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Calcareous nannofossil assemblages from El Kef (Tunisia) reveal strong 29 

regional and bathymetric controls on Northern Hemisphere recovery patterns 30 

following the Cretaceous/Paleogene (K/Pg) mass extinction  31 

Heather L. Jones, Lorna Kearns, Julio Sepúlveda, Christopher M. Lowery, Laia Alegret, Thomas 32 
Westerhold, M. Hedi Negra, Mark Patzkowsky and Timothy J. Bralower 33 
 34 
The Cretaceous-Paleogene (K-Pg) mass extinction event ~66.0 million years ago (Ma), led to the 35 
elimination of over 75% of species on Earth and drove large-scale ecological reorganization in both 36 
the marine and terrestrial realms. In particular, the nearly complete extinction of calcareous 37 
nannoplankton-the most dominant phytoplankton group at the end of the Cretaceous- led to a 38 
shift in community structure within marine primary producers, which had a profound effect on 39 
trophic interactions and the marine carbon cycle. Earliest Paleocene nannoplankton assemblages 40 
were comprised of a series of short-lived, opportunistic taxa which we term “boom-bust” 41 
successions. Although these high dominance, low diversity assemblages have been observed 42 
worldwide, the series of taxa that comprise boom-bust successions, as well as the timing of the 43 
switchovers between dominant taxa, are globally heterogeneous. Here, we use the expanded and 44 
well-preserved fossil record of calcareous nannoplankton from the Global Stratotype Section and 45 
Point (GSSP) for the K-Pg boundary near El Kef, Tunisia to better understand the environmental 46 
and ecological conditions that drove boom-bust successions. We then incorporate our data into a 47 
statistical meta-analysis that includes nannoplankton records from eight other K-Pg sites in the 48 
literature, allowing us to better understand the significance of boom-bust successions in a global 49 
context. Our results support earlier findings that indicate that changes in nutrient availability, 50 
caused by the gradual restoration of biological pump efficiency following the K-Pg impact, was the 51 
main driver of boom-bust successions in the earliest Paleocene. Thus, the series of taxa that 52 
comprise boom-bust successions are geographically distinct due to differences in the timing of 53 
biological pump recovery, the type of marine environment examined (e.g., neritic vs. pelagic 54 
settings), and the influence of regional, or even local, controls on ecology. 55 
 56 

Introduction 57 
The bolide impact at the Cretaceous/Paleogene (K/Pg) boundary ca. 66 million years ago (Ma) – 58 
which most famously wiped out all non-avian dinosaurs (e.g., Alvarez et al., 1980; Schulte et al., 59 
2010; Chiarenza et al., 2020; Hull et al., 2020; Morgan et al., 2022) – also led to the largest mass 60 
extinction in the evolutionary history of calcifying marine plankton (i.e., calcareous nannoplankton 61 
and planktonic foraminifera) with >90% species being eliminated (Bown et al., 2004; Fraass et al., 62 
2015; Lowery et al., 2020). In comparison to marine calcifiers, siliceous and organic-walled plankton 63 
groups such as diatoms, radiolarians and dinoflagellates, suffered much lower extinction rates, likely 64 
due to the ability of some species to form resting cysts (MacRae et al., 1996; Sims et al., 2006; 65 
Lowery et al., 2020). Calcareous organisms living at the seafloor (e.g., benthic foraminifera) also did 66 
not experience a mass extinction at this time (e.g., Thomas 1990; Culver, 2003; Alegret et al., 2012; 67 
Alegret and Thomas, 2013; Alegret et al., 2021;), underscoring that the K/Pg extinction 68 
predominantly affected marine calcifers living in the upper water column (Lowery et al., 2020). This 69 
high level of extinction selectivity suggests that short-lived, impact-induced surface ocean 70 
acidification may have been an important kill mechanism (Henehan et al., 2019; Brugger et al., 2021) 71 
with impact-winter and decreased light availability caused by the emission of dust and aerosols also 72 
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likely playing a major role (e.g., Vellekoop et al., 2014; Brugger et al., 2021; Junium et al., 2022; 73 
Morgan et al., 2022; Senel et al., 2023).  74 

As the most prolific and diverse phytoplankton group at the end of the Cretaceous (Knoll and Follows 75 
2016; Lowery et al., 2020), the near-demise of calcareous nannoplankton at the K/Pg boundary had a 76 
major impact on marine ecosystem structure and function. Although primary productivity did not 77 
completely cease as originally proposed in the ‘Strangelove Ocean’ model (Hsü and McKenzie 1985), 78 
vacated niche space in the photic zone was filled by alternative phytoplankton groups including 79 
dinoflagellates, diatoms and (especially) cyanobacteria (e.g., Vellekoop et al., 2017; Renaudie et al., 80 
2018; Sepúlveda et al., 2019; Bralower et al. 2020; Lowery et al., 2021; Alegret et al., 2022). The 81 
reduced capability of these (predominantly) organic phytoplankton groups to form dense marine 82 
aggregates – especially when compared to the heavily-mineralized, pre-extinction populations of 83 
calcareous nannoplankton and planktic foraminifera – severely reduced the effective ballasting of 84 
organic carbon from the surface ocean to the seafloor, thus driving decreased biological pump 85 
efficiency (i.e., the ‘Living Ocean’ Model; D’Hondt et al., 1998; Coxall et al., 2006; Birch et al., 2016; 86 
Alvarez et al., 2019). However, the mass extinction’s effect on biological pump efficiency and export 87 
productivity was geographically- and environmentally-variable, as evidenced by site-to-site 88 
differences in the magnitude and sign of benthic foraminiferal accumulation rates and diversity, both 89 
of which are strongly influenced by the type and amount of food that is transported from the surface 90 
ocean (e.g., Alegret and Thomas 2009;2013; Hull and Norris 2011; Alegret et al., 2012; Sepúlveda et 91 
al., 2019; Alegret et al., 2022) This so-called ‘Hetereogenous Ocean’ (Esmeray-Senlet et al., 2015; 92 
Henehan et al., 2019; Alegret et al., 2022) was likely a result of taxonomic differences in spatially- 93 
and temporally-restricted cyanobacterial blooms, although this has not been thoroughly documented 94 
(Bralower et al., 2020; Alegret et al., 2022). 95 

The recovery patterns of calcareous nannoplankton communities during the early Danian were 96 
similarly complex. In the Southern Hemisphere, nannoplankton extinction rates were somewhat 97 
lower than in the Northern Hemisphere (Jiang et al., 2010) and earliest Paleocene communities 98 
consisted of previously-rare survivor taxa that became regionally incumbent for 300 – 400 kyr post-99 
impact (Jiang et al., 2010; Schueth et al., 2015). In contrast, contemporaneous Northern Hemisphere 100 
communities were characterized by successive acmes of newly-evolved taxa, which gave rise to the 101 
long-ranging lineages that prevailed throughout much of the Paleogene (Bown, 2005; Jiang et al., 102 
2010; Schueth et al., 2015; Alvarez et al., 2019; Jiang et al., 2019; Jones et al., 2019; Bown et al., 103 
2023). Although early Danian nannoplankton acmes have been observed at all previously-studied 104 
Northern Hemisphere sites, the specific taxa that comprised these successions as well as the duration 105 
of the acme ‘regime’ (Alvarez et al., 2019) were geographically variable (Schueth et al., 2015; Jones et 106 
al., 2019). For example, the nannoplankton acme regime ended ca. 1.75 Myr post-impact at Ocean 107 
Drilling Program (ODP) Site 1209 (Shatsky Rise) in the pelagic (bathyal) sub-equatorial Pacific Ocean 108 
(Alvarez et al., 2019), ca. 2 Myr post-impact at International Ocean Discovery Program (IODP) Site 109 
U1407 in the mid-latitude pelagic (abyssal) North Atlantic Ocean (Bown et al., 2023) and ca. 2.5 Myr 110 
post-impact at hemipelagic IODP – International Continental Scientific Ocean Drilling (ICDP) Site 111 
M0077A in the peak-ring of the Chicxulub impact crater (i.e., at “ground-zero” of the mass extinction 112 
event; Jones et al., 2019; Lowery et al., 2021; Figure 1). 113 

There is emerging evidence that the eventual termination of the nannoplankton acme regime was 114 
intrinsically linked to the recovery of biological pump efficiency (Alvarez et al., 2019), which is 115 
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generally estimated using the surface to deep ocean δ13C gradient measured on planktic 116 
foraminiferal tests (or on bulk sediment) and benthic foraminiferal tests respectively (e.g., D’ Hondt 117 
et al., 1998; Coxall et al., 2006; Birch et al., 2016; 2021). In the peak ring of the Chicxulub impact 118 
crater, the switchovers between nannoplankton acmes are directly coincident with changes in the 119 
dominant planktic foraminiferal trophic group, indicating a gradual transition from high-nutrient 120 
(eutrophic) to low nutrient (oligotrophic) surface ocean environments that is also consistent with 121 
increasing biological pump efficiency (Jones et al., 2019; Lowery et al., 2021). If the recovery of 122 
biological pump efficiency – which was globally heterogenous as outlined above (e.g., Hull & Norris, 123 
2011; Alegret et al., 2022) – was strongly coupled to calcareous nannoplankton recovery, it is hardly 124 
surprising that there is similarly high geographic variability in the duration and signature of the 125 
nannoplankton acme regime. Comparison of nannoplankton acme characteristics between different 126 
ocean basins and marine environments (i.e., continental shelf  abyssal plain), should therefore 127 
reveal region- and environment-specific controls on nannoplankton recovery following the largest 128 
mass extinction event in their evolutionary history. However, despite having the potential to provide 129 
information regarding how organisms at the bottom of the marine food chain respond to rapid 130 
episodes of extreme environmental change – which is also important in a modern climate context – 131 
such analyses have rarely been conducted (Jiang et al., 2019).  132 

