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Abstract

We present the first long-term, highly resolved prokaryotic cell concentration record
obtained from a polar ice core. This record, obtained from the West Antarctic Ice Sheet
(WAIS) Divide (WD) ice core, spanned from the Last Glacial Maximum (LGM) to the early
Holocene (EH) and showed distinct fluctuations in prokaryotic cell concentration coincident
with major climatic states. The time series also revealed a ~1,500-year periodicity with
greater amplitude during the Last Deglaciation (LDG). Higher prokaryotic cell concentration
and lower variability occurred during the LGM and EH than during the LDG. A seven-fold
decrease in prokaryotic cell concentration coincided with the LGM/LDG transition and the
global 19 ka meltwater pulse. Statistical models revealed significant relationships between
the prokaryotic cell record and tracers of both marine (sea-salt sodium [ssNa]) and burning
emissions (black carbon [BC]). Collectively, these models, together with visual observations
and methanosulfidic acid (MSA) measurements, indicated that the temporal variability in
concentration of airborne prokaryotic cells reflected changes in marine/sea-ice regional
environments of the WAIS. Our data revealed that variations in source and transport were the
most likely processes producing the significant temporal variations in WD prokaryotic cell
concentrations. This record provided strong evidence that airborne prokaryotic cell deposition
differed during the LGM, LDG and EH, and that these changes in cell densities could be
explained by different environmental conditions during each of these climatic periods. Our
observations provide the first ice core time-series evidence for a prokaryotic response to

long-term climatic and environmental processes.

Introduction

Prokaryotic microorganisms (Bacteria and Archaea) represent a large portion of

Earth’s biosphere in terms of both abundance and biomass (Madigan et al., 2006; Whitman et
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al., 1998). These prokaryotic domains store most of the nitrogen and phosphorus as well as
half of the carbon in all living organisms on our planet (Whitman et al., 1998) and are crucial
drivers of biogeochemical cycles (Falkowski et al., 2008; Field, 1998; Madsen, 2011).
Consequently, understanding the ecological forces that shape microbial communities through
time at different scales is essential for comprehending the response of biogeochemical cycles
to climatic and environmental changes.

Polar ice cores provide archives of soluble and insoluble aerosols, gases, and their
associated isotopes through time allowing examination of the historical ecological forces for
timescales at which climatic and environmental processes occur. An ice core retrieved from
East Antarctica (EPICA Dome Concordia ice core) yielded temporal records that have
allowed reconstruction of past climatic and environmental conditions for the last ~800,000 yr
(e.g., Lambert et al. 2008, Liithi et al., 2008; Wolff et al., 2010). As biogenic aerosols,
prokaryotic cells are transported and deposited onto ice sheets (Burrows et al., 2009 a, b;
Jaenicke, 2005; Morris et al., 2011) in much the same manner as abiotic aerosols and become
part of the ice-sheet stratigraphic record (Priscu et al., 2007; Miteva et al. 2009; Xiang et al.,
2009; Liu et al. 2016). Once immured in the ice, prokaryotic cells can be preserved for
thousands of years because of the subzero temperatures and low water activities within the
ice matrix (Barletta et al., 2012; Hansen-Goos et al., 2014; Hodson et al., 2008; Poinar et al.,
1996; Potts, 1994; Willerslev and Cooper, 2005). Although prokaryotic cells have been
detected, recovered, and isolated from discrete ice-core samples (Christner et al., 2003, 2000;
Miteva et al., 2004; Sheridan et al., 2003), no long-term, high-resolution temporal records
exist that allow prokaryotic cell concentration to be related to the climate record.

We used flow cytometry in concert with a continuous melting system (Santibafiez et
al., 2016) to produce the first temporal record of prokaryotic (non-photosynthetic members of

the domains Bacteria and Archaea) cell concentration from a deep West Antarctic ice core
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(Buizert et al., 2015) spanning from 27,000 to 9,600 yr before present (27 to 9.6 ka BP).
Together with other high-resolution measurements made on the same ice core, we described
the temporal trends and patterns of the prokaryotic record with respect to past climatic events
and evaluated the potential atmospheric sources (e.g., plants, soils, water, and rocks
[Edmonds, 1979; Jones and Harrison, 2004; Kuhlman et al., 2008]) for the prokaryotic cells
comprising the record. We used a Generalized Additive Model (GAM) regression to examine
the relationship between prokaryotic cell concentration and sea salt sodium (ssNa), that
represented a marine/sea-ice-regional source (Legrand and Mayewski, 1997; Rankin et al.,
2002; Wolff et al., 2003), and non-sea salt calcium (nssCa) representing a distant terrestrial
source (i.e., from other continents) (Delmonte et al., 2002; Li et al., 2008; Fischer et al.,
2007b). These data were used to define key environmental factors that may have influenced

temporal variations in the prokaryotic cell record between the LGM and EH.

Materials and methods
Ice-Core Regional Settings and Timescale

The West Antarctic Ice Sheet Divide (WAIS Divide: WD; 79.467° S, 112.085° W)
ice core was recovered 24 km west of the Ross-Amundsen ice-flow divide and 160 km from
the site of the Byrd ice core (WAIS Divide Project Members, 2013). The maximum depth of
the WD core was 3,405 m, representing a temporal record that extended to ~68 ka BP. The
elevation at the site during drilling was 1,766 m above sea level (a.s.l.) with a mean annual
snow accumulation rate of ~22 cm a”' (ice equivalent) and an average annual air temperature
of -30° C. The timescale for the core (WD2014) was based on identification of annual layers
to 2,850 m (back to 31.2 ka BP) using measurements of a range of annually varying chemical
species in the upper 2,000 m, as well as electrical and insoluble particle measurements from

2,000 to 2,850 m (Sigl et al., 2015). The timescale has an estimated age uncertainty of 0.3%
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(20) for the depth range of 1,300 m to 2,000 m, 0.6% (20) for the range 2,000 m to 2,300 m,
and 1.8% accumulating uncertainty for the timescale between 2,300 m and 2,850 m (Sigl et
al., 2015). The depth range we used to obtain the prokaryotic cell record was from 1,764 to

2,709 m.

