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We investigated the dynamics of heterotrophic bacteria inhie coastal western Antarctic
Peninsula (WAP), using decadal (2002-2014) time series ofvd bacterial variables,
bacterial production (BP) vig®H-leucine incorporation rates and bacterial biomass (BB)
via bacterial abundance, collected at Palmer Antarctica Liig Term Ecological Research
(LTER) Station B (64.8S, 64.1 W) over a full austral growing season (October—March).
Strong seasonal and interannual variability in the degreef dacterial coupling with
phytoplankton processes were observed with varying lags. @ average, BP was only
4% of primary production (PP), consistent with low BP:PP r&bs observed in polar
waters. BP was more strongly correlated with chlorophyll (1), than with PP, implying that
bacteria feed on dissolved organic carbon (DOC) produceddm a variety of trophic levels
(e.g., zooplankton sloppy feeding and excretion) as well adirectly on phytoplankton-
derived DOC. The degree of bottom-up control on bacterial abndance was moderate
and relatively consistent across entire growing seasons,ugygesting that bacteria in the
coastal WAP are under consistent DOC limitation. Temperata also in uenced BP rates,
though its effect was weaker than DOC. We established genetiaed linear models (GLMs)
for monthly composites of BP and BB via stepwise regressionaexplore a set of physical
and biogeochemical predictors. Physically, high BP and lge BB were shaped by a
strati ed water-column, similar to forcing mechanisms fawering phytoplankton blooms,
but high sea surface temperature (SST) also signi cantly pmoted bacterial processes.
High BP and large BB were in uenced by high PP and bulk DOC conentrations. Based
on these ndings, we suggest an increasingly important roleof marine heterotrophic
bacteria in the coastal WAP food-web as climate change intduces a more favorable
environmental setting for promoting BP, with increased DOGrom retreating glaciers,
a more stabilized upper water-column from ice-melt, and a bseline shift of water
temperature due to more frequent delivery of warming Upper @cumpolar Deep Water
(UCDW) onto the WAP shelf.

Keywords: heterotrophic bacteria, bacterial production,
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Kim and Ducklow Bacterial Dynamics in an Antarctic Coastal Ecosystem

INTRODUCTION temperature Pomeroy and Wiebe, 20 1low terrestrial uxes
of biologically available dissolved organic material (DOM;

Heterotrophic bacteria utilize and remineralize dissolvegemic  Kirchman et al., 2005, 2009aand strong top-down control
carbon (DOC) and organic nutrients, mobilize carbon for upperyia bacteriovore grazing and viral lysisBi(d and Karl,
trophic levels via microzooplankton grazing, and ultimai@lgct 1999, Recently,Brum et al. (2015)suggested that temperate
carbon uxes and cycling in the oceam{am et al., 1983; pacteriophage infection imposed a strong top down control
Ducklow, 198} Antarctic coastal waters are characterized by lowyn BP. The review byirchman et al. (2009bsuggested that
bulk DOC concentrations compared to other coastal ecosystenBp:PP ratios signi cantly increase with temperature, butyon
due to the lack of terrestrial and allochthonous inputs of DOC pelow 4C, possibly due to reduced bacterial uptake rates of
Therefore, bacteria must ultimately rely onsituDOC produced  organic carbon in cold waters without a signi cant decrease
by phytoplankton Baines and Pace, 1991; Nagata, 00from  of PP at the same timeDucklow et al. (2012)showed that
other trophic levels and processes such as zooplankton grazingmperatureper sedoes not seem to regulate BP, but that high
sloppy feeding, excretion, and cell lysistiom et al., 1997 BP was rather associated with phytoplankton blooms. Their
Bacterial coupling with phytoplankton has been demonstrateénalysis was constrained to limited duration cruises, primgd
in the coastal WAP [pucklow et al., 2012; Saba et al., 2914 snapshots of microbial loop dynamics in the middle of summer
consistent with other observations from Antarctic Watd\Mén (January)_ Given that not 0n|y the degree of phytop|ankton_
et al., 2001; Moran and Estrada, 2p03aba et al. (2014) pacterial coupling but also overall bacterial responses iayge
demonstrated that bacterial blooms occurred in years oftp@si  across di erent time and space scales, itis important to réthigs
chlorophyll (Chl) anomaliesDucklow et al. (20123howed that  jssue with seasonal datasets, and over longer time spans.
the degree of coupling between phytoplankton and bacterial Here, we report variability of bacterial dynamics in the
properties was variable depending on the space and time scal@sastal waters o Palmer Station in the WAP, using a
analyzed. decadal time series (2002—2014) of two bacterial propeBies,

The coastal WAP is a very productive ecosystem with higlind bacterial biomass (BB), over the phytoplankton growing
phytoplankton productivity and biomass accumulations (i.e.season (October-March). We use the tebmacteriato denote
high Chl) as spring ice-melt drives strati cation of the upper heterotrophic bacteria due to a very small fraction of autptric
water column and subsequently alleviates light limitatittn  pacterioplankton (usually< 1% of total bacterial count) and
cells Gmith et al., 2008; Vernet et al., 200Bhe WAP re ects also a low fraction of archaea in the upper 100m of
strong seasonal and interannual variability in a varietynafrine  the WAP in summer Church et al., 2003 Based on the
ecological and biogeochemical functions as a result oélample two bacterial indices, we addressed seasonal and integannu
climate variability including the Southern Annular Mode (SAM) variability of bacterial dynamics, the degree of bacterial
and El Nifilo-Southern Oscillation (ENSO) and their impaCtSphytop|ankton coupling, and of resource (bottom-up) control
on local physical drivers such as sea ice, upper ocean physig, bacterial growth, and how these couplings vary seasonally
and local wind patterns. The teleconnection of ENSO with theand interannually. Next, we investigated a potential suite of
WAP has similar e ects as the SAM, where El Nifio causephysical and biogeochemical forcing factors in uencing feac
fewer storms and colder air temