret et al., 2008). The script uses the "R" software to compare fossil samples with modern dinocyst assemblages from a database where species spectra have been associated with modern environmental datasets. A maximum of five modern samples are selected by the MAT, providing that their statistical distance is below a critical threshold of reliability, and weighted mean sea-surface environmental values are then calculated (Guiot and de Vernal, 2007).
3.2. Surface sediment samples and dinocyst assemblages


The original modern dinocyst database for the tropical Atlantic Ocean contains 208 surface sediments (red circles in Fig. 2; Marret et al., 2008) from top gravity cores mostly recovered during the Meteor (University of Bremen) and Tyro (Netherlands Institute of Sea

Research) marine cruises. Details of preparation for the modern dinocyst assemblages are 

published in Marret and Zonneveld (2003). Organic-walled dinoflagellate cyst identification was based on the published literature on tropical regions (Marret, 1994; Zonneveld, 1997), including new discovered taxon Operculodinium aguinawense off Cameroon and Nigerian coasts (Marret and Kim, 2009). Several gaps in the database regarding the geographical distribution of these 208 modern sites, mainly located along the western African margin, led us to consider the integration of additional modern dinocyst assemblages. Therefore, 83 samples were added in this study: 37 samples off the Senegal coast (green circles in Fig. 2; Bouimetarhan et al., 2009), the GeoB4905-4 top core with an estimated age of 193 years BP (Adegbie et al., 2003) located off the Cameroon coast (light blue circle in Fig. 2; Marret et al., 2013), and 45 samples located on the southern Mid-Atlantic ridge and along the South American margin (dark blue circles in Fig. 2; Zonneveld et al., 2013). The updated modern database then finally encompasses 291 surface samples. In addition, we have performed a "cleaning" of the database by excluding samples potentially less reliable. Specifically, all samples containing fewer than 100 dinocysts were removed (cf. Fatela and Taborda, 2002, for a discussion of palynological counts versus assemblage robustness), as well as surface samples deemed too old to accurately represent modern conditions. Even if only 32 on 291 surface samples were dated, all samples with ages over 1,000 cal. years BP were excluded. In total, this strict selection process resulted in the removal of 54 surface samples, thus downsizing the modern dinocyst database to 237 surface samples.

Of the 54 taxa (species or groups of species) listed in the original n=208 dinocyst database (Marret et al., 2008), undefined groupings such as Impagidinium spp., Operculodinium spp. and Spiniferites spp. were removed, since each group probably contains species with different ecological affinities (Marret and Kim, 2009; Pospelova et al., in press). Species for which present-day occurrences are probably mainly related to anthropogenic forcing, such as Gymnodinium catenatum (Thorsen et al., 1995), were excluded as well as species with rare occurrence such as Tectatodinium psilatum and Leipokatium invisitatum. Finally, due to their similar present-day ecological affinities and to possible issues regarding their microscopic determination, we have decided to sum all Echinidinium species (Echinidinium aculeatum, Echinidinium granulatum, Echinidinium transparantum, Echinidinium delicatum and Echinidinium bispiniformum), thus finally downsizing the final dinocyst database to 43 taxa (see Table 1).
3.3. Updating environmental datasets

Each site from the modern dinocyst database can be associated with modern environmental variables, mostly extracted from raster files provided from World Ocean Atlas and Oregon University websites, using ArcGIS software. Both in North Atlantic / Arctic (Radi and de Vernal, 2008) and in tropical Atlantic (Marret et al., 2008) modern databases, SST, SSS and NPP were identified as the most important parameters influencing dinocyst distributions (de Vernal et al., 2001; Marret and Zonneveld, 2003; Radi and de Vernal, 2008).
3.3.1. Sea-surface temperature and salinity


The former dataset included seasonal and annual SST / SSS values extracted from the World Ocean Atlas 2001 (Conkright et al., 2002), i.e. in situ measurements data, according to a 1° x 1° space resolution and averaged on the 1955-1994 temporal window. Here, we used the World Ocean Atlas 2013 (WOA13; Boyer et al., 2013) with annual SST / SSS values averaged on the 1955-2012 temporal window and at 0.25° x 0.25° resolution. 
3.3.2. Net primary productivity


Marine NPP observations that form the basis of NPP values used in the reference database include: the Coastal Zone Color Scanner (CZCS), aboard the Nimbus 7 satellite and operated between November 1978 and June 1986; the Sea-Viewing Wide Field View Sensor (Seawifs), aboard the OrbView2 satellite and operated between September 1997 and December 2010 (continuous record until December 2007); the MODerate-resolution Imaging Spectroradiometer (MODIS), aboard the Aqua and Terra satellites and operated since July 2002. These instruments measure -chlorophyll concentrations (mg.m-3) but several models exist to obtain annual NPP values (g.m-2.year-1). The former modern database n = 208 used the slightly different Vertically Generalized Production Model (VGPM; Behrenfeld and Falkowski, 1997) and the Laboratoire de Chimie et Physique Marine (LCPM; Antoine et al., 1996; Antoine and Morel, 1996) algorithms. The LCPM algorithm multiplies the -chlorophyll concentration, the Photosynthetically Active Radiation data (PAR, Einstein/m²/day) and the yield of transformation (Borisov et al., 1974), while the VGPM algorithm takes more into account physical parameters, according to the following equation:
NPP (mg m-2 day-1) = Chl x z_eu x Pb_opt x Daylength x irrfunc

Chl: -chlorophyll concentration (mg/m3),
z_eu: -chlorophyll-dependent euphotic depth (in meters), the day length in hours,
Pb_opt: temperature-dependent description of photosynthetic efficiencies, 
irrfunc: function of irradiance calculated from PAR parameter. 

The Pb_opt function is a 7° polynomial function, which increases from -1 to 20°C and decreases beyond that threshold. The decrease in Pb_opt above 20 °C is attributed to nutrient stress effects on light-saturated net primary production. More specifically, macronutrients become very scarce in warm surface ocean waters (Behrenfeld and Falkowski, 1997). An alternative function described as exponential (Eppley, 1972) can be used in the Eppley-VGPM algorithm, which gives higher NPP when Pb_opt values are beyond 23.5°C. Thus, the standard VGPM Pb_opt relationship emphasizes the nutrient-stress effect for high SST, while the Eppley-VGPM Pb_opt relationship emphasizes the photo-acclimation effect in a context of high SST (Behrenfeld and Falkowski, 1997).

