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Introduction

Cancer is a main disease amongst women worldwide. As highlighted in the latest reports by the World Health Organization (WHO), cervical cancer is the fourth and eighth most generally occurring cancer in women and overall, respectively. There is an assessment of 570,000 new cases in 2018 indicating 6.6% of all woman cancers. Almost 90% of deceases from cervical cancer happened in lowand middle-income countries [1,[START_REF] Torre | Global Cancer in Women: Burden and Trends[END_REF]. The current therapeutic approaches for cervical cancer patients are radiotherapy, chemotherapy, and eventually surgery. However, these treatments firstly may be rejected if tumors have metastasized and secondly can damage other healthy tissues and may cause harmful effects. Hence, oncolytic viruses (OVs) are offered as a new promising and safe treatment for therapy [START_REF] Wang | Potentiation of tumor radiotherapy by a radiation-inducible oncolytic and oncoapoptotic adenovirus in cervical cancer xenografts[END_REF][START_REF] Gao | How chemotherapy and radiotherapy damage the tissue: Comparative biology lessons from feather and hair models[END_REF][START_REF] Janicek | Cervical cancer: prevention, diagnosis, and therapeutics[END_REF][START_REF] Howells | Oncolytic viruses-interaction of virus and Tumor Cells in the Battle to eliminate Cancer[END_REF].

Oncolytic viruses (OVs) are a type of viruses that distinctively infect and neutralize malignant cancer cells by oncolysis activity in the body. It is an emerging therapeutic modality, which is prevalently seen as a potential therapeutic selection for the patients with malignant tumor. Furthermore, the OVs are well-known with other names such as oncolytic virus therapy, virotherapy, and viral therapy. Several clinical trials are undergoing or have been completed using this strategy [START_REF] Howells | Oncolytic viruses-interaction of virus and Tumor Cells in the Battle to eliminate Cancer[END_REF][START_REF] Russell | The emerging role of oncolytic virus therapy against cancer[END_REF][START_REF] Fukuhara | Oncolytic virus therapy: A new era of cancer treatment at dawn[END_REF][START_REF] Bell | Viruses for tumor therapy[END_REF][START_REF] Lawler | Oncolytic viruses in cancer treatment: a review[END_REF].

Talimogene laherparepvec (T-Vec) was the first oncolytic virus for the therapy of melanoma patients and was confirmed by the US Food and Drug Administration (FDA) in 2015 [START_REF] Lawler | Oncolytic viruses in cancer treatment: a review[END_REF][START_REF] Pol | First oncolytic virus approved for melanoma immunotherapy[END_REF]. The diversity of viruses have been demonstrated to possess oncolytic and anti-tumor activities against cancer, including adenovirus, reovirus, measles virus, herpes simplex virus type 1, vaccinia virus, Newcastle disease virus, and coxsackievirus among others [START_REF] Lawler | Oncolytic viruses in cancer treatment: a review[END_REF]. The National Cancer Institute (NCI) confirmed the Newcastle disease virus as an alternative therapy and listed it as a complementary treatment [START_REF] Yurchenko | Oncolytic effect of wild-type Newcastle disease virus isolates in cancer cell lines in vitro and in vivo on xenograft model[END_REF].

Several studies confirmed that NDV is safe and effective in mammalian cell lines hence, it can display a new weapon as a potential virotherapeutic factor for human malignancies [START_REF] Yurchenko | Oncolytic effect of wild-type Newcastle disease virus isolates in cancer cell lines in vitro and in vivo on xenograft model[END_REF][START_REF] Yurchenko | Adaptation of the Newcastle disease virus to cell cultures for enhancing its oncolytic properties[END_REF][START_REF] Schirrmacher | Immunobiology of Newcastle disease virus and its use for prophylactic vaccination in poultry and as adjuvant for therapeutic vaccination in cancer patients[END_REF][START_REF] Walter | Two avirulent, lentogenic strains of Newcastle disease virus are cytotoxic for some human pancreatic tumor lines in vitro[END_REF].

NDV is belongs to the Paramyxoviridae family, genus Avulavirus, large size (150-400 nm), negative sense, non-segmented, single-stranded RNA [START_REF] Yurchenko | Adaptation of the Newcastle disease virus to cell cultures for enhancing its oncolytic properties[END_REF][START_REF] Walter | Two avirulent, lentogenic strains of Newcastle disease virus are cytotoxic for some human pancreatic tumor lines in vitro[END_REF][START_REF] Tayeb | Therapeutic potential of oncolytic Newcastle disease virus: a critical review[END_REF]. Among NDV strains, we can refer to lentogenic strains that are non-virulent attenuated strains (Ulster, LaSota, and Hitchner B1) [START_REF] Schirrmacher | Immunobiology of Newcastle disease virus and its use for prophylactic vaccination in poultry and as adjuvant for therapeutic vaccination in cancer patients[END_REF][START_REF] Walter | Two avirulent, lentogenic strains of Newcastle disease virus are cytotoxic for some human pancreatic tumor lines in vitro[END_REF][START_REF] Tayeb | Therapeutic potential of oncolytic Newcastle disease virus: a critical review[END_REF].

NDV has been recognized as an oncolytic virus due to its intrinsic direct killing potential in malignant cells and associated cell death stimulating innate and adaptive immune responses (required for longterm anti-tumoral immunity) [START_REF] Schirrmacher | Immunobiology of Newcastle disease virus and its use for prophylactic vaccination in poultry and as adjuvant for therapeutic vaccination in cancer patients[END_REF][START_REF] Al-Shammari | In vitro synergistic enhancement of Newcastle Disease Virus to 5-fluorouracil cytotoxicity against tumor cells[END_REF].

Cell death, according to the morphologically distinct feature in multicellular organisms, has been categorized into three classes including apoptosis (Class I), necrosis (Class II), and autophagy (Class III). Apoptosis is an important route for eliminating harmed or infected cells to protect tissue integrity and cellular homeostasis. Apoptosis is an extremely organized procedure that leads to cell death. Its features are chromatin condensation, activation of caspases, DNA fragmentation, and mitochondrial membrane changes. Autophagy is an intracellular lysosome-dependent mechanism, which degrades malfunctional or aberrant cytoplasmic proteins and damaged organelles to maintain cellular homeostasis [START_REF] Chun | Autophagy: an essential degradation program for cellular homeostasis and life[END_REF][START_REF] Tang | The molecular machinery of regulated cell death[END_REF][START_REF] Chen | The independence of and associations among apoptosis, autophagy, and necrosis, Signal transduction and targeted therapy[END_REF].

Cytochrome-C is one of the major factors on the danger-associated molecular pattern (DAMP) molecules which naturally express molecules that signal tissue damage to the host [START_REF] Eike | The oncolytic peptide LTX-315 induces cell death and DAMP release by mitochondria distortion in human melanoma cells[END_REF]. It plays a serious function in the mitochondria in supporting the synthesis of adenosine triphosphate (ATP) processes. The release of cytochrome-C into cytosol could be a trigger to initiate apoptosis. Indeed, a high level of cytochrome-C in the cytosol could be an indicator of immunogenic cell death (ICD) [START_REF] Jiang | Cytochrome C-mediated apoptosis[END_REF].

On the other hand, survivin is suppressor of apoptosis protein (IAP) family. Therefore, survivin protein level could be associated with cell survival via inhibition of caspase activities [START_REF] Dohi | Mitochondrial survivin inhibits apoptosis and promotes tumorigenesis[END_REF].

According to a recent study, we revealed that oncolytic NDV, LaSota strain could induce the apoptosis in TC-1 cells [START_REF] Keshavarz | Oncolytic Newcastle disease virus reduces growth of cervical cancer cell by inducing apoptosis[END_REF]. Illuminating mechanisms of NDV Hitchner B1-mediated apoptosis is important for understanding virus-host interactions in tumor cells.

The current study, we have addressed the NDV-mediated inhibition of tumor growth in a human papillomavirus (HPV)-induced cervical tumor model. We evaluated the potential oncolytic factors of NDV on cell viability, apoptosis and autophagy, followed by the assessment of the DAMP activation status of the cell by evaluating cytochrome-C expression. Our findings indicated that apoptosis proceeds through the intrinsic pathway which involves ROS secretion, release of cytochrome-C and survivin and activation of caspase-3.

Materials and methods

Cell culture

As explained previously Lin et al., in 1996 [25], the human lung cancer cells (TC-1) was generated by in vitro culture of primary lung epithelial cells of C57BL/6 mice immortalized by HPV-16 E6/E7 onco-proteins and c-Ha-ras oncogenes was purchased from the Cell Bank of Pasteur Institute, Tehran, Iran. TC-1 cell line was cultured in Roswell Park Memorial Institute (RPMI)1640 medium supplemented with 100 U/ml penicillin G and 100 μg/ml streptomycin and heat-inactivated fetal bovine serum (FBS) (10% v/v). The cell line was kept in 5% (v/v) CO2 at 37 °C until complete confluent monolayer.

NDV purification

The Hitchner B1 strain of Newcastle diseases virus (HB1 NDV) was collected from Razi Institute of Serum and Vaccine Research Center, Karaj, Iran. It was multiplied in the allantoic cavity of 9 to 11 days-old specified pathogens free (SPF) embryonated chicken eggs and all allantoic fluid samples were harvested aseptically and centrifuged at 30000 × g for 3 h at 4 o C. The existence of NDV was distinguished by the hemagglutination (HA) assay. The supernatant was divided and kept frozen at -80 °C for later analysis.

LDH release

Cell lysis was distinguished using lactate dehydrogenase (LDH) cytotoxicity detection kit. This method measures the release of cytoplasm enzyme LDH by damaged cells. Briefly, TC-1 cells were trypsinized, counted and seeded into 96-well micro-plate at a density of 3 × 10 4 cells/well and kept at 37 o C in 5% CO2 for 24 hr. Next, cells were treated with various multiplicity of infections (MOIs) of HB1 NDV (5, 10, and 15) for 1 h at 37 o C, 5% CO2. Some wells were left with no virus to be used as negative control. Thereafter, the medium was discarded and replaced with DMEM and incubated for 72 h. Then, the micro-plate was centrifuged at 250 g/min for 10 min. Finally, 70 µl of each well supernatant was transferred to a fresh well of 96-well plate. The LDH activity of the supernatant was evaluated by an LDH cytotoxicity detection kit, to the producer protocol (Takara Biochemicals, Japan) [START_REF] Baba | Colorimetric lactate dehydrogenase (LDH) assay for evaluation of antiviral activity against bovine viral diarrhoea virus (BVDV) in vitro[END_REF]. Measurements were done at 490 nm wavelength (against the reference wavelength of 600 nm) via micro-plate reader spectrophotometer (BioTek, USA). Each experiment was assayed three times (n = 3).

Annexin V-FITC/PI analysis for cell apoptotic rate assay

The apoptosis induced by NDV in TC-1 cell was demonstrated with Annexin V/(propidium iodide) PI double staining assay by flow cytometry, conforming to the producer instructions (BD Biosciences, USA). Summarily, TC-1 cells were trypsinised and counted using hemocytometer then were seeded into a 6-well plate at a density of 5 × 10 5 cells/well and finally incubated at 37 o C in 5% CO2 for 24 h.

Next, cells were treated with various concentrations of HB1 NDV (MOIs: 5,[START_REF] Lawler | Oncolytic viruses in cancer treatment: a review[END_REF][START_REF] Walter | Two avirulent, lentogenic strains of Newcastle disease virus are cytotoxic for some human pancreatic tumor lines in vitro[END_REF] for 1 h at 37 o C, 5% CO2. Uninfected cells were considered as negative control. Finally, cells were digested, washed and incubated with FITC-conjugated anti-annexin-V and PI, and kept for 15 min under room temperature in dark. Finally, the stained cells were evaluated by a flow cytometer (Becton & Dickinson Biosciences, USA). Each experiment was assayed three times (n = 3).

Measurement of ROS

Intracellular ROS was loaded with 20 and 70 µM fluorescent probe dichlorofluorescein diacetate (DCFH-DA) according to the producer instructions [START_REF] Keshavarz | Oncolytic Newcastle disease virus reduces growth of cervical cancer cell by inducing apoptosis[END_REF]. Concisely, cells were seeded on the cover slide inside 6-well plate. Next, they were kept in CO2 incubator at 37 o C and 5% CO2 for 72 h treated with various concentration of HB1 NDV (MOIs: 5,[START_REF] Lawler | Oncolytic viruses in cancer treatment: a review[END_REF][START_REF] Walter | Two avirulent, lentogenic strains of Newcastle disease virus are cytotoxic for some human pancreatic tumor lines in vitro[END_REF]. Some wells containing only DMEM served as negative control. At the end of the treatment, adding DCFH-DA to the samples for 1 h and then trypsinization, the cells were washed twice with phosphate-buffered saline (PBS), re-suspended in 500 ml PBS and instantly examined by flow cytometry (Becton & Dickinson Biosciences, USA). Each experiment was assayed three times (n = 3).