Sample Collection

We collected discrete liquid samples from the deep WD ice core (WDCO06A) using a
continuous ice-core melting system (McConnell et al., 2002). To avoid contamination from
the external part of the core, the samples for prokaryotic cell enumeration were taken from
the center ring (inner-most 14% of the full cross-section) of a three-ring melter plate for a 1.3
cm x 1.3 cm ice core section (total area = 1.69 cm®). To assess reproducibility and identify
potential carryover by the melter system, we melted and analyzed parallel replicate sections
of the ice core that corresponded to 4% of our target ice-core section (1,764-2,709 m). The
replicate sections were melted days or months later than the original sections for analysis and
did not show significant differences from the adjacent samples (Santibafiez et al., 2016).

A total of 594 discrete meltwater samples (1 to 8 mL each) were obtained from depths
between 1,764 m and 2,684 m and fixed with formalin (2% final concentration). Prokaryotic
cell concentration was determined by flow cytometry (Santibafiez et al., 2016). The samples
were maintained near 4 °C during the entire sampling process. For the LGM, the mean
sampling resolution was one sample per 25.4 to 98.6 cm of ice, which equated to one sample
per 7.25 to 33.0 years. For the LDG, the mean resolution was one sample per 64.9 to 90.1 cm
(one sample per 6.74 to 28.74 years); and for the early Holocene (EH), the mean resolution
was one sample per 28.7 to 98.7 cm (one sample per 2.91 to 9.33 years; Fig. S1). The discrete

prokaryotic samples were separated by uneven time intervals (Fig. S1). Annually resolved
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accumulation rates were calculated for the WD ice core using the depth—age relationship and

applying a one-dimensional, ice-flow model (Buizert et al., 2015).

Flow Cytometry

Prokaryotic cell concentration was determined using a PhytoCyt flow cytometer
(Turner Designs, equivalent to the Accuri C6 BD model) installed in a Purifier horizontal
clean bench with ultraviolet (UV) light (Labconco), as described in detail by Santibafiez et al.
(2016). Cell concentrations were based on DNA-stained (SYTOX-green®; 0.05 uM final
concentration) cells only. Santibafiez et al. (2016) provide specific details of how flow
cytometry of fluorescently-stained bacterial cells differs from a traditional laser counter used
to estimate dust concentration in ice cores. We use the term “prokaryotes” to represent non-
photosynthetic members of the domains Bacteria and Archaea. Although our flow cytometric
procedure identified photosynthetic microorganisms at a few depths, they were typically at or
below the detection limit (~180 cells per sample [Santibafiez et al., 2016]) and are not
included in the record presented here.

The thresholds on the flow cytometer were set on the green fluorescence channel
(FL1-H) at 750. Sample (2 mL) was then pipetted using sterile filtered tips from the glass vial
to a clean tube with a 30 um mesh for pre-filtration. From that tube, 150 uL was analyzed as
the negative control (unstained sample), and the remaining 1800 puL was stained with
SYTOX-green. A background control was obtained from the same sample vial by pipetting
300 pL into a sterile 5 mL syringe attached to a 0.22 pm pore size sterile filter (Millex ®-
GV4, 4 mm filter units, 0.1 cm? filtration area), filtered into a falcon tube (12 x 75 mm,
sterile, DNA free), and stained with SYTOX-green to a final concentration of 0.05 uM. The
samples were then incubated with the stain for 20 min in the dark at room temperature. Then

samples were kept at 4° C for a period no longer than 20 h before being analyzed by the flow
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cytometry. All samples were then analyzed using a flow rate of 50 uL min™ with a core size
of 12 pm. The samples and controls were analyzed in the following order: 250uL of blank
control (Milli-Q water), 200 uL for all samples as negative controls (unstained), and
background controls of 200 pL (stained 0.2 um filtered samples). Gating strategy has been

described in detail, step by step, at Santibanez et al., (2016).

Epifluorescence Microscopy

Prokaryotic cells were enumerated by epifluorescence microscopy in 110 samples.
The WD ice core samples were prepared inside a HEPA-filtered laminar-flow hood, stained
with the DNA stain SYTOX-green® at a final concentration of 2.5 uM, and prokaryotic cells
were quantified as described in Santibafiez et al. (2016). Prokaryotic cell sizes were measured
in 15 of the samples (five samples per climatic period) (Table S1, Fig. S2). Cellular surface
area was determined for ~200 cells in each sample in at least 10 randomly selected fields
using Image J software. To account for differences in cell morphology, the measured two-
dimensional surface area of prokaryotic cells was converted into an Equivalent Spherical
Diameter (ESD). ESD is equivalent to the diameter of sphere (d) calculated based on surface
area of each cell (A) (Jackson et al., 2005) using the following formula:

ESD = d = ,/2(A/m)

For ESD of 0.2 um to 3.0 pum, intervals of 0.1 um (bin size) were used to create a histogram

of relative frequency (%) for each climatic period (Fig. S2).

Field Emission Scanning Electron Microscopy (FE-SEM)
Two sets of samples were prepared for FE-SEM to visualize prokaryotic cells
attached to abiotic particles and prokaryotic clumps (Fig. S3-S12). Equal volumes of 45

samples from the LGM were combined to yield a 15 mL composite for the period 23.420 to
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19.978 ka BP, and equal volumes of 58 discrete samples from the LDG were combined to
yield a 30 mL composite for the period 12.343 to 11.726 ka BP. These composite samples
were fixed for 20 h in 5% (v/v) glutaraldehyde. Cells were then filter-concentrated onto
Isopore™ filters (GTBP01300, Millipore) with sterile Swinnex® filter holders. The fixed
cells were dehydrated by sequential passage through an ethanol gradient ranging from 10 to
100% ethanol (in increments of 10%; 10 minutes at each concentration), dried in a Tousimis
Samdri-795 critical point dryer, coated with Iridium using an Emitech K575X coater, and

imaged using a Zeiss Supra 55VP FE-SEM.