In this study, Chlorophyll using Garver-Siegel-Maritorena semi-analytical inversion algorithm (Maritorena et al., 2002; Maritorena and Siegel, 2005) concentrations averaged between 1997 and 2016 from Seawifs and MODIS datasets were extracted, in addition with the standard deviation in order to highlight the effect of 1997-2016 variability for the final MAT reconstructions. VGPM and Eppley-VGPM algorithms to obtain modern NPP values have been then applied. Required ancillary data (PAR, Chlorophyll) are provided by Oregon State University (http://www.science.oregonstate.edu/ocean.productivity/index.php) raster files having a 0.16°x0.16° resolution.
3.4. Integrating new hydrological parameters in the modern environmental dataset
3.4.1. Preindustrial simulations

Most surface samples in the modern database are several centuries old and represent assemblages that were deposited under preindustrial conditions. Thus, fossil assemblages in the database may be related to environmental parameters inaccurately representing present-day conditions. To avoid this potential bias, MAT-derived past NPP values (with VGPM and Eppley models) were reconstructed from a modern NPP environmental database that includes preindustrial NPP values based on simulated Chlorophyll concentrations. For this, the Earth System Model (IPSL-CM5A-LR), developed at Institut Pierre Simon Laplace (Dufresne et al., 2013), explicitly represents global climate, oceanic circulation and marine productivity. In our study, the output from two components of this model was used: the ocean model NEMO v3.2 (Madec, 2011) and the biogeochemical model PISCES (Aumont and Bopp, 2006). The PISCES model simulates marine bio-geochemistry and lower trophic levels. In PISCES, phytoplankton growth is a function of nutrient supply, temperature, light, and depth of the mixed layer. This version of the model has a low oceanic resolution of 2° x 2°, increased around the equator to 0.5°. The ocean is divided into 31 vertical levels from every 10 m in the first 150 m to every 500 m down to the bottom of the ocean. From these simulations, we extracted Chlorophyll concentrations and SST data to calculate NPP values based on VGPM and Eppley-VGPM models. Daylength and irradiance values are considered similar to present-day conditions. Due to the resolution of continental coastline used in the simulations, 73 proximal samples have not been linked to simulated data. Therefore, MAT reconstructions based on preindustrial simulations were performed using a database downsized to 164 samples.

3.4.2. Quantifying upwelling activity


Upwelling cells associated with eastern boundary currents constitute one of the major phenomena controlling the composition of modern dinocyst assemblages in the region (Marret and Zonneveld, 2003; Bouimetarhan et al., 2009; Zonneveld et al., 2013). However, past intensity of upwelling cells is often qualitatively reconstructed through indirect proxies of upwelling-favorable easterly wind intensity, such as magnetic susceptibility which depicts wind-blown terrestrial particles to the ocean (Jia et al., 2013), or ratios between wind-blown particles and suspended river materials (Collins et al., 2011). Here, we propose to use available SST data in the World Ocean Atlas to quantify upwelling activity. The upwelling of colder deep waters to the surface indeed generates major SST anomalies compared to mean SST characterizing water masses from the same latitude. Using WOA13 data, we therefore define a new variable in our environmental dataset, SSTanom, equal to the difference between local SSTs and zonal mean SST in the Atlantic basin to represent the upwelling activity through the anomalous cold waters that they bring to the surface. The close co-variation of SST and upwelling activity in major upwelling systems and their influence on dinocyst production and assemblage composition have been documented in the region (Bouimetarhan et al., 2009; Zonneveld et al., 2010), and elsewhere (Zonneveld and Brummer, 2000; Pospelova et al., 2008; Bringué et al., 2013), supporting the use of SSTanom as an accurate proxy for upwelling intensity in these regions. In order to discuss the seasonality of the upwelling activity, we have extracted data for the warmest (July in northern hemisphere and January in southern hemisphere) and coldest (January in northern hemisphere and July in southern hemisphere) months.
3.5. Study core


Core KZAI-01 (5.7031°S, 11.2335°E; 816 m water depth; 10.05 m length; Fig. 1) was recovered during the 1998 ZaiAngo 1 cruise aboard the Atalante (Savoye, 1998). The age model and dinocyst assemblages with their paleoenvironmental interpretation are detailed in Hardy et al. (2016). Core KZAI-01 covers the last 43.2 kyr, with 190 fossil assemblages analysed, giving a mean temporal resolution of about 220 years.
4. Results
4.1. Relationship between dinocyst taxa and environmental parameters


The updated modern dinocyst and environmental databases were submitted to Canonical Correlation Analyses (CCA), using PAST software (Fig. 3; Hammer et al., 2001), to detect relationships between dinocyst taxa and environmental parameters.

4.1.1. Modern database n=237


The first and the second CCA axes account respectively for 43.8 % and 24.3 % of the total variance (Fig. 3, right-hand side). Dinocyst taxa in the CCA biplot are ordinated along three dominant directions (Fig. 3, rhs), i.e. to the right top quarter B, the left top quarter A and the right bottom quarter D. The assemblage distribution is predominantly controlled by annual SST, with 22 of 43 input taxa whose 8 of 17 heterotrophic taxa ordinated in the close vicinity of the annual SST vector (Fig. 3, rhs). Nine taxa, essentially heterotrophic ones, are controlled by primary productivity, which are indeed ordinated between VGPM and Eppley-VGPM vectors (Fig. 3, rhs). It is worth noting that the vector corresponding to SST negative anomalies, calculated from latitudinal mean during the coldest month, is also ordinated in the close vicinity of VGPM vector, suggesting the close relationship between winter upwelling activity and primary productivity (Fig. 3, rhs). Furthermore, the vector corresponding to Eppley-VGPM NPP model is shifting from VGPM NPP model toward annual SST vector (Fig. 3, rhs). This is consistent with the higher influence of SST in the Eppley-VGPM model calculation (Pb_opt parameter; i.e. Eppley, 1972; Behrenfeld and Falkowski, 1997). Indeed, at the highest SST value recorded in the modern database (28.65 °C; i.e. Table 2), Pb_opt value is twice higher in Eppley-VGPM model than in VGPM model. The last direction in the quarter B is displayed by nine taxa, mostly represented by Impagidinium genus, i.e. I. paradoxum, I. strialatum, I. sphaericum, I. variaseptum and I. plicatum (Fig. 3, rhs). These taxa are ordinated between vectors corresponding to coldest and warmest months SSTanom. This is consistent with the documented ecology of cited taxa, abundant in oceanic western boundary and offshore marine areas (Marret and Zonneveld, 2003; Zonneveld et al., 2013), away from any cooled water by upwelling activity. Operculodinium centrocarpum and Spiniferites pachydermus are ordinated close to annual SSS (Fig. 3, rhs). All taxa documented abundant in low SSS waters, such as Operculodinium aguinawense, Spiniferites ramosus, Spiniferites membranaceus and Polysphaeridinium zoharyi (Marret and Zonneveld, 2003; Bouimetarhan et al., 2009; Marret and Kim, 2009; Limoges et al., 2013; Zonneveld et al., 2013) are ordinated along the opposite direction drawn by annual SSS vector (Fig. 3, rhs). Finally, we observe that the parameter corresponding to negative SST anomalies during the warmest month is not constrained by close ordinated taxa, excepted Trinovantedinium applanatum which is ordinated at mid-range between this vector and the Eppley-VGPM vector (Fig. 3, rhs).