In order to help facilitate these cross-site and cross-environment comparisons, we present here a 133 
high-resolution record of Danian calcareous nannofossil assemblages in sediment cores recovered 134 
near the Global Stratotype Section and Point (GSSP) for the basal Danian in El Kef (Tunisia). Our new 135 
dataset provides one of the longest and most complete nannofossil records from a K/Pg continental 136 
shelf site to date, allowing us to:  137 
(a) fully document the nannoplankton acme regime in a shallow marine depositional setting;  138 
 139 
(b) statistically compare the nannoplankton acme regime at El Kef to other Tethyan sites, elucidating 140 
the potential importance of local processes in ecosystem recovery; and  141 

(c) statistically compare the nannoplankton acme regimes at El Kef and other Northern Hemisphere 142 
sites sampling a range of different ocean basins and marine environments, in an attempt to separate 143 
out the environment- and region-specific controls on acme characteristics (e.g., duration of acmes 144 
and the specific acme-forming taxa).  145 

Methods 146 
Study site 147 
During the El Kef Coring Project, sediment cores were recovered from five holes located in close 148 
proximity to the GSSP outcrop section, ~5 km southwest of the town of El Kef in northwestern 149 
Tunisia (Jones et al., 2023). Due to the drilling process, typical features of the K/Pg boundary 150 
observed in the El Kef outcrop (e.g., the 2-3 mm iridium lamina) were not captured in the sediment 151 
cores. However, the integration of biostratigraphic, geochemical and X-Ray Fluorescence (XRF) data 152 
led to precise delineation of the boundary and the construction of a composite section (‘splice’) 153 
(Jones et al., 2023). The resultant preferred age model indicates that the Danian was fully and 154 
completely recovered in the El Kef cores, apart from a clear unconformity within planktic 155 
foraminiferal biozone P1b that was not previously recognized in outcrop. The Danian sediments at El 156 
Kef predominantly consist of gray marls (carbonate-rich mudstones) that are darker in color and less 157 
heavily bioturbated below the unconformity (Jones et al., 2023). The entire section was deposited at 158 
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a paleolatitude of 25-30°N in the Tethys Ocean (Figure 1), and samples an outer-shelf to upper-slope 159 
paleoenvironment with water depths of 200-300 m (e.g., Speijer and Van der Zwaan, 1996; Alegret 160 
2003). 161 
 162 
Planktic foraminiferal biostratigraphy 163 
The current preferred age model for the El Kef cores (Jones et al., 2023) is predominantly based on 164 
planktic foraminiferal biostratigraphic datums and is considered to be robust for the early Danian 165 
(planktic foraminifer biozones P0 through the base of P1b). However, reliability of the age model 166 
decreases above this due to challenges in identifying biozone markers within the interval 167 
immediately above the unconformity in Hole E, which can be attributed to poor preservation, 168 
weathering and reworking. There were also some difficulties in precisely delineating the base of the 169 
P2 biozone within Hole C as Praemurica uncinata (biozone marker for the base of P2) was very rare 170 
and had a somewhat spotty occurrence (Jones et al., 2023). Some of the uncertainty with respect to 171 
the delineation of the P2 biozone can also be explained – at least in part – by the fact that generally 172 
only the 38 – 63 µm size fraction was examined for the biozone marker taxa, thus excluding the 173 
larger specimens that became increasingly more common during the Danian.  174 

To further improve the reliability of our age model, planktic foraminiferal biostratigraphy was 175 
conducted on the >75 µm size fraction for 28 samples from El Kef Hole C and 44 samples from El Kef 176 
E. The specific purpose of these additional analyses was to better constrain the base of P2 and the 177 
timing of the unconformity, whilst ensuring biostratigraphic consistency between different size 178 
fractions during the earlier Danian (i.e., biozones P0 through P1b). 179 

 180 

Calcareous nannofossil assemblage counts 181 
Using the age model and composite section as a guide, we chose to use samples from Holes E and C, 182 
as combined these represent a nearly stratigraphically continuous K/Pg transition from immediately 183 
after the mass extinction event to the base of the Futyania acme (Hole E), and from the Futyania 184 
acme to the Praeprinsius tenuiculus acme (Hole C). In addition, Hole E has the best nannofossil 185 
preservation out of all of the holes, as evidenced by the common occurrence of coccospheres 186 
(complete cell coverings of nannoplankton) belonging to all of the ecologically important taxa. Smear 187 
slides for nannofossil analyses were made following the standard procedures outlined in Bown 188 
(1998) and examined under cross-polarized light at 1600x magnification. Assemblages were analyzed 189 
at a 10 cm sampling resolution between ~54.5 m and 61.5 m composite depth, a 10 to 20 cm 190 
sampling resolution between ~36.0 m and 54.5 m composite depth, and a sampling resolution of 191 
every 60 cm above this. Because the switchovers between K/Pg nannoplankton acmes were 192 
geologically rapid events followed by a relatively prolonged interval of quasi-stability, we do not 193 
anticipate that the stratigraphic reduction in sampling resolution up-section has drastically altered 194 
our results or interpretations.  195 

At least 300 nannofossil specimens were counted along a random transect in each sample and 196 
identified to species-level using the taxonomic concepts on Mikrotax and images provided by Dr. Paul 197 
Bown at University College London (UCL), to ensure taxonomic consistency between different 198 
working groups. Some specimens, including tiny (<2 µm) Neobiscutum coccoliths and intermediate, 199 
evolutionary morphotypes were difficult to identify to species-level, and thus were only assigned a 200 
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genus. Ultimately, our nannoplankton abundance counts resulted in the creation of a large dataset 201 
comprising of 201 samples and over 60,000 nannofossil occurrences. 202 

Regional and global literature comparison 203 
To compare changes in nannofossil assemblages at El Kef to those at other Northern Hemisphere 204 
sites, we compiled a dataset using results published in the literature, which sample several different 205 
ocean basins and marine environments (Figure 1). The corresponding data used in these comparisons 206 
are from Bidart, France (Jiang et al., 2019); Zumaia, Spain (Jiang et al., 2019); Agost, Spain (Pospichal, 207 
1995), Forada, Italy (Fornaciari et al., 2007), Wadi Hamama and Gebel Qreiya, Egypt (Tantawy, 2003) 208 
in the paleo-Tethys; the Chicxulub impact crater (IODP-ICDP Site M0077A), Mexico (Jones et al., 209 
2019) and Brazos River, USA (Schueth, MS thesis, 2009) in the Gulf of Mexico; Shatsky Rise (ODP Site 210 
1209) in the North Pacific Ocean (Alvarez et al., 2019) and IODP Sites U1403 and U1407 in the North 211 
Atlantic Ocean (Bown et al., 2023).  212 

Statistical analyses 213 
All of the statistical analyses outlined below were conducted on genus-level data, allowing for more 214 
reliable comparison of the nannofossil assemblage records compiled by different nannofossil workers 215 
whilst still showing meaningful paleoecological trends. Before statistical analyses were performed, 216 
the Hellinger transformation method was applied to the genus-level assemblage data.  217 

All of the genus-level assemblage data by the column maximum, where the abundance of each taxon 218 
in a sample is divided by its maximum occurrence across all samples. This maximizes the importance 219 
of rare taxa which is vital in teasing apart differences and similarities between assemblages that are 220 
almost completely dominated by one abundant taxon (such as within the short-lived acmes). 221 

To statistically analyze the temporal changes in nannofossil assemblages, we performed Nonmetric 222 
Multidimensional Scaling (NMDS) using the metaMDS function (vegan package should cite) in R. This 223 
iterative ordination technique uses a distance measure (in this case the Bray-Curtis dissimilarity) to 224 
assess the similarity between both samples and species in a dataset. The number of axes 225 
(dimensions) used is specific to each data matrix and is manually chosen by the user when the 226 
‘stress’ value is reduced to a point where it plateaus (in this case 3 dimensions). The resulting 227 
ordination plots samples and species as scores on NMDS axes 1 and 2, which explain the greatest 228 
amount of variation between samples. we performed two separate NMDS analyses; one only using 229 
nannoplankton assemblages from Hole E and the other using assemblage data from both Holes E and 230 
C. We then performed a further NMDS analysis to determine whether there were any regional, 231 
global, or environmental (i.e. shelf vs. pelagic) trends in assemblages. 232 

To test whether the changes in nannofossil assemblages and environmental variables were 233 
correlated, we performed a linear regression of the available geochemical data (bulk carbonate δ13C 234 
and δ18O, bulk organic δ13C, % TOC, and % CaCO3) on the NMDS sample scores using the envfit 235 
function in the vegan package (cite) in R. Because geochemical measurements were not always 236 
conducted on the same samples as the nannofossil assemblage counts, we interpolated the 237 
geochemical values for each of our nannofossil samples.  238 