Cleaved caspase-3 labeling

The apoptosis induced by different MOIs of HB1 NDV was measured with flow cytometry assay, according to the manufacturer's protocol. For this purpose, we targeted cleaved caspase-3, which is a credible marker for cells that are dying or have died by apoptosis [START_REF] Crowley | Detecting cleaved caspase-3 in apoptotic cells by flow cytometry[END_REF]. Briefly, the cells were labeled with the primary antibody against caspase-3 (Cell Signaling, USA) diluted in PBS containing 1% bovine serum albumin (BSA) for 30 min. Next, cells were washed with PBS, and then FITCconjugated secondary antibody (Anti-Rabbit IgG, Razai BioTech, Iran) was added and kept at room temperature for 30 min. Finally, the stained cells were examined with flow cytometry (Becton & Dickinson Biosciences, USA). Each experiment was assayed three times (n = 3).

Detection of autophagy induction

Induction of autophagy was highlighted by evaluating autophagosomal marker microtubule associated protein 1 light chain 3 (LC3-II) via specific antibodies using flow cytometry technique. In the following, cells were suspended and fixed in 4% formaldehyde for 15 min. Cells were then permeabilized using 0.2% Trixton X-100 for 10 min at room temperature. Then, were labeled with the primary antibody against LC3-II (Abcam, USA) diluted in PBS containing 1% BSA for 30 min. Next, cells were washed with PBS, FITC-conjugated secondary antibody (Anti-Rabbit IgG, Razai BioTech, Iran) was added and incubated at room temperature for 30 min. The stained cells were analyzed using flow cytometry (Becton & Dickinson Biosciences, USA). Each experiment was assayed three times (n = 3).

Measurement of cytochrome-C and survivin concentration by ELISA

In order to evaluate the impact of DAMPs in viral tumor oncolysate, the level of cytochrome-C was analyzed. The level of survivin as an anti-apoptosis factor was also determined. The mouse survivin and cytochrome-C ELISA kits (Abcam, USA) were used to measure the levels of survivin and cytochrome-C in viral oncolysate. For the assay, cells were infected with different MOIs of HB1 NDV (MOI: 5,[START_REF] Lawler | Oncolytic viruses in cancer treatment: a review[END_REF][START_REF] Walter | Two avirulent, lentogenic strains of Newcastle disease virus are cytotoxic for some human pancreatic tumor lines in vitro[END_REF] and cell lysate collected at 48 h. Tumor lysates were filtered via 40 μm filters, centrifuged at 5000 rpm for 10 min at 4 °C. Protein concentration of viral tumor oncolysate samples were adjusted to 2 mg/ml with PBS and then the level of mouse cytochrome-C and survivin was determined using mouse ELISA Kits (Abcam, USA) according to the producer protocol. Each experiment was assayed three times (n = 3).

Statistical analysis

All the tests were assayed leastways three times. Furthermore, all statistical analysis was accomplished using GraphPad InStat software, version 5.01 (GraphPad Software, CA, USA). The means comparison among groups was made using one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test. Differences were evaluated significant at *: P<0.05, **: P<0.01 and ***: P<0.001.

Results

The cytotoxic effects of HB1 NDV using LDH assay

LDH is one of the standard methods for cell death evaluation by the quantification of plasma membrane damage. LDH is released into the cell culture supernatant upon damage of the cytoplasmic membrane. Rapidity, reliability, and easy evaluation are some of the specifications of this assay [START_REF] Kumar | Analysis of cell viability by the lactate dehydrogenase assay, Cold Spring Harbor Protocols[END_REF][START_REF]LDH Cytotoxicity Detection Kit[END_REF]. Here, the cytotoxicity of HB1 NDV was measured using the cytoplasmic enzyme method by lactate dehydrogenase (LDH) release assay with different MOIs on TC-1 cells after 72 h incubation.

Figure (1) demonstrated the effect of different concentrations of MOI on the LDH activity in culture supernatants of NDV infected TC-1 cells. As expected, the treatments of cells with increasing concentrations of NDV (MOI: 5,[START_REF] Lawler | Oncolytic viruses in cancer treatment: a review[END_REF][START_REF] Walter | Two avirulent, lentogenic strains of Newcastle disease virus are cytotoxic for some human pancreatic tumor lines in vitro[END_REF] decreased the viability of TC-1 cells dose-dependently. Furthermore, the results indicated that maximum release, 58%, was detected at 72 h after infection at MOI 15 in the cells (P<0.001).

The effect of HB1 NDV on apoptosis induction using annexin V/PI

To quantify the apoptosis/necrosis in HB1 NDV-treated TC-1 cells, the cells were evaluated by annexin V/PI double-staining using flow cytometry. Phosphatidylserine is expressed on the outer membrane of the cells which undergo apoptosis at the first step that is marked by annexin-V-FITC. In the second step, followed by that, PI is intercalated in the cellular DNA and RNA structure.

As presented in Figure 2, the percentages of early apoptotic cells were increased to 13.3%, 15.6%, and 22.4%, after 72 h of treatment with HB1 NDV MOIs 5, 10 and 15, respectively. Therefore, HB1

NDV treatment induced a dose-dependent increase in the percentage of early apoptotic cells (Figure 2). Moreover, the results also showed that oncolytic HB1 NDV significantly increased PI staining in various MOIs. By 72 h post-treatment, cells infected with MOIs 5 and 10 of HB1 NDV showed 23.8% and 31.8% membrane permeabilization (PI-positive), respectively compared to the control group, although that was 11.16% for MOI 15. These results plainly indicate that HB1 NDV provoked apoptosis in TC-1 cells (Figure 2).

Induction of apoptosis by HB1 NDV in the TC-1 cells is ROS-dependent

In order to explore the function of the ROS in NDV-mediated apoptosis, we assayed the intracellular production of ROS. According to the previous study, it was revealed that overproduction of ROS following virus infection can induce apoptosis through cytochrome-C release from mitochondria [START_REF] Rehman | Oxidative Stress in Poultry: Lessons from the Viral Infections[END_REF].

Intracellular ROS production increased significantly by NDV, compared to the control. As presented in Figure 3, a significant increase in ROS generation was observed in TC-1 cells infected by HB1 NDV with MOI 5 (approximately 7.5%) to the control group (P<0.001). Furthermore, the rate of ROS generation in MOIs 10 and 15 were 15.9% and 26%, respectively compared to the control (P<0.0001).

These results suggest that increased ROS production in TC-1 cells plays a serious function in NDVinduced apoptosis.

HB1 NDV-induced apoptosis in TC-1 cells through caspase-3 induction

Caspase-3 is an effector caspase and a family of cysteine proteases that play main functions in regulating apoptosis both by extrinsic (death ligand) and intrinsic (mitochondrial) pathways [START_REF] Ghavami | Apoptosis and cancer: mutations within caspase genes[END_REF][START_REF] Salvesen | Caspases: opening the boxes and interpreting the arrows[END_REF].

Hence, the current study to quantify the apoptosis in HB1 NDV treated cells was evaluated by cleaved caspase-3 expression using flow cytometry assay. As presented in Figure 4, significant increase in caspase-3 protein was observed in TC-1 infected with MOI 10 to the control group (P<0.01).

Moreover, a significant difference between MOI 15 and control was detected (P<0.001). These results suggest that the virus is capable of inducing the intrinsic pathway of apoptosis and causing cell death in the TC-1 cells.

HB1 NDV induces autophag in TC-1 cells

Autophagy is mediated by autophagy-related proteins such as microtubule-associated protein 1 light chain 3 (LC3). LC3 is an important autophagy protein that is altered from LC3-I to LC3-II during autophagy and also, plays separate roles in various stages of autophagosome organization. TC-1 cells were infected with HB1 NDV at MOIs 5, 10 and 15, and the expression of LC3-II was examined by flow cytometry 72 h after infection. As shown in Figure 5, significant increase in LC3-II protein was detected in the TC-1 cells infected by NDV at MOIs 5 and 10 compared to the control group (P<0.01).

Furthermore, there was no significant difference between the MOI 5 and 10 groups (P>0.05). As shown in the Figure 5, at MOI 15 it was significantly increased compared to MOIs 5 and 10. These results suggest that infection with the NDV induces autophagy in the TC-1 cells.

The effect of the HB1 NDV on protein levels of cytochrome-C and survivin

Protein levels of cytochrome-C and survivin were evaluated in the HB1 NDV-treated TC-1 cell line by ELISA method. As shown in Figure 6, a significant increase in cytochrome-C protein level was showed in TC-1 cell line inoculated with MOI 15 as compared to the control group (P<0.01).

Moreover, a significant decrease in survivin level was detected in the TC-1 cell line inoculated with MOI 15, compared to the control group (P<0.001) (Figure 7). These data suggest that oncolytic NDV induces the release of DAMPs during lysis of TC-1 tumor cells, and reduce the level of survivin as anti-apoptosis marker in MOI-dependent manner.

Discussion

Virotherapy with oncolytic viruses is an experimental method that targets malignant tumors selectively. There are reports of some OVs that inhibit proliferation of tumor cells and induce the immune responses, which eventually lead to the death of cancerous cells. This field promised a novel and exciting new biological approach for cancer therapy [START_REF] Russell | The emerging role of oncolytic virus therapy against cancer[END_REF][START_REF] Fukuhara | Oncolytic virus therapy: A new era of cancer treatment at dawn[END_REF][START_REF] Lawler | Oncolytic viruses in cancer treatment: a review[END_REF][START_REF] Furukawa | Role of autophagy in oncolytic herpes simplex virus type 1induced cell death in squamous cell carcinoma cells[END_REF]. Various studies documented that NDV has a beneficial effect on different human tumors such as colorectal adenocarcinoma, cervical, and tumor models [START_REF] Song | Application of Newcastle disease virus in the treatment of colorectal cancer[END_REF]. Several studies illustrated that the oncolytic NDV could be considered as an effective approach for the cancer treatment [START_REF] Yurchenko | Oncolytic effect of wild-type Newcastle disease virus isolates in cancer cell lines in vitro and in vivo on xenograft model[END_REF][START_REF] Yurchenko | Adaptation of the Newcastle disease virus to cell cultures for enhancing its oncolytic properties[END_REF][START_REF] Tayeb | Therapeutic potential of oncolytic Newcastle disease virus: a critical review[END_REF][START_REF] Ye | Oncolytic Newcastle disease virus induces autophagy-dependent immunogenic cell death in lung cancer cells[END_REF]. However, the HB1 NDV molecular mechanisms for the anticancer activity on TC-1 cell line have not been completely elucidated yet.

Previous investigations reported that NDV is capable of inducing both apoptosis and autophagy at the same time [START_REF] Sun | Autophagy benefits the replication of Newcastle disease virus in chicken cells and tissues[END_REF][START_REF] Lam | Apoptosis in chicken embryo fibroblasts caused by Newcastle disease virus[END_REF], while their interaction is not elucidated yet. Based on the previous reported results by [START_REF] Li | Efficient cross-presentation depends on autophagy in tumor cells[END_REF], mitochondrial autophagy can boost oncolytic NDV replication in lung adenocarcinoma cells [START_REF] Li | Efficient cross-presentation depends on autophagy in tumor cells[END_REF]. So far, there are various ongoing clinical trials to study the autophagy efficacy on cancer treatment [START_REF] Song | Application of Newcastle disease virus in the treatment of colorectal cancer[END_REF]. A previous study indicated that the infection of U251 cell line with NDV was associated with up-regulated autophagy and also the apoptosis of the cell line [START_REF] Ye | Oncolytic Newcastle disease virus induces autophagy-dependent immunogenic cell death in lung cancer cells[END_REF].

The aim of the current study was to assess the role of the Hitchner B1 strain of NDV against cervical cancer cell proliferation by evaluating cytochrome-C expression, autophagy, and apoptotic pathways.

Also, in the present study we sought to investigate the correlation between ROS production, autophagy and activation of intrinsic pathway of apoptosis and NDV-induced cytolysis in human papillomavirus (HPV)-induced cervical cancer model. For this purpose, the LDH assay was carried out to evaluate the cell viability. In order to assess apoptosis, autophagy, and ROS production, the cell was inoculated with different MOIs of HB1 NDV (MOI: 5,[START_REF] Lawler | Oncolytic viruses in cancer treatment: a review[END_REF][START_REF] Walter | Two avirulent, lentogenic strains of Newcastle disease virus are cytotoxic for some human pancreatic tumor lines in vitro[END_REF] and analyzed by flow cytometry. Moreover, protein levels of cytochrome-C and survivin were determined by ELISA.