Chemical Species

The chemical species used in this study — non-sea salt Ca (nssCa), sea salt Na (ssNa)
and black carbon (BC) — were measured by the continuous flow analysis system adapted from
McConnell et al., (2002). Total Na and Ca concentrations were measured by high-resolution
inductively coupled plasma mass spectrometry (HR-ICP-MS; Thermo Element II with
electrospray ionization) on an acidified (nitric acid) continuously flowing sample stream ~4
minutes after melting. Recovery of total elemental concentrations using the continuous
measurement system can be <100% for more recalcitrant elements (McConnell et al., 2007a).
Both Ca and Na are readily soluble, however, with the addition of ultra-pure nitric acid
during the continuous flow measurement yielding 100% recoveries of these elements. BC
was measured using a Single Particle Soot Photometer (SP2; Droplet Measurement
Technologies) after nebulization of the meltwater stream using a Cetac AT5000+ ultrasonic
nebulizer (McConnell et al., 2007b). ssNa and nssCa were computed from Na and Ca using
seawater and mean sediment abundances following standard practices. The ssNa, nssCa, and
BC measurements were obtained continuously and at higher resolution (effective depth

resolution of ~1 cm) than prokaryotic samples (Fig. S1). Because of this disparity in

This article is protected by copyright. All rights reserved.



resolution, the original sampling resolution of ssNa, nssCa, and BC were reduced to match
the prokaryotic cell record allowing valid statistical comparison. We reduced the original
resolution of the ssNa, nssCa, and BC by matching their sample depths to the prokaryotic
sample depths and averaging the concentrations of ssNa, nssCa, and BC for prokaryotic
sample depth ranges. Following this averaging protocol, 498 final data points remained for
statistical comparison between cell concentration and chemical constituent concentration,
with resolutions from 2.9 to 33 years.

MSA was measured on discrete samples collected using a fraction collector during the
continuous WD ice-core analysis campaign. Analytical methods were similar to those
recently developed for aromatic acids (Grieman et al., 2017) and included anion exchange
chromatography with electrospray ionization and tandem mass spectrometric detection in
negative ion mode. The analytical system consisted of a Dionex AS-AP autosampler, ICS-
2100 integrated reagent-free ion chromatograph, and a ThermoFinnigan TSQ Quantum triple

quadrupole mass spectrometer.

Statistical Analysis

All statistical analyses were conducted using the R-programming language (version
2.15.0 by R Foundation for Statistical Computing, 2012) with the package mgev (Mixed
GAM Computation Vehicle), version 1.7-23 (Wood & Augustin, 2002; Wood, 2011, 2006,
2004). All data is available at the US Antarctic Program Data Center (http://www.usap-
dc.org/search). Then select “WAIS Divide Ice Core” from the Science Project pull-down
menu. The prokaryotic cell concentration data is under the ID: 601072.

We used Generalized Additive Models (GAMs) (Hastie and Tibshirani, 1990; Wood,
2006) to describe the temporal trend of the prokaryotic cell concentration and flux time

series, and to explore relationships with chemical records from the same ice core. GAMs
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provided a framework for estimating and assessing evidence for changes in the mean trend
through time and were chosen over other techniques (e.g., linear regression) for four reasons.
First, GAMs do not assume linearity and allow specification of the mean value of the
response (Wood, 2006; Zuur et al., 2007). Second, the response variable (prokaryotic
concentration, cells mL™) is based on counts; counts are often well described by a Poisson
distribution. GAMs with a Poisson distribution can model the mean concentration using a
log-link-function; this approach precludes the need for data transformation (Zuur et al.,
2009). Third, we used a quasi-Poisson GAM because we were analyzing concentrations in an
ice core and neighboring observations might have been dependent (i.e., serial correlation is
expected in time series). A quasi-Poisson GAM is similar to a Poisson GAM except that the
modeled variance is modified to allow for the observed overdispersion (i.e., more variability
than expected in the Poisson model) that can be generated by autocorrelated responses (i.e.,
serial correlation). Finally, GAMs can estimate trends with unevenly spaced observations
without employing data interpolation (Bellido et al. 2001; Brodeur et al., 2008; Ferry et al.,
2014; Monteith et al., 2014).

The chosen covariates for GAM regression analysis were: (i) ssNa from marine/sea-
ice and regional sources; (ii) nssCa from terrestrial and distant sources (i.e., primarily the
southernmost areas of South America and Australia); and (iii) BC, an indicator of terrestrial
biomass burning. The GAMs used a quasi-Poisson distribution (link-function = log-link) for
the response (prokaryotic cell concentration), and the covariates (nssCa, ssNa and BC) were
log-transformed.

GAMs also were used to infer the dominance of dry and/or wet deposition for the
prokaryotic record (Alley et al., 1995; Kreutz et al., 2000). The relationship between

prokaryotic concentration and snow accumulation at the drilling site (Buizert et al., 2015)
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was estimated after adjusting for the time trend at each time span (LGM, LDG and EH) and
through the entire record.

In addition to the trend analysis by GAMs, we identified periods in the prokaryotic
concentration fitted trend where the slope (i.e., rate of change in the log-mean trend) was
detectably different from zero using the method of finite differences (Curtis & Simpson,
2014; Monteith et al., 2014). The first derivatives of the fitted values of the trend (f;) for a
grid of 18,000 equally spaced time points were computed for the period of the WD
prokaryotic record. The grid was shifted in time by a small amount (10 years), and fitted
values of the trend were again determined from the model. The differences between the two
sets of fitted values, divided by the difference in time, yielded the first derivatives of the
trend. Uncertainty estimates also were calculated for the derivatives to form approximate
95% confidence intervals.

Along with modeling the trends through time using GAMs, we examined periodicity
in the prokaryotic concentration record using the Lomb-Scargle periodogram method that
provides spectral analysis of unevenly spaced time series (Lomb, 1976; Scargle, 1982; Schulz
& Stattegger, 1997). The R code developed by Glynn et al., (2006) was used to estimate the
periodogram and test the null hypothesis that a given spectral peak was random (i.e., no true
millennial cycle signal, just noise) at each frequency. P-values were adjusted for multiple-

testing using the false-discovery rate method (Glynn et al., 2006).

Results
Temporal Changes of Ice-Core Prokaryotic Cell Concentration
Prokaryotic Cell Concentration and Flux
The temporal trend in prokaryotic cell concentration was estimated by fitting a quasi-

Poisson Generalized Additive Model (GAM) to the data. The trend analysis showed that the
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prokaryotic cell concentration changed significantly during the target time (p-value = 0.001,

Fig. la) according to equation 1:

log(Aprox ) = 11.61 + s(time),55,  [eq.1]
where fl.o 1s the mean prokaryotic cell count (cell mL™), 11.61 is the intercept (cell mL™),
and s(time) denotes the smoothed trend through time. The effective degree of freedom (edf)
is 78.87 and corresponds to the suitability of the estimated trend. This relatively high value of
edf indicated a complex trend (i.e., edf = 0 denotes no trend, edf = 1 denotes a linear trend,
edf>1 denotes a higher-order trend) (Wood, 2006; Zuur et al., 2007, 2009).

The depositional flux of prokaryotes (cells cm™ a™'; Fig. 1b) was calculated to
evaluate the potential influence of wet deposition (i.e., snow) on prokaryotic cell
concentration. The calculation used the product of the prokaryotic concentration (cells mL™;
Fig. la) and the annual water-equivalent net accumulation (cm a”'; Fig. 1c, [Buizert et al.,
2015]) in the ice core. The temporal trend in depositional flux was similar to that of the
prokaryotic concentration record (GAM trend as solid curve in Fig. 1b) as described by

equation 2:

log(Arux ) = 14.39 + s(time) 7511 [eq.2]
where fip,yx = cells cm™ a™'; 14.39 = the y-intercept (cells cm™ a™), s(time) = the smoothed
trend through time, and 72.11 = edf.

This trend was statistically significant (p-value <0.01) and the edf of 72.11 showed
that it was relatively complex. The similarity in temporal trends of cell concentration and
prokaryotic cell flux (Fig. 1 a, b) indicated that the temporal changes in prokaryotic
concentration were not explained by changes in snow deposition efficiency through time
(e.g., lower snow accumulation during the LGM than EH). Statistical analysis showed no
significant relationship between prokaryotic cell concentration and accumulation rate (Fig. 1;

GAM p-value > 0.1); a similar result occurred when generalized linear models (glm) were
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applied (p-value > 0.1). This lack of a statistically significant relationship confirmed that
variations in atmospheric depositional processes (wet or dry removal) were not closely
associated with variations in the prokaryotic cell record. Hence, the ice concentrations of
prokaryotic cells rather than depositional fluxes best represented changes in prokaryotic cell
concentration in the air above the WD ice, in agreement with previous studies in the WAIS

region (Alley et al., 1995; Kreutz et al., 2000).

Patterns in Prokaryotic Cell Concentration

The major patterns in the prokaryotic cell concentration coincided with the Last
Glacial Maximum (LGM; 26.83 ka BP to 19.43 ka BP), the Last Deglaciation period (LDG;
19.40 ka BP to 11.60 ka BP), and the early Holocene (EH; 11.59 ka BP to 9.64 ka BP).
Prokaryotic cell concentration during the LGM was higher and had lower variability (mean:
1.81 x 10° cells mL™"; CV: 39.7%) than during the LDG (by a factor of 2.1) and the EH (by a
factor of 1.4). The coldest interval in the LGM between 23.69 ka BP and 19.43 ka BP had the
highest mean concentration and lowest variability (mean 2.29 x 10° cells mL™"; CV: 30.9%).
Cell concentration at the end of the LGM (~19 ka) decreased by a factor of 6.8 during 8§76
years with two significant steps between 19.43 and 19.05 ka BP, and 18.84 and 18.56 ka BP
(derivatives of 0 not in 95% confident intervals; Fig. 1a).

Although the most distinct feature of the prokaryotic cell record was the presence of
significant millennial-scale variations during the LDG, four other features characterized the
prokaryotic cell record during this period: (i) the lowest mean prokaryotic concentration (8.74
x 10* cells mL™); (ii) the highest variability (SD = 6.7 x 10* cells mL™'; CV = 76.8%; range =
10° - 10° cells mL™); (iii) millennial-scale cycles, and (iv) according to the analysis of the
first derivatives, there were more time intervals characterized by higher rates of change in

prokaryotic concentration relative to other intervals in the record (derivatives of 0 not in 95%
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confidence intervals; Fig. 1d). The millennial-scale cycles in the LDG decreased in amplitude
during the EH (~11.71 ka BP).

The mean cell concentration during the EH was 1.33 x 10° cells mL™, reaching the
concentration values of the LGM. EH cell concentration variability decreased noticeably (SD:
5.59 x 10* cells mL™'; CV: 41.9%) compared to the LDG period. The mean prokaryotic

concentration was higher for the EH than LDG by a factor of 1.52.

Spectral Analysis

We used spectral analysis to statistically evaluate the presence of a millennial-scale
cycle in the prokaryotic concentration time series (Fig. 2). Because visual observation of the
data revealed an apparent cycle with a periodicity of ~1,000 years, we searched frequencies
corresponding to periods from 370 years to 4,000 years. A maximum frequency of one cycle
per 370 years was chosen based on sample resolution (range: 2.9—33 years, mean: 12.5 years)
and time space between samples (range: 0—173.9 years, mean: 16.5). The test showed a top
peak with significant periodicity at 1,494 years (frequency 0.000669; FDR-adjusted p-value <
0.01); another significant peak was obtained at lower frequencies with a periodicity of 2,847
years (frequency 0.00035; FDR-adjusted p-value < 0.01). This analysis revealed statistically
significant millennial-scale oscillations throughout the prokaryotic cell concentration record

(26.9 ka and 9.6 ka; Fig. 2).

Comparison with Terrestrial and Marine Aerosols

To gain further quantitative insight into the potential prokaryotic cell sources, ssNa,
nssCa, BC, and time were statistically modeled as covariates. We added BC to the regression
GAM because the prokaryotic trend visually paralleled trends in BC and MSA (Fig. 3), and

because those trends co-varied on millennial timescales. MSA was not included in the model
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because the MSA data set was discrete, unevenly spaced, and its temporal resolution was
lower (>33 years) than the prokaryotic record. Before modeling the relationships, scatterplots
between prokaryotic cell as well as ssNa, nssCa, and BC concentrations on linear (Fig. 4 a, b,
c¢) and logarithmic (Fig. 4 d, e, f) scales were examined to determine the potential
relationships for each climatic interval. We chose the natural log-log relationship (Fig. 4 d, e,
f) to describe the relationship between variables because (i) the unit changes in prokaryotic
cell concentrations were about three orders of magnitude more than the unit changes in the
covariates (nssCa, ssNa and BC), (ii) the constant variance assumption of the variables was
improved by log-transformation (Fig. 4 d, e, f), and (iii) a natural log-log linear relationship
between aerosols was expected if both aerosols shared source and/or air transport routes or
that both were only the effect of a common third yet undefined process (Fischer et al., 2007a,
b; Siggaard-Andersen, 2004). The fitted regression revealed evidence that both ssNa and BC
were linked to variability (deviance explained to 58%) in the prokaryotic record (p-value <
0.05 and <0.001, respectively, n = 498) (Table 1, Fig. 5).

The relationship between prokaryotic cell concentration and ssNa (Fig. 5a) had an edf
of 1.9 (Table 1), suggesting a higher order, non-linear relationship between prokaryotic cell
concentration and ssNa. The non-linear relationship can be divided into two different
behaviors. The first showed a positive linear behavior (i.e., prokaryotic cells increase as ssNa
aerosols increase) only when ssNa concentrations were between 7 and ~33 ppb (Fig. 5a),
inferring that the positive linear relationship between ssNa and prokaryotic cells only
occurred in the LDG and EH when ssNa concentrations were < 33 ppb (Fig. 3d). The second
showed that the behavior of the non-linear relationship changed when the ssNa concentration
exceeded 33 ppb. Across an ssNa concentration of 33 ppb, mean changes in prokaryotic
concentration were constant with a broad 95% confidence interval (Fig. 5a), indicating that

prokaryotic cell concentrations did not increase when ssNa concentrations were high during
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LGM. The BC record also was significantly (p-value <0.001) related to the prokaryotic cell
concentration record (Fig. 5b). An edf of 2.7 (Table 1) indicated a higher order, non-linear
relationship between prokaryotic cell and BC concentrations. As with ssNa, the non-linear
relationship had two different behaviors. First, a positive linear behavior between prokaryotic
cells and BC concentrations was observed when BC concentrations were between 0.05 and
0.18 ppb, with such values observed only during the LDG (Fig. 3b). Second, the positive
linear behavior ceased during the LGM and EH when the BC concentrations exceeded 0.18
ppb (Fig. 3b). Mean prokaryotic cell concentrations above that value were constant (Fig. 5b),
indicating that although higher values of BC concentration (> 0.18 ppb) occurred, prokaryotic
cell concentrations during the LGM and EH did not increase. In contrast to the ssNa and BC
aerosol concentrations, the nssCa record (representing distant terrestrial sources) did not
show covariance with the prokaryotic cell concentration (p-value = 0.574; Table 1; Fig. 4 b,
e). The lack of statistical relationship between nssCa and prokaryotic cells implied that
distant terrestrial soils were not significant sources of prokaryotic cells in the WD ice core

and cannot explain the temporal variability of the WD prokaryotic record (Fig. 4 b, e).

Microscopic Analysis

Microscopic inspection of 110 WD samples revealed the presence of prokaryotic cell
aggregates (~7 um) between 12.45 and 10.95 ka BP and prokaryotic cells attached to
sediments (>12 um) between 26.81 and 18.29 ka BP (Fig. 6, S3-S12). A reliable quantitative
analysis of prokaryotic aggregates was not possible because of a relatively low concentration
of aggregates in samples and low sample volume available for microscopic analyses.

Cell sizes were measured in ~ 900 cells per period from five samples (Supplement Table
1), which represents 2.5% of the record. Information on cell size can provide insights about

atmospheric transport pathways (e.g., long- vs. short-range) and nutrient availability at the
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source (Burrows et al., 2009b; Button et al., 1991, Chien et al., 2012; Upper & Hirano, 1991;
Wolfenbarger, 1946). The means for the Equivalent Spherical Diameter (ESD) of cells during
each climatic period were statistically different (one-way ANOVA, p-value < 0.01). The
smallest mean prokaryotic cell ESD was measured on samples from the EH (mean: 1.18 +
0.30 pm; Supplement Table 1), and the largest mean ESD occurred during LDG (1.36 £ 0.42
um). The widest range of prokaryotic cell sizes occurred during the LDG (min-max [0.58 um

- 4.14 um]) and the narrowest size range in the EH (min-max [0.55 pm -1.41 um]) (Fig. S2).

Discussion
Post-depositional effects

Price and Sowers (2004) and Price (2000) provided indirect evidence that prokaryotes
could be metabolically active within ice in liquid-water veins, a post-depositional process that
may complicate interpretation of the prokaryotic record (Cuffey and Patterson, 2010). This
may be true for temperate glacier ice (Campen et al. 2003), basal glacial ice from Antarctic
glaciers (Montross et al., 2014), and polar surface glacial ice (Hodson et al., 2008); but
conditions on and within the Antarctic ice sheets are not conducive to englacial and
supraglacial post-depositional processes, in situ metabolic activity. First, the surface
temperature at WD never exceeded -31° C, and the measured borehole temperature range of
the ice we sampled was between -24° and -31° C (WALIS Divide Project Members, 2013) —a
range that theoretically would support little maintenance metabolic activity and no net growth
(Price & Sowers, 2004). These low temperatures also would result in very little quasi-liquid
layer formation (scale of nm or A) (Hansen-Goos et al., 2014; Petrenko & Whitworth, 1999;
Warren & Hudson, 2003). Second, Barletta et al. (2012) showed that pH in ice veins of
shallow polar ice is highly acidic (pH ~2), and that sulfate and nitrate can reach 141 and 611

mM, respectively. Both of these conditions are not conducive to supporting active
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metabolism in most organisms (Madigan et al., 2010; White, 2007). Finally, these properties,
in concert with the fact that the cell concentration data showed distinct temporal trends that
corresponded to major climatic events, indicated that cell division (in situ net growth) within

WD ice core was low or non-existent.

Source, transport, and deposition of airborne prokaryotic cells

Sources, atmospheric transport processes, and deposition were the three major factors
contributing to the prokaryotic cell concentration record in ice cores (Priscu et al., 2007;
Xiang et al., 2009; Liu et al. 2016).The differential contribution of each of these factors can
change with changes in global climate. The interpretation of the prokaryotic cell
concentration, and other constituents in ice-core records, rely heavily on our capacity to
untangle which factors are causing the variations in a specific record.

The lack of a relationship between prokaryotic cell concentration and snow
accumulation and the similarity in trends of prokaryotic cell flux and cell concentration (Fig.
1) observed in our study indicated that deposition did not control temporal variations of the
prokaryotic cell concentration record. If we had observed a significant correlation between
prokaryotic cells and snow accumulation, the implication would be that prokaryotic cells
were deposited mainly by snow (wet deposition) and that as snow accumulation increased,
the prokaryotic cells in the ice would increase. The lack of correlation with snow
accumulation suggested that the deposition of cells over WD was a combination of wet and
dry cell removal from the air mass. Thus, source and transport changes were the most likely
variables producing the temporal variations in the WD prokaryotic cell concentrations.
Regional sources of airborne prokaryotic cells

Although there is a paucity of aerobiological data over Antarctica (Chong et al., 2015;

Pearce et al., 2016), studies have concluded that the majority of the airborne bacteria over
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Antarctica are emitted from regional sources (i.e., within Antarctica) rather than from
locations beyond the continent (Burrows et al., 2009 a, b; Hodson et al., 2010; Pearce et al.,
2009; Vincent, 2000). Studies of global microbial dispersion also have established that ~90%
of the bacterial cells in the air over Antarctica were emitted from Antarctic regional sources
(Burrows et al., 2009b). Our results showed several lines of evidence that indicated the cells
recorded in the WD ice core were from regional sources. First, the higher prokaryotic
concentration (10° to 10° cells mL™") in the WD ice core relative to those from more inland
sites such as surface snow from South Pole (10% - 10° cells mL™; Carpenter et al., 2000) and
ice from Vostok meteoric ice (~10 — 10* cells mL™'; Christner et al., 2006) indicated that the
WD site was closer to the emission sources of prokaryotic cells. The concentrations and
community sizes of bacteria along a spatial transect in Antarctica decreased with increases in
latitude, altitude, and distance from the coast (Hughes, 2003; Yan et al., 2012). Reduced cell
concentrations at increasing distance from the source are expected because of dilution caused
by mixing with low bacterial density air parcels during transport from the source (Upper and
Hirano, 1991; Wolfenbarger, 1946). Second, the significant statistical relationship between
prokaryotic cell concentration and ssNa revealed that the prokaryotic signal was likely related
to variations in sea-ice/marine-regional sources, which has been identified as the main source
of ssNa in coastal ice core sites (e.g., Rankin et al., 2002; Wagenbach et al., 1998; Wolff et
al., 2003). Third, the lack of relationship between prokaryotic cell concentration and nssCa,
that is mainly from distant terrestrial sources (e.g. Fischer et al., 2007b), indicated that these
sources were not a dominant factor controlling the observed variations of the prokaryotic
record. Finally, the presence of large cellular aggregates (~10 um to ~20 um diameter) in
many of our samples (Fig. 6) suggested short atmospheric residence times of those
aggregates; larger atmospheric particles have been shown to be more prevalent close to the

source areas (e.g., Mahowald et al., 2014; Monahan et al., 1983; Satheesh et al., 1998; Tegen
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and Lacis, 1996). Marine regional sources for airborne prokaryotic cells are in agreement
with current patterns of consistent onshore winds with dominant wind direction from the
Amundsen-Bellingshausen Sea region to the WAIS Divide Site from automatic weather
station and ERA-Interim reanalysis data (Koffman et al., 2014), and back trajectory modeling

(Masclin et al., 2013).

Prokaryotic Cell Concentration by Climatic Periods

Higher prokaryotic cell concentration coupled with low variability in cell concentration
occurred during the LGM, a colder and drier period relative to the present (Braconnot et al.,
2007; Schneider Von Deimling et al., 2006; WAIS Divide, 2013). Potential regional sources
of prokaryotic cells during the LGM were frost flowers (centimeter-scale crystal structures
formed from sea ice), polynyas (areas of open water occurring within the polar sea ice that
can cover of thousands of square kilometers), and the open ocean. Frost flowers have the
potential to be important sources of prokaryotic cells (Bowman and Deming, 2010) during
the LGM because seasonal sea ice on which frost flowers develop (Wolff et al., 2003)
reached its maximum extent during this period (Gersonde et al., 2005). Ice-free polynyas are
hotspots of phytoplankton and bacterial productivity. These hotspots can emit biological
aerosols (Arrigo and van Dijken, 2003; Arrigo, 2003; Martin, 2001). During the LGM, there
was widespread occurrence of seasonal or perennial polynyas along the Antarctic continental
margin as documented by fossil foraminiferal assemblages in marine sediments (Smith et al.,
2010; Sprenk et al., 2014; Thatje et al., 2008). MSA data indicated that there was high input
of marine-derived emissions during the LGM in agreement with the high prokaryotic cell
concentration observed in the WD core during this period (Fig. 3). The statistical relationship
between prokaryotic cell concentration and ssNa, the visual correlation with MSA, and the

maximum sea-ice extent led us to conclude that regional marine sources (frost flowers,
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polynyas, open ocean) were all potential sources of airborne prokaryotic cells to the WD site
during LGM.

During the most recent glacial-to-interglacial transition (LDG), every component of
the climate system underwent large-scale changes, some of them at extraordinary rates,
representing the largest climatic oscillations of the past 20 ka (Blanchon & Shaw, 1995;
Mayewski et al., 1996; McManus et al., 2004). These changes during the LDG were mirrored
by large deviations in cell concentrations, relative to those observed in the LGM and EH.
Between ~19 and 11.6 ka, the record showed lower prokaryotic cell concentration (including
a sudden dip at ~19.5 ka) coupled with pronounced fluctuations of the 1,490-year periodicity
(Figs. 1, 2).

The sudden 6.8-fold decrease of prokaryotic concentration at ~19.5 ka BP coincided
with the global LGM/LDG transition (Carlson & Clark, 2012; Clark et al., 2009, 2004) and
locally with early warming at WD, the latter of which has been attributed to insolation
driving Southern Ocean warming and sea-ice retreat (WAIS members, 2013). We
hypothesize that perturbation of the coastal areas closest to WD (Bellingshausen and
Amundsen Seas), as sources of prokaryotic cells, produced the rapid decrease of cells at 19.5
ka. These coastal zones were perturbed by different processes: a sea-level rise of at least 10 m
in less than 1 ka (Yokoyama et al., 2000; Weber et al., 2011), sea-ice retreat (WAIS
members, 2013), and an early retreat of the ice-sheet margin in the Bellinghausen and
Amundsen Seas (Heroy & Anderson, 2007; Nakada et al., 2000; Smith, 2011; Weber et al.,
2011; Larter et al., 2014; Turner et al., 2017). In glaciomarine environments, suspended
solids and freshwater can affect the hydrographic properties of the photic zone of the coastal
waters (Domack, 1990; Hooge & Hooge, 2002), which, in turn, can have an important

influence on the microbial communities in coastal environments (Fuhrman et al., 2006).
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Although at this stage we can only hypothesize that the coeval prokaryotic concentration
decrease with local coastal changes results from marine-regional sources.

Although our statistical analysis of the data precludes causal interpretations,
paleoclimate archives from both hemisphere have shown that millennial-scale climate events
are a common feature of the Last Glacial and the Termination II periods (e.g., Bond, 1997;
Dansgaard et al., 1993; EPICA Members et al., 2006; Henry et al., 2016). Increasing
evidence shows that these millennial scale oscillations resulted from the variation in
meridional redistribution of the heat between hemispheres (Broecker, 1997; Buizert et al.,
2015; Stocker & Johnsen, 2003) and were propagated by oceanic processes (Barker et al.,
2009; Buizert et al., 2015; Marino et al., 2015; Wolff et al., 2010). The statistically significant
periodicity of ~1,500-years in the prokaryotic cell concentration record (Fig. 1, Fig. 2)
supports a linkage between the prokaryotic record and ocean dynamics.

There was a mean increase of prokaryotic cell concentrations during the EH to values
close to those in the LGM (Fig. 3). This relationship between the EH and LGM contrasted
with that found in marine and terrestrial aerosols such as nssCa and ssNa, which showed
significantly higher concentrations during the LGM and lower concentrations during the EH,
a pattern explained by both source extension and transport (e.g., Fischer et al., 2007a, b).
Although the length of the record during the EH (11.6 to 9.6 ka BP) precluded deeper
interpretation, the same response (an increase in concentration during the EH after a decrease
in the LDG) occurred in the MSA and BC records (Fig. 3). This relationship suggested that
the variability observed in these records was the result of climatic processes affecting their
sources rather than transport processes because transport was very different between the
LGM and the EH (Fisher et al., 2007b; Kohfeld et al., 2013; Krinner and Genthon, 2003;

Sime et al., 2013).
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Prokaryotic Cell Concentration and BC

BC, a product of biomass burning and thus a proxy for fire activity (e.g., Bisiaux et al.,
2012; Goldberg, 1985), was significantly related to cell concentration (Figs. 3, 4, 5 and Table
1). During the LDG, when BC concentrations remained below 0.18 ppb, the two records
exhibited a strong positive linear relationship. Positive relationships between prokaryotic cell
density and BC during the past ~70 years also have been shown in ice cores taken from
glaciers in the Tibetan Plateau (Liu et al., 2016).

Two facts indicated that the strong relationship between prokaryotes and BC was not a
result of a common source for both aerosols or of shared transport routes. First, BC is a proxy
of long-range transport of biomass burning from low and mid-latitudes (Bisiaux et al., 2012;
McConnell et al., 2007a, b), whereas the characteristics of the prokaryotic cells in WD likely
had a regional source. Second, BC aerosols are at least 10 times smaller (Schwarz et al.,
2008, 2012) than prokaryotic cells (~90 nm and ~1000 nm, respectively), and Stoke’s settling
velocities indicate that the larger cellular aerosol particles would settle faster than the smaller
BC particles during transport (Tegen and Lacis, 1996). For example, particles of size 0.1, 1,
and 10 um will have theoretical deposition velocities of 0.001, 0.05, and 1 cm s
respectively, under the same atmospheric conditions (Seinfeld & Pandis, 1998).

Although the causality of the relationship between BC and prokaryotic cell abundances
cannot be resolved from our data, literature reports have shown a relation between BC and
prokaryotic concentration in seawater environments (Weinbauer et al., 2017). Other studies
have shown that prokaryotic cell growth and activity increase in seawater immediately after
BC aerosol deposition (Cattaneo et al., 2010; Jurado et al., 2008; Malits et al., 2015; Mari et
al., 2014). BC can increase bacterial abundance because it stimulates aggregation of
dissolved organic matter (DOM); creating hot spots of biogeochemical transformation,

adsorbing bacterial cells to those hot spots, and decreasing viral infections on bacterial cells
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(Cattaneo et al., 2010; Malits et al., 2015; Mari et al., 2014; Weinbauer et al., 2012). A recent
review (Weinbauer et al., 2017) shows that volcanic ash and BC-rich aerosols have a
significant effect on microbial plankton in the sea because they are a source of nutrients
and/or organic carbon, and influence aggregation processes. During a period of increased
forest fires and BC deposition on the Mediterranean coast, nutrient (phosphate and nitrate)
concentrations increased by 1.4- to 4-fold, bacterial production by 60%, and growth
efficiency by 2.9-fold (Weinbauer et al., 2017). This evidence indicates that the prokaryotic
cell concentration record reflects changes in prokaryotic abundances in the marine source,
which is modulated by BC deposition in seawater.

Our study is the first to show high-resolution trends in prokaryotic cell density from the
LGM to the EH from an Antarctic ice core. The principal findings from our work are: (i)
airborne prokaryotic cell density in the WD ice core was significantly different during the
LGM, LDG, and EH; (ii) the WD prokaryotic record likely was produced by varying
combinations of dry and wet deposition between the LGM and EH; (iii) the dominant sources
of airborne prokaryotic cells to WD were regional; (iv) a periodicity of ~1,500 years
occurred in the prokaryotic record, with the largest amplitudes during the LDG; (v)
variability in cell density during the LDG and EH was related to changes in open ocean and
sea-ice regional sources (ssNa); (vi) BC and prokaryotic cell concentrations were strongly
correlated. Collectively, these relationships revealed that ice cores offer a unique medium to

study the dynamics of microbial aerosols during past climate shifts on our planet.
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Tables

Table 1. Summary of GAM regressions using prokaryotic cell concentration as the response
variable and concentrations of ssNa, nssCa, and BC, as well as time as covariates. edf
represents the effective degrees of freedom and corresponds to the measured amount of
flexibility in the estimated trend.

Variables edf F p-value
ssNa 1.9 0.6 0.047
nssCa 0 0 0.574
BC 2.7 1.9 0.0005
Time 23.4 12.5 <0.0001
GAM

Deviance explained

(%) 58.2

Family Quasipoisson

Link function Log

Figures

Figure 1. Prokaryotic cell concentration and flux between 26.83 to 9.65 ka BP. (a)
Prokaryotic cell concentration versus time, (b) prokaryotic cell flux versus time. In (a) and
(b) the black solid curves are the fitted line from the optimal quasi-Poisson GAM (k = 120);
the gray shaded areas correspond to 95% confidence bands, and the open and closed cicles
are the measured prokaryotic cell concentration and estimated flux, respectively. Y-axes are
on the logarithmic scale in (a) and (b). (¢) Snow accumulation rate (m aice equivalent) is
plotted as 100-point moving average. (d) First derivative of fitted prokaryotic cell trend from

the GAM (y-axis) versus time. Fitted trend shows estimated time intervals with significantly
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higher rates of change in prokaryotic cell concentrations. Periods of higher rates of change
are indicated by the colored sections of the trend (blue = decrease; red=increase). Labels on
the x-axis indicate climate intervals: LGM: Last Glacial Maximum, LDG: Last Deglaciation,

and EH: early Holocene.

Figure 2. Spectral density versus period (years). Millennial scale pattern of prokaryotic cell
concentration estimated using the Lomb-Scargle spectral analysis. Estimated Lomb-Scargle

Periodogram of uneven prokaryotic cell concentration record (log-transformed).

Figure 3. Aerosol and isotope records from WD ice core. (a) Prokaryotic concentration
record, where the black solid curves are the fitted line of the optimal quasi-Poisson GAM (k
= 120); the gray areas correspond to 95% confidence bands, and the black dots are the
observed prokaryotic cell concentration, (b) BC concentration record plotted as a 250-point
moving average, (¢) MSA (ppb) concentration record plotted as a 20-point moving average,
(d) sea-salt Na (ssNa, ppb) concentration record plotted as a 250-point moving average, (e)
non-sea-salt Ca (nssCa, ppb) concentration record plotted as a 250-point moving average, and
() 8'°0 of ice (%o) plotted as 100-yr moving averages (WAIS Divide Project Members,
2013). Labels on the x-axis indicate climatic intervals: LGM: Last Glacial Maximum, LDG:
Last Deglaciation, and EH: early-Holocene. Note the logarithmic scale on the y-axis for all

variables except 8'°O of ice (%o).

Figure 4. Scatterplots of prokaryotic cell concentration versus ssNa, nssCa, and BC
concentrations. Prokaryotic cell concentration versus (a, d) ssNa (ppb), (b, e) nssCa (ppb),
and (c, f) BC (ppb). Note the linear scale (concentration) on y- and x- axes for scatterplot (a)

through (¢), and the logarithmic scale (logarithmic concentration) on the y- and x- axes for
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scatterplots (d) to (f). Symbols indicate climatic intervals: circle = Last Glacial Maximum

(LGM), star = Deglaciation (LDG), and square = early Holocene (EH).

Figure 5. Prokaryotic cell concentration as a function of (a) ssNa (ppb) and (b) BC (ppb)
estimated by generalized additive regression model. Grey lines represent approximate 95%
confidence intervals around the covariate main effects. Tick marks on the x-axis show the
density of points (498 points). Values on the y-axis reflect the estimated mean concentration
holding other variables constant at their means. Note the logarithmic scale on the y- and x-

axes for all variables.

Figure 6. Microscopic images of prokaryotic-aggregates from WD samples. (a-d)
prokaryotic-clumps from LDG/EH transition (12.3—11.7 ka BP); (e-h) prokaryotic cells
attached to sediment particles from LGM and LGM/LDG transition (26.81-18.29 ka BP).
Images a, b, e, and f were obtained using a field emission electron microscope (FE-SEM).
Images ¢, d, g, and h were obtained by epifluorescence microscope; cells (dark green shapes)

were stained with a DNA dye, SYTOX green. Scale bars equal to 2 um.
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