To determine the extent to which regional palaeoceanographic conditions played a role in the 239 
recovery of calcareous nannoplankton, we performed a two-way cluster analysis using the 240 
nannofossil assemblage data from El Kef and six other Tethyan sites. we performed a two-way cluster 241 
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analysis using the heatmap.2 function (gplots package should give a citation here for the package) in 242 
R (should really cite R core team here). A two-way cluster analysis was then performed using the 243 
Bray-Curtis distance measure and the complete linkage method for hierarchical clustering. This 244 
creates a dendrogram of species on the x axis and a dendrogram of samples on the y axis, with 245 
species clustering based on co-occurrence among samples and samples clustering due to similarities 246 
in nannofossil assemblage composition. 247 

Results 248 

Summary of trends at El Kef 249 
As at most other Northern Hemisphere sites, nannofossil assemblages immediately following the 250 
K/Pg mass extinction (61 to 61.5 m) were dominated by the calcareous benthic resting cysts of 251 
dinoflagellates (Cervisiella spp.), the potential short-term survivor Watznaueria barnesiae (Bown, 252 
2005), and minor reworked Cretaceous nannofossils. Observed above this are the characteristic 253 
series of high abundance, low diversity acmes (Fig. 2), which at El Kef we define as the Neobiscutum 254 
acme (~52.5 to 61 m), the Futyania acme (~35 to 52.5 m), and the Praeprinsius acme (~14.5 to 35 m).  255 
 256 
Ecological turnover across the unconformity 257 
A marked ecological turnover occurs at across the unconformity (Fig. 2a), when assemblages 258 
dominated by the first of the acme taxa (Neobiscutum spp.) are almost completely replaced by 259 
assemblages containing dominant Futyania petalosa, and increased abundances of the long-ranging 260 
Paleocene taxa Cruiciplacolithus primus and Coccolithus pelagicus. This ecological turnover coincides 261 
with a 2 ‰ positive excursion in the δ13C values of bulk carbonate (Fig. 2b), a transient ~1 ‰ drop in 262 
bulk organic δ13C values followed by a steady 2 ‰ increase to higher than pre-excursion values (Fig. 263 
2d), a slight decrease in % TOC (Fig. 2e), and a large increase in % CaCO3 (Fig. 2f). This dramatic shift 264 
in assemblage composition is also evident on the NMDS plots, with samples above and below the 265 
unconformity plotting on different sides of ordination space (Fig. 3). Linear regression of the external 266 
geochemical variables on the NMDS sample scores suggests that the transition between the 267 
Neobiscutum and Futyania acmes was strongly and significantly related to increased bulk carbonate 268 
δ13C values (r2=0.65, p=0.001) and % CaCO3 (r2=0.5, p=0.001), and negatively correlated to % TOC 269 
(r2=0.59, p=0.001). The positive correlation between higher relative abundances of F. petalosa and 270 
an increase in the CaCO3 content likely reflects the increased cell size and calcite volume of F. 271 
petalosa compared to Neobiscutum spp. (Alvarez et al., 2019). 272 
 273 
Because the ecological turnover across the unconformity represents such a large shift in the 274 
dominant nannoplankton taxa, smaller changes that occurred before and/or after it might be 275 
obscured. For this reason, we chose to perform further, separate analyses on samples from below 276 
and above this stratigraphic horizon (Fig. 3). 277 
 278 
Below the unconformity 279 
With the exception of a short interval immediately following the K/Pg boundary (61-61.5 m), most of 280 
the sediments below the unconformity belong to the Neobiscutum acme. Cervisiella spp. (calcareous 281 
dinoflagellate cysts) are more abundant near the base of the acme (56.5 to 61 m) in the same depth 282 
interval where most of the geochemical records fluctuate, suggesting the environment was unstable 283 
or volatile. Between ~57 and 59 m, a peak in the abundance of Braarudosphaera spp., a taxon which 284 
is restricted to coastal regions in the modern ocean, coincides with a broad increase in both bulk 285 
carbonate and bulk organic δ13C values. Decreased abundances of both Cervisiella spp. and 286 
Braarudosphaera spp. between 52.5 and 55 m are recorded in the same depth interval as: (a) 287 
increased abundances of tiny, ancestral Praeprinsius spp. (Praeprinsius vegrandis?), (b) decreased % 288 
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TOC and % CaCO3, (c) increased bulk organic δ13C values, and (d) relative stasis in bulk carbonate δ13C 289 
values. 290 
 291 
Our NMDS results (Fig. 3) show that below 52.5 m, where F. petalosa is present but not yet 292 
abundant, most of the variation between nannoplankton assemblages can be explained by the 293 
presence or absence of the Cretaceous survivors W. barnesiae and Zeugrhabdotus sigmoides. 294 
However, these taxa are only present in a few of the basal samples. Above this, the relative 295 
abundance of Neobiscutum spp. vs. F. petalosa (and to a lesser extent, the relative abundance of 296 
Braarudosphaera spp.), drives the differences between samples. Samples with increased F. petalosa 297 
have a weak (but significant) stratigraphic time dependence (i.e. younger samples tend to have 298 
higher relative abundances of F. petalosa; r2=0.35, p=0.001), higher bulk carbonate δ13C values 299 
(r2=0.23, p=0.001) and higher % CaCO3 (r2=0.24, p=0.001).  300 
 301 
Above the unconformity 302 
For the first meter above the unconformity, nannoplankton assemblages are dominated by F. 303 
petalosa, with increased relative abundances of C. primus (Fig. 2). F. petalosa then gradually 304 
decreases in abundance until ~35 m. The progressive decline in F. petalosa is synchronous with a 305 
gradual increase in the abundance of Praeprinsius tenuiculus, which then becomes the dominant 306 
nannoplankton taxon from ~35 m to the top of the analyzed section.  307 

Regressing environmental data on the NMDS scores for the entire dataset (Fig. 3b) results in a 308 
positive correlation between the Futyania/Praeprinsius acmes and % CaCO3 (r2=0.52, p=0.001), and a 309 
negative correlation with % TOC (r2=0.69, p=0.001) and bulk organic δ13C values (r2=0.56, p=0.001). 310 
However, isolating the post-52.5 m samples causes these relationships to completely collapse (Fig. 311 
3d), indicating that the strong correlations in Fig. 3b are driven by the major nannoplankton turnover 312 
at 52.5 m. Unfortunately, there is not yet a bulk carbonate δ13C or δ18O record for the interval above 313 
52.5 m. However, by using the currently available geochemical data, it appears that the transition 314 
from the Futyania acme to the Praeprinsius acme may not have been as dependent on 315 
environmental (i.e. abiotic) factors.  316 

Regional trends  317 
To assess similarities between K/Pg nannofossil assemblages at El Kef and four other Tethyan sites 318 
(Gebel Qreiya and Wadi Hamama, Egypt; Agost, Spain; and Forada, Italy), we performed a two-way 319 
cluster analysis. Results indicate that samples form two main clusters (A and B; Fig.4) based on their 320 
stratigraphic age/height. To help further interpret our results, we also used the estimated paleo-321 
water depths for each site from Jiang et al. (2010), which were modified after Keller, 1996. 322 
 323 
Major cluster B (the earlier recovery) can be subdivided into four secondary clusters (clusters 4 to 7). 324 
The first of these (cluster 4) contains samples from all of the included Tethyan sites and represents 325 
the immediate post-impact assemblages which are observed worldwide. These assemblages are 326 
primarily dominated by fragments belonging to the calcareous cysts of dinoflagellates (Cervisiella 327 
spp.), with some samples from Gebel Qreiya and Agost separating out further due to higher 328 
abundances of other Cretaceous survivors such as W. barnesiae and Markalius inversus.  329 
 330 
Cluster 5 contains samples within the Braarudosphaera acme, which is present to some degree at all 331 
of the Tethyan sites apart from El Kef. This is unusual because Braarudosphaera spp. is generally 332 
considered to be a eutrophic-adapted taxon, so would be expected to have higher abundances closer 333 
to the continental shelf. However, in this analysis, Braarudosphaera spp. has its lowest abundance at 334 
El Kef, which samples an outer shelf/upper-slope environment (200-300 m paleowater depth) that is 335 
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similar to Agost, and is shallower than Forada which was likely characterized by pelagic conditions 336 
(>1500 m paleo-water depth). Instead, samples from El Kef (and a few from Agost) separate out due 337 
to the almost complete dominance of Neobiscutum spp. during the earlier recovery (cluster 7). This 338 
taxon only appears to form acmes at the outer shelf/upper slope sites (200-500 m paleo-water 339 
depth), suggesting that it was restricted to these environments in the paleo-Tethys. 340 

The last sub-cluster (6) in major cluster B, consists solely of samples from Forada which is the only 341 
site included in this analysis with a Coccolithus pelagicus acme. As C. pelagicus is known to be an 342 
oligotrophic taxon in the modern ocean, its dominance at Forada is consistent with the interpretation 343 
that this site represents a pelagic environment with relatively low surface ocean nutrient 344 
concentrations. 345 