Our findings showed that HB1 NDV strain could potentially lead to apoptosis, ROS production and autophagy induction It causes cell damage with the high level of cytochrome-C which serves DAMP by release from intracellular sources and low level of survivin in the TC-1 cell line in a dose-dependent manner. The LDH method was used to measure the cytoplasmic lactate dehydrogenase leakage, which is a marker of cell membrane destruction and also cell death. Our results from LDH method showed significant decrease in the viability of TC-1 cell line in a dose-dependent manner (Figure 1). A previous study by [START_REF] Spear | Cytotoxicity, apoptosis, and viral replication in tumor cells treated with oncolytic ribonucleotide reductase-defective herpes simplex type 1 virus (hrR3) combined with ionizing radiation[END_REF] revealed that increasing infection dose (MOI from 0.05 to 5.0) on different tumor cell lines could significantly decrease the viability of the cell lines dose-dependently [START_REF] Spear | Cytotoxicity, apoptosis, and viral replication in tumor cells treated with oncolytic ribonucleotide reductase-defective herpes simplex type 1 virus (hrR3) combined with ionizing radiation[END_REF]. Indeed, results from different studies confirmed that cell viability decreased by increasing doses of MOI [START_REF] Han | Inactivated Sendai virus strain Tianjin induces apoptosis and autophagy through reactive oxygen species production in osteosarcoma MG-63 cells[END_REF][START_REF] Li | Anticancer effect of inactivated Sendai virus strain Tianjin on human osteosarcoma HOS cells[END_REF].

The next step was evaluation of apoptotic cells by annexin V/PI staining. As highlighted in Figure 2, the results showed significant differences between different MOIs of HB1 NDV (MOI: 5,[START_REF] Lawler | Oncolytic viruses in cancer treatment: a review[END_REF][START_REF] Walter | Two avirulent, lentogenic strains of Newcastle disease virus are cytotoxic for some human pancreatic tumor lines in vitro[END_REF] and control group (Figure 2). Another marker, which was measured by flow cytometry, was the ROS production after the infection with increasing dose of the HB1 NDV on TC-1 cell line. As shown in Figure 3, HB1 NDV increased the generation of ROS in TC-1 cell line dose-dependently. However, it is not clear how oncolytic NDV is able to induce ROS production. Previous studies were in line with our results, which documented ROS production might be involved in apoptosis and autophagy in the cancerous cell lines [START_REF] Furukawa | Role of autophagy in oncolytic herpes simplex virus type 1induced cell death in squamous cell carcinoma cells[END_REF][START_REF] Han | Inactivated Sendai virus strain Tianjin induces apoptosis and autophagy through reactive oxygen species production in osteosarcoma MG-63 cells[END_REF][START_REF] Li | Anticancer effect of inactivated Sendai virus strain Tianjin on human osteosarcoma HOS cells[END_REF][START_REF] Kang | Newcastle disease virus-induced autophagy mediates antiapoptotic signaling responses in vitro and in vivo[END_REF]. It has been reported that accumulation of ROS leads to cell death through intrinsic apoptotic signaling by mitochondrial membrane disruption, releasing cytochrome-C to the cytosol and activating apoptotic signaling via ASK1/JNK signaling [START_REF] Chen | The independence of and associations among apoptosis, autophagy, and necrosis[END_REF].

To study the apoptosis mechanism, the protein level of caspase-3, an indicator of cell apoptosis, was evaluated in TC-1 cell line after the HB1 NDV inoculation at different MOIs: 5, 10, and 15. As shown in Figure 4, our results revealed that different doses of infection could potentially increase the caspase-3 protein level compared to the control group. Here, we showed that the HB1 NDV induces apoptosis in TC-1 cell line by caspase-dependent intrinsic pathways. Our results were similar with the [START_REF] Elankumaran | Newcastle disease virus exerts oncolysis by both intrinsic and extrinsic caspase-dependent pathways of cell death[END_REF], which reported caspase-3 dependent activation of apoptosis [START_REF] Elankumaran | Newcastle disease virus exerts oncolysis by both intrinsic and extrinsic caspase-dependent pathways of cell death[END_REF].

We documented that autophagy could be induced by the HB1 NDV, as we measured the LC3-II level by flow cytometry (Figure 5). Our data indicated that autophagy could be contributed to apoptosis in TC-1 cell line (Figure 5). Consistent with our results, [START_REF] Jin | Autophagy and tumor suppression[END_REF] documented that autophagy through p53 recruitment could be implicated in apoptosis activation and also cancer chemotherapy [START_REF] Jin | Autophagy and tumor suppression[END_REF]. Nonetheless, in order to identify their interactions, further investigations are required.

Our results showed increased level of cytochrome-C (Figure 6) and low level of survivin (Figure 7) after infection with the HB1 NDV virus with MOI 15, compared to the control group. These results suggest that the HB1 NDV virus with MOI 15 is capable of inducing the intrinsic pathway of apoptosis and causing cell death in TC-1 cells. Also, we confirmed that MOI 15 of the HB1 NDV virus could lead to high level of cytochrome-C and low level of survivin in TC-1 cell line, which were associated with the cell apoptosis. The cytochrome-C release in the mitochondria is one of the main features in nucleated cell apoptosis [START_REF] Caroppi | Apoptosis and human diseases: mitochondrion damage and lethal role of released cytochrome C as proapoptotic protein[END_REF]. The relation between release of mitochondriamediated apoptosis via cytochrome-C release and activation of the intrinsic apoptosis pathway with caspase-9 cleavage was found in previous studies [START_REF] Brodská | Decitabine and SAHA-induced apoptosis is accompanied by survivin downregulation and potentiated by ATRA in p53-deficient cells[END_REF]. Studies on the other oncolytic viruses documented the same results about cytochrome-C and survivin levels, which were in accordance with our results [START_REF] Han | Inactivated Sendai virus strain Tianjin induces apoptosis and autophagy through reactive oxygen species production in osteosarcoma MG-63 cells[END_REF][START_REF] Li | Anticancer effect of inactivated Sendai virus strain Tianjin on human osteosarcoma HOS cells[END_REF][START_REF] Jia | Oncolytic vaccinia virus inhibits human hepatocellular carcinoma MHCC97-H cell proliferation via endoplasmic reticulum stress, autophagy and Wnt pathways[END_REF].

Conclusion

The current study illustrated that the HB1 NDV infection could significantly increase the intrinsic apoptotic pathway in the TC-1 cell line through caspase-3 production. In addition, up-regulation of caspase-3 and LC3-II in the TC-1 cell line confirmed induction of apoptosis and autophagy in a dosedependent manner. Our study also suggests that NDV is capable of inducing ROS production that might be involved in the apoptosis of TC-1 cell line. Furthermore, we showed that infection with the HB1 NDV could potentially increase the cytochrome-C and decrease survivin protein levels, which are 

Introduction

Monsoons are the dominant seasonal mode of climate variability in the tropics, acting as the main driver of climate worldwide. At present, the tropics concentrate the maximum amount of energy and redistribute it in the form of air and moisture masses to subtropical latitudes between 30°N and 30°S.

Hydro-climatic conditions in the current Sahel area (Fig. 1b) have varied in the past following a precessional pacing (i.e., every 21,000 years; [START_REF] Mohtadi | Palaeoclimatic insights into forcing and response of monsoon rainfall[END_REF]. Periods that were more humid in the past compared with present-day conditions have been attributed to the northward migration of the rainfall belt associated with the Inter Tropical Convergence Zone (ITCZ; [START_REF] Mohtadi | Palaeoclimatic insights into forcing and response of monsoon rainfall[END_REF]. This migration is governed by precession-driven insolation changes and modulated by the eccentricity [START_REF] Demenocal | Abrupt onset and termination of the African Humid Period: rapid climate responses to gradual insolation forcing[END_REF][START_REF] Gasse | Hydrological changes in the African tropiccs since the Last Glacial Maximum[END_REF][START_REF] Rossignol-Strick | After the deluge: Mediterranean stagnation and sapropel formation[END_REF][START_REF] Skonieczny | Monsoon-driven Saharan dust variability over the past 240,000 years[END_REF]. Past humid periods were characterized by enhanced discharge and sediment export from the large African river systems to surrounding ocean margins. The most recent period of more intense rainfall, the African Humid Period (AHP: from ~14 to ~6 ka BP; [START_REF] Shanahan | The time-transgressive termination of the African Humid Period[END_REF], led to the expansion of continental water bodies [START_REF] Gasse | Hydrological changes in the African tropiccs since the Last Glacial Maximum[END_REF], the development of vegetation cover over the present-day Sahelian-Saharan desert [START_REF] Hopcroft | Multi vegetation model evaluation of the Green Sahara climate regime: RAINFALL SUPPORTING A GREEN SAHARA[END_REF] and very high riverine-induced terrigenous inputs.

Many recent studies conducted at high temporal resolution (100 years) in lake and deltaic sediment records across the East African Rift System and over the north African continental margins suggest that gradual long-term monsoon oscillations (controlled by external orbital forcing) were often punctuated by millennial-scale episodes of hyper aridity [START_REF] Bastian | Abrupt response of chemical weathering to Late Quaternary hydroclimate changes in northeast Africa[END_REF][START_REF] Chalié | Late Glacial Holocene diatom record of water chemistry and lake level change from the tropical East African Rift Lake Abiyata (Ethiopia)[END_REF][START_REF] Costa | Isotopic reconstruction of the African Humid Period and Congo Air Boundary migration at Lake Tana, Ethiopia[END_REF][START_REF] Foerster | Climatic change recorded in the sediments of the Chew Bahir basin, southern Ethiopia, during the last 45,000 years[END_REF][START_REF] Tierney | Abrupt Shifts in Horn of Africa Hydroclimate Since the Last Glacial Maximum[END_REF][START_REF] Verschuren | Half-precessional dynamics of monsoon rainfall near the East African Equator[END_REF].

The most recent arid episodes occurred during the AHP and at the onset of the AHP (8.2 and 12.8 ka BP), coinciding with the melting of icebergs from the Laurentide ice sheet into the Arctic [START_REF] Collins | Rapid termination of the African Humid Period triggered by northern highlatitude cooling[END_REF][START_REF] Collins | Interhemispheric symmetry of the tropical African rainbelt over the past 23,000 years[END_REF]. It has been proposed that the reduction of Atlantic thermohaline circulation could have induced a reduction of African monsoon activity [START_REF] Mulitza | Sahel megadroughts triggered by glacial slowdowns of Atlantic meridional overturning: SAHEL DROUGHT AND ATLANTIC OVERTURNING[END_REF]. In order to understand the mechanisms linked to these abrupt climate changes between low and high latitudes, it is crucial to work on natural archives with a centennial to decadal temporal resolution.

The main goal of this work is to investigate Nile river discharge over the last ~10.3 thousand years at a centennial time resolution, with the aim of documenting the internal dynamics of the AHP in East Africa. A particular focus will be set on the 8.2 ka BP arid event, to better understand the timing, mechanism and feedback of African monsoon activity in the Ethiopian-Nile basin.

Sediment deposition in deltas is dominated by terrigenous material delivered from flooding rivers and is highly sensitive to changes in precipitation rate and the extension of vegetation cover in drainage basins. The sediment records preserved on the Nile Deep-Sea Fan (NDSF) provide suitable archives for reconstructing past continuous climate variations [START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF]. Previous studies on the NDSF have demonstrated that past humid periods were systematically accompanied by higher deposition rates and enhanced terrigenous supply, reflecting strong physical erosion and transport processes from the Ethiopian Highlands related to African monsoon activity (Blanchet et al., 2014;[START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF][START_REF] Krom | Nile River sediment fluctuations over the past 7000 yr and their key role in sapropel development 5[END_REF][START_REF] Revel | 100,000 Years of African monsoon variability recorded in sediments of the Nile margin[END_REF]Revel et al., 2015). In addition, the provenance of particles exported to the NDSF has been inferred from the application of Nd and Sr radiogenic isotopes in sediment cores (See section 2.2).

