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Abstract 8!

 9!

Oligotrophic regions represent up to 75% of Earth’s open-ocean environments.  They 10!

are thus areas of major importance in understanding the plankton community 11!

dynamics and biogeochemical fluxes. Here we present fluxes of total planktonic 12!

foraminifera and eleven planktonic foraminifer species measured at the Oceanic Flux 13!

Program (OFP) time series site in the oligotrophic Sargasso Sea, subtropical western 14!

North Atlantic Ocean.  Foraminifera flux was measured  at 1500 m water depth, over 15!

two ~2.5 year intervals, 1998-2000 and 2007-2010.  We find that foraminifera flux 16!

was closely correlated with total mass flux, carbonate and organic carbon fluxes. We 17!

show that the planktonic foraminifera flux increases approximately five-fold during 18!

the winter-spring, contributing up to ~40% of the total carbonate flux.  This was 19!

primarily driven by increased fluxes of deeper dwelling globorotaliid species, which 20!

contributed up to 90% of the foraminiferal-derived carbonate during late winter-early 21!

spring.  Interannual variability in total foraminifera flux, and in particular fluxes of 22!

the deep dwelling species (Globorotalia truncatulinoides, Globorotalia hirsuta and 23!

Globorotalia inflata), was related to differences in seasonal mixed layer dynamics 24!

affecting the strength of the spring phytoplankton bloom and export flux, and by the 25!
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passage of mesoscale eddies.  As these heavily calcified, dense carbonate tests of 26!

deeper dwelling species (3 times denser than surface dwellers) have greater sinking 27!

rates, this implies a high seasonality of the biological carbonate pump in oligotrophic 28!

oceanic regions.  Our data suggest that climate cycles, such as the North Atlantic 29!

Oscillation, which modulates nutrient supply into the euphotic zone and the strength 30!

of the spring bloom, may also in turn modulate the production and flux of these 31!

heavily calcified deep-dwelling foraminifera by increasing their food supply, thereby 32!

intensifying the biological carbonate pump.  33!

 34!
35!
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1.  Introduction 36!

Planktonic foraminifera (PF) comprise 23-56% of the total open marine calcite flux 37!

and thus exert an important control on global carbon cycling (Schiebel, 2002).  They 38!

are used extensively in palaeoceanographic and palaeoclimatic reconstructions via 39!

utilisation of their species abundance and assemblage composition (e.g., Lutz, 2011; 40!

Sexton and Norris, 2011), geochemical signatures (e.g., Zeebe et al. 2008), shell mass 41!

(e.g., Barker and Elderfield, 2002) and in evolutionary and biogeographic studies (e.g. 42!

Sexton and Norris, 2008). However, gaps remain in our understanding of the controls 43!

on their spatial and temporal distribution in the upper water column. Following the 44!

early 1980s when sea surface temperatures (SSTs) were thought to dominantly control 45!

PF distributions and abundance (CLIMAP project members, 1994), a number of other 46!

environmental parameters have also been shown to exert influence on the distribution 47!

and abundance of PF, such as salinity (Kuroyanagi and Kawahata, 2004), productivity, 48!

nutrient availability (Schiebel, 2002, Northcote et al. 2005, Žarić et al. 2005; Storz et 49!

al. 2009; Sexton and Norris, 2011) and water column stability (Hemleben et al. 1989, 50!

Lohmann and Schweitzer 1990, King and Howard, 2003).  It is thus imperative to 51!

better understand the environmental factors controlling modern-day PF abundance in 52!

order to produce accurate interpretations of palaeorecords based on PF assemblages.  53!

 54!

The response of PF flux and species composition to environmental and/or 55!

oceanographic factors have been studied using plankton tow materials which can give 56!

information about living populations’ species distribution and depth habitats within 57!

the upper ocean (Tolderlund and Be, 1971, Fairbanks et al., 1980; Schiebel 2002).  58!

However, temporal resolution is often limited when using plankton tows. The 59!

continuous time series records provided by sediment-traps allow a more complete 60!
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understanding of the seasonal and interannual changes in PF flux and can aid in 61!

integrating living assemblages with the sedimentary record.  62!

 63!

Earlier studies of planktonic foraminifer flux off Bermuda at the Seasonal Changes in 64!

Foraminifera Flux (SCIFF) site (Figure 1) (Deuser et al. 1981, Hemleben et al. 1985, 65!

Deuser 1987, Deuser and Ross 1989) were based on a bi-monthly sampling interval 66!

and provide a general description of foraminifera flux, species composition and 67!

seasonality.  These studies found that PF >125μm comprise on average 22% of the 68!

total calcium carbonate flux in the Sargasso Sea (Deuser and Ross 1989), although 69!

this average underestimates the importance of the PF flux contribution during 70!

different seasons.  Here we utilise a higher resolution bi-weekly sediment trap time 71!

series from the Oceanic Flux Program (OFP), ideal for studying the detailed response 72!

of PF species flux to physical oceanographic changes because PF species lifespan is 73!

approximately 2-3 weeks (Spero, 1998, Erez et al. 1991).  These samples also benefit 74!

from the availability of upper ocean hydrographic and biogeochemical data collected 75!

at the nearby Bermuda Atlantic Time Series (BATS) site, as well as remote sensing 76!

data, which allows us to evaluate the environmental factors that control the total 77!

foraminifer flux as well as the response of individual species flux. Furthermore, we 78!

assess the relative contribution of PF flux to regional carbonate export and explore the 79!

implications of our findings for carbonate cycling in the oligotrophic North Atlantic.  80!