4.1.2. Preindustrial-based database n=164


The first and the second CCA axes account respectively for 64.7 % and 35.3 % of the total variance (Fig. 3, left-hand side). Similarly to the CCA applied on the n=237 database, dinocyst taxa in the CCA biplot are ordinated along three dominant directions (Fig. 3, lhs), i.e. to: the right top quarter B, the right bottom quarter D and the left bottom quarter C (Fig. 3, lhs). Most of the assemblage is ordinated in the vicinity of annual SST and Eppley-VGPM model vectors (Fig. 3, lhs), but also in the vicinity of VGPM model, suggesting thus that the assemblage distribution is predominantly controlled by temperature and primary productivity. Contrary to the n=237 database, all heterotrophic taxa are ordinated in the close vicinity of NPP vectors. All heterotrophic taxa ordinated near the Eppley-VGPM model correspond to thermophilic taxa relatively abundant in warm equatorial waters of the eastern Atlantic (Marret and Zonneveld, 2003; Marret et al., 2008; Zonneveld et al., 2013). This pattern is also valid for the non-heterotrophic taxa ordinated between annual SST and Eppley-VGPM vectors (Fig. 3, lhs). The group of taxa ordinated in the quarter B is roughly similar with taxa found in the quarter B of the n=237 CCA (Fig. 3, rhs). None input simulated environmental data explain their distribution. To summarize, nine taxa are ordinated in the vicinity of NPP vectors in the modern database n=237 CCA biplot, while this number increases to 27 taxa in the preindustrial-based database CCA biplot (Fig. 3). This pattern may demonstrate a better consistency between dinocyst taxon abundances and simulated preindustrial environmental conditions, thus confirming the pluri-centennial age of "modern" samples.
4.2. Environmental representativeness of the modern database


Both modern and preindustrial databases have a broad range of input environmental values, covering cold temperate to warm equatorial waters (i.e. 8.38 to 28.65 °C, see Table 2), oligotrophic to eutrophicated waters with NPP values between ~80 and ~1350 g m-2 year-1 (Table 2), a broad range of salinities which includes hypohaline river plumes (Table 2), and finally a broad range of SSTanom (-9 to +4 °C, see Table 2).


Simulated annual SST are on average 1.6 °C colder than modern annual ones (minimum: 7 °C colder, maximum: 4.5 °C warmer). Due to the absence of coastal samples in the preindustrial-based database, generally corresponding to high NPP areas (Fig. 1), the range values is reduced, i.e. less than 350 g m-2 year-1 for both models (Table 2). However, preindustrial-based NPP values are on average 14 % higher than modern values for VGPM (minimum: -61 %, maximum: +89 %) model and 7 % higher for Eppley-VGPM model (minimum: -55 %, maximum: +68 %). The statistical distribution of environmental values among both databases is unequal. Indeed, samples with SST between 25 and 28 °C represent 50% of the database. Samples with SSS above 34 psu represent 89% of database, with conversely only three samples below 30 psu (Fig. 4B). Samples with NPP values below 200 g.m-2.year-1 represent 78% of the database, which is valid for all NPP models. Samples with warmest month SSTanom ranging between -0.5 and +0.5 °C represent 46% of the database. Samples with coldest month SSTanom ranging between -3 and +0.5°C represent 75% of the database. Finally, 85% of samples are located within 500 km off the coast (Fig. 4A).


Oligotrophic warm waters characterized by high salinity and slight winter upwelling activity are thus better represented in the modern database than other areas. To display and summarize this representativeness, we reclassified environmental values between 0 and 2: 0 corresponds to unconstrained values by the database and 2 corresponds to environmental values constrained by the highest number of samples. To classify environmental values, thresholds of 10, 20, 30 and beyond 60 samples per value have been used, although the ranking was flexibly applied regarding the statistical distribution. We then applied the reclassification on the environmental raster files (ArcGIS software) to build a map of environmental suitability (Fig. 4A). This map shows that the best constrained areas indeed correspond to warm equatorial oligotrophic waters but also to the austral subtropical front (Fig. 4A). Conversely, the most poorly represented areas correspond to: i) river plumes (i.e. Plata, Amazon, Congo and Sanaga Rivers), characterized by low salinities and high NPPs, ii) the Benguela and Canary upwelling cells, despite the abundance of modern sites located in the Benguela Upwelling System, which are currently located at the border of upwelling cells (Fig. 4A) and, iii) subtropical gyres, which are mostly devoid of modern sites. Core KZAI-01 is located within a highly productive low salinity river plume, corresponding to a poorly constrained environment in the modern database. Therefore, reconstructions of annual SSS may be overestimated while, conversely, reconstructions of annual NPP may be underestimated.
4.3. Variance and error ranges


Errors in MAT reconstructions can be categorized in two levels: i) error of prediction resulting from input data standard deviation, and ii) root mean square error (RMSE) generated by the MAT itself. Standard deviation of 1997-2016 NPP variability is on average 2% of NPP values regardless the model used in the database, with a minimum of 0.36% and a maximum of 10.2% according to surface samples. The standard deviation of the simulated preindustrial-based environmental parameters was calculated from 100 years of monthly simulated environmental evolution in the geographical extent of the MAT database, i.e between 46°S and 31.5°N; 60°W and 18°E. The resulting standard deviation is 2.38% of simulated values. The annual primary productivity standard deviation was then calculated by averaged monthly standard deviation.