Over the NDSF, the variability of lithological facies includes pelagites/hemipelagites, turbidites, debrites, slide/slump deposits and clastic muds [START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF][START_REF] Ducassou | Nile floods recorded in deep Mediterranean sediments[END_REF][START_REF] Ducassou | Multiproxy Late Quaternary stratigraphy of the Nile deepsea turbidite system -Towards a chronology of deep-sea terrigeneous systems[END_REF][START_REF] Migeon | Lobe construction and sand/mud segregation by turbidity currents and debris flows on the western Nile deep-sea fan (Eastern Mediterranean)[END_REF]. During strong flood events, fine-to coarse-grained beds named hyperpycnites can be deposited at ocean and sea margins [START_REF] Mulder | Marine hyperpycnal flows: initiation, behavior and related deposits. A review[END_REF](Mulder et al., , 2001;;[START_REF] Parsons | Hyperpycnal plume formation from riverine outflows with small sediment concentrations[END_REF]. However, in the NDSF, Nile flood events seem to be recorded through the emplacement of the so-called "clastic-mud beds" [START_REF] Ducassou | Nile floods recorded in deep Mediterranean sediments[END_REF][START_REF] Revel | 100,000 Years of African monsoon variability recorded in sediments of the Nile margin[END_REF][START_REF] Blanchet | High-and low-latitude forcing of the Nile River regime during the Holocene inferred from laminated sediments of the Nile deep-sea fan[END_REF]. The deposition of these beds is explained by the reconcentration of surface plumes originating from terrigenous river discharge by convective processes leading to the formation of hyperpycnal flows at depth [START_REF] Ducassou | Nile floods recorded in deep Mediterranean sediments[END_REF][START_REF] Parsons | Hyperpycnal plume formation from riverine outflows with small sediment concentrations[END_REF].

In this study, we focus on well-preserved turbidite beds located in the Western Province of the NDSF (MD04-2726 core, Fig. 1), that we interpret to be a potential instantaneous and direct record of the Nile-river floods during the AHP, related to African paleo-monsoon activity.

Integrating multiproxy sedimentological and geochemical (major elemental and Nd isotopes) data, we address four challenges: a) distinguishing between beds deposited by hyperpycnal flows and those induced by failure-triggered gravity flows or by density convective processes (clastic-mud beds) along the Rosetta Canyon and the continental slope; b) confirming the coherency of these hyperpycnal-flow deposits over the western NDSF by comparing them with similar laminated and well-dated records in the Rosetta System (MS27PT and P3622-33 cores; Revel et al., 2015;Blanchet et al., 2013, respectively); c) characterising the frequency and magnitude of Nile paleo-floods over the last 10.1 kyr; and d) finally, discussing the meaning of Nile-flood frequencies at centennial resolution and their links with paleo-monsoon activity during the AHP, with a particular focus on the Early to Mid-Holocene and on the the 8.2 ka BP hyper-arid event [START_REF] Rohling | Centennial-scale climate cooling with a sudden cold event around 8,200 years ago[END_REF]. These results will be of interest to better constrain identification of hyperpycnal-flow deposits within mud-prone turbidite systems similar to the Nile Deep-Sea Fan and to better constrain African paleomonsoon dynamics for integration within broader climate modelling.

Regional settings 2.1 The NDSF Western Province morphology

Core MD04-2726 was collected in the upper part of the Rosetta Turbidite System, located on the western NDSF [START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF][START_REF] Mascle | Morphostructure of the Egyptian Continental Margin: Insights from Swath Bathymetry Surveys[END_REF], off the Rosetta branch of the Nile subaerial delta (Fig. 1a). Here, the continental shelf is about 30 km wide, and the head of the Rosetta Canyon lies on the outer continental shelf at a water depth of about 70 m (Fig. 1a). It is about 25 km long and 200-250 m deep, and is straight following the main slope angle of the continental slope. In cross section, the Rosetta Canyon is characterized by U-to poorly-developed V-shaped profiles where a large number of small-scale failures affected the canyon flanks (Fig. 1a). The Rosetta Canyon connects to a meandering channel-levee system named DSF6, which was initiated during Marine Isotopic Stage 3 (MIS 3) [START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF] and potentially recorded the Holocene activity of the Nile floodinduced inputs.

The NDSF Western Province sediment sources

The sedimentary provenance of terrigenous material in the western NDSF can be characterized through its neodymium isotopic signature (εNd) [START_REF] Bastian | Abrupt response of chemical weathering to Late Quaternary hydroclimate changes in northeast Africa[END_REF]Blanchet et al., 2014;[START_REF] Blanchet | A database of marine and terrestrial radiogenic Nd and Sr isotopes for tracing earth-surface processes[END_REF][START_REF] Migeon | Lobe construction and sand/mud segregation by turbidity currents and debris flows on the western Nile deep-sea fan (Eastern Mediterranean)[END_REF][START_REF] Revel | 100,000 Years of African monsoon variability recorded in sediments of the Nile margin[END_REF][START_REF] Weldeab | Sr and Nd isotope composition of Late Pleistocene sapropels and nonsapropelic sediments from the Eastern Mediterranean Sea: implications for detrital influx and climatic conditions in the source areas[END_REF]. Since the Nile basin encompasses the Precambrian African basement as well as the Cenozoic Ethiopian traps, which have contrasting Nd isotopic compositions, geochemical studies on its sediment loads allow us to distinguish between the sources of the material (Fig. 1b). 96% of the particles deposited in the NDSF today are estimated to originate from the Blue Nile and Atbara rivers and only 4% from the White Nile (Be 'eri-Shlevin et al., 2018;[START_REF] Garzanti | The modern Nile sediment system: Processes and products[END_REF][START_REF] Padoan | Tracing Nile sediment sources by Sr and Nd isotope signatures (Uganda, Ethiopia, Sudan)[END_REF]. The Bahr el Jebel and Victoria-Albert Nile-derived fluvial muds are characterized by εNd(0) ≈-25 [START_REF] Padoan | Tracing Nile sediment sources by Sr and Nd isotope signatures (Uganda, Ethiopia, Sudan)[END_REF], whereas the White Nile mud reaching Khartoum could have a Saharan Metacraton imprint with εNd around -13 (Fig. 1b; [START_REF] Skonieczny | The 7-13 March 2006 major Saharan outbreak: Multiproxy characterization of mineral dust deposited on the West African margin[END_REF]. Aeolian dust from the western to central Saharan region are characterized by relatively constant values of εNd ranging between -10 to -15 [START_REF] Grousset | Tracing dust sources and transport patterns using Sr, Nd and Pb isotopes[END_REF][START_REF] Scheuvens | Bulk composition of northern African dust and its source sediments -A compilation[END_REF]. Thus, temporal changes in both Nd signature and sedimentation rate from sedimentary records in the NDSF allow us to track past temporal changes in relative proportions of detrital sediment originating from the Ethiopian Traps located in tropical latitudes between 5°N to 15 °N (εNd > 0), the Central Africa Craton located in equatorial latitude (εNd ≈ -30), and the Saharan Metacraton located in the present Sahara [START_REF] Abdelsalam | The Saharan Metacraton[END_REF] and which is an important aeolian dust producer (εNd ≈ -10 to -15).

Materials and methods

The present study is based on the analysis of the MD04-2726 core (N 31°51.00', E 29°47.49') collected during the VANIL campaign ( 2004). The total MD04-2726 piston core length measures 26.5 m and is composed of 18 sections. Because of the good preservation of the hyperpycnite sequence and according to the aim of this and previous studies (Revel et al. 2015) we focused our investigation on the upper five sections (732 cm; Fig. 2e). The core was extracted on the right-hand levee of the upper Rosetta Channel at a water depth of 1058 m (Fig. 1a), and represents the closest core from the coastline to have been collected on the Nile margin, i.e. <60 km away from the Rosetta-river mouth. This core is characterized by high accumulation rates and thus provides high-resolution temporal information on the links between hydro-climate and erosion processes on continents.

Identification of individual depositional beds was based on the integration of various methods including visual description at millimetre scale, grain-size, XRF-CS, Nd isotopic composition and thinsection analyses that are described below.

AMS 14 C measurements

The age model of the MD04-2726 sequence was constructed using thirty Accelerator Mass Spectrometry (AMS) 14 C dates (Tab. 1). In order to improve the age model for core MD04-2726 (Revel et al., 2015), a set of 18 additional radiocarbon ages was obtained (Tab. 1, Fig. 2a). The scarcity of planktonic foraminifera shells in sections III-IV-V precludes the addition of new radiocarbon measurement on biogenic carbonates. We therefore obtained seven new AMS 14 C measurements on bulk organic matter (bulk OM) for this part of the core and 11 new AMS 14 C measurements of planktonic foraminifera shells in sections I-II-III (Fig. 2, Tab. 1).

Calibrated ages were obtained with the OxCal software ( v4. 3.2, Bronk Ramsey, 2017), while the agedepth modelling was performed using the Bacon software (v3. 6.3, Blaauw and Christen, 2011).

Conventional ages on foraminifera assemblages were calibrated using the MARINE13 calibration curve, which includes a mean global reservoir correction of 400 yrs [START_REF] Reimer | IntCal13 and Marine13 Radiocarbon Age Calibration Curves 0-50,000 Years cal BP[END_REF][START_REF] Siani | Mediterranean Sea Surface Radiocarbon Reservoir Age Changes Since the Last Glacial Maximum[END_REF].

Paired measurements of AMS 14 C of planktonic foraminifera and bulk OM on the same depth interval (658 cm, section V; Tab. 1) allows us to estimate the age reservoir correction of the continental OM.

Inversely to classical methods to determine the local age reservoir for marine sediments [START_REF] Dewar | Late-Holocene marine radiocarbon reservoir correction (ΔR) for the west coast of South Africa[END_REF][START_REF] Reimer | Marine radiocarbon reservoir corrections for the midto late Holocene in the eastern subpolar North Atlantic[END_REF][START_REF] Reimer | An Online Application for ΔR Calculation[END_REF], we used the calibrated age of planktonic foraminifera (to MARINE13, 9736 cal. yr BP) to determine the apparent age of contemporaneous organic matter (from IntCal13, 8766 cal. yr BP) and calculated the difference to the radiocarbon age of bulk OM (10620 yr BP). The calculated offset of 1854 yr was used as a constant reservoir age to correct all radiocarbon ages on organic matter (Table 1). Owing to the dominantly continental origin of bulk OM in sediments from the NDSF deposited during the African Humid Period (Blanchet et al., 2014;Menot et al., 2020), the ages on bulk OM and on organic macro-remains were calibrated using the IntCal13 curve [START_REF] Reimer | IntCal13 and Marine13 Radiocarbon Age Calibration Curves 0-50,000 Years cal BP[END_REF]. The reliability of the age model and inherent limitations will be further discussed in section 4.1.

3.2 XRF core scanner on soft sediment X-Ray fluorescence core scanning (XRF-CS) was performed on an Avaatech core scanner at the EDYTEM laboratory (CNRS-Université de Savoie Mont-Blanc). The XRF-CS analyses were performed on core MD04-2726 with a 1 mm sampling step and with a 10 kV voltage (Al, Si, S, K, Ca, Ti, Mn, Fe) for sections I-II (Revel et al. 2015), and with a 10 KV and 30 kV voltage (Al, Si, S, K, Ca, Ti, Mn, Fe; Cu, Zn, Br, Sr, Rb, Zr, Pb) for sections III-IV-V (this study). Each individual power spectrum was transformed by deconvolution into relative contents (intensities) expressed in counts per seconds (cps). In this study we principally used the logs of elemental ratios, following a well-established methodology to circumvent problems associated with the closed-sum constrains (Croudace and Rothwell, 2015;[START_REF] Weltje | Calibration of XRF core scanners for quantitative geochemical logging of sediment cores: Theory and application[END_REF].

A principal component analysis (PCA) was performed on geochemical results using the R® software.

This statistical procedure uses an orthogonal transformation to convert a set of observations of possibly correlated variables (our elements) into a set of values of linearly uncorrelated variables called principal components (dimensions). This analysis has been thus applied to XRF results in order to decipher sedimentary processes controlling MD04-2726 geochemical variations (Sup. Mat. Fig A .1).

Particle grain size analysis and LOI

Grain-size analyses were performed using a Coulter-LS2000 following two sampling strategies: a) a centimetre-scale sampling step over the total core length (733 cm); b) a millimetre-scale sampling step (2 mm) in selected individual beds identified using the mm-XRF major elemental variation and centimetre-resolution grain-size distribution data. To avoid clay flocculation and to dissociate mineral particles, we used sodium hexametaphosphate (NaHMP) and ultrasonic treatment. Sediment was previously decarbonated (HCl, 1 mol), while the organic matter was maintained (no H2O2 dissolution), considered as a grain-size marker of river-induced instantaneous deposits. SEM and light microscopic qualitative analyses on this section and on bulk decarbonised sediment (see 3.4 for methodology)

showed the near-absence of diatom frustules, which are thus considered as a negligible factor for grain-size measurements and interpretations.