81!
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2.  Oceanographic Setting 82!

 83!

The Sargasso Sea is located within the North Atlantic gyre, which is characterised by 84!

high temperatures and salinities, and weak, variable surface currents (Lomas et al. 85!

2013 and references therein).  The OFP and BATS sites are situated in a transition 86!

region between the northern eutrophic waters and the relatively oligotrophic 87!

subtropical convergence zone in the south (Steinberg et al. 2001 and references 88!

therein). Subtropical Mode Water (STMW) forms on the fringes, north of the gyre, 89!

owing to convective deep winter mixing and entrainment of nutrients and is 90!

characterized by temperatures of 17.8-18.4oC and salinities of ~36.5 +/- 0.05 (Bates et 91!

al. 2002), typically occurring between ~250-400 m water depth (Bates, 2007). 92!

 93!

The hydrography and biogeochemistry of the area have been summarized by Michaels 94!

and Knap (1996), Steinberg et al. (2001), Lomas et al. (2013) and references therein. 95!

In the absence of large changes in salinity, the 10°C seasonal change in surface 96!

temperatures driven by solar insolation, controls the shoaling and erosion of the 97!

mixed layer, which reaches a maximum of 250-400m in late winter, increasing 98!

vertical mixing and entraining nutrient-rich waters.  The depth of mixing determines 99!

the strength of seasonal particulate flux, nutrient concentrations and primary 100!

production during the subsequent spring bloom (Michaels and Knap, 1996, Steinberg 101!

et al., 2001).  With the onset of seasonal stratification in late February-March, a spring 102!

bloom develops when phytoplankton biomass and particulate organic carbon standing 103!

stocks are maximal. As seasonal stratification intensifies, a nutrient-depleted, shallow 104!

surface mixed layer develops which is underlain by a subsurface chlorophyll 105!

maximum at approximately 80-100m depth. Strong stratification in summer and 106!
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autumn results in low vertical mixing that limits nutrient availability and primary 107!

production. Seasonal cooling in late autumn results in erosion and gradual deepening 108!

of the mixed layer, with renewed nutrient entrainment into the euphotic zone and an 109!

increase in primary production.  Mesoscale physical variability in this area is the 110!

dominant method of nutrient transport (McGillicuddy et al., 1998).  In particular, 111!

passage of cyclonic and mode water eddies may lead to nutrient entrainment which 112!

generates short-lived phytoplankton blooms and community restructuring (Wiebe and 113!

Joyce, 1992, Olaizola et al., 1993, McNeil et al., 1999, Letelier et al., 2000, Seki et al., 114!

2001, Sweeny et al., 2003) which could, in turn, impact higher trophic levels such as 115!

planktonic foraminifera.   In addition, these blooms often result in short-lived, 116!

episodic periods of enhanced export fluxes of labile organic material to depth (Conte 117!

et al. 1998, 2003, 2014). 118!

 119!
120!
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3. Materials and methods 121!

 122!

3.1 The OFP Sediment trap time-series  123!

 124!

The OFP mooring is located at 31o 50’N, 64o 10’W, about 55 km southeast of 125!

Bermuda at 4200m water depth (Figure 1). Three Mark VII Parflux sediment traps 126!

(McLane Labs, Falmouth, MA) are deployed at depths of 500 m, 1500 m and 3200 m. 127!

The traps (0.5 m2 surface area) are programmed to collect a continuous bi-weekly 128!

time-series of the particle flux.  Collected samples were processed according to Conte 129!

et al. (2001) and split into < 125 μm, 125-500 μm, 500-1000 μm and >1000 μm size 130!

fractions.  We analyzed foraminifera in the 125-500 μm and 500-1000 μm size 131!

fractions of 1500m trap samples collected during two time periods: 1998-2000 and 132!

2008-2010 (109 samples total). We selected the two equivalent 2.5 year intervals a 133!

decade apart to generate a bi-weekly resolved time-series which would enable 134!

assessment of seasonality as well as interannual variability. Our analyses focused on 135!

eleven species that fall within three general groupings: i) surface dwelling species 136!

living within the upper 50 m water column (Globigerinoides ruber var. white/pink, 137!

Globigerinella siphonifera, Globigerinoides sacculifer), ii) intermediate dwelling 138!

species living in the ~50-200 m depth range (Orbulina universa, Globigerinoides 139!

conglobatus, Neogloboquadrina dutertrei, Pulleniatina obliquiloculata) and iii) deep 140!

dwelling species (or species that are thought to calcify over a large depth range) living 141!

in the ~100-800 m depth range (Globorotalia inflata, Globorotalia crassaformis, 142!

Globorotalia truncatulinoides, Globorotalia hirsuta). Our assignments of the depth 143!

habitats were based on measured species depth distributions and/or inferred 144!

distributions based on oxygen isotopic composition (Fairbanks et al., 1980, Anand et 145!
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al., 2003).  The temporal offset between the foraminiferal species fluxes reaching the 146!

trap at 1500m depth versus the timing of these species’ growth in overlying waters 147!

will vary depending on habitat depths and individual species’ sinking rates (Takahashi 148!

and Bé, 1984).  A surface-dwelling G. ruber living at 25 m depth may sink at ~198 m 149!

day-1, taking ~7 days to reach the 1500 m trap, whereas a more heavily calcified 150!

deeper-dwelling species such as G. inflata may sink ~504 m day-1, taking only ~3 151!

days to reach the 1500 m trap.  These fast sinking rates are much shorter than the 152!

typical lifespans of PF and are thus not anticipated to cause any offset between the 153!

hydrographic and sediment trap flux data (Honjo and Manganini, 1993). 154!