RMSE values provided by the MAT are higher than input standard deviation (Table 2) with indeed RMSE between 2 and 3°C for both modern-based SST and simulated-based SST (Table 2). RMSE for preindustrial-based NPP data are four times lower than for their modern equivalent (Table 2). The coefficient of determination of resulted RMSE is quite high with values higher than 0.75, even higher than 0.85 for SST and preindustrial-based Eppley-VGPM (Table 2). This coefficient is however lower for modern-based VGPM and Eppley-VGPM data (Table 2). We observe indeed increasing discrepancies between input NPP values and predicted values when NPP values increase. To calculate a relevant RMSE for NPP quantifications, we applied a 3° polynomial regression based on the RMSE calculated for each increment of 100 g m-2 year-1 (Fig. 5). Each NPP model discussed in this study has a relatively low RMSE ranging between 0 and 600 g.m-2.year-1 and a significant increase beyond 600 g.m-2.year-1 (Fig. 6). The RMSE exceeds reconstructed values at 1,074 g.m-2.year-1 for the VGPM model, at 1,114 g.m-2.year-1 for the Eppley-VGPM model. This pattern can be easily explained by the low frequency of high NPP values among the modern database (Fig. 4).

4.4. MAT reconstructions on core KZAI-01

4.4.1. Results based on the modern database n=237

Modern analogues were found for each of the 190 fossil assemblages analysed on core KZAI-01, with a substantial use of newly added surface samples in this study, especially between 43 and 24 kyr BP (Fig. 5). Five analogues were found for 177 fossil samples and only one analogue for four fossil samples.

Reconstructions provide annual SSS values between 28.1 and 36.11 psu with a median value at 34.8 psu and a range error of 0.82 psu (Fig. 5). As expected, reconstructions systematically remain much higher than the modern value of 31.3 psu. Reconstructed annual SST values range between 12.4 and 27°C with a median value at 21.9°C and a range error of 2.04°C (Fig. 5). With the exception of the interval 20-16 ka BP, as well as punctually at 41, 29, 13.5, 8, 7 and 6 ka, SSTs values are colder than modern values of about 25.3°C (Fig. 5). The value range is substantially higher that any reconstructions of SSTs performed in eastern tropical Atlantic Ocean (Schneider et al., 1995; Schefuß et al., 2005; Shakun and Carlson, 2010). SSTanom for the coldest month give values ranging between -9.2 and +0.7 °C with a median value at -3.8 °C and a range error of 1.5 °C (Fig. 5), which is slightly warmer than the modern value of -4.6°C. SST anomalies for the warmest month give values ranging between -9.2 and +1.7°C with a median value at -2.9°C, which are systematically below modern values of +0.3°C, excepted punctually at 26.5 and 3 ka BP.

Annual VGPM-NPP values range between 172 and 886 g.m-2.year-1 with a median value at 383 g.m-2.year-1 (Fig. 6). As expected, MAT values are systematically below modern values of around 790 g.m-2.year-1, excepted punctually at 10.2 and 7.5 ka BP (Fig. 6). Input NPP standard deviation in the database results in a shift of +/- 2.56% of MAT reconstructions (Fig. 6). Finally, annual Eppley-NPP values range between 186 and 658 g.m-2.year-1, with a median value at 385 g.m-2.year-1 (Fig. 6). These values also largely differ from modern values of about 1,262 g.m-2.year-1 (Fig. 6). Input NPP standard deviation in the database results in a shift of +/- 3.11 % of MAT reconstructions (Fig. 6).

4.4.2. 
Major biozone intervals

From the variations observed in MAT reconstructions, four major intervals (A, B, C and D) were distinguished, with respective boundaries at 24.5, 15.5 and 4.7 ka BP (Fig. 5). Relatively similar conditions are observed during intervals A and C, as well as during intervals B and D (Fig. 5). Zones B and D are characterized by lower SSS, higher SST, lower NPP and lower SSTanom (Fig. 5), and vice versa for periods A and C (Fig. 5). However, the amplitude of variations during interval C is far more pronounced than in interval A (Fig. 5). Indeed, the highest NPP values, the highest negative SST anomalies, and the highest SST variations are recorded during this interval (Fig. 5).
4.4.3. Results based on the preindustrial-based database n=164

The MAT found analogues for 170 fossil samples of a total of 190. Five analogues were found for each 139 fossils samples. SST reconstructions ranged between 4.75 and 28.19 °C (Fig. 7), with a median value of 20.3 °C. Input NPP standard deviation in the database results in a shift of +/- 0.5 °C of MAT reconstructions (Fig. 7). Simulated-based MAT results are on average 1.6°C colder than modern-based MAT results, equally to 1.6°C colder preindustrial database than modern database.


VGPM reconstructions ranged between 127 and 297 g.m-2.year-1 with a median value of 234 g.m-2.year-1 (Fig. 7). Input NPP standard deviation in the database results in a shift of +/- 1.2% of MAT reconstructions (Fig. 7). Simulated-based MAT results are on average 45% lower than the modern equivalent, although input preindustrial database values are on average 14% higher than modern values. Eppley-VGPM reconstructions ranged between 83 and 337 g.m-2.year-1 with a median value of 219 g.m-2.year-1 (Fig. 7). Input NPP standard deviation in the database results in a shift of +/- 1.2% of MAT reconstructions (Fig. 7). Simulated-based MAT results are on average 44% lower than the modern equivalent, although input values are on average 14% higher than modern values. Despite the high discrepancies between simulated MAT reconstructions and modern-based MAT reconstructions, we observe a good similarity between observed trends on SST and VGPM reconstructions. However, we observe a drop of Eppley-VGPM values between 15.5 and 4.5 ka BP (biozone B; Fig. 7), while the modern equivalent shows a progressive increase between 24.5 and 4.5 ka BP (Fig. 6). It is worth noting that the general trend of preindustrial-based Eppley-VGPM reconstructions is greatly similar to preindustrial-based SST reconstructions (Fig. 7).

5. Discussion
5.1. Discrepancies between primary productivity models


The proposed revision of the tropical Atlantic database provides four methods to reconstruct paleoproductivity, i.e. VGPM and Eppley-VGPM models, combined to values calculated from modern remote sensing measurements and from preindustrial simulations. Here, we aim to determining which model is best adapted to reconstruct paleoproductivity as most faithfully as possible.