We determined the grain-size of the intercepts for 10%, 50% and 90% of the cumulative grain-size curves (named Q90, Q50 and Q10 values; [START_REF] Folk | Brazos River Bar: A Study in the Significance of Grain Size Parameters[END_REF]. The ratio Q90/Q10 is used to identify the coarser-grained beds (hyperpycnites) along the studied interval, while the Q90/Q50 ratio and Gaussian curves are used to discriminate between the bed types and to propose a hydrodynamic interpretation.

Loss On Ignition (LOI) was performed on 2 g sediment samples by heating for 24 h at 100°C for residual water and gypsum content and then 4 h at 550°C for organic carbon total content measures [START_REF] Santisteban | Loss on ignition: a qualitative or quantitative method for organic matter and carbonate mineral content in sediments?[END_REF].

Light and Electron Microscopy Analyses

Microscopic analyses were performed on 11 thin sections sampled in selected individual beds (Fig. 3).

Thin sections were analysed using the Zeiss Axioskop 40 Pol/ 40 petrographic microscope with UV light used to detect phosphate materials. Pictures of total thin sections presented in this article were obtained from high-resolution transmission scanning in crossed (XPL) and direct polarized light (PPL).

Qualitative and semi-quantitative geochemical analysis on uncovered thin sections was performed using scanning electron microscopy (SEM). SEM was also used for the surface textural analyses of quartz grains, following [START_REF] Vos | Surface textural analysis of quartz grains by scanning electron microscopy (SEM): From sample preparation to environmental interpretation[END_REF] sampling processing and analysis settings. SEM observations and Energy Dispersive X-Ray spectroscopy (EDX) analyses were carried out with a Tescan Vega3 XMU scanning electron microscope (TESCAN FRANCE, Fuveau, France) equipped with an Oxford X-MaxN 50 EDX detector (Oxford Instruments, Abingdon, U.K.). Thin sections were observed and analysed with no prior metal or carbon coating, using the low vacuum mode (N2 pressure ~35 Pa) and at a 20 kV accelerating voltage. Imaging was performed using backscattered electrons. EDX spectra were processed with the Aztec software (version 3.1, Oxford Instruments). Surface textural analyses of quartz grains were performed on 10 to 20 grains for each of the beds identified in thin sections, with a grain-size range between 100 μm to 1 mm, randomly selected under a binocular microscope and then analysed using the SEM. Quartz grains were coated with platinum (3 nm) prior to SEM observations at a 5kV accelerating voltage.

Nd radiogenic isotope analyses

Isotope ratios were measured on carbonate-free <63 µm particle size both on hemipelagic and turbidite deposits, using 100 mg of the dried aluminosilicate fraction. Chemical extractions for Nd isotopes were carried out at the Laboratory of Geoscience Montpellier. Samples were leached for 1 hour with 1N HCl to dissolve biogenic carbonates. The Fe-Mn oxyhydroxide fraction and organic carbon were removed using 10 ml 1M Hydroxylamine hydrochloride and 10 ml 5% H2O2, respectively [START_REF] Bayon | An improved method for extracting marine sediment fractions and its application to Sr and Nd isotopic analysis[END_REF]. After leaching, the samples were centrifuged and the supernatant discarded. The remaining sediment was washed three times with ultra-pure water, discarding the supernatant each time to remove the biogenic components and to eliminate any marine Nd isotope signal adsorbed on to the silt-clay fraction. The chemical separation of Nd included a first separation step using AG50W-X-8 cation exchange resin to collect rare earth elements followed by purification of Nd using HDEHP conditioned Teflon columns. Nd isotopes were measured using a Thermo Scientific Neptune Plus MC-ICP-MS from the AETE-ISO geochemical platform (OSU-OREME, Montpellier University). The Nd/ 144 Nd isotopic compositions were corrected for internal mass bias using an exponential law and a value of 0.7219 for the 146 Nd/ 144 Nd ratio. The external mass bias was corrected using the standard bracketing method using AMES-Rennes and analysing each of the 2 unknowns. During the course of the study AMES-Rennes standards yielded an average 0.511946±6 (2σ, n=10) for the 143 Nd/ 144 Nd ratio [START_REF] Chauvel | A hafnium isotope and trace element perspective on melting of the depleted mantle[END_REF]. The Nd procedural blank measured during the course of this study was 25 pg. Epsilon Nd values (εNd) were calculated using 143 Nd/ 144 Nd = 0.512638 [START_REF] Bouvier | The Lu-Hf and Sm-Nd isotopic composition of CHUR: Constraints from unequilibrated chondrites and implications for the bulk composition of terrestrial planets[END_REF].

Results

Age model, lithology and sedimentation rates

According to the age model, the upper 7.3 m of core MD04-2726 span the last 10 kyr, covering the Holocene period (Fig. 2a). Both the range (between 0.2 and 3.5 mm/yr) and the timing of changes in sedimentation rates are coherent with previous reports from nearby archives [START_REF] Blanchet | High-and low-latitude forcing of the Nile River regime during the Holocene inferred from laminated sediments of the Nile deep-sea fan[END_REF], Revel et al., 2014[START_REF] Hoffmann | Sediment residence time and connectivity in non-equilibrium and transient geomorphic systems[END_REF]Hennekam et al., 2015). A large variability in radiocarbon ages (including several reversals) is observed in sections III-IV-V, where the highest sedimentation rates are computed (>1 mm/yr). This is probably related to unaccounted changes in the reservoir age of bulk OM through time, due to varying proportion of terrestrial and marine OM in the sediments as well as to the incorporation of terrestrial OM of varying ages. Complex interplay between storage and erosion processes in fluvial basins can indeed lead to the release of pre-aged OM as old as 2000 yrs, as shown by [START_REF] Schefuß | Hydrologic control of carbon cycling and aged carbon discharge in the Congo River basin[END_REF] for the Congo River. A reservoir age of ~1200 yr has been obtained for a layer dated at ca. 9 ka BP in nearby core P362/2-33 (unpublished results, C. Blanchet), which is 650 yrs younger than the reservoir age of ~1850 yrs obtained for core MD04-2726 at ca. 9.8 ka BP. We therefore consider that uncertainties on radiocarbon ages obtained on bulk OM associated with likely variations in reservoir age through time are in the order of ~500 yrs. For all other ages, uncertainties range between ~30 and ~100 yr, see Table 1). Accounting for these inherent limitations and for the generally lower temporal resolution of regional records, we limit our interpretations to centennialscale changes.

Based on the lithology, four sedimentological intervals were identified in core MD04-2627, depicted here from bottom to top. The first interval lies between 732 and 700 cm and is dated between ~10.3 to ~10.1 ka BP (Fig. 2a). It is composed of muddy non-laminated sediment (Fig. 2e). The second interval ranges from 700 to 132 cm and is dated between ~10.1 and ~7.2 ka BP. It is characterized by sandy-silt to silty-mud turbidites and laminated hemipelagic muddy beds, with sedimentation rates between ~1 and ~3.5 mm/yr. The total carbonate content never exceeds 10%. The whole interval corresponds to the Sapropel S1, formed under anoxic bottom-waters conditions which circumventing the bioturbation [START_REF] Thomson | Review of recent advances in the interpretation of eastern Mediterranean sapropel S1 from geochemical evidence[END_REF]. Thus we observe a high organic content (8-9 %; Fig. 4a), a low Mn/Al values (Fig. 2d) and the lack of bioturbation features. The third interval lies between 132 and 70 cm and is dated between ~7.2 and ~5.8 ka BP (Fig. 2a). It represents the transition from sapropelic to pelagic conditions with no turbidite beds, corresponding to the increase of deep and intermediate water ventilation in the Eastern Mediterranean during the termination of the AHP. The fourth interval corresponds to the upper 70 cm and spans the last 5.8 kyr. A reduction of S/Cl (Revel et al., 2015) and two peaks of Mn/Al ratio at 6.8 and 4.3 ka BP mark the reestablishment of Mid-Holocene oxic conditions (Fig 2d;[START_REF] De Lange | Synchronous basin-wide formation and redox-controlled preservation of a Mediterranean sapropel[END_REF]. This interval has a sedimentation rate of ~0.15 mm/yr (Fig. 2a) and consists of yellowish-brown bioturbated pelagic mud devoid of turbidite beds with a great number of planktonic foraminifera.

Nd isotopic composition

In core MD04-2726, ƐNd values measured on the <63µm silicate fraction range between -2 and -6 and three isotopic trends are distinguished (Fig 2b). Values of ƐNd between -2.5 and -4 are observed between 700 and 400 cm, indicating a larger proportion of particles derived from the Ethiopian Traps.

These are followed by values of ƐNd between -4 and -5 observed between 400 and 70 cm. Finally, distinctly low ƐNd values (<-5.5) are measured between 70 to 20 cm in phase with the low values of the Ti/Ca ratio. ƐNd values from turbiditic beds show a systematic offset by ~ +0.6 compared to the hemipelagic facies (Fig. 2b).

Description of T1 and T2 event-layers

The integration of sedimentological and geochemical data allows the identification at millimetre-scale of 102 coarser grain-size beds within the sapropelic interval (~7.2 to ~10.1 ka BP; Fig. 3a). Two types of beds are distinguished: 83 are characterized by an increase of Ti/K, Mn/Al and Q90/Q10 ratio (T1 event-layers; Figs. [START_REF] Wang | Potentiation of tumor radiotherapy by a radiation-inducible oncolytic and oncoapoptotic adenovirus in cervical cancer xenografts[END_REF][START_REF] Gao | How chemotherapy and radiotherapy damage the tissue: Comparative biology lessons from feather and hair models[END_REF][START_REF] Howells | Oncolytic viruses-interaction of virus and Tumor Cells in the Battle to eliminate Cancer[END_REF] and 19 are characterized by an increase of both the Ti/K and Q90/Q10 ratios, without Mn/Al peaks (T2 event-layers; Figs. [START_REF] Wang | Potentiation of tumor radiotherapy by a radiation-inducible oncolytic and oncoapoptotic adenovirus in cervical cancer xenografts[END_REF][START_REF] Janicek | Cervical cancer: prevention, diagnosis, and therapeutics[END_REF][START_REF] Howells | Oncolytic viruses-interaction of virus and Tumor Cells in the Battle to eliminate Cancer[END_REF].

T1 event-layer description

T1 event-layers (1 to 6 cm thick) are characterized by a mixed grading, consisting of a basal inverse grading overlaid with an upper normal grading (Fig. 4a). Each T1 bed consists of the superposition of a maximum of 5 facies named I to V from base to top (Fig. 4a).

The Facies I (Fig. 4a) consists of a basal coarsening-upward unit with high amounts of clay minerals.

Organic-matter micro-remains of continental origin and primary minerals (micas >20 µ) are also present and they coarsen from the bottom to the top of the facies. Facies I is poorly laminated, with an alternation between muddy and silty laminae, the latter thickening upward (Fig. 4a). Together with an inverse grading, Facies I exhibits a gradual upward increase of the Ti/K ratio (Fig. 4a). Facies II is characterized by a sharp basal contact, the disappearance of clay and fine-silt fractions and an increase in grain-size (Fig. 4a). Horizontal parallel laminations are present, with a coarsening-up pattern. Facies II is also characterized by high peaks in Ti/K and Mn/Al ratios, associated with higher Q90/Q10 values. The transition between Facies II and III is gradual. Facies III is the coarsest interval of the T1-type beds. It consists of laminated and cross-laminated intervals (Fig. 4a). Sedimentary structures change upward from horizontal parallel laminations to oblique laminae then back to horizontal laminations. Cross-laminations are interpreted to have been formed during deposition of climbing ripples. Coarse fragments of organic-matter (100-300 µ) are abundant and organised following the sandy laminations (Fig. 4b). Similar distribution and orientation patterns are observed for primary minerals, particularly for micas recognised by their third-order birefringence, by typical phyllosilicate morphology and by EDX elemental analyses (Fig. 4c). Angular and sub-angular grains of quartz present common small to large conchoidal microfractures and V-shaped percussion cracks (Fig. 4d). The Ti/K ratio remains high and constant, and the Mn/Al ratio decreases in phase with the coarser material. The transition between Facies III and IV is marked by a sharp contact. Facies IV is a normally graded and laminated interval (Fig. 4a). Horizontal laminations thin and become fine upward.