 155!

On average, ~440 tests were counted in each sample fraction. To generate the flux 156!

data, counts of total and individual foraminifera species in the sample aliquots for 157!

each size fraction was converted to total counts per sample fraction and then the totals 158!

for the two fractions were combined (i.e. total planktonic foraminifera between 125-159!

1000 um in size). Total counts were then scaled for the processing split (60%) and 160!

converted to flux (tests m-2 d-1).  161!

 162!

3.2  BATS and remote sensing data 163!

 164!

The BATS site (31040'N, 64010'W) is located just south of the OFP mooring (Figure 165!

1).  Monthly hydrographic and biogeochemical data collected by the BATS time-166!

series was obtained from the BATS website (http://bats.bios.edu).  Mixed layer depth 167!

(MLD) was available from Lomas et al. (2013) and was calculated from CTD profiles 168!

using the variable sigma-t criterion equivalent to a 0.2°C temperature change 169!

(Sprintall and Tomczak, 1992). The mesoscale eddy field was assessed using 170!
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interpolated data on sea surface anomaly available from the CCAR Global Historical 171!

Gridded SSH Data Viewer 172!

(http://eddy.colorado.edu/ccar/ssh/hist_global_grid_viewer). 173!
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4.1. Total planktonic foraminiferal fluxes 174!

 175!

4.1.1.  In relation to other mass fluxes  176!

 177!

The seasonal cycle and interannual variability of the PF flux at 1500m depth is highly 178!

correlated with that of the total mass, carbonate and organic carbon fluxes.  All fluxes 179!

are strongly characterized by an abrupt spring maximum during February-April, 180!

which varies significantly on an interannual basis (Figure 2). For example, the spring 181!

PF flux peak ranged from a low of 400 tests m-2 day-1 in 2008, coinciding with 182!

minimal spring mass fluxes, to a high of 900 tests m-2 day-1 in 2009, coinciding with 183!

an extreme peak in spring mass fluxes.   All fluxes typically drop to a minimum over 184!

the summer months (May-August) and remain low until the following spring bloom. 185!

During these minima, the PF flux generally amounts to <200 tests/m2/day.  In some 186!

years (e.g. 2009 and, to a lesser extent, 2008), the PF flux displays a smaller, but 187!

distinct second peak in the months September-October.  This secondary autumn peak 188!

can also be seen in the mass flux and carbonate flux in 2009 but is absent in the 189!

organic carbon flux.  Over the entire record, the correlation between PF flux and mass, 190!

carbonate and organic carbon flux is 0.65, 0.64 and 0.55, respectively.   191!

 192!

4.1.2 Relative to upper ocean hydrography  193!

 194!

In Figure 3 we compare interannual variations in bi-weekly resolved total PF flux to 195!

~monthly resolved changes in key upper ocean hydrographic parameters, measured at 196!

the BATS site. PF flux exhibits an inverse relationship with seasonal variations in sea 197!

surface temperatures (SST) and reaches a maximum when SST is coolest in January-198!
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March (Figure 3a). Of note, is the particularly large and prolonged PF bloom in 2010, 199!

which coincided with a cyclonic eddy that passed through the area causing the lowest 200!

SSTs on record for this site ~18.9°C (Figure 3a-b).   201!

Sea level anomaly (SLA) provides information about eddies passing through the area  202!

(Figure 3b).  A negative anomaly is associated with cyclonic eddies and a positive 203!

anomaly associated with anticyclonic and mode water eddies.  The SLA data show 204!

that the particularly high and prolonged PF fluxes, total mass flux and organic carbon 205!

flux in spring 2009 and 2010 coincided with the passage of cold, cyclonic eddies 206!

(Figure 2), which enhance nutrient upwelling into the euphotic zone. 207!

 208!

The annual and interannual PF flux is in phase with the deepening and shoaling of the 209!

mixed layer depth (MLD) (Figure 3c) and with chlorophyll a concentrations (Figure 210!

3d).  The seasonal PF flux maximum coincides with the chlorophyll a maximum 211!

(which is used here as a proxy for the spring phytoplankton bloom) and the organic 212!

carbon flux from 200m, which represents organic carbon export from surface 213!

productivity (Figure 3e), and the deepest MLD during February-March. During April-214!

May, the MLD shoals back towards the surface coinciding with decreasing 215!

chlorophyll a concentrations and PF flux. The strong correlations between the 216!

seasonality in PF flux and that of primary production and export is demonstrated by 217!

the regressions between total PF flux and chlorophyll a concentration (Figure. 4a) and 218!

the 1500m mass flux (Figure. 4b).  During the winter-spring period the magnitude of 219!

PF flux generally follows the evolution in MLD and is maximal when the MLD is 220!

maximal (Figure. 4c).  However, when the mixed layer depth shoals to <80 m during 221!

the low productivity period in late spring and summer, this correlation is not 222!

significant (Figure. 4d).  223!

224!
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4.2 Planktonic foraminifera species fluxes 225!

 226!

In general, all planktonic foraminifera, and especially deeper dwelling species, show 227!

strong, consistent seasonal variance (Figures 5-7).  Our results demonstrate a clear 228!

depth progression towards more pronounced seasonality in the deeper species, 229!

compared to a larger intra-seasonal variability in the surface and intermediate 230!

dwellers. In addition, the deep dwelling PF species exhibit repeatable species 231!

successions throughout the winter and early spring (Figure 8, Table 1). Figure 8 232!

shows that Globorotalia truncatulinoides dominates the flux of deeper dwellers, and 233!

thrives each December, reaching a maximum during January. G. truncatulinoides is 234!

then followed by G. hirsuta, G. crassaformis, and G. inflata which all peak between 235!