5.1.1. Remote sensing measurements versus preindustrial simulations

Preliminary tests such as CCA highlighted a better correspondence between dinocyst assemblages included in the database and simulated NPP values (Fig. 3 lhs). However, MAT reconstructions based on the preindustrial database suffers of some weaknesses. Indeed, the minimum statistical distance (i.e. the statistical distance of the closest selected analogue; Dmin; Fig. 7) calculated from preindustrial-based MAT reconstructions highlights higher values than modern-based Dmin (Fig. 7). This indicates a higher degree of difficulty for MAT to find analogues for core KZAI-01 assemblages. It results from missing analogues for 20 fossil samples of core KZAI-01, while the MAT applied with modern database found analogues for all fossil assemblages (Fig. 6). This is explained by the removing of 73 coastal samples in the preindustrial database, for which simulations did not provide data due to the low resolution of the continental coastline. Indeed, 65% of samples of the modern database used by MAT to reconstruct values are samples removed from the preindustrial database. Furthermore, these removed samples correspond also to high NPP areas, i.e. samples having value up to 1,400 g.m-2.year-1. Thus, the preindustrial database needs further improvements to faithfully reconstruct past conditions from coastal sediment cores located in high NPP area such as core KZAI-01.

5.1.2. VGPM versus Eppley-VGPM models


We have examined differences between signals reconstructed from VGPM and Eppley-VGPM models. As shown on Figs 6 and 8, the evolution of both signals differs substantially. Higher NPP values observed during interval C on VGPM model is not observed on Eppley-VGPM model (Fig. 8) and, conversely, the lower values observed during the interval B on VGPM model correspond to an interval of higher values in Eppley-VGPM model (Fig. 8). This pattern is explained by the difference of calculation of the Pb_opt parameter in both models, and also the latitude of selected modern samples by the MAT. Indeed, during the interval C, selected samples are mostly located at 30°S (Fig. 8), i.e. where annual SSTs are around 15°C (Fig. 8). Hence, the Eppley Pb_opt parameter provides low values (Fig. 8), while the VGPM Pb_opt parameter provides twice higher values (Fig. 8), resulting in higher NPP values with the VGPM than with the Eppley-VGPM model.


In comparison, Pb_opt parameter was calculated by using SST reconstructions based on the Uk'37 alkenone proxy and then performed on core GeoB6518-1 (distant by 15 km from core KZAI-01; Fig. 1; Schefuß et al., 2005). Regardless the model, Pb_opt parameter remains between 5.5 and 6.5 (Fig. 8), while the distribution of values calculated from MAT annual SST is substantially higher, especially for the Eppley-VGPM model. MAT seems to add analytic bias in NPP reconstructions which clearly disqualifies the Eppley-VGPM method. VGPM-based Pb_opt parameter calculated on MAT annual SST also highlights some discrepancies with what is expected in the range of SST of core KZAI-01 area (Fig. 8), but the observed variability remains relatively close to the Pb_opt parameter calculated from core GeoB6518-1 Uk'37 alkenone SST reconstructions (Fig. 8). The analytic bias induced by MAT selected samples located in higher latitude could be avoided by using -chlorophyll concentration in the modern database instead of NPP data. Then after having extracted -chlorophyll concentrations, VGPM and Eppley-VGPM NPP have been calculated, also using core GeoB6518-1 Uk'37 alkenone SST reconstructions in order to calculate the Pb_opt parameter. Corrected NPP reconstructions then evidence identical trends with VGPM results provided by MAT (Fig. 8), hence demonstrating the robustness of the VGPM model.

5.2. Comparisons between models and other records
5.2.1. Sea-surface temperatures

In the vicinity of the Congo River mouth, existing SST reconstructions based on the Uk'37 alkenone proxy and performed on cores GeoB6518-1 (distant by 15 km from core KZAI-01; Schefuß et al., 2005) and GeoB1008-3 (distant by 140 km from core KZAI-01; Schneider et al., 1995; Fig. 1) allow comparison with MAT-based SST reconstructions carried out on the study core (Fig. 8).

Alkenone-based reconstructions on both records show a thermal amplitude of 4°C between the last glacial period and the Holocene, which is consistent with the general pattern of the glacial-interglacial thermal amplitude described in the intertropical area (Kucera et al., 2005; Shakun and Carlson, 2010). The MAT-based SST reconstruction presents a sharply different pattern, with maximum thermal amplitude of 18°C (Fig. 8). Furthermore, even if similar trends between MAT and alkenone reconstructions are found for the 24-20, 16-13 and 8-4 kyr BP intervals (black arrows on Fig. 8), MAT-based reconstructions suggest SST variations that are quite different from the alkenone-based ones, with the highest temperatures occurring during the LGM (mean temperature: 24.7°C, ranging between 18 and 27°C) and the lowest ones occurring during the Early- and Mid-Holocene (mean temperature: 18.9°C, ranging between 12 and 27°C). These trends are thus opposite to alkenone-based reconstructions. These discrepancies can be explained by the MAT process. The script statistically chooses for each fossil sample the closest modern analogues regardless their geographical location. For example, the mean latitude of selected modern analogues across zone C is 30°S (Fig. 8). This is explained by Echinidinium spp. abundances recorded in core KZAI-01 between 10 and 40% (Hardy et al., 2016). Similar abundances in the modern database are only found in Benguela and Canary Upwelling Systems (BUS and CUS; Fig. 1). At this latitude, SSTs range between 13.8 and 24.5°C (World Ocean Atlas 2013). Conversely, across zone B, the mean latitude of selected modern analogues is 5°N (Fig. 8), where SSTs range between 26.6 and 29.4°C (World Ocean Atlas 2013). Thus, the reconstructed SST signal is largely explained by the latitude of the selected modern analogues. At this stage of development of the tropical Atlantic database, we do not recommend to use MAT-based SST reconstructions for further quantifications, in this specific case.
5.2.2. SST anomalies calculated from latitudinal mean


This method which aims at quantifying past upwelling activity, through the resulted cooling of surface water, is used here for the first time. Thus, MAT results cannot be compared directly with the same proxy. However, the closest existing proxy, i.e. a linear SST gradient calculated on cores roughly located at the same latitude has been used (Fig. 9a). SST reconstructions performed on cores GeoB3910-2 (star #5, Fig. 1; Jaeschke et al., 2007), GeoB1112-4 (star #4, Fig. 1; Nürnberg et al., 2000), GeoB1008-3 (star #3, Fig. 1; Schneider et al., 1995) and GeoB6518-1 (star #2, Fig. 1; Schefuß et al., 2005) located between western and eastern Atlantic Ocean boundaries were used to build a longitudinal thermal gradient based on a linear regression, using the westernmost core GeoB3910-2 as the origin. Negative values then evidence eastward sea-surface cooling mostly induced by the upwelling activity in the intertropical Atlantic Ocean. Here, both reconstructed values of linear SST gradient and MAT SST anomalies calculated from latitudinal mean are negative all along the period covered by this study, i.e between 44 and 1.4 kyr BP (Fig. 9a), thus suggesting that upwelling cells were permanently active in the area of core KZAI-01. 