Care must be taken when attempting to interpret major cluster A (the later recovery), because 346 
Futyania petalosa coccoliths often resemble fragments of calcareous dinoflagellate cysts, meaning 347 
their abundance may have been underestimated in the literature, especially in earlier studies (e.g., 348 
Pospichal, 1994) when its identification was yet to be well-established. In addition, most authors did 349 
not analyze assemblages to the stratigraphic age/height we managed in this study. Nonetheless, 350 
there are still some patterns that can be recognized.  351 

Firstly, Cruciplacolithus primus (sub-cluster 1), a long-ranging oligotrophic taxon, was more abundant 352 
at almost all of the other Tethyan sites compared to El Kef. Minor C. primus acmes were even present 353 
at Gebel Qreiya and Wadi Hamama (<200 m paleo-water depth), but were absent at El Kef (200-300 354 
m paleo-water depth), which was further from the continental shelf and thus predicted to be more 355 
oligotrophic. This suggests that regional differences in post-extinction nannoplankton assemblages 356 
were not just controlled by position along a neritic-pelagic transect.  357 

In the last two sub-clusters (2 and 3), samples separate out based on whether they fall within the 358 
Praeprinsius (cluster 2) or Futyania (cluster 3) acme. Due to the lack of stratigraphic resolution at 359 
most of the other Tethyan sites included in this study, it is difficult to ascertain whether F. petalosa 360 
was actually unusually dominant at El Kef and/or restricted to this site. However, because the 361 
Praeprinsius acme occurred after the Futyania acme at all other Northern Hemisphere sites, its 362 
absence at Forada (which contains samples from the Praeprinsius acme) likely reflects a true signal. 363 
This indicates that F. petalosa may not have been well-adapted to pelagic environments, which 364 
coupled with its dominance at El Kef, supports a previous interpretation (Jones et al., 2019) that F. 365 
petalosa was adapted to moderate nutrient levels (i.e. was a ‘mesotrophic’ taxon).   366 

Global trends 367 
Dissimilarity in K-Pg nannoplankton assemblages can also be examined on a global scale using NMDS 368 
(Figs. 5 and 6). Based on the major differences observed in the regional cluster analysis (Fig. 4), the 369 
sample scores for El Kef were separated from those for the other Tethyan sites. 370 

Fig. 5 shows that the post-impact assemblage composition and ‘recovery trajectories’ at most 371 
Tethyan sites were very similar to those at “ground zero” of the Chicxulub crater (Ref. needed here). 372 
In contrast, the ecological sequences at El Kef were unique. Immediately following the ‘disaster’ 373 
assemblage dominated by inorganic dinoflagellate cysts, nannoplankton assemblages at El Kef were 374 
characterized by a nearly monospecific Neobiscutum acme (Fig. 6b). Besides a few occurrences at 375 
Shatsky Rise (North Pacific) and Agost (Tethys), the only other site to approach the almost complete 376 
dominance of Neobiscutum spp. at El Kef was Brazos River, Texas (Fig. 6b), a continental shelf site in 377 
the Gulf of Mexico (Fig. 5a). Because Neobiscutum spp. appears to have generally been restricted to 378 
shelf to upper-slope settings (<200-500 m paleo-water depth) with only sporadic occurrences in 379 
pelagic environments (Fig. 5b), it seems likely that this was a eutrophic-adapted taxon. 380 
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The Neobiscutum acme was directly followed by the Futyania acme at El Kef. F. petalosa was 381 
unusually abundant at this site (Fig. 6c), suggesting that it was very well-adapted to the 382 
environmental and/or ecological conditions which existed in that locale at the time. Other sites with 383 
lower (but significant) abundances of F. petalosa include Walvis Ridge (South Atlantic), Chicxulub, 384 
and Brazos River, Texas (Gulf of Mexico). The fact that F. petalosa was rare (or absent) at pelagic sites 385 
and shelf sites (>1000 m and <200 m paleo-water depths, respectively), supports that it was a 386 
mesotrophic taxon. 387 

By the top of the studied section at El Kef, nannoplankton assemblages fall within the Praeprinsius 388 
acme. This marked the end of post-impact regional heterogeneity in nannoplankton assemblages 389 
(citation?), as Praeprinsius tenuiculus was consistently abundant at all of the included sites (Fig. 6d). 390 
Therefore, despite consisting of a distinct series of nannoplankton taxa, the boom-bust successions 391 
at El Kef support previous interpretations that taxonomic switchovers were driven by a decrease in 392 
surface ocean nutrients.  393 

Taxa that were not as abundant at El Kef compared to elsewhere are Braarudosphaera spp. (Fig. 6a), 394 
Cruciplacolithus primus (Fig. 6e), and Coccolithus pelagicus (Fig. 6f). Braarudosphaera spp. has a very 395 
spotty occurrence, and was predominantly restricted to the Tethyan Ocean and the Gulf of Mexico 396 
(Fig. 5a). Despite commonly being referred to as a neritic taxon, the sites where Braarudosphaera 397 
spp. were abundant span a range of paleo-water depths (<200 to >1500 m), which is inconsistent 398 
with this interpretation. This either indicates that hemipelagic/pelagic environments in the paleo-399 
Tethys and Gulf of Mexico were unusually eutrophic during the early recovery, or that a different 400 
ecological or environmental variable was driving the abundance of Braarudosphaera spp. in these 401 
regions. 402 

The other two taxa that do not form acmes at El Kef are C. primus and C. pelagicus, which were likely 403 
oligotrophic-adapted based on the biogeographic distribution of modern C. pelagicus, and were thus 404 
predominant in pelagic environments (Fig. 5b). As expected, this caused an overwhelming dominance 405 
of C. primus at Shatsky Rise (Fig. 6e), and relatively high abundances of C. pelagicus at Shatsky Rise, 406 
Walvis Ridge, and Forada (pelagic Tethyan site; Fig. 6f). 407 

Discussion 408 
Ecological change at El Kef 409 
Our dataset provides the opportunity to explore the mechanisms that drove ecological 410 
reorganization at the base of the marine food web, following the biggest mass extinction event in the 411 
last 250 million years of Earth history. In addition, the high sedimentation rates at El Kef allow us to 412 
examine ecological change at a higher resolution (every ~5000 years based on the available planktic 413 
foraminifera biozone datums) than can be achieved at commonly studied pelagic sites which are 414 
generally stratigraphically condensed. Below, we explore the four stages of ecological turnover 415 
within nannoplankton communities following the K-Pg impact at El Kef and discuss the potential 416 
mechanisms that drove these taxonomic switchovers.   417 