March and April.  G. truncatulinoides displays large interannual variability (Table 1), 236!

ranging from lows of ~4000 tests/m2/year in 2009-2010 to highs of up to ~14 000 237!

tests/m2/year in 1999-2000 (Figure 6). The remaining deeper dwellers (Globorotalia 238!

hirsuta, Globorotalia inflata, Globorotalia crassaformis) also vary on an interannual 239!

basis. Figure 7 and Table 1 show that the largest fluxes of deeper dwelling species 240!

occurred during the winter/spring of 1999-2000 and 2008-2009. Using shell weights 241!

from this study averaged with shell weights (125-1000um) measured by Deuser, 242!

(1987) and Deuser and Ross, (1989), we estimate that PF flux contributes up to ~40% 243!

of the total carbonate flux during winter-spring but <10% during summer (Figure 9a).  244!

Deeper dwelling species account for 60-90% of PF carbonate flux (Figure 9b) and up 245!

to 37.5% of the total carbonate flux (e.g. during the winter-spring of 2000) (Figure 9c).    246!

 247!
  248!
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5. Discussion 249!

 250!

The controls on PF flux in the Sargasso Sea was first introduced by Bé, (1960) and 251!

later developed by Tolderlund and Bé, (1971) who suggested that PF flux is 252!

dominantly controlled by the availability of their food phytoplankton.  Thus, the 253!

environmental factors controlling PF flux should be closely aligned with the factors 254!

controlling phytoplankton productivity and export flux.  255!

 256!

5.1 Environmental controls on PF fluxes 257!

 258!

5.1.1. Depth of the mixed layer 259!

 260!

Previous studies suggest that increased chlorophyll concentrations and larger 261!

phytoplankton abundances occur when the MLD deepens (Townsend et al. 1994, 262!

Waniek, 2003, Nelson et al. 2004) and the amplitude and timing of MLD deepening 263!

determines the size of the following spring bloom (Menzel and Ryther, 1961, 264!

Michaels et al. 1994). Here, we also observe a simultaneous seasonal peak in 265!

chlorophyll a and maximum depth of the MLD, as observed by previous studies at 266!

BATS (Steinberg et al. 2001, Cianca et al. 2012), the timing and amplitude of which 267!

coincides with the maximum PF flux (Figure. 3c, d).  Similarly, seasonal changes in 268!

mixed layer depth are closely associated with changes in foraminifer production 269!

(Thunell and Reynolds, 1984, Sautter and Thunell, 1989, Pujol and Vergnaud 270!

Grazzini 1995, Schmuker and Sciebel 2002) and chlorophyll a concentrations (King 271!

and Howard, 2003, 2005) in other ocean basins.  Siegel et al. (2002) proposed that 272!

south of 40°N, the initiation and extent of the spring bloom is dominantly limited by 273!
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nutrients, and this is supported by the simultaneous increase in phytoplankton 274!

concentrations with mixing depth at BATS (Treusch et al. 2012). Vertical mixing in 275!

late winter and spring distributes nutrients into the euphotic zone to support the spring 276!

phytoplankton bloom, causing the consequent seasonal peak in export fluxes of 277!

organic carbon, to fuel symbiont-barren foraminifera production (Figure. 2d).  In 278!

contrast, no correlation exists between PF flux and MLD during the late spring to 279!

autumn when the mixed layer fails to penetrate the minimum depth of the deep 280!

chlorophyll maximum layer (~80m), where many species of planktonic foraminifera 281!

reside in association with other zooplankton and algal cells (Fairbanks and Wiebe, 282!

1980) (Figure 4d).  This is also the depth of the nitricline where nitrate concentrations 283!

> 0.1 umol kg-1, (Sciebel et al. 2001).   284!

 285!

The majority of the increased PF flux in the winter-spring is driven by increased 286!

fluxes of deeper dwelling species, in particular G. truncatulinoides and G. hirsuta 287!

(Figure. 9b).  These species are symbiont-barren and rely on the flux of phytodetritus 288!

and other labile organic carbon as a food source from the spring phytoplankton bloom 289!

(Hemleben et al. 1989).  The discrepancy in timing of peaks between the deeper 290!

dwelling species (Figure 8) is likely due to subtle changes in phytoplankton 291!

succession related to the species’ diets (Deuser and Ross, 1989, Hemleben et al. 1989).  292!

Overall, the seasonal PF species succession is broadly similar to previous 293!

observations from 1959-63 and 1978-84 (Tolderlund and Bé, 1971, Deuser 1987, 294!

Deuser and Ross, 1989) which suggests that despite long-term environmental change, 295!

species seasonality have remained consistent over the past 50 years.   296!

 297!
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The correlation observed here between the seasonality in the PF flux, chlorophyll a 298!

concentration and mass flux at 1500m (Figure 4 a and b) clearly demonstrates that the 299!

seasonality of non symbiont-bearing foraminifera, such as the globorotaliids is  300!

controlled by phytoplankton production and the export flux of phytodetritus to depth.   301!

As these globorotaliids are up to three times denser than surface species (unpublished 302!

data), their sinking rates are significantly higher than those of other species.  Thus, 303!

increased production by these species can accelerate the transfer of carbonate from 304!

surface to deep-ocean, thereby strengthening the carbonate pump.   305!

 306!