The longitudinal SST gradient presents similar trends with MAT reconstructions, with indeed lower negative values during the interval B (Fig. 9a) and higher negative values during intervals A and B (Fig. 9a). Furthermore, at a millennial timescale, we observe a good correlation between longitudinal SST gradient values and coldest month MAT reconstructions, especially during intervals C and B (grey bands; Fig. 9). However, we observe substantial discrepancies between both signals. MAT reconstructions highlight highest negative anomalies during the last glacial-Holocene transition (interval C; Fig. 9a), while the longitudinal SST gradient highlights highest gradient during MIS 3 (interval A; Fig. 9a). Although coldest month MAT values are negative during MIS 3, these are relatively close to modern values, while reconstructed SST longitudinal gradient was twice stronger than modern values (Fig. 9a). This pattern could be explained by dinocyst assemblages composition of core KZAI-01 (Hardy et al., 2016). Dinocyst taxa controlled by NPP and winter upwelling according to CCA (Fig. 3), i.e. Lejeunecysta oliva, Selenopemphix quanta, Echinidinium spp., Protoperidinium americanum, Peridinioids and Quinquecuspis concreta (Fig. 3), are characterized by low abundances during MIS 3 (around 6%; Hardy et al., 2016), whereas their abundances increased to 20% during the last glacial-Holocene transition (Hardy et al., 2016). This suggests a stronger upwelling activity according to the MAT method.


It is worth noting that the discussion focused on coldest month MAT reconstructions, because warmest month MAT reconstructions suffer from substantial weaknesses: i) a lack of constraints by dinocyst taxa in the CCA biplot (Fig. 3), ii) MAT values are systematically below modern values (Fig. 9a), thus suggesting an overestimation of summer upwelling activity, and iii) selected modern samples in intervals A and C with highest anomalies are mostly located in the Benguela Upwelling System (BUS, Fig. 1), characterized by permanent annual upwelling. The northern boundary of the BUS, embodied by the ABFZ (Fig. 1), varied over the last 44 kyr between 8°S and 17°S (Jansen et al., 1996). Thus, the area of core KZAI-01 has never been under the influence of the BUS, but rather under the influence of seasonal upwelling. As underlined by the CCA biplot, upwelling activity reconstructed with coldest month SST anomaly regarding latitudinal mean is more accurate than warmest month values.

5.2.2. Paleoproductivity


The percentages of Total Organic Carbon (TOC, %) and of Biogenic Silica (BiSiO2, %) are commonly used as indirect proxies of primary productivity in the intertropical Atlantic Ocean (Schneider et al., 1997; Müller et al., 1998; Wagner, 2000; Mollenhauer et al., 2004; Gottschalk et al., 2015). The closest records of TOC and BiSiO2 to the core KZAI-01 site are available from core GeoB1008-3 (Schneider et al., 1997), in which dinocyst assemblages have also been analysed (Dupont et al., 1999). We applied the MAT revised in this study to dinocyst assemblages of core GeoB1008-3 in order to compare reconstructed NPP values and TOC-BiSiO2 data from the same core (Fig. 8b). We observe a good correlation between signals, with higher productivity reconstructed during the last glacial period and a significant decrease between the LGM and Termination 1 (T1) by 43% (Fig. 8). This is consistent with previous reconstructions of last glacial-Holocene paleoproductivity, mainly explained by the weakening of tropical easterlies wind stress during the LGM and T1 (Penaud et al., 2010, 2011; Frihmat et al., 2015; Penaud et al., 2016; Hatin et al., 2017). The good correlation between MAT reconstructions and other proxies thus validates the robustness of quantified MAT reconstructions. Although the distance between cores GeoB1008-3 and KZAI-01 is relatively short, i.e. around 140 km, observed trends between MAT reconstructions reveal anti-correlated signals. Decreasing NPP values during the last glacial-Holocene transition in core GeoB1008-3 are synchronous with increasing NPP values on core KZAI-01 (Fig. 8). This pattern thus evidences that a different forcing acted in a restricted geographical area.

5.3. Major forcing on paleoproductivity


Understanding the impacts of all forcings and potential feedbacks that influenced past NPP variations is complex. In the tropical area, the insolation forcing (notably precession and obliquity) has a very low impact on the photosynthesis efficiency, due to the weakness of orbital-induced insolation changes (Barber, 1992), and may not have significantly influenced NPP changes (Le Mézo et al., 2016). Nutrient supplies, on the other hand, essentially drive NPP today. The focus should then rely on their major sources: i) coastal upwelling cells along the Congolese margin (Ufkes et al., 1998; Marret et al., 2006), which can be tracked using magnetic susceptibility and/or dust Congo River ratio to reconstruct easterly wind intensity, ii) and Congo River discharges (da Cunha and Buitenhuis, 2013), also generating river-induced upwelling on the Congolese margin (Cadée, 1984; Jansen and Van Iperen, 1991). The influence of river discharges in the region highlights the importance of considering past monsoonal activity, especially latitudinal shifts/contractions of the tropical rainbelt and the associated consequences on precipitations above the Congo Basin. Strengthened upwelling activity in response to enhanced trade wind intensity is generally well documented for the last glacial period, especially during abrupt cold climate events such as Heinrich Events or the Younger Dryas (Penaud et al., 2010, 2011; Frihmat et al., 2015). The Holocene would correspond to a general state of weakened upwelling activity, although strengthened upwelling activity is often documented during the Late Holocene (Kim et al., 2003; Marret et al., 2006; Gyllencreutz et al., 2010; Walker et al., 2012). Magnetic susceptibility and dust-river ratios, respectively recorded in cores GeoB1008-3 and GeoB6518-1 (Bleil et al., 1988; Collins et al., 2011) show a three-step evolution of the easterly wind forcing, with a regime of high wind stress between 44 and 20 kyr BP, followed by a gradual wind stress decline and stabilization to low wind stress conditions over the last 8 kyr (Fig. 9). Despite the high resolution of magnetic susceptibility measurements on core GeoB1008-3 (Bleil et al., 1988), no evidence of abrupt climatic events is observed during the glacial period. It can be argued that such events, if they did impact the tropical Atlantic Ocean, did not have a significant impact on the strength of the easterly winds. Thus, the evidence from magnetic susceptibility and dust-river ratios from these cores suggests that the major forcing acting on upwelling activity in the region gradually weakened during the last deglaciation.