Stage 1: The cyst acme (61 to 61.5 m composite core depth) 418 
We find a significant ecological reorganization in the plankton, from latest Maastrichtian 419 
communities dominated by calcareous nannoplankton to earliest Danian assemblages characterized 420 
by non-calcifying opportunists that were able to form resting cysts. As in previous studies, our results 421 
show that nannoplankton assemblages immediately following the impact were dominated by the 422 
calcareous resting cysts of dinoflagellates such as Cervisiella spp., which did not suffer a mass 423 
extinction at the K-Pg boundary (e.g., Brinkhuis and Zachariasse, 1988; Habib et al., 1992; Slimani et 424 
al., 2010). Because dinoflagellates usually produce calcareous or organic-walled cysts in response to 425 
suboptimal growth conditions (e.g., Bravo and Figueroa, 2014) such as fluctuating temperatures or 426 
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rapidly changing nutrients (Fig. 2c; Brinkhuis et al., 1998; Vellekoop et al., 2015), their increase in 427 
abundance indicates that the surface ocean at El Kef was an unstable and often inhospitable habitat 428 
during the first ~40,000 years of the Danian. Other phytoplankton groups such as diatoms, non-429 
calcifying haptophytes, and cyanobacteria were also able to encyst and lay dormant on the seafloor, 430 
perhaps for as long as 100 years (e.g., Livingstone and Jaworski, 1980; McQuoid et al., 2002; 431 
Hämström et al., 2011; Ribeiro et al., 2011). These organisms were provided with an opportunity to 432 
infiltrate vacated niche space and take advantage of unused resources shortly after the K-Pg impact 433 
(Hollander et al., 1993; Brinkhuis et al., 1998; Hildebrand-Habel and Streng, 2003) due to the 434 
extinction of 93% of calcareous nannoplankton, which were arguably the most dominant primary 435 
producers during the Mesozoic (Knoll and Follows, 2016).  Therefore, it is unlikely that there was a 436 
complete loss of primary productivity at the K-Pg boundary (e.g., D’Hondt et al., 1998; Sepúlveda et 437 
al, 2009; Alegret et al., 2012, Sepúlveda et al., 2019). The significant reorganization of primary 438 
producers likely had far-reaching impacts on the structure of marine food webs, and the strength and 439 
efficiency of export productivity. 440 
 441 
Stage 2: The Neobiscutum acme (52.5 to 61 m composite core depth) 442 
Following the relatively brief (<40,000 years) interval of environmental stress at El Kef, the first of the 443 
nannoplankton boom-bust taxa (Neobiscutum spp.) floods samples and becomes dominant (Fig. 2a). 444 
The near-complete elimination of nannoplankton at the K-Pg boundary followed by a brief interval of 445 
slight ecosystem recovery during Stage 1 may have allowed the opportunistic taxon Neobiscutum 446 
spp. to proliferate into newly vacant niche space. The opening of niche space may explain the 447 
increased dominance of previously rare Cretaceous survivors such as Cyclagelosphaera reinhardtii, 448 
Zeugrhabdotus sigmoides, and Markalius inversus in early Paleocene nannoplankton assemblages 449 
from Southern Hemisphere sites (Schueth et al., 2015).  These Cretaceous survivors are only a very 450 
minor component of nannoplankton assemblages at El Kef, likely due to overall higher extinction 451 
rates in the Northern vs. Southern Hemisphere (Jiang et al., 2010). Although Neobiscutum spp. is 452 
commonly considered a newly evolved Paleocene taxon, the rate at which it proliferated and thrived 453 
following the K-Pg boundary supports earlier work suggesting this taxon was also a Cretaceous 454 
survivor which was present but very rare in Northern Hemisphere assemblages during the latest 455 
Maastrichtian (Mai et al., 2003).  456 
 457 
What gave the tiny, weakly calcified genus Neobiscutum a competitive advantage over other 458 
surviving coccolithophore genera is uncertain. One possibility is that a decrease in biological pump 459 
efficiency immediately following the K-Pg impact (e.g., D’Hondt et al., 1998; Coxall et al., 2006; Birch 460 
et al., 2016), drove increased remineralization in the upper water column, leading to higher nutrient 461 
availability. Most of the nannoplankton taxa that became extinct were cosmopolitan species adapted 462 
to low-nutrient (oligotrophic) environments (e.g. Jiang et al., 2010). In contrast, Neobiscutum may 463 
have been a eutrophic-adapted genus that selectively survived the mass extinction event and was 464 
able to thrive in the high-nutrient surface waters that existed thereafter. The resulting high 465 
abundance, low diversity assemblages that formed in response to elevated nutrient availability (Fig. 466 
2a) are reminiscent of modern, eutrophic environments (Okada and Honjo, 1973), which supports 467 
this interpretation. 468 
 469 
In addition to favouring eutrophic conditions, it is possible that the tiny cell size and low 470 
biomineralization potential of Neobiscutum spp. (Alvarez et al., 2019) provided it with a further 471 
competitive advantage. At the base of the Neobiscutum acme (from ~58 to 61 m composite core 472 
depth), δ13Corg values remain consistently high (~-26.5 ‰). Because terrestrially-derived organic 473 
material was only a significant component of sediments for the first few centimeters above the K-Pg 474 
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boundary (reference needed here), we suggest that these high δ13C values indicate that primary 475 
productivity continued to be provided by alternative (non-coccolithophore) phytoplankton groups, 476 
which were likely outcompeting nannoplankton and using most of the available macronutrients. 477 
Evidence for increased dinoflagellate primary productivity in Tunisian shelf settings (El Kef and the 478 
nearby Elles section) includes increased absolute abundances of dinocysts in the early Danian, as well 479 
as a relative increase in the percentage of peridinioid dinoflagellates that tend to thrive in high 480 
productivity environments (e.g., Brinkhuis et al., 1998; Sluijs et al., 2005; Vellekoop et al., 2015).  481 
Coccolithophores are at a competitive disadvantage in unstable (i.e. disturbed) and/or high-nutrient 482 
environments today (e.g., Tozzi et al., 2003; Litchman, 2007; Endo et al., 2018). Having a smaller cell 483 
size and thus a larger surface area to volume ratio, as Neobiscutum spp. did, could be advantageous 484 
in the diffusion of CO2 into the cell during photosynthesis, especially in highly productive 485 
environments that have a high CO2 demand (e.g., Taucher et al., 2015; Basu and Mackey, 2018). The 486 
unusually small cell size and tiny, thin calcite plates of Neobiscutum spp. also suggest that it was able 487 
to divide (i.e. reproduce) very quickly (e.g., Gibbs et al., 2013; O’Dea et al., 2014; Sheward et al., 488 
2017; Gibbs et al., 2018), allowing it to more rapidly proliferate and bloom compared to typical 489 
coccolithophore species under unfavorable environmental conditions, a phenomenon potentially 490 
analogous to Emiliania huxleyi blooms in the modern ocean (Paasche, 2001; Buitenhuis et al., 2008; 491 
Langer et al., 2009; Daniels et al., 2014).  492 
 493 
Although Neobiscutum is almost completely dominant for the entirety of its acme, there is a small (< 494 
20%) spike in the relative abundance of the neritic, eutrophic taxon Braarudosphaera spp. (Perch-495 
Nielsen, 1985; Kelly et al., 2003; Liebrand et al., 2018) between ~57 and 59 m composite core depth 496 
(Fig. 2a). Significantly, this peak in abundance is synchronous with a transient ~2 ‰ increase in 497 
δ13Ccarb values, and a ~1 ‰ decrease in δ18Ocarb values (Fig. 2b, c). These trends can be interpreted in 498 
three different ways. Firstly, large fluctuations in both δ13Ccarb and δ18Ocarb values suggest 499 
environmental volatility that Braarudosphaera spp. may have been better adapted to than 500 
Neobiscutum spp. This would be supported by a relatively high abundance of Cervisiella cysts during 501 
this interval. Secondly, the fluctuation in isotopic records may simply represent the increased 502 
contribution of Braarudosphaera calcite to the bulk carbonate. Braarudosphaera spp. unlike most 503 
other coccolithophores, calcifies extracellularly (Hagino et al., 2016), meaning that it may fractionate 504 
oxygen and carbon isotopes differently to other haptophytes. Thirdly, the increased abundance of 505 
Braarudosphaera spp. and potential cyclic fluctuation in isotopic records, may be indicative of a 506 
temporary period of enhanced thermal stratification between 57 and 59 m. Short-lived 507 
Braarudosphaera acmes have been linked to orbitally-paced hyperstratification of the surface ocean 508 
(Liebrand et al., 2018). Also, the δ18Ocarb record at El Kef is consistent with transient warming during 509 
the time when Braarudosphaera spp. reached its maximum abundance (Fig. 2a). Above the interval 510 
of increased Braarudosphaera abundance, between 52.5 to 57 m, there was very little change in 511 
nannoplankton assemblages, with almost absolute dominance of Neobiscutum spp. This is coincident 512 
with relative stability in δ13Ccarb and δ18Ocarb records, both of which exhibit minor superimposed 513 
cyclical variability (Fig. 2b, c). This might lend support to the idea that the earlier increase in relative 514 
abundance of Braarudosphaera spp. between 57 and 59 m was due to lower tolerance of a period of 515 
environmental stress (i.e. volatile conditions) in Neobiscutum spp. relative to Braarudosphaera spp. 516 
at this time. This interval notwithstanding, the overwhelming dominance of Neobiscutum spp. 517 
throughout Stage 2 indicates that this taxon was remarkably well-adapted to conditions at El Kef 518 
during the early recovery.  519 
 520 

Stage 3: Taxonomic switchover between the Neobiscutum and Futyania acmes (52.5 m composite 521 
core depth) 522 
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Stage 3 presents a significant turning point in the recovery of the marine ecosystem at El Kef. The 523 
abrupt taxonomic switchover between the Neobiscutum and Futyania acmes at 52.5 m is 524 
accompanied by: (a) a large (2.5 ‰) increase in δ13Ccarb values, (b) a sharp 1 ‰ decrease followed by 525 
a more gradual 2 ‰ increase in δ13Corg values, (c) a 1 ‰ increase in δ18Ocarb values, and (d) a 3x 526 
increase in % CaCO3 (Fig. 2b-d, f). The strong correlations between these ecological and geochemical 527 
data (Fig. 3) indicate that the nannoplankton boom-bust successions were intrinsically coupled to 528 
broader marine carbon cycling. Unfortunately, however, this turnover is also coincident with a sharp 529 
lithologic contact, which may represent a local condensed interval or erosional surface. For this 530 
reason, the apparently rapid decrease in the abundance of Neobiscutum at 52.5 m may not reliably 531 
reflect a true environmental or ecological signal. Despite these caveats, the taxonomic switchover 532 
between the Neobiscutum and Futyania acmes, regardless of whether it was driven by an ecological, 533 
environmental, or erosional mechanism is a true signal, as the same switchover is observed in two of 534 
the other El Kef cores (Supp. Fig.1), and the Futyania acme which is at the top of Hole E continues at 535 
the base of Hole C (Fig. 2).  536 
 537 
There is some evidence that suggests the abruptness of the ecological turnover may in fact reflect a 538 
real environmental signal. Firstly, the sharp transition from dark, clay-rich marlstones dominated by 539 
Neobiscutum spp., to white, carbonate-rich sediments with abundant Futyania petalosa are a 540 
common feature in all three of the El Kef holes which capture this time interval (Supp. Fig. 2). This 541 
rules out the possibility that the taxonomic switchover is simply an artifact of drilling disturbance in 542 
Hole E, as otherwise these same patterns would not also have been observed in Holes A and D. 543 
Secondly, the abrupt increase in δ18Ocarb values between ~52.55 and 52.75 m composite core depth 544 
actually occurs before the ecological turnover (between ~52.35 and 52.45 m), during an interval 545 
where there is no evidence for weathering or erosion. Thirdly, major weathering at the top of Hole E 546 
does not occur until a composite core depth of ~51.25 m. When samples from the weathered unit in 547 
Hole E were removed from our dataset (~49.3 to 51.25 m), the nannoplankton assemblages and 548 
geochemical records at the top of Hole E match up almost exactly with those at the base of Hole C. 549 
Thus, regardless of the rapidity or the mechanisms involved in driving the turnover, this taxonomic 550 
switchover resulted in a semi-permanent regime shift to a new steady state.  551 