In contrast, the surface-dwelling symbiont-bearing foraminifera have lifecycles which 307!

strongly benefit from stratified surface waters and shallow mixed layers in order to 308!

photosynthesise allowing them to succeed in low nutrient conditions (Hemleben et al. 309!

1989).  Surface dwellers generally calcify in late summer when sea surface 310!

temperatures are at a maximum and dinoflagellates are abundant (Tolderlund and Bé, 311!

1971).  We thus conclude that the depth and structure of the mixed layer plays an 312!

important role in regulating PF species flux by controlling the abundance and timing 313!

of their food availability throughout the seasonal cycle. 314!

 315!

5.1.2.  MLD deepening and shoaling rates 316!

 317!

Current models based on the light-limited higher latitudes (Waniek, 2003; Mao, Y., 318!

2013- personal communication), suggest that if the MLD shoals early and slowly, the 319!

consequent bloom will be long and weak compared to if the MLD shoals late and 320!

quickly, which causes a short and sharp bloom.  At our subtropical study site, the 321!

spring bloom is predominantly limited by nutrient input into the euphotic zone, which 322!



! 16!

is determined by the depth of the mixed layer.  Increased heat loss and wind stress 323!

leading to higher convective mixing during the winter months controls the rate of 324!

deepening of the mixed layer, which is strongly correlated to the maximum MLD 325!

reached (r2 = 0.88) (Figure 10a).  Years with faster deepening rates have deeper 326!

mixed layers and hence larger spring blooms (e.g. winter 2009), whereas slow 327!

deepening rates cause shallower mixed layers and smaller spring blooms.  There is 328!

also some evidence that light-limitation could be a secondary control on the peak 329!

productivity of the spring bloom at this site (Dutkiewicz et al. 2001, Lomas et al. 2009, 330!

Cianca et al. 2012) as the euphotic zone extends to ~100m (Steinberg et al. 2001) and 331!

a faster shoaling rate during the spring could control could concentrate the food 332!

available for symbiotic-foraminifera in the euphotic zone, resulting in a larger PF flux. 333!

  334!

To test whether the rates of mixed layer deepening in early winter and of shoaling in 335!

spring affect the PF flux, we computed a mixed layer dynamics index, Dr/Sr, which is 336!

the ratio of the rate of deepening to the rate of shoaling and compared this to the 337!

integrated PF flux  (Table 2).  The Dr/Sr ratio never exceeds 1, indicating that the 338!

shoaling rate always exceeds the deepening rate.  For all the years studied, there is a 339!

strong inverse relationship between the integrated PF flux over the duration of spring 340!

bloom, and the Dr/Sr ratio (Figure 10b, r2 = 0.93).  This relationship is also present in 341!

the maximum in chlorophyll a concentration and the Dr/Sr ratio (Figure 10c, r2 = 0.76). 342!

This correlation indicates that when the MLD shoals more quickly during spring 343!

stratification (lower Dr/Sr ratio), the chlorophyll a concentrations and PF flux are 344!

higher, as supported by a strong correlation (r2 = 0.87) between shoaling rate and 345!

integrated PF flux (Figure 10d). 346!

 347!
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Years where the shoaling rate is twice as quick as the deepening rate (e.g. winters 348!

1997, 2008, and 2009) have average Dr/Sr ratios, average-length blooms and PF flux 349!

(~30 tests/m2/day, Table 2).  Years with comparatively equal rates of shoaling and 350!

deepening (e.g. winter 2007) have larger Dr/Sr ratios, longer and slower blooms with 351!

shallower MLDs and small PF fluxes.  Years when the shoaling rate is much quicker 352!

than deepening rate e.g. winter 1999 have the smallest Dr/Sr ratios and shorter, sharper 353!

blooms with greater numbers of intermediate thermocline dwelling species such as N. 354!

dutertrei, P. oblquiloculata, G. siphonifera, suggesting that when the rate of shoaling 355!

is higher the seasonal thermocline is nearer to the surface for longer, which is 356!

beneficial for these symbiont-bearing and symbiont-facultative species.  The PF 357!

fluxes were large (and prolonged) respectively in winter 2008-09 and 2009-10 despite 358!

having average Dr /Sr ratios but were probably enhanced by additional factors 359!

discussed in the next section.  360!

   361!

  362!
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5.1.3  Eddies 363!

  364!

The negative sea level anomalies in spring of 2009 and 2010 indicate that the large 365!

(and in 2010 prolonged) PF fluxes in these years were clearly associated with the 366!

passage of cyclonic eddies (Figure 3b).  Eddy pumping of nitrate into the euphotic 367!

zone has been shown to significantly increase new production (Oschlies and Garçon, 368!

1998, Oschlies, 2002).  Cianca et al. (2007) estimate that eddy pumping contributes 369!

~50% of the nutrient input into the euphotic zone in the Sargasso Sea.  Studies at the 370!

BATS site have demonstrated the influence of cyclonic and mode water eddies in 371!

promoting phytoplankton blooms and increased secondary production (Eden et al., 372!

2009, McGillicuddy et al. 2007, Goldthwait and Steinberg, 2008, McGillicuddy et al., 373!

1999, Sweeney et al., 2003, Lomas et al. 2013, Cianca et al. 2012) and therefore 374!

affecting PF food availability and quality (Schmuker and Schiebel, 2002).  Previous 375!

studies have found higher fluxes of certain PF species such as Globigerinita glutinata 376!

associated with cyclonic eddy structures in the Caribbean Sea (Schmuker and 377!