Reconstructed upwelling activity by MAT and longitudinal SST gradient suggests a different pattern in the area of core KZAI-01. We indeed observe a weakening of the upwelling activity between 38 and 16 kyr BP (Fig. 9a), with a minimum occurring between 20 and 16 kyr BP, corresponding roughly to the Heinrich Event 1 interval. Concomitantly to the decline of easterly wind strength during the last glacial-Holocene transition (Fig. 9a), upwelling activity conversely increased substantially (Fig. 9a), suggesting that upwelling cells were developed independently from the easterly wind forcing. Elemental quantitative and semi-quantitative analyses on core KZAI-01 were carried out (Savoye, 1998; Bayon et al., 2012), using Al/K and Ti/Ca ratios in order to indirectly reconstruct terrestrial chemical weathering and terrigenous inputs, respectively. The observed good correlation between higher terrestrial inputs through the Congo River during MIS 3 and the last glacial-Holocene transition (Fig. 9b) and upwelling activity may evidence the past activity of the Congo river-induced upwelling cell. Also, the high upwelling activity during MIS 3 may be the result of additional river-induced upwelling activity and enhanced wind-induced upwelling activity in the area of core KZAI-01 (Fig. 9b). The evidence of weakened wind-induced upwelling during the last glacial-Holocene transition implies a greater prevalence of the Congo river-induced upwelling forcing during this period. This pattern is indeed atypical, due to the traditional opposition “enhanced upwelling / continental drought” versus “weakened upwelling / continental moisture” (Adkins et al., 2006; Izumo et al., 2008).

Highest NPP values also occurred during intervals of highest terrigenous inputs (i.e. higher river runoff; Fig. 9b), especially during the last glacial-Holocene transition, which corresponds to the African Humid Period (AHP, Fig. 9b; deMenocal et al., 2000; Lebamba et al., 2012; Shanahan et al., 2012), thus suggesting the predominant influence of river discharges and river-induced upwelling activity on recorded paleoproductivity in core KZAI-01. However, without further studies, it is not possible to discriminate the respective influence of nutrient-rich river discharges and nutrient supplied by upwelling generated by the Congo River runoff. Dinocyst assemblages recorded during this interval may however demonstrate a prevalence of river-induced upwelling as the main nutrient source. Indeed, during the AHP, the most abundant taxa in KZAI-01 core are known as indirect upwelling proxies, especially Echinidinium and Stelladinium taxa (Zonneveld et al., 2013), while taxa generally abundant in low salinity areas, such as Operculodinium aguinawense, Lingulodinium machaerophorum and Spiniferites ramosus, are weakly present during this interval (Hardy et al., 2016). This may evidence there the greater influence of upwelling rather than freshwater input.
5.3.1. Orbital forcing on primary productivity


Previous studies suggested the prevalent influence of Earth's precession and obliquity orbital parameters on past monsoonal activity (deMenocal et al., 1993; Merlis et al., 2012; Bosmans et al., 2015), especially the combination of maximal obliquity and minimum of precession which allowed the highest monsoonal strength (Tuenter et al., 2003). Hardy et al. (2016) highlighted the effect of orbital forcing in the study area both on elemental analysis and dinocyst assemblages with higher terrigenous inputs occurring when the precession index was negative, i.e. during MIS 3 and the AHP, enhanced by maximum of obliquity during the AHP (Fig. 9). The imprint of orbital forcing is clear from the quasi-sinusoidal signal of reconstructed VGPM-based NPP values, which is inversely synchronous with the precession signal (Fig. 9b). To confirm the direct relationship between both signals we performed a cross-correlation analysis with the PAST software between NPP values and precession index (Fig. 9b). The best correlation signal for NPP versus precession is centered on zero, confirming the synchronicity between both signals, supporting the direct link between monsoonal oscillations leading river-induced upwelling activity and observed NPP oscillations (Fig. 9b). Due to the short temporal interval covered by core KZAI-01, i.e only one complete cycle of obliquity, performing cross-correlation analysis on obliquity signal is irrelevant. The synchronicity between higher terrigenous inputs and higher NPP values during the AHP (i.e. high obliquity interval) and, conversely, a mitigated pattern during MIS 3 (i.e. low obliquity signal), however indicates an obvious influence of the obliquity signal on primary productivity in the study area of core KZAI-01.
6. Conclusions

Updated modern environmental and dinocyst databases for the tropical Atlantic Ocean were used to generate new dinocyst-based Modern Analogue Technique (MAT) reconstructions, which were applied on core KZAI-01 record (off the Congo Basin), covering the last 43.2 kyr. MAT reconstructions of primary productivity and upwelling activity, through the novel method of SST anomalies calculated from latitudinal mean, demonstrate the relevance and robustness of the dinocyst proxy to faithfully quantify surface hydrological parameters. Furthermore, the use of preindustrial simulations data instead of modern environmental data allows avoiding the classical bias between dinocyst assemblages which are a few centuries-old and modern instrumental measurements. However, at this stage of development, the preindustrial database is more adapted to offshore oligotrophic and mesotrophic environment.


MAT results on the study core evidence an atypical pattern of primary productivity controlled by a combination of nutrient-rich Congo River discharges and upwelling generated by the Congo River outflow, with the highest productivity values occurring during the African Humid Period and Marine Isotopic Stage 3. This pattern appears to be geographically restricted in the vicinity of the study area. Indeed, same MAT reconstructions also carried out on the neighbor core GeoB1008-3 evidence a NPP control through wind-induced upwelling activity, and then a substantial decline during the African Humid Period. The prevalence of the Congo River forcing implies the imprint of precession and obliquity forcing which controlled paleomonsoon activity. This is evidenced by the synchronicity between minima of precession and maxima of reconstructed primary productivity.

To improve the robustness of dinocyst-based transfer function results, the addition of well-dated modern sites from the tropical Atlantic Ocean is needed, so as to obtain a better representation of environmental conditions in the analogue database for past hydrological quantifications.
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9. Figures and table captions
Table 1: List of dinocyst taxa in the n = 237 database

Table 2: Range values of included variables in both modern and preindustrial databases, with their calculated RMSE. 