If a true signal, the direction of the trends in our geochemical data can be used to provide a plausible 552 
explanation for the apparent abruptness of the ecological turnover at ~52.5 m. Firstly, the large ~1 553 
‰ decrease in δ18Ocarb values before the turnover horizon, indicates an abrupt warming event, not 554 
previously observed in the fossil record, which could have driven enhanced ocean stratification. 555 
Increased ocean stratification would have created a more ‘stable’, lower nutrient surface water 556 
environment due to decreased vertical mixing and thus reduced nutrient replenishment from depth. 557 
Nutrients in the surface ocean were then efficiently utilized by the existing community of highly 558 
productive, opportunistic phytoplankton. As the waters became more stratified and nutrient 559 
availability decreased, the surface ocean at El Kef eventually would have crossed a threshold, 560 
whereby the early recovery phytoplankton community was displaced due to increased competition 561 
with coccolithophores, which likely had a competitive advantage in this new, relatively stable, 562 
oligotrophic environment (e.g., Tozzi et al., 2003; Litchman, 2007; Endo et al., 2018). Lower nutrient 563 
availability would have also caused an overall decrease in primary productivity. Decreased primary 564 
productivity is supported by: (a) an initial decrease in δ13Corg values (Fig. 2d), which may have been 565 
caused by an increase in the isotopic fractionation of carbon during photosynthesis (e.g., Freeman 566 
and Hayes, 1992), and (b) the transition to a higher diversity nannoplankton assemblage (Fig. 2a), 567 
which is indicative of a more oligotrophic environment (Okada and Honjo, 1973).  568 
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Along with these changes, it is probable that there was a synchronous shift in the efficiency of the 569 
biological pump, which is best expressed by the isotopic gradient between the δ13C values of planktic 570 
and benthic foraminifera. Although these data are not currently available at El Kef, the large, ~2.5 ‰ 571 
increase in δ13Ccarb values (and concurrent increase in δ13Corg values), is consistent with increased 572 
biological pump efficiency (Birch et al., 2016). Reduced remineralization of organic matter in the 573 
upper water column would have increased the carbonate saturation state, making it easier for 574 
calcifying organics to precipitate calcite. This, coupled with lower primary productivity and thus a 575 
decreased demand for carbon dioxide, would have favored the proliferation of larger, more heavily 576 
calcified nannoplankton taxa such as Futyania petalosa and Cruciplacolithus primus, as reflected by 577 
the 3 x increase in % CaCO3 at 52.5 m (Fig. 2f).  578 

The cause of the sudden increase in biological pump efficiency is uncertain. One possibility is that the 579 
decrease in overall primary productivity driven by stratification, led to a lower absolute abundance of 580 
organic matter in the upper water column. Therefore, even if export productivity remained the same 581 
(e.g., a strong biological pump), a higher proportion of the upwelled organic carbon was still 582 
transported out of the surface ocean. A second possibility is that increased biological pump efficiency 583 
was a direct result of the recovery of organisms at higher trophic levels (e.g., copepods) which were 584 
able to form aggregates. This would have increased the sinking speed of organic matter, thereby 585 
decreasing surface water nutrient concentrations and causing the phytoplankton turnover (i.e. the 586 
‘Living Ocean’ model of D’Hondt et al., 1998). Alternatively, it is possible that it was the 587 
phytoplankton turnover itself, caused by increased ocean stratification, which enhanced biological 588 
pump efficiency. A shift from dominant non-calcifying organisms to calcifying haptophytes (reflected 589 
in the decrease and sustained low values of δ13Corg values above 52.5 m) may have improved the 590 
effectiveness of biomineral ballasting (Alvarez et al., 2019), which helped to remove a higher 591 
proportion of organic material from the surface ocean. Therefore, although we cannot discern 592 
whether the ecological reorganization within the phytoplankton was the cause or effect of increased 593 
biological pump efficiency, they would have likely interacted with each other in a positive feedback 594 
loop, thus leading to the establishment of a stable, lower-nutrient environment with a relatively 595 
diverse nannoplankton community.  596 
 597 
Stage 4: The Futyania and Praeprinsius acmes (15 to 52.5 m composite core depth) 598 
The relative quiescence of the ecosystem following the turnover horizon at 52.5 m is supported by 599 
the consistent nannoplankton assemblages up to a composite core depth of ~35 m. These 600 
nannoplankton assemblages were dominated by Futyania petalosa, with a steady but gradual 601 
increase in the relative abundance of Praeprinsius tenuiculus, and stable abundances of C. primus 602 
and C. pelagicus. This interval was accompanied by only very minor fluctuations in geochemical 603 
records, indicating a period of relative ecological and environmental stability.  604 

The switchover between F. petalosa and P. tenuiculus occurs between ~30 and 35 m and is more 605 
gradual than the transition from the Neobiscutum to the Futyania acme (Fig. 2a). This ecological shift 606 
is not significantly correlated to any of the available geochemical records (Fig. 3), indicating that it 607 
was either caused by an environmental perturbation that is not recorded in our proxy data, or that 608 
this transition (in contrast to the last) was primarily driven by biotic rather than abiotic processes. 609 
Regardless of the cause, our nannoplankton data and geochemical records demonstrate that the 610 
switchover between the Neobiscutum and Futyania acmes resulted in a larger, more extreme regime 611 
shift compared to the switchover between the Futyania and Praeprinsius acmes (Figs. 2, 3). 612 
 613 
Regional trends in nannoplankton assemblages 614 
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The regional cluster analysis (Fig. 4) and global NMDS results (Fig. 5) indicate that the series of taxa 615 
that formed boom-bust successions were both locally and regionally distinct. In the paleo-Tethys, 616 
samples from El Kef cluster separately from most other sites for the duration of the studied interval. 617 
In the earlier recovery, this is partially driven by the reduced dominance of ‘disaster’ taxa such as 618 
Cervisiella spp. at El Kef compared to the other Tethyan sites, suggesting that environmental 619 
instability was not as prevalent or prolonged at El Kef.  620 

Surface ocean nutrient concentrations were regionally high in the paleo-Tethys throughout the early 621 
recovery, as indicated by the dominance of Braarudosphaera spp. at Agost (Spain), Forada (Italy), and 622 
Wadi Hamama and Gebel Qreiya (Egypt), and Neobiscutum spp. at El Kef. The sustained dominance 623 
of Neobiscutum spp. at El Kef over a ~8 m depth interval, coupled with relatively low abundances of 624 
Braarudosphaera spp., appears to be an atypical signal for paleo-Tethyan sites. The minor 625 
contribution of Braarudosphaera spp. to nannoplankton assemblages at El Kef was not completely 626 
driven by differences between neritic and pelagic environments, as sites with greater paleodepths 627 
(e.g., Agost and Forada) were also characterized by dominant Braarudosphaera spp. This indicates 628 
unique local environmental conditions at El Kef that may have been partially caused by differences in 629 
oceanographic processes between the northern and southern Tethyan margins (southern Eurasia 630 
and northern Africa, respectively), such as unstable, eutrophic conditions in the northern Tethys, to 631 
which Braarudosphaera spp. was well-adapted. Similar local environmental conditions may have 632 
existed at neritic sites in the southern Tethys (e.g., Wadi Hamama and Gebel Qreiya), with deeper 633 
locations (e.g., El Kef) characterized by more stable, slightly less eutrophic environments, which 634 
favored the proliferation of Neobiscutum spp. over Braarudosphaera spp.  635 

A switchover between eutrophic and more oligotrophic taxa occurred at all sites during the later 636 
recovery, which supports the previous interpretation that taxonomic switchovers in boom-bust 637 
successions were driven by a decrease in surface ocean nutrients and a more efficient biological 638 
pump (Jones et al., 2019). However as with the earlier recovery, the nannoplankton taxa that 639 
comprise the later boom-bust acmes were locally distinct. Most of the Tethyan sites, regardless of 640 
marine environmental or geographical location, were dominated by C. primus and/or C. pelagicus 641 
during the later recovery. Although C. primus and C. pelagicus were both present at El Kef, Futyania 642 
petalosa was the dominant nannoplankton species at this site. It is possible that the relatively low 643 
abundances of this taxon at other Tethyan sites is simply a result of misidentification (especially in 644 
the older studies), as F. petalosa coccospheres resemble Cervisiella cysts, and individual F. petalosa 645 
coccoliths are visually similar to cyst fragments. However, if F. petalosa was unusually abundant at El 646 
Kef compared to other Tethyan sites (Fig. 5), this suggests that it was particularly well adapted to the 647 
environmental and/or ecological conditions that prevailed here during this time. The fact that F. 648 
petalosa was possibly rare (or absent) at pelagic and shelf sites (<200 m and >1000 m paleo-water 649 
depths) also supports previous interpretations that it was adapted to the moderate nutrient 650 
concentrations which were likely prevalent in outer shelf/upper slope environments (Jones et al., 651 
2019). 652 