Schiebel, 2002) and North Atlantic (Beckman et al. 1987), also in conjunction with 378!

upwelling frontal regions in the Mexican Pacific (Machain-Castillo et al. 2008) and 379!

deep mixed layers during winter in the Mediterranean (Pujol and Vergnaud Grazzini, 380!

1995).  Here we observe a similar response during the passage of a cyclonic eddy in 381!

spring 2009, particularly for deeper dwelling species.  In fact, the largest PF flux 382!

observed over the entire record was associated with this eddy passage, even though 383!

the maximum MLD and Dr/Sr were modest (Table 2).  Similarly, the mass and organic 384!

carbon flux measured during passage of this eddy (Figure. 2b-d) were the highest 385!

fluxes measured over the last 25 years of the OFP time-series, indicating that the 386!

conditions in this eddy promoted an extremely large export flux to fuel the production 387!
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of deep dwelling foraminifera species such as G. truncatulinoides, G. hirsuta, and 388!

especially G. inflata which all experienced higher seasonal fluxes in 2009 (Figure 7). 389!

 390!

This observation is consistent with an exceptionally large increase in the flux of G. 391!

truncatulinoides (> 600 tests m-2 day-1) seen at the OFP traps during the spring of 392!

2007, which was also influenced by the passage of a productive cyclonic eddy (Fang 393!

et al. 2010, Conte et al. 2014).   Both the 2007 and 2009 eddies occurred between 394!

January-March during the seasonal flux of the deeper dwellers (Figure 7), 395!

underscoring the importance of the timing of eddy passage in enhancing PF flux.  The 396!

influence of eddies here is similar to observations from the Eastern Mediterranean 397!

where increased numbers of grazing species such as G. truncatulinoides and G. inflata, 398!

have been found in association with eddy structures and deep mixed layers (Pujol and 399!

Vergnaud Grazzini, 1995).  These findings suggest that productive cyclonic eddies, 400!

when co-occurring with deep MLDs, act to enhance the existing seasonal abundance 401!

of deeper dwelling species through mixing of the water column, which aids their 402!

annual reproductive migration in addition to increasing food supply.!!403!

 404!

Along with the timing of the eddy passage, our observations also suggest that the PF 405!

flux response is dependent on whether the eddy is intensifying or weakening. For 406!

instance, both cyclonic eddies in 2009 and 2010 intensified over the spring bloom 407!

(Figure 3b) eliciting a large biological response indicated by elevated subsurface Chl-408!

a concentrations and increased PF flux.  In contrast, the cyclonic eddy in winter 2007-409!

08 was weakening over the spring bloom and therefore elicited no PF flux response. 410!

Recent studies have found that eddies which are a minimum of 1-2 months in duration 411!

are more likely to induce a larger biological response (Mouriño-Carballido and 412!
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McGillicuddy, 2006, Sweeny et al. 2003).  Our observations also suggest that eddies 413!

need to be present for at least a month to elicit responses in the flux of PF which have 414!

minimum lifecycles of two weeks.  For instance, in winter 1998-99 a cyclonic eddy 415!

passed over the sediment trap site in only one month and elicited no biological 416!

response, compared to cyclonic eddies in 2009 and 2010, which both remained over 417!

the site for a minimum of 2-3 months and elicited large biological responses (Figure 418!

3b).  These findings suggest that cyclonic eddies which intensify over the spring 419!

bloom and last for 1-3 months can elicit a significant biological response and 420!

increased PF flux. 421!

 422!

423!
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6. Implications  424!

 425!

Our results show that environmental factors and mesoscale eddy variability play an 426!

important role in regulating the planktonic foraminifera fluxes, by regulating the 427!

MLD and consequent magnitude of the spring bloom and biological export flux.  428!

 429!

An overarching climatological variable affecting this region especially is the North 430!

Atlantic Oscillation (NAO), which exerts a strong influence on air temperature, 431!

storminess, heat loss, winter mixed layer depth, and, therefore, nutrient injection into 432!

the upper ocean during the winter months (Bates, 2012, Bates and Hansell, 2004, 433!

Rodwell et al. 1999). Modelling studies have shown that when the NAO is in its low 434!

phase, i.e. negative NAO (e.g. winter 2010), there is increased heat loss that 435!

intensifies convective mixing and results in enhanced nutrient upwelling into the 436!

euphotic zone to support primary production (Oschlies, 2001). The NAO influence on 437!

upper ocean productivity and biogeochemical fluxes is demonstrated by the inverse 438!

correlation between the wintertime (NDJF) NAO index and the deep particulate 439!

nitrogen flux in the OFP traps over a thirty-year period (Conte and Weber, 2014) and 440!

increased primary productivity in negative wintertime NAO phases (Lomas et al. 441!

2010).  If convective mixing and nutrient entrainment into the euphotic zone is 442!

stronger during negative NAO years, this could serve to modulate PF flux, and 443!

therefore carbonate flux, on decadal timescales.  When we compare PF fluxes 444!

covering a range of NAO indexes, from this study using the 1500m trap to the 3200m 445!

trap between 1978-84 (Deuser and Ross, 1989, Deuser, 1987), we find a weak inverse 446!

correlation between total PF flux and (DJFM) NAO index in-phase (not significant), 447!

but we do find a significant inverse correlation with a (DJFM) NAO with a 1-year lag 448!
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(p < 0.005) (Figure 11).  Cianca et al. (2012) showed that their correlation between 449!

winter NAO and total Chlorophyll a at BATS improved when applying a +1 year time 450!

lag, but still remained insignificant.  They attributed this to variability in the 451!

subtropical mode water, which can laterally advect nutrients on interannual timescales 452!