Fig. 1: Environmental setting of the intertropical Atlantic Ocean. Cited cores in the text are located in the map: 1) KZAI-01; 2) GeoB6518-1; 3) GeoB1008-3; 4) GeoB1112-4 and 5) GeoB3910-2. Black arrows represent surface oceanic circulation (Lass and Mohrholz, 2008). Colored map corresponds to 1955-2012 World Ocean Atlas 2013 annual mean SST anomalies regarding latitudinal mean. The Congo Basin is highlighted in grey. Dashed lines in dark green correspond to January and July mean locations of the Intertropical Convergence Zone (Collier and Hughes, 2011). Black dashed line displays the Angola-Benguela Front Zone (ABFZ; Jansen et al., 1996) and purple areas highlight major upwelling areas. CUS: Canary Upwelling System; ED: Equatorial Divergence; AD: Angola Dome; CU: wind-induced Coastal Upwelling; BUS: Benguela Upwelling System.
Fig. 2: Geographical distribution in Mercator projection of modern samples of the classical tropical modern database n = 208 (red circles, Marret et al., 2008) and the new modern samples proposed in this paper, based on the World dinocyst atlas (dark blue circles, Zonneveld et al., 2013), West African surface sediments (green circles, Bouimetarhan et al., 2009) and top of core GeoB4905-4 (light blue circle, Marret et al., 2013). Removed modern samples are displayed with yellow diamonds.

Fig. 3: Canonical Correspondence Analyses performed with the PAST (Hammer et al., 2001) software on modern database n = 237 and the preindustrial database n = 164, loading of the 43 dinocyst taxa which heterotrophic taxa are in brown. Codes for taxa names can be found in Table 1. Blue polygons highlight general directions displayed by dinocyst taxa.

Fig. 4: A: Map of intertropical Atlantic Ocean colored by values of environmental representativeness index of the modern database. Values are ranged between 0 and 10, where 0 correspond to environmental values absent in the modern database and 10 correspond to environmental values mostly represented in the modern database. B: Numerical distribution of environmental values recorded in the modern database. Black horizontal dashed lines correspond to thresholds of reclassified values (0.5 to 2) according to the statistical distribution of each environmental variable. This reclassification was applied to raster data to visualize spatial representativeness of modern environmental data in the modern database.

Pink dots in section A correspond to the location of modern samples and the red star in section B corresponds to modern values extracted from core KZAI-01 location.

Fig. 5: Calculated RMSE for each increment of 100 g m-2 year-1 of modern-based VGPM and Eppley-VGPM models, displayed respectively by green and purple diamonds. Was applied a degree 3 polynomial regression displayed in dashed green and purple curves respectively for VGPM and Eppley-VGPM models. Black stars represent thresholds from where calculated RMSE exceeds calculated variables by MAT.

Fig. 6: Main quantitative reconstructions of sea-surface parameters provided by the dinocyst-based MAT performed on the core KZAI-01 record. Reconstructions are based on 1955 - 2012 World Ocean Atlas 2013 mean for annual SST, SSS and SST anomalies calculated from latitudinal mean and 1997 - 2016 mean satellite measurements of primary productivity. White and grey bands correspond to four major intervals characterized by different environmental patterns (A, B, C, D). Red dashed lines represent present-day values extracted from satellite and WOA13. Envelopes correspond to root mean square error (RMSE) calculated by MAT on the modern database n = 237. RMSE values are detailed in Table 2. Dark red envelopes correspond to standard deviation of input environmental data included in the modern database.
Fig. 7: Main quantitative reconstructions of sea-surface parameters provided by the dinocyst-based MAT performed on the core KZAI-01 record. Reconstructions are based on IPSL-CM5A-LR simulations of preindustrial conditions included in the preindustrial database n = 164. Green and pink envelopes correspond to root mean square error (RMSE) calculated by MAT on the modern database n = 164. Dark red envelopes correspond to standard deviation of input environmental data included in the preindustrial database. Black dashed lines correspond to modern-based MAT reconstructions.
Fig. 8: Comparison between MAT reconstructions from the KZAI-01 record and environmental reconstructions based on other proxies: Uk'37 alkenone-based SST reconstructions from cores GeoB1008-3 (Schneider et al., 1995) and GeoB6518-1 (Schefuß et al., 2005); Total Organic Carbon and dissolved biogenic silica on core GeoB1008-3 (Schneider et al., 1997). MAT. reconstructions performed on core GeoB1008-3 is based on dinocyst assemblages performed by Dupont et al. (1999). The pink band on SST reconstructions corresponds to glacial-interglacial thermal amplitude extracted from alkenone reconstructions in the study area. Corrected MAT modern-based NPP reconstructions were calculated using MAT reconstruction -chlorophyll concentrations on which was applied VGPM and Eppley-VGPM models, with a PB_opt parameter calculated from Uk'37 alkenone-based SST reconstructions performed on cores GeoB6518-1 and GeoB1008-3 (Schneider et al., 1995; Schefuß et al., 2005).

Fig. 9: a: Comparison between proxy reconstructions of past upwelling activity on the Congolese margin and reconstructed SST anomalies regarding latitudinal mean by MAT for the coldest and warmest months. Documented proxies are : magnetic susceptibility extracted from core GeoB1008-3 (Bleil et al., 1988), dust - river ratio extracted from core GeoB6518-1 (red diamonds; Collins et al., 2011) and longitudinal SST gradient calculated by linear regression with SST reconstructions on cores GeoB3910-2 (Jaeschke et al., 2007), GeoB1112-4 (Nürnberg et al., 2000), Geob1008-3 (Schneider et al., 1995) and GeoB6518-1 (Schefuß et al., 2005). Red dashed lines correspond to modern values estimated with 1955-2012 mean WOA13. Grey bands highlight positive correlation between longitudinal SST gradient and MAT reconstructions. b: Comparison between proxy reconstructions of past terrestrial runoff and reconstructed NPP values by MAT on core KZAI-01. Documented proxies are : X-Ray Fluorescence Ti/Ca ratio extracted from core KZAI-01 (Savoye, 1998); quantitative elemental analysis of K/Al ratio extracted from core KZAI-01 (Bayon et al., 2012) and West / East African paleomonsoon models (Caley et al., 2011). Light green features in paleomonsoon models highlight strengthened monsoonal activity than modern setting. Precession and obliquity signals (Berger and Loutre, 1991) are displayed with VGPM reconstructed by MAT. The Greenland Interstadials chronology is based on NorthGrip GICC05 ice core age model (Svensson et al., 2008) and the African Humid Period on deMenocal et al. (2000) chronology. c: Cross-Correlation analyses performed with PAST software, between precession and MAT reconstructions of VGPM. Each red dashed line highlight modern-day values recorded in the area of core KZAI-01.
Table 1: List of dinocyst taxa in the n = 237 and the n = 164 databases
Table 2: Range values of included variables in both modern and preindustrial databases, with their calculated RMSE.
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