Additional features of Facies IV include an absence of clay and fine-silt material, high amounts of mica minerals and continental organic-matter fragments at the top. Both the Ti/K and Mn/Al ratios increase upward and suddenly decrease at the transition with the overlaying Facies V (Fig. 4a). The transition between Facies IV and V is sharp. Facies V is structureless or poorly-laminated (Fig. 4a). It consists of clay and fine-silt minerals mixed with coarse-grained particles, following a normal grading. Both the Ti/K and Mn/Al ratios decrease upward.

The identification of 83 T1 event-layers along the studied laminated interval is therefore based on a combination of Ti/K, Mn/Al and Q90/Q10 peaks. Thicker T1 events are bracketed by Mn/Al peaks (as shown in Fig. 4), while thin T1 events presented only punctual Mn/Al peak, because of analysing resolution effect. The plot of Q90 versus Q50 (Fig. 6a) and grain-size distributions (Fig. 6c) shows two different groups of T1: the first one (T1α) with a Q90max of 100 µm and a Q50max of 12 µm and a bimodal distribution with a dominant mode at 20-30 µm; the second (T1β) with a Q90max of 50-250 µm and a Q50max of 12-100 µm and a bimodal distribution with the main well-sorted mode at 50-70 µm.

T2 event-layer description

The beds of type T2 (0.2 to 2 cm thick) are either massive or laminated silty to very-fine sand intervals (Fig. 5a,b,c), with a sharp basal contact, and are not composed of a superposition of subsequent facies. The clay fraction is abundant, while the coarse-grained fraction is well sorted. In contrast to T1 event-layers, the few organic-matter fragments follow random organisation and orientation patterns, while rare foraminifera and coccolithophore shells are fragmented (Fig. 5c). Within the whole sapropelic laminated interval (~7 to 10.5 ka BP), beds of type T2 are characterized by more or less pronounced Q90/Q10, Ti/K peaks and by the lack of or very low Mn/Al peaks (Figs. 3b,6b). All these characteristics suggest a mixed material probably caused by reworked sediments. The plot of Q90 versus Q50 is mainly comprised between 60 µm (Q90max) and 40 µm (Q50; Fig. 6b,c) with a grain-size distribution similar to T1α beds (bimodal with a main mode around 20-30 µm).

Interpretations and Discussion

Recurrent Nile exceptional floods trigger high detrital inputs in the Rosetta channel-levee system, resulting in the frequent occurrence of turbidites during the AHP (Fig. 3). Using a multi-proxy method, we are able to distinguish between deposits resulting from "classical" landslide-triggered turbidity currents and hyperpycnal flows (Sec 5.1). We present an estimation of the frequency of T1 hyperpycnal event-layers in core MD04-2726 which is compared with two well-dated sediment intervals already identified in cores from the Rosetta System (Sec. 5.2). Finally, from this comparison, we validate the reliability of the Nile flood frequency reconstruction at the scale of the Rosetta System and we propose a robust index of the exceptional flood frequency of the Nile River during the AHP (Sec. 5.3). We then discuss the timing and pattern of this flood frequency in comparison with hydroclimatic data from the Nile basin and East Africa.

-T1 and T2 event-layers: interpretation and formation processes

The full T1 event-layers consist of the superposition of five intervals with different types of sedimentary structure and an inverse then normal grading (Fig. 4). In a turbidite system, superposition of an inverse then a normal grading reflects deposition by a waxing (accelerating) then waning (decelerating) flow. First, waxing flows can be generated both by an increasing slope angle and/or by an increasing entrainment of seafloor sediment. Because T1 event-layers were recovered from an almost-flat levee (Figs. 1a,7b) on which overflow energy should be low, these two hypotheses of waxing flow formation processes are unlikely. Second, waxing flows can be generated at a river mouth during severe floods, such as hyperpycnal flows (Mulder et al., 2001). In this case, the mixed grading together with occurrence of sedimentary structures should record the rapid succession over time of a depletive waxing flow generated during river rise, and a depletive waning flow generated during river fall [START_REF] Migeon | Detailed seismic-re¯ection and sedimentary study of turbidite sediment waves on the Var Sedimentary Ridge (SE France): signi®cance for sediment transport and deposition and for the mechanisms of sediment-wave construction[END_REF]Mulder et al., 2001). T1 event-layers are similar in both grading and sedimentary structures to hyperpycnites first described in the Var Turbidite System [START_REF] Migeon | Detailed seismic-re¯ection and sedimentary study of turbidite sediment waves on the Var Sedimentary Ridge (SE France): signi®cance for sediment transport and deposition and for the mechanisms of sediment-wave construction[END_REF]Mulder et al., 2001).

Additional observations reinforce the flood-related hypothesis for T1 layers. The fluvial origin of T1 layers is supported by both sedimentological and geochemical tracers. First, quartz grains show small to large fresh conchoidal microfractures and V-shaped percussion cracks, typical of fluvial transfer processes (Fig. 5c; [START_REF] Vos | Surface textural analysis of quartz grains by scanning electron microscopy (SEM): From sample preparation to environmental interpretation[END_REF]. Furthermore, ƐNd values from T1 event-layers (-3 to -2) are systematically higher than corresponding hemipelagic sediments (Fig. 2b), indicating a large proportion of particles deriving from the Ethiopian Traps, which have ƐNd values of 0 to 7 (Fig. 8c,e; [START_REF] Ménot | Timing and stepwise transitions of the African Humid Period from geochemical proxies in the Nile deep-sea fan sediments[END_REF]. Higher Ti/K ratios in T1 layers also support a higher contribution of basaltic rocks from the Ethiopian Traps, with primary minerals enriched in Ti, while secondary clay minerals are enriched in K (Croudace and Rothwell, 2015). The good correspondence between Ti/K and Q90/Q10 ratios suggests that the Ti/K ratio traces the silt versus clay fraction (Fig. 3b). In addition to coarser volcanic-derived particles, T1 event-layers contain large non-weathered mica minerals (> 150 µm, Fig. 4b,c), which suggests a rapid terrigenous transfer from Blue Nile sources, potentially from the Dabus, Didesa (Blue Nile Basin) and Gash (Atbara basin) rivers (Fig. 1b; [START_REF] Garzanti | The modern Nile sediment system: Processes and products[END_REF].

Owing to this converging array of evidence, we propose that T1 event-layers represent the successive deposition of hyperpycnal flows overflowing on the right-hand levee of DSF6 (Fig. 7) during exceptional and near-instantaneous flooding events, which rapidly transferred sediments eroded in the Ethiopian Highlands to the western NDSF. This depositional model can even explain the difference observed between T1α and T1β layers (Figs. 6,7): during the low energy flood-induced phase, thin hyperpycnal flows are constrained at the channel floor, producing a graded-suspended sedimentation restricted to the levee crest (T1α). During the highest magnitude flood-induced flow phase, thick hyperpycnal flows expand within the whole channel conduit and overflow the levee crest, generating tractive processes that bring the coarsest grains over the levee area (T1β; Fig. 7).

In T1 event-layers, an increase of Mn/Al was systematically detected (Figs. 3,4a,6b). This enrichment in Mn might be related to the delivery of oxygen to the bottom waters by hyperpycnal flows (oxic freshwater front) that could be trapped in the porosity of the T1 beds. Mn would then be oxidized and precipitated in the form of Mn-oxyhydroxides (e.g. [START_REF] Deflandre | Early diagenetic processes in coastal marine sediments disturbed by a catastrophic sedimentation event[END_REF][START_REF] Torres | Early diagenetic processes generate iron and manganese oxide layers in the sediments of Lake Baikal, Siberia[END_REF][START_REF] Wilhelm | Frequency and intensity of palaeofloods at the interface of Atlantic and Mediterranean climate domains[END_REF]. Thus, we use here Mn/Al peaks as a marker of flood-induced deposit.

Regarding the T2 deposits, the presence of non-oriented organic matter, the more or less pronounced Ti/K ratios and the Q90/Q10 peaks suggest a continental origin, but the systematic absence of Mn/Al peaks (Figs. 3,5a,6b) also indicate a lack or lower amounts of fresh-water input. We propose that normally-graded T2 layers result from low-energy turbidity currents generated by landslides triggered at the Rosetta-Canyon head that reworked terrigenous and biogenic deposits from the outer continental shelf (Fig. 5c). This hypothesis seems to be confirmed by Q90/Q50 values in T2, which are consistent with uniform suspension processes resulting from a mixing of suspended material (Fig. 6b,c). T2 beds will thereafter be excluded from the climatic interpretations.

Coherence of Nile flood records over the upper slope of the Rosetta System

The frequency and the Nd isotopic signature of the hyperpycnal deposits (T1 event-layers recorded in MD04-2726 core) and clastic-mud beds (recorded in MS27PT core; Fig. 1a; Sup. Mat. temporal coherence can be observed between the T1 event-layers and the clastic-mud deposits recorded in core MS27PT (Fig. 8d, f;Revel et al. 2015). During strong floods, two types of processes can be generated synchronously: a low-concentrated hypopycnal plume at the sea surface and a high-concentrated hyperpycnal flow plunging at the bottom [START_REF] Mulder | Marine hyperpycnal flows: initiation, behavior and related deposits. A review[END_REF][START_REF] Mulder | The physical character of subaqueous sedimentary density ¯ows and their deposits 31[END_REF]. During exceptional Nile floods, we therefore suggest that the resultant hyperpycnal flows are trapped within the Rosetta Canyon and channels and form T1 event-layers on levees (MD04-2726 core site). Low-density hypopycnal plumes spread at the sea surface while their fine-grained suspended particles are affected by decantation and convection processes along the water column, resulting in the deposition of clastic-mud beds over more than 30 km on the continental slope (MS27PT and PS3622-33core sites; Fig 7;[START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF]. The exceptional nature of the T1α and T1β floods, occurring at an average of 1 to 7 events every 100 yr (Fig. 8b), suggests an intermittent high-energy hydrological activation. As described in detail in paragraph 5.1.1, T1β could indicate higher-energy floods than T1α event-layers.

Holocene hydro-climatic shifts over the Blue Nile basin

Our results document the frequency of exceptional (high-energy) Ethiopian Nile flood events during the Early and Middle Holocene (~10.1 to ~7.3 ka BP; Fig. 9e). This multi-centennial paleo-flood chronicle seems to be uniformly recorded in two piston-cores as hyperpycnal-flow deposits and clastic-mud beds over the proximal Rosetta System (western NDSF; Fig. 8). We compared this flood frequency record with the precipitation-induced runoff activity recorded at Lake Tana, as derived from the Ti concentration profile (Figs. 1b, 9g;[START_REF] Marshall | Late Pleistocene and Holocene drought events at Lake Tana, the source of the Blue Nile[END_REF], and with the K and Ti events recorded at Lake Dendi (Figs. 1b, 9f;[START_REF] Wagner | Holocene rainfall runoff in the central Ethiopian highlands and evolution of the River Nile drainage system as revealed from a sediment record from Lake Dendi[END_REF] interpreted as an intense erosion and rainfall runoff at the head of the Blue Nile Basin. Precise correlation between single runoff and flood events would be hazardous because of the chronological uncertainty when comparing regional archives. However, general trends of the selected proxies seem to be coherent at centennial-scale.

Fluctuations of radiogenic ƐNd values in both T1 layers and hemipelagic sediments in all cores from the western NDSF (Fig. 9c,d, for MD04-2726 andMS27PT andBlanchet et al., 2014 for P362/2-33) reflect changes in the proportion of eroded material from Ethiopian Traps. Similar source-to-sink flood/runoff trends, combined with the high radiogenic ƐNd signature of T1 event-layers and clastic mud deposits (Fig. 9c,9d) demonstrate the capacity of the Nile drainage system to rapidly connect the Ethiopian Traps source to its deep delta, and discredit the hypothesis of autogenic sediment transport anomalies (non-linear geomorphic system; [START_REF] Jerolmack | Shredding of environmental signals by sediment transport: SIGNAL SHREDDING[END_REF]. Decrease in ƐNd values could be explained by a higher contribution from the Equatorial-White Nile (African craton ƐNd = -30) or from the lower-course White/Blue Nile sources (Saharan Metacraton imprint; [START_REF] Abdelsalam | The Saharan Metacraton[END_REF][START_REF] Grousset | Tracing dust sources and transport patterns using Sr, Nd and Pb isotopes[END_REF][START_REF] Skonieczny | The 7-13 March 2006 major Saharan outbreak: Multiproxy characterization of mineral dust deposited on the West African margin[END_REF]. However, the Early to Mid-Holocene relative elevated εNd values of the silt fraction show that the proportion of Ethiopian Traps material remained high even during more arid periods (such as the 8.2 ka event; ƐNd = -4; Fig. 9c,d), hence clearly suggesting persistent inputs from the Ethiopian Traps and/or on-going sediment transport via the Blue Nile and the Sobat/Atbara rivers to the NDSF.