(Palter et al. 2005, Patara et al. 2011).  We acknowledge that additional longer-term 453!

data is needed to test the mechanism behind this correlation, but our results suggest 454!

that changes in NAO status and/or mesoscale eddy frequency could significantly 455!

modulate planktonic foraminifera flux and export flux from the surface ocean on 456!

interannual timescales.   457!

 458!

This study shows that the productivity of the dominant deep dwelling species G. 459!

truncatulinoides and G. hirsuta is especially responsive to interannual variability in 460!

overlying surface water conditions and especially to the transient high production/flux 461!

events that are associated with the passage of productive cyclonic eddies that coincide 462!

with their seasonal spring production peak.  Our data show that deeper dwelling 463!

species can account for up to ~90% of the total PF carbonate flux, representing up to 464!

~40% of the total carbonate flux during winter-spring at the OFP site.  Changes in 465!

NAO status, which modulates nutrient supply into the euphotic zone and the strength 466!

of the spring bloom, also may in turn modulate the production and flux of these 467!

heavily calcified deep-dwelling foraminifera by increasing their food supply, thereby 468!

intensifying the carbonate pump.  469!

  470!
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7.0.  Conclusions 471!

 472!

Our study demonstrates that the interannual variability in planktonic foraminifera flux 473!

can be linked to the MLD and the rate of deepening/shoaling of the mixed layer 474!

associated with nutrient injection into the euphotic zone.  We find that higher PF 475!

fluxes coincide with deeper MLDs, especially when combined with cyclonic eddy-476!

induced nutrient upwelling.  In particular, the production of the dominant deep 477!

dwelling species G. truncatulinoides and G. hirsuta is shown to be particularly 478!

responsive to interannual variability in overlying surface water conditions and 479!

especially to the transient high production/flux events that are associated with 480!

productive cyclonic eddies.  These species dominate the major late winter-early spring 481!

pulses of foraminifera and have higher sinking rates than surface dwelling species 482!

because they are up to three times denser (unpublished results).  We suggest deeper-483!

dwelling species strengthen the carbonate pump by accelerating the transfer of 484!

carbonate from surface to deep ocean and contribute up to 40% of the 485!

contemporaneous peak in total carbonate export fluxes. It follows that any increase in 486!

fluxes of these deep-dwellers arising from climate-induced changes in winter-spring 487!

mixed layer dynamics will also increase the average sinking rate of foraminiferal 488!

carbonate and intensify the overall carbonate pump. Our findings suggest that the 489!

North Atlantic Oscillation, via its influence on mixed layer depth, nutrient upwelling, 490!

phytoplankton production and export flux may also serve to modulate the 491!

foraminiferal component of the carbonate pump in the subtropical North Atlantic. 492!

  493!
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Figure Captions 802!

Figure 1.  Map to show locations of the Oceanic Flux Program (OFP) mooring 803!

(31o50’N, 64o10’W) and the Bermuda Atlantic Time Series (BATS) hydrographic 804!

station (31o50’N, 64o10’W) and Seasonal Changes in Foraminifera Flux (SCIFF) site 805!

and Hydrostation S in relation to Bermuda Island. 806!

 807!

Figure 2.  Temporal changes in total planktonic foraminifera flux and mass, 808!

carbonate, and organic carbon fluxes at 1500 m depth over the six year study period. 809!

 810!

Figure 3.  Temporal changes in environmental parameters measured at the BATS site 811!

in relation to total planktic foraminiferal flux in the 1500m OFP trap (thin, black line) 812!

a) Sea surface temperature (0-25 m), b) Sea level height anomaly; grey bars indicate 813!

periods when productive cyclonic eddies influenced the site, c) Mixed layer depth, d) 814!

Chlorophyll a concentration (0-25 m average) e) Average organic carbon flux at 200 815!

m 816!

 817!

Figure 4.  Correlation between total planktonic foraminifera flux in the 1500 m OFP 818!

trap (thin, black line) with environmental parameters measured at the BATS site. a) 819!

Chlorophyll a concentration at 0-25 m. The correlation excludes an anomalous peak 820!

in chlorophyll a concentration observed in 2010.!!b)!MLDs >80 m, excluding the 821!

extremely deep MLD observed in 2010.!!c) MLDs <80 m.  822!

 823!

Figure 5.  Temporal changes in surface dwelling planktic foraminifera fluxes in the 824!

1500m trap with changes in sea surface temperature (0-25 m) shown in the dashed 825!
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black line for reference.   The approximate depth habitat (Anand et al. 2003) is shown 826!

on figures. 827!

 828!

Figure 6.  Temporal changes in intermediate dwelling planktonic foraminifera fluxes 829!

in the 1500 m trap with changes in sea surface temperature (0-25 m) for reference.  830!

The approximate depth habitat (Anand et al. 2003) is shown on figures. 831!

 832!

Figure 7.  Temporal changes in deeper dwelling planktonic foraminifera fluxes in the 833!

1500 m trap with changes in sea surface temperature (0-25 m) for reference. The 834!

approximate depth habitat (Anand et al. 2003) is shown on figures.  Graphs are 835!

ordered according to seasonal succession. 836!

 837!

Figure 8.  Seasonal succession for deeper dwelling species averaged over six spring 838!

blooms (1998, 1999, 2000, 2008, 2009, 2010) from the 1500 m trap.  G. 839!

truncatulinoides, G. hirsuta, G. inflata appear on the left axis and G. crassaformis is 840!

on the right axis.. 841!