Regionally distinct nannoplankton assemblages during the post-extinction interval were potentially 653 
driven by the westward-flowing Tethyan Circumglobal Current (TCC; Puceat et al., 2005; Soudry et 654 
al., 2006), which would have caused paleogeographic differences throughout the Tethyan basin. The 655 
strength of the TCC in the south-eastern Tethys would have produced intense upwelling, leading to 656 
eutrophic, high productivity ecosystems in these regions including the Egyptian shelf and slope 657 
(Soudry et al., 2006). As the TCC moved westward, nutrients would have been diminished, meaning 658 
that in areas in present day North Africa (including El Kef) upwelling may have been less nutrient-rich 659 
(Soudry et al., 2006). Although this is incompatible with benthic foraminiferal indicators of upwelling 660 
and high nutrient concentrations at nearby Elles, Tunisia (Coccioni and Marsilli, 2007), El Kef was 661 
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located further from the continental shelf than Elles (Karoui-Yaakoub et al., 2002; Adatte et al., 662 
2002), and therefore likely experienced less upwelling. Modelling studies (e.g., Bush, 1997) and 663 
geochemical evidence from neodymium isotopes (Puceat et al., 2005) suggest that a weaker, 664 
eastward flowing current may have also been established during monsoon season, driving seasonal 665 
upwelling along the southern coast of Eurasia. 666 

To summarize, there are significant local differences in calcareous nannoplankton assemblages 667 
within the paleo-Tethys, especially when considering the relative abundances of Cretaceous survivors 668 
(particularly Braarudosphaera spp.), and the boom-bust taxa Neobiscutum spp., F. petalosa, C. 669 
primus, C. pelagicus, and P. tenuiculus. These differences are likely a product of the relative position 670 
of sites along the shelf-slope transect, which in combination with ocean circulation led to variations 671 
in upwelling intensity. Sites that experienced more upwelling, including shelf sites and sites located in 672 
the south-eastern Tethys, would have been more environmentally volatile and had higher surface 673 
ocean nutrient concentrations than slope sites, driving the increased dominance of Braarudosphaera 674 
spp. at these locales.  675 
 676 
Global trends in nannoplankton assemblages 677 
The global NMDS results (Fig.5; Fig. 6) support our interpretations that Futyania petalosa was 678 
uniquely adapted to shelf slope environments, and that the dominance of Braarudosphaera spp. was 679 
not simply a neritic signal, but a product of local or regional paleoceanographic and/or 680 
paleoenvironmental processes that led to high levels of environmental stress at certain sites (e.g., 681 
most of the paleo-Tethyan Ocean and Chicxulub). Nevertheless, there is a clear shelf vs. open-ocean 682 
signal in our data. For example, Neobiscutum spp. was dominant in relatively stable shelf-slope 683 
environments (e.g., El Kef and Brazos River) but only formed short-lived blooms at pelagic sites such 684 
as Shatsky Rise. Instead, Shatsky Rise was dominated by Cruciplacolithus primus, which was only a 685 
minor component of assemblages at all other sites. This taxon is generally considered to be 686 
oligotrophic, and likely dominated in environments with a lower nutrient availability (i.e. pelagic 687 
sites). However, Walvis Ridge, which is also a pelagic site, saw only low abundances of C. primus. This 688 
is likely due to the incumbency of previously rare Cretaceous survivors at Walvis Ridge (Schueth et 689 
al., 2015), which highlights that ecological and environmental processes were equally important in 690 
driving the globally heterogeneous recovery of nannoplankton assemblages following the K-Pg mass 691 
extinction event. Therefore, although global differences between nannoplankton boom-bust 692 
successions were primarily driven by the type of marine environment represented (e.g., shelf vs. 693 
slope vs. open-ocean), superimposed local/regional ecological and oceanographic processes added 694 
extra complexity to the observed recovery patterns. 695 
 696 
The significance of boom-bust successions 697 
The occurrence of high abundance, low diversity acmes after the K-Pg boundary is observed in other 698 
fossil groups. Compared to nannoplankton, planktic foraminifera diversified rapidly (e.g., Hull et al., 699 
2011; Lowery et al., 2018), but their post-extinction evolutionary trajectory from eutrophic 700 
scavengers (microperforate forms) to symbiont-bearing taxa is also consistent with ecological 701 
reorganization, which was intrinsically linked to a gradual decrease in surface ocean nutrient 702 
availability and more efficient biological pumping (e.g., Coxall et al., 2006; Jones et al., 2019; Lowery 703 
et al., 2021).  Similar trends are also observed in the Benthic foraminifera did not suffer mass 704 
extinction at the K/Pg boundary, but diversity of their assemblages decreased globally (e.g., Alegret 705 
and Thomas, 2005; Thomas, 2007; Alegret et al., 2012). Blooms of both infaunal and epifaunal 706 
benthic foraminifera species have also been identified immediately above the K/Pg boundary at sites 707 
globally distributed, including at El Kef (Speijer and Van der Zwaan, 1996; Alegret, 2008) and other 708 



17 
 

Tethyan sections (e.g., Coccioni et al., 1993; Alegret et al., 2003), which have been interpreted as the 709 
response to the arrival of food from short-lived, local blooms of primary producers. 710 

Changes in trophic strategy are also observed in molluscs, most noticeably by the transition from 711 
bivalve to gastropod-dominated assemblages across the K-Pg boundary (e.g., Valentine, 1969; 712 
Vermeij, 1977; Sepkoski, 2002; Alroy, 2010).  Bivalves also experienced significant shifts in their 713 
dominant modes of life, due to the preferential survival (and origination) of taxa which were motile, 714 
and had an infaunal, deposit/filter feeding life habit (e.g., Aberhan et al., 2007; Sessa et al., 2012; 715 
Whittle et al., 2019). At some sites, especially in the Southern Hemisphere, previously rare 716 
Cretaceous bivalves which survived the mass extinction became locally incumbent (Hansen, 1988; 717 
Aberhan and Kiessling, 2014), which mirrors the ecological patterns in nannoplankton recovery 718 
(Schueth et al., 2015). At other sites, one to three species of particularly well-adapted bivalve taxa 719 
‘bloomed’ to form high abundance, low diversity assemblages (Hansen, 1988; Aberhan et al., 2007; 720 
Aberhan and Kiessling, 2014; Witts et al., 2016; Whittle et al., 2019). These assemblages (which 721 
persisted for 200-300 kyr) were followed by a period of diversification, and an eventual transition to 722 
stable assemblages dominated by suspension feeders ~2 to 3 Myr post-impact (Hansen et al., 1993; 723 
Sessa et al., 2012; Whittle et al., 2019). As with the nannoplankton boom-bust successions, patterns 724 
in the ecological reorganization of bivalves were temporally and spatially heterogeneous, with inter-725 
site variability unrelated to distance from the Chicxulub impact crater, latitude, or ocean basin 726 
(Aberhan et al., 2007; Sessa et al., 2012; Aberhan and Kiessling, 2014; Aberhan and Kiessling, 2015; 727 
Witts et al., 2016; Whittle et al., 2019).  728 

Previous work has suggested that despite these heterogeneities, the direction of the trend in bivalve 729 
recovery patterns is globally homogeneous, thus indicating that a deterministic (as opposed to a 730 
stochastic) mechanism was responsible for ecological reorganization (Aberhan and Kiessling, 2015). 731 
The traditional explanation for this is a ‘crash’ in primary productivity, with inter-site variability 732 
caused by the differential effect of the impact on local environmental conditions (e.g., Rhodes and 733 
Thayer, 1991; Hansen et al., 1993; Sheehan et al., 1996; Aberhan et al., 2007). However, decreased 734 
primary productivity at the K-Pg boundary is not supported by the recent literature (e.g., Sepúlveda 735 
et al., 2009; Alegret et al., 2012; Lowery et al., 2018; Sepúlveda et al., 2019), with some sites 736 
experiencing a rapid recovery, or even an increase, in primary productivity after the impact. 737 

That primary productivity remained high is also evidenced by the limited extinction of pelagic fish at 738 
the K-Pg boundary (Sibert et al., 2015; Sibert et al., 2018). However, there was also massive 739 
ecological reorganization within fish communities, including the increased dominance of ray-finned 740 
fish compared to sharks, perhaps related to the colonization of vacant niche space following the 741 
complete extinction of the ammonites (Sibert et al., 2015). In addition, the two fish teeth 742 
morphotypes that became extinct at the K-Pg boundary were two of the most dominant during the 743 
late Cretaceous (Sibert et al., 2018). Although small fish teeth were the dominant components of 744 
ichthyolith assemblages both during the late Maastrichtian and early Danian, there was a marked 745 
increase in tooth size at ~64 Ma, which is particularly prominent in the South Pacific (Sibert et al., 746 
2015). Interestingly, this corresponds well with estimates of the time-scales over which the marine 747 
biological pump is thought to have recovered (e.g., D’Hondt et al., 1998; Coxall et al., 2006; Birch et 748 
al., 2016), although as with the other taxonomic groups discussed above, ecological reorganization 749 
within fish communities was globally heterogeneous (Sibert et al., 2015).  750 

Patterns of ecological reorganization across different taxonomic groups and trophic levels (including 751 
in the calcareous nannoplankton, planktic foraminifera, benthic foraminifera, molluscs, and pelagic 752 
fish), indicate that a common cause drove post-impact ‘recovery’ patterns. Immediately following the 753 
mass extinction event, the biological pump collapsed. Although primary productivity remained high, 754 
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only a small percentage of the organic matter was transported to depth, leading to increased 755 
remineralization in the upper water column, thus higher nutrient availability and the prevalence of 756 
eutrophic-adapted plankton. This decreased efficiency in export productivity was likely caused by a 757 
combination of factors including the predominance of non-calcifying phytoplankton groups 758 
(Sepúlveda et al., 2009; Alegret et al., 2012), a reduction in the average size and biovolume of 759 
calcareous nannoplankton (Alvarez et al., 2019) and planktic foraminifera (e.g., Smit, 1982; Arenillas 760 
et al., 2018), and potentially, the increased dominance of ray-finned fish over sharks (Sibert et al., 761 
2015), which may have led to less efficient packaging of fecal pellets to form large amalgamations of 762 
marine snow. The arrival of organic matter produced by non-calcifying phytoplankton groups to the 763 
seafloor, and the irregular food delivery through a succession of opportunistic blooms of primary 764 
producers, led to low-diversity assemblages of benthic foraminifera, characterized by quantitative 765 
peaks of opportunistic species that were able to cope with changes in the type of food (e.g., Alegret 766 
and Thomas, 2009, 2013).  767 

The gradual recovery of biological pump efficiency, as evidenced by an increase in the vertical δ13C 768 
gradient (e.g. Birch et al. 2016), coincides with: a) increased dominance of calcifying phytoplankton, 769 
switchovers in calcareous nannoplankton boom-bust successions to acmes containing larger, more 770 
heavily calcified taxa (Jones et al., 2019; Alvarez et al., 2019; this study), b) increased complexity of 771 
planktic foraminifer morphology and feeding strategies (Lowery and Fraass, 2019), and c) an increase 772 
in the diversity and maximum size of fish teeth (Sibert et al., 2015). This likely increased the efficiency 773 
of the biological pump through more efficient biomineral ballasting and the formation of larger fecal 774 
aggregates (if the size of fish teeth is directly correlated to body size; Sibert et al., 2015). The higher 775 
percentage of organic matter reaching the seafloor would have reduced the dominance of benthic 776 
infaunal taxa, allowing for the diversification of groups with alternative modes of life (especially 777 
suspension feeders). The exact causative mechanisms of the initial decrease in upper water column 778 
nutrient availability, and the timescales over which they occurred, would have depended greatly on 779 
local environmental conditions, leading to the observed global heterogeneity in ecological 780 
reorganization. 781 

We propose that the decrease in surface ocean nutrient availability over millennia to millions of 782 
years after the mass extinction event triggered a regime shift that caused large-scale ecological 783 
turnover within the surface ocean across several different taxonomic groups. This played a major role 784 
in increasing biological pump efficiency, which in turn dictated the supply of nutrients to depth and 785 
the ecological reorganization of benthic communities. This apparent coupling between ecological 786 
recovery in the surface and deep ocean warrants further examination and speaks to the need for 787 
integrative “top-bottom” studies which focus on the co-dependence of planktic and benthic 788 
ecosystem recovery. 789 
 790 
Conclusions 791 
Our calcareous nannoplankton dataset provides the highest-resolution record yet from a K-Pg outer 792 
shelf-upper slope site, allowing us to gain a deeper perspective on the effect of mass extinction 793 
events on highly dynamic marine environments. We show that the boom-bust successions of newly 794 
evolved, short-lived nannoplankton taxa observed at other Northern Hemisphere K-Pg sites were 795 
also present at El Kef. Some of these boom-bust taxa (in particular Neobiscutum spp. and Futyania 796 
petalosa) seem to have been particularly well-adapted to the local environmental conditions at El 797 
Kef, being observed in higher abundances here than at all of the other K-Pg sites. We also identify a 798 
significant turnover in nannoplankton assemblages at ~52.5 m composite core depth, which 799 
coincides with a large, sustained increase in the δ13C values of bulk carbonate. This suggests that the 800 
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nannoplankton turnover directly corresponded to increased biological pump efficiency, which in turn 801 
was caused by a transient warming event that enhanced vertical stratification.  802 

Post-impact nannoplankton assemblages at El Kef were significantly different from those at other K-803 
Pg sites in the paleo-Tethys, particularly with respect to the dominance of Braarudosphaera spp., a 804 
taxon which is commonly interpreted (REFS) as being adapted to stressed, neritic environments. 805 
Because paleo-water depths at El Kef are shallower than Tethyan sites with abundant 806 
Braarudosphaera spp., the low dominance of this taxon at El Kef indicates that it is more directly 807 
associated with eutrophic, rather than specifically upper-shelf environments. Lower nutrient 808 
availability at El Kef may have been related to the intensity of upwelling, which was likely weaker at 809 
El Kef compared to other shelf sites more proximal to land, and areas more directly affected by the 810 
Tethyan Circumglobal Current.  811 

Our results support earlier findings that post-impact nannoplankton boom-bust successions were 812 
globally heterogeneous. Because distinct, regional-scale signals are not readily apparent, we suggest 813 
that this global disparity was primarily driven by differences in the pre-impact environment, as well 814 
as the unique paleoceanographic processes occurring in certain marine settings (i.e. pelagic vs. 815 
neritic environments). Ecological processes such as incumbency were also critical in shaping the 816 
structure of boom-bust successions on a local or regional scale (e.g., at Walvis Ridge), indicating that 817 
environmental conditions and ecology were equally important in the restructuring of nannoplankton 818 
communities following the K-Pg mass extinction event.  819 

Remarkably, the patterns of ecological restructuring within the nannoplankton were very similar to 820 
those observed in other taxonomic groups such as the planktic foraminifera, benthic foraminifera, 821 
molluscs, and pelagic fish during the early Danian, suggesting they were all responding to the same 822 
environmental or ecological stimuli. This highlights the need for increased collaboration between 823 
researchers working on different taxonomic groups so as to more completely understand the 824 
ecosystem-scale responses to environmental change. As many of the after-effects of the K-Pg mass 825 
extinction are similar to processes occurring in the modern ocean, this type of studies will be 826 
particularly relevant in predicting how marine ecosystems may respond to anthropogenic activity. 827 

  828 
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Figures 1088 
 1089 

 1090 
Fig. 1: Paleogeographic map of the Paleocene showing the location of El Kef, Tunisia in relation to the 1091 
other K-Pg sites used for comparison. 1092 
 1093 
 1094 
 1095 
 1096 
 1097 
 1098 
  1099 
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 1100 
 1101 
Fig. 2: A: Graph showing changes in the relative abundance of different calcareous nannoplankton 1102 
taxa with time at El Kef (Tunisia). B: Bulk carbonate δ13C and δ13C record. C: Bulk organic δ13C record 1103 
D: % TOC and % CaCO3. 1104 
 1105 
 1106 
 1107 
 1108 
  1109 



28 
 

 1110 

 1111 
 1112 
Fig. 3: Nonmetric multidimensional scaling (NMDS) ordination plots showing the variation between 1113 
samples at El Kef. A: Variation between samples in El Kef Holes E and C. B: Variation between 1114 
samples in El Kef E. C: Variation between samples in El Kef C. Sample scores are colored by age, with 1115 
darker shades representing older samples. The red vectors on each ordination show the regression of 1116 
various external variables against the NMDS scores, allowing us to determine which parameters were 1117 
most important in driving changes in nannoplankton community composition. The length of each of 1118 
the vectors correspond to the strength of each of these correlations, with bolded vectors 1119 
representing statistically significant relationships. 1120 
 1121 
 1122 
 1123 
  1124 
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 1125 
 1126 
Fig. 4: Two-way cluster analysis showing the differences in nannoplankton community composition 1127 
within the paleo-Tethys. The sites used are: El Kef, Tunisia (this study; blue); Forada, Italy (from 1128 
Fornaciari et al. 2007; teal); Agost, Spain (from Pospichal, 1994; green); Zumaia, Spain (from Jiang et 1129 
al. 2019; orange); Bidart, France (Jiang et al. 2019; yellow); Wadi Hamama, Egypt (from Tantawy, 1130 
2003; pink); and Gebel Qreiya, Egypt (Tantawy, 2003; red). Taxon names are displayed on the 1131 
horizonatal axis and the samples along the vertical axis are colored according to site. The purple 1132 



30 
 

colors within the grid are related to the dominance of each taxa, with darker shades corresponding 1133 
to a relatively high abundance of that taxon. 1134 
  1135 
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 1136 
 1137 
Fig. 5: NMDS ordinations comparing changes in nannoplankton community composition at El Kef to a 1138 
global K-Pg dataset. The sites used sample a diverse range of geographical regions and 1139 
paleoenvironments. A: NMDS sample scores colored by geographical region. B: NMDS sample scores 1140 
colored by interpreted paleodepth. 1141 
 1142 
 1143 
  1144 
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 1145 
 1146 
Fig. 6: Global NMDS scores colored by geographic region. The size of each point is scaled in 1147 
proportion to the relative abundance of a specific genus within a sample. These genera are: A: 1148 
Braarudosphaera. B: Neobiscutum. C: Futyania. D: Praeprinsius. E: Cruciplacolithus. F: Coccolithus. 1149 