Based on correlation with other paleoclimatic and paleoenvironmental regional studies, the centennial time resolution of flood-induced event-layers reveals three trends in Early to Mid-Holocene hydroclimatic dynamics.

From 10 to 9 ka BP : a strong and stable hydro-climatic activity

From 10.1 to 9 ka BP, more radiogenic ƐNd values of hemipelagic sediment (around -4.5), T1 eventlayers (-3 to -2; MD04-2726 core) and clastic mud beds from MS27PT core (-4 to -3, Fig. 9c,d) demonstrate the dominant contribution of Ethiopian Traps material to the sedimentation in the western NDSF. This is accompanied by high sedimentation rates in all three deltaic cores and therefore suggests a large erosional activity in the Nile watershed (Fig. 1a,8d,8f). The paleo-flood frequency reconstruction shows a strong increase of the Nile River's hydrological activity from 10.1 ka BP onwards, which is in phase with maximal June insolation at 15°N (Fig. 9a). Exceptional Nile flood events culminate at 9.5-9 ka BP with seven high-energy floods every 100 yr (Fig. 9e).

High precipitation-led runoff at Lake Dendi (Ti and K events, Fig. 9f, [START_REF] Wagner | Holocene rainfall runoff in the central Ethiopian highlands and evolution of the River Nile drainage system as revealed from a sediment record from Lake Dendi[END_REF] and Lake Tana (Ti content, Fig. 9g, [START_REF] Marshall | Late Pleistocene and Holocene drought events at Lake Tana, the source of the Blue Nile[END_REF], both located at the source of the Blue Nile, seem to occur synchronously with intervals of the strongest Nile flood events (T1β layers; Fig. 9e). Additionally, continental geomorphological data from the Blue and White Nile lower courses (Khartoum region; [START_REF] Williams | Late Pleistocene and Holocene environments in the Nile basin[END_REF][START_REF] Williams | Late Quaternary environments and prehistoric occupation in the lower White Nile valley, central Sudan[END_REF] seem coherent with our results: high energy exceptional T1β event-layers are in phase (within age uncertainty) with enhanced Nile flood periods recorded until 9 ka BP (Fig. 9h). This temporal coherency in runoff activity along the Nile River drainage basin suggests strong erosion dynamics from the source to the sink of the fluvial system. This strong erosional activity during the Early Holocene occurs during an interval of intense monsoonal precipitations recorded from 10 ka BP onwards by low and constant δDwax values at Lake Tana (Fig. 9b; [START_REF] Costa | Isotopic reconstruction of the African Humid Period and Congo Air Boundary migration at Lake Tana, Ethiopia[END_REF], Lake Victoria [START_REF] Berke | A mid-Holocene thermal maximum at the end of the African Humid Period[END_REF] and by stable high water-levels of East African lakes [START_REF] Gasse | Hydrological changes in the African tropiccs since the Last Glacial Maximum[END_REF][START_REF] Junginger | The effects of solar irradiation changes on the migration of the Congo Air Boundary and water levels of paleo-Lake Suguta, Northern Kenya Rift, during the African Humid Period (15-5ka BP)[END_REF]. We therefore propose the occurrence of enhanced erosional activity within the whole drainage basin of the Nile River during the Early Holocene, largely related to high and stable monsoonal rainfall on the Ethiopian Highlands.

Stepwise Early Holocene hydro-climatic degradation from 9 ka BP

From 9 ka BP onwards, ƐNd values of hemipelagic sediment and Ti layers from cores MD04-2726 and MS27PT start to decrease following the progressive decrease in frequency of T1 event-layers and of sedimentation rates in cores MS27PT and P362/2-33 (Fig. 8c-f). A lower frequency of T1α layers, rare T1β event-layers and less radiogenic ƐNd values indicate that Nile hydrologic activity had reduced very gradually from 9 until 7.8 ka BP, with an emphasis of reduction between 8.2 and 7.8 ka BP (Fig. 9c-e).

After a short-lived drop in flood frequency at 9 ka BP, the thickness of T1 event-layers and clastic-mud beds slightly decrease, indicating a reduction of flood particle discharge and/or shorter-lasting floods (Fig. 8a) while the higher Q90/Q50 ratio of T1 event-layers points to reduced flow energy (Fig. 8b). The combination of reduced flood particle discharge, weakened transport energy and decreasing flood frequency suggests a switch of the Nile River hydrological regime from episodic high-energy flood discharge dynamics (between 10 and 9 ka BP) to low-energy and shorter-lasting flood discharge dynamics (after 9 ka BP). This progressive shutdown of flood frequency and intensity, with more negative ƐNd, culminates between 8.2 and 7.8 ka BP, suggesting an ~800 year-long stepwise Early Holocene aridification interval (Fig. 9).

A distinct interruption of the Blue and White Nile flooding events was also recorded around 9 ka BP in the Khartoum region (Fig. 9h; [START_REF] Williams | Late Pleistocene and Holocene environments in the Nile basin[END_REF], in phase with an interruption of rainfall-induced runoff events at Lake Dendi (Fig. 9f; [START_REF] Wagner | Holocene rainfall runoff in the central Ethiopian highlands and evolution of the River Nile drainage system as revealed from a sediment record from Lake Dendi[END_REF]. Similarly, at Lake Tana a slight reduction in precipitations is evidenced by δDwax values around 9 ka BP (Fig. 9b; [START_REF] Costa | Isotopic reconstruction of the African Humid Period and Congo Air Boundary migration at Lake Tana, Ethiopia[END_REF] interpreted as reflecting either a southward retreat of the monsoonal rain belt or an eastward shift of the Congo Air Boundary. Changes in erosion and monsoonal dynamics as early as ~8.7 ka BP have already been pointed out by previous studies (Blanchet et al., 2014;[START_REF] Ménot | Timing and stepwise transitions of the African Humid Period from geochemical proxies in the Nile deep-sea fan sediments[END_REF].

Subsequently, around 8.2 to 8 ka BP, a period of marked aridification was reported elsewhere in North East Africa as a single event [START_REF] Costa | Isotopic reconstruction of the African Humid Period and Congo Air Boundary migration at Lake Tana, Ethiopia[END_REF][START_REF] Garcin | East African mid-Holocene wetdry transition recorded in palaeo-shorelines of Lake Turkana, northern Kenya Rift[END_REF][START_REF] Gasse | Hydrological changes in the African tropiccs since the Last Glacial Maximum[END_REF][START_REF] Marshall | Late Pleistocene and Holocene drought events at Lake Tana, the source of the Blue Nile[END_REF]. A classical scenario suggests that high latitudes fully drove low-latitude hydrology at millennial timescales [START_REF] Collins | Rapid termination of the African Humid Period triggered by northern highlatitude cooling[END_REF]. The onset of aridification in the Nile catchment would then result from the release of freshwater in the North Atlantic during the 8.2 ka BP event, leading to a slowdown of the Atlantic Meridional Overturning Circulation (AMOC) and/or a decrease in arctic air temperatures which induces a decrease on the Tropical Easterly Jet [START_REF] Collins | Rapid termination of the African Humid Period triggered by northern highlatitude cooling[END_REF]. These processes, together with a reduction in summer insolation, might have led to drier conditions in tropical monsoonal areas.

However, this scenario does not account for a destabilization of the monsoonal system as early as 9 ka BP, as seen in our record. The observed time lag between the beginning of the hydrologic shift in East Africa at 9 ka BP and the North Atlantic 8.2 ka BP cooling event casts doubt on the mechanisms linking high-and low-latitude hydrological changes [START_REF] Collins | Rapid termination of the African Humid Period triggered by northern highlatitude cooling[END_REF][START_REF] Mohtadi | Palaeoclimatic insights into forcing and response of monsoon rainfall[END_REF]. We propose here that an early shift of the main climatic boundaries above the Ethiopian Highlands [START_REF] Costa | Isotopic reconstruction of the African Humid Period and Congo Air Boundary migration at Lake Tana, Ethiopia[END_REF] linked with the gradual decrease in summer insolation might have been sufficient to initiate a drier period in the tropics between 9 and 8 ka BP. Accordingly, recent modelling experiments suggest that an obliquity-driven change in insolation gradient at low latitudes might have directly enhanced monsoonal rainfall (Bosmans et al., 2015b;[START_REF] Mantsis | The Response of Large-Scale Circulation to Obliquity-Induced Changes in Meridional Heating Gradients[END_REF]. Consequently, the insolation on the tropics could have had largely contributed in generating air moisture masses over the oceans without the influence of the indirect energybalance inputs from high-latitude internal forcing and from North Atlantic ice-sea interactions (Bosmans et al., 2015b(Bosmans et al., , 2015a;;[START_REF] Clement | The Atlantic Multidecadal Oscillation without a role for ocean circulation[END_REF]. Finally, has been even argued that the highlatitude cooling events would be further enhanced by the decrease in African precipitation and by Saharan aridification, which may have contributed to a tipping point behaviour between low and high latitudes [START_REF] Clement | An Orbitally Driven Tropical Source for Abrupt Climate Change[END_REF][START_REF] Davies | The impact of Sahara desertification on Arctic cooling during the Holocene[END_REF].

Unstable and anomalous Nile hydrologic conditions from 7.8 ka BP

The low ƐNd values observed from 7.8 ka BP in both T1 layers and hemipelagic sediments in all cores from the western NDSF (Fig. 9c, d;for MD04-2726 andMS27PT andBlanchet et al., 2014 for P362/2-33) indicate a lower contribution of Ethiopian Trap detrital particles suggesting a White Nile or lowercourse White and Blue Nile source contributions, characterized by a Saharan aeolian Metacraton imprint (ƐNd from -10 to -14; [START_REF] Abdelsalam | The Saharan Metacraton[END_REF][START_REF] Grousset | Tracing dust sources and transport patterns using Sr, Nd and Pb isotopes[END_REF][START_REF] Scheuvens | Bulk composition of northern African dust and its source sediments -A compilation[END_REF].

After low flood activity around 8 ka BP, T1 event-layers resume from 7.8 ka BP onwards, with a frequency of five event-layers/100 yr, thereby characterizing higher particle discharge (increase in T1 thickness; Fig. 8a), reduced flow energy (increase of Q90/Q50 ratio produced by Q50 drop) and a reduction of Ethiopian Traps source inputs (lower ƐNd values; -4.5, Fig. 9c,d). Higher flood frequency is associated with a high amount of T1β layers until 7.6 ka BP, and a reduction of flood frequency to ca. 2.5 event-layers/100 yr is associated with a dominance of T1α layers (Fig. 9e). Contemporarily, leaf wax deuterium isotopes at Lake Tana indicate lower precipitation over the Ethiopian Highlands, at the source of the Blue Nile (Fig. 9b; Costa et al., 2011).

The occurrence of higher flood frequency and higher particle discharge during a lower rainfall period shows a decoupling between erosive activity and climatic forcing, suggesting the development of an "out of equilibrium" geomorphic system (i.e., the sedimentary input into the system is not equal to the system output, [START_REF] Ahnert | Equilibrium, scale and inheritance in geomorphology[END_REF][START_REF] Hoffmann | Sediment residence time and connectivity in non-equilibrium and transient geomorphic systems[END_REF]. This anomaly could be explained by a process during the entire 8.2-7.8 ka BP arid period whereby low precipitation favoured the fluvial riverbed aggradation (i.e., storage effect; [START_REF] Phillips | Sources of nonlinearity and complexity in geomorphic systems[END_REF]. The subsequent slight resumption of precipitation post-7.8 ka BP (reduced δDWAX at Lake Tana, Fig. 9b,f) led to a rapid erosion of the previously deposited sediment with low radiogenic ƐNd values along the Nile course, producing a dense plume at the river mouth and the large amount of T1 event-layers. This is supported by other geomorphological data, which indicate the resumption of White Nile floods in the Khartoum region from 7.8 ka BP, in phase with the numerous low radiogenic T1 event-layers (Fig 9h, 9e;[START_REF] Williams | Late Pleistocene and Holocene environments in the Nile basin[END_REF][START_REF] Williams | Late Quaternary environments and prehistoric occupation in the lower White Nile valley, central Sudan[END_REF]. Following this scenario, drastic reduction in vegetation cover over the Saharan Nile and the Sahelian belt [START_REF] Hopcroft | Multi vegetation model evaluation of the Green Sahara climate regime: RAINFALL SUPPORTING A GREEN SAHARA[END_REF] during the 8.2 ka BP event could have accentuated this process with an enhanced soil erosion.

Our results therefore show how at the end of abrupt arid climatic events, such as those occurring around 8.2-7.8 ka BP, an "out of equilibrium" fluvial effect may occur, characterized by a disproportionate sediment delivery to the continental margins and resulting in an autogenic sedimentation process relatively decoupled from the climatic forcing.

From 7 ka BP, re-oxygenation of bottom waters in the Levantine area mark the end of S1 [START_REF] De Lange | Synchronous basin-wide formation and redox-controlled preservation of a Mediterranean sapropel[END_REF] and the end of the hyperpycnite-prone interval due to resumed bioturbation in MD04-2726 and MS27PT cores (Fig. 1d,1e). The input of Blue Nile suspended material, as well as the flood energy, decreased progressively until ~4 ka BP, thus preventing the formation of high dense plume capable to induce hyperpycnal flows. Accordingly, the lowest ƐNd and Ti/K values were measured from hemipelagic sediment (-6.5; Fig. 1b,c), corresponding to the ~4.2 ka BP drought event [START_REF] Bini | The 4.2\,ka\,BP Event in the Mediterranean region: an overview[END_REF].

-Conclusion

This study presents the first continuous reconstruction of exceptional Nile floods at centennial resolution from a well-preserved sedimentary interval from the Nile Deep-Sea Fan during the Early to the Middle Holocene. A multiproxy approach using sedimentological, geochemical (elemental contents and Nd isotopes) and microscopic methods have allowed us to identify instantaneous deposits (as hyperpycnites and clastic-mud beds) related to exceptional floods from the Blue Nile recorded in two cores from the upper slope of the Rosetta System. Similar trends between the occurrence of flood layers at centennial scale and changes in terrigenous input at Lake Tana (the source of the Blue Nile under direct influence of the African summer monsoon), as well their ƐNd signature, suggest their direct relationship to high-intensity and exceptional monsoon-related erosive and runoff events in the Ethiopian Highlands.

Our results enable us to draw some hydro-climatic inferences, in particular: a) the occurrence of recurrent (5 to 7/100 yr) high energy instantaneous floods between 10.1 and 9 ka BP during the height of the African Humid Period; b) a noticeable shift in the hydro-climatic regime around 9 ka BP characterized by a progressive reduction of Blue Nile input and by lower frequency and magnitude of floods until 8.2 ka BP; c) a low precipitation regime from 8.2 ka BP expressed in very low river runoff; d) the installation of an unstable and reduced Ethiopian-Nile hydrological regime from 7.8 ka BP where erosive activity and sediment transport is decoupled from climatic forcing, followed by a gradual reduction in precipitation intensity until ~4 ka BP.

In conclusion, we highlight the occurrence of a stepwise aridification process during the Early Holocene in the Blue Nile basin that questions the climatic linkages and feedbacks between low and high latitudes around the 8.2 ka BP North Atlantic cooling event. We also show how hyper-arid climatic episodes such as the 8.2 ka BP event might produce a destabilisation of the fluvial geomorphic system, inducing an anomaly of sediment transfer and the consequent autogenic sediment recording over the continental margin basins. [START_REF] Abdelsalam | The Saharan Metacraton[END_REF] which produce aeolian dust representing the source region of most deflation documented by [START_REF] Prospero | Environmental characterization of global sources of atmospheric soil dust identified with the NIMBUS 7 Total Ozone Mapping Spectrometer (TOMS) absorbing aerosol product[END_REF][START_REF] Scheuvens | Bulk composition of northern African dust and its source sediments -A compilation[END_REF]. The outcrops of the Ethiopian Traps, Precambrian Craton and Saharan Metacraton provide sediments characterized by εNd values of > 0, > -30 and from -10 to -14 respectively [START_REF] Garzanti | The modern Nile sediment system: Processes and products[END_REF][START_REF] Grousset | Tracing dust sources and transport patterns using Sr, Nd and Pb isotopes[END_REF][START_REF] Skonieczny | The 7-13 March 2006 major Saharan outbreak: Multiproxy characterization of mineral dust deposited on the West African margin[END_REF]. The seasonal positions of the Intertropical Convergence Zone (ITCZ; red dotted line, Viste and Sorteberg, 2013) as well as of the Sahel zone (orange area) are shown, as well as the Nile catchment mica sources (Dabus and Diesda rivers, orange dots; after [START_REF] Garzanti | The modern Nile sediment system: Processes and products[END_REF]. [START_REF] Abdelsalam | The Saharan Metacraton[END_REF] which produce aeolian dusts representing the source region of most deflation documented by [START_REF] Prospero | Environmental characterization of global sources of atmospheric soil dust identified with the NIMBUS 7 Total Ozone Mapping Spectrometer (TOMS) absorbing aerosol product[END_REF][START_REF] Scheuvens | Bulk composition of northern African dust and its source sediments -A compilation[END_REF]. The outcrops of the Ethiopian Traps, Precambrian Craton and Saharan Metacraton provide sediments characterised by εNd values of > 0, > -30 and from -10 to -14 respectively [START_REF] Garzanti | The modern Nile sediment system: Processes and products[END_REF][START_REF] Grousset | Tracing dust sources and transport patterns using Sr, Nd and Pb isotopes[END_REF][START_REF] Skonieczny | The 7-13 March 2006 major Saharan outbreak: Multiproxy characterization of mineral dust deposited on the West African margin[END_REF]. The seasonal positions of the Intertropical Convergence Zone (ITCZ; red dotted line, [START_REF] Viste | Moisture transport into the Ethiopian highlands: MOISTURE TRANSPORT INTO THE ETHIOPIAN HIGHLANDS[END_REF] as well as of the Sahel zone (orange area) are shown, as well as the Nile catchment mica sources (Dabus and Diesda rivers, orange dots; after [START_REF] Garzanti | The modern Nile sediment system: Processes and products[END_REF]. The T1α, T1β and T2 event-layers are identified by yellow, green and red highlights, respectively. (brown line and squares) and of hemipelagic sediment (blue line and dots) from core MS27PT (fraction <63 µm) (after [START_REF] Ménot | Timing and stepwise transitions of the African Humid Period from geochemical proxies in the Nile deep-sea fan sediments[END_REF] this study) e) Q90/Q50 and frequency (100-yr running average, brown line) of exceptional flood deposits (T1α in yellow and T1β in green) of the MD04-2726 core; f) erosion runoff-induced K and Ti event layers from Lake Dendi [START_REF] Wagner | Holocene rainfall runoff in the central Ethiopian highlands and evolution of the River Nile drainage system as revealed from a sediment record from Lake Dendi[END_REF]; g) Ti (mg/g) at Lake Tana [START_REF] Marshall | Late Pleistocene and Holocene drought events at Lake Tana, the source of the Blue Nile[END_REF]; h) Blue (in blue) and White (in yellow) lower Nile course flood periods recorded over the Karthoum region [START_REF] Williams | Late Pleistocene and Holocene environments in the Nile basin[END_REF][START_REF] Williams | Late Quaternary environments and prehistoric occupation in the lower White Nile valley, central Sudan[END_REF]. Light grey bands indicate the lower flood frequency recorded in MD04-2726 core.
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  Fig 1: a) Bathymetric map of the Nile Deep Delta Western margin (proximal Rosetta Upper slope, C10 Rosetta canyon, DSF6) showing the locations of the studied cores MD04-2726 (31°51.00' N, 29°47.49' E, 1058 m water depth) and MS27PT (N31_47.90'; E29_27.700, 1389 m water depth; red dots), the bathymetric profile presented in Fig 7, and the P362-2-33 core (Blanchet et al., 2013, black dot). b) Hydrological context of North Africa and the present-day active Nile watershed (modified from Skonieczny et al., 2015).Three main sources of suspended sediment load are identified in the Nile Deep-Sea Fan: the basaltic rocks (purple) of the Ethiopian Traps (Highlands), which are drained by the Blue Nile, the Atbara and Sobat rivers located in tropical latitude (around 5 to 15°N); the Precambrian metamorphic rocks (green) of the Central African Craton located in the equatorial latitude of the lakes Albert and Victoria in the Ugandan headwaters region of the White Nile; the Saharan Metacraton
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 6 Fig 6: a) Q90 versus Q50 plot of all the T1 and T2 event-layers from MD04-2726 core, showing the
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Acknowledgments

We would like to gratefully thank the Influenza and Respiratory Viruses Department, Pasteur Institute of Iran for their scientific support in the study.

Acknowledgments

Research at GEOAZUR laboratory (CNRS-UMR7329) was supported by a BQR-OCA, INSU-SYSTER (P.I. MR) and by the French government, through the UCAJEDI Investments in the Future project managed by the National Research Agency (ANR) with the reference number ANR-15-IDEX-01 (P.I. LK, co-P.I. MR). Nd measurement costs were partially covered by the program MADHO (INSU MISTRALS-P.I. MR) and by a BQR-0CA (Geoazur-P.I. MR). Radiocarbon dating of core MD04-2726 was performed by the national facility LMC14 in the framework of the INSU ARTEMIS grant scheme. We thank Jean-Pascal Dumoulin from LMC14 for discussions and Tomasz Goslar from the Poznan Radiocarbon Laboratory.

We are grateful to Catherine Buchanan of the 'Office of International Scientific Visibility' of the UCA for the manuscript revision. We thank Aurélie Mothet and Sébastien Pivot for their Masters work on core MD04-2726 and M. Zanti for labwork support. Finally, the kind, thorough and constructive comments provided by Eduardo Garzanti, an anonymous reviewer and the editor Giovanni Zanchetta allowed to significantly improve the quality of this manuscript. We thank them for their time investment in these difficult circumstances (COVID-19 lockdown period).

Funding

We are thankful to Vice-Chancellor of Research and Technology of Hamadan University of Medical Sciences, Hamadan, Iran for financial support (Grant number: 9606073585). Also, this study was financially supported by grant No: 961102 of the Biotechnology Development Council of the Islamic Republic of Iran.

Declarations

Ethics approval and consent to participate

The ethics committee of the Hamadan University of Medical Sciences approved the study protocol (Ethical approval code: IR.UMSHA. REC.1396.403).

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Authors' contributions

ASMN performed the experiments and gathered the data and also drafting the manuscript. MYA, AG, and ASMN designed the study and provided all the experimental materials. AG, ASMN and MK analyzed the data the manuscript. FF, PM, and AG revised and helped in drafting the manuscript. The final manuscript was read and approved by all mentioned authors.

Frequency of exceptional Nile flood events as an indicator of

Holocene hydro-climatic changes in the Ethiopian Highlands

Carlo Mologni 1-6 * , Marie Revel 1 , Cécile Blanchet 2 , Delphine Bosch 3 , Anne-Lise Develle 4 François Orange 5 , Luc Bastian 1 , Lamya Khalidi 6 , Emmanuelle Ducassou 7 , Sébastien Migeon 

Abstract

Climate conditions in Africa have varied substantially during the Late Quaternary with alternating humid and arid periods controlled mainly by the African monsoonal regime. However, the duration and termination of the last African Humid Period (14-6 ka BP) and its internal climatic variability are still debated. Using a laminated sequence from the Nile Deep-Sea Fan, we reconstruct for the first time the monsoon-induced frequency of exceptional Nile floods at centennial resolution during the African Humid Period. By combining sedimentological, geochemical and microscopic tools and comparing our record with two proximal piston cores and with regional paleoclimatic records, we show: a) the occurrence of recurrent high-energy floods between 10.1 and 9 ka BP, during the height of the African Humid Period; b) a shift in the hydro-climatic regime as early as 9 ka BP, with a progressive reduction in flood frequency and magnitude until 8.2 ka BP, likely related to a southward migration of the monsoon rainfall belt; c) a drastic reduction of flood activity between 8.2 and 7.8 ka BP; d) an unstable Ethiopian-Nile hydrological system from 7.8 ka BP, followed by a further decrease in river runoff until ~4 ka BP.

The occurrence of a stepwise hydro-climatic deterioration over the Ethiopian Highlands from ~9 ka BP brings into question the climatic linkages and feedbacks between low and high latitudes during the Early to Mid-Holocene and in particular around the 8.2 ka BP North Atlantic cooling event. Our unique record of flood frequency at centennial-resolution therefore allows us to draw new insights on fluvial and geomorphic feedbacks of the Nile hydrologic system to monsoonal regimes during a period of major environmental shifts.

Tab 1: Calibration of new and previous ages on MD04-2726 core, and result from age model building 928 using the Bacon software (v3. 6.3, Blaauw and Christen, 2011) based on Marine13 and IntCal13 929 calibration curves [START_REF] Reimer | IntCal13 and Marine13 Radiocarbon Age Calibration Curves 0-50,000 Years cal BP[END_REF]