 842!

Figure 9. a) The relative contribution of total PF to total carbonate flux b) The 843!

relative contribution of deeper dwelling planktonic foraminifera (G. hirsuta, G. 844!

truncatulinoides, G. crassaformis, G. inflata) to the total planktonic foraminiferal 845!

carbonate flux c) The relative contribution of total deeper dwellers (G. hirsuta, G. 846!

truncatulinoides, G. crassaformis, G. inflata) to the total carbonate flux.  All graphs 847!

show four full years 1998-99, 1999-00, 2008-09 and 2009-10.   848!

 849!
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Figure 10.  a) Correlation between the maximum mixed layer depth and deepening 850!

rate of the mixed layer for years 1995-2011. Correlation between the 851!

deepening:sholaing rate (Dr/Sr) ratio of the mixed layer depth for all years studies 852!

excluding 2000 and b) Integrated PF flux during the spring blooms which ranged 853!

from Dec-May c) maximum chlorophyll a concentrations in the surface ocean during 854!

the spring bloom for all years studied, excluding the anomalous year 2010 in 855!

parentheses d) Correlation between the shoaling rate and integrated flux of total PF 856!

over the spring bloom period which ranged from Dec-May. Diamonds indicate years 857!

with eddy influence 2009 and diamond with parentheses = 2010. Round points are 858!

years without eddy influence. 859!

 860!

Figure 11.  Annual integrated PF flux from this study (1500m trap, square symbols) 861!

and 1979-1984 (*3200m trap, round symbols, Deuser, 1987, Deuser and Ross, 1989) 862!

plotted against wintertime (DJFM) NAO index + 1 year lag.  Annual fluxes from both 863!

trap depths are comparable.  **Annual PF flux from 1978 (diamond symbol) was not 864!

included in the regression because it was an anomalously low flux year which could 865!

be explained by a shallow MLD and/or possibly the presence of an anticyclonic eddy 866!

(no data to test), which may have suppressed the spring bloom and hence PF flux as 867!

seen during 1994 at BATS (Lomas et al. 2013).  NAO data available from 868!

http://www.cpc.ncep.noaa.gov/data/teledoc/nao.shtml 869!

 870!

  871!
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Table 1.  Annual fluxes for planktonic foraminifera species at 1500 m depth in 1998-1999, 1999-2000, 2008-2009 and 2009-2010 and the four-872!
year averages.  Fluxes were calculated from the sum of biweekly averages between July-June for each year and converted to tests m-2 yr-1. 873!
Species are listed according to their estimated depth habitats.  874!
  Annual flux (tests m-2 yr-1)  
 
Species 

 
Seasonal flux maximum  

 
1998-1999 

 
1999-2000 

 
2008-2009 

 
2009-2010 

 
Average  

3200m avg 

 (1978-1984)3 

Surface dwellers:  
G. ruber (pink) July-Sept 2524 1978 1576 2122 2050 1450 
G. ruber (white) Sept-Oct 16 197 19 633 13 917 18 719 17 117  
G. sacculifer Oct1. March2 256 292 1007 348 1903 425 
Surface Totals  18 977 21 903 16 500      21 189    17 346  
Intermediate dwellers:  
G. siphonifera * 6101 3182 2231 2833 3587  
O. universa April-May1, Oct-Nov2 1429 694 1056 2250 1357  
G. conglobatus Nov 277 180 0 4 115 300 
N. dutertrei March-April1, Nov-Dec2 1290 185 471 839 696 876 
P. obliquiloculata Dec-March 398 205 708 352 416 762 
Intermediate Totals  9495 4446 4466 6278 6171  
Deep dwellers:  
G. truncatulinoides Jan-Feb 5248 13 796 9517 4031 8148 3420 
G. hirsuta Feb-March 1784 9888 3859 2770 4575 1520 
G. crassaformis Feb-March 26 100 122 139 97 192 
G. inflata March-April 844 995 1652 1869 1340 1270 
Deep Totals  7902 24 779 15 150 8809 14 160 5402 
Other species - 51 442 43 704 43 172 70 446 51 191  
 
Totals  - 87 816 94 831 79 289 106 722 92 165 

 

1 Primary peak 875!
2.Secondary peak 876!
3 Averages from Deuser and Ross, 1989 877!
* This species has low seasonality 878!
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Table 2.  Mixed layer depth and mean rates of mixed layer (ML) deepening and shoaling. The Dr/Sr ratio is a derived value calculated from the 879!
rate of ML deepening divided by the rate of ML shoaling (see text).  The winter-spring PF flux represents the PF flux integrated over the whole 880!
bloom, which varied interannually in length but ranged from Dec-May.  Shaded years indicate years when a cyclonic eddy was present during 881!
the spring bloom period. 882!
!883!
!884!
 
 
Year 

 
MLD max 
(m) 

 
ML Deepening Rate 
(m day-1) 

 
ML Shoaling Rate 
(m day-1) 

 
Dr/Sr ratio 
(m) 

Maximum  
PF flux  
(tests m-2 day-1) 

Integrated 
winter-spring 
PF flux  
(tests m-2 day-1) 

1997-1998 235 0.93 1.91 0.49 641 28 
1998-1999 222 0.78 7.78 0.10 816 41 
1999-2000 197 0.63 Data missing    - 761 30 
2007-2008 130 0.55 0.75 0.73 385 17 
2008-2009 198 0.95 2.21 0.43 946 28 
2009-2010 464 1.76 3.82 0.46 815 32 
 885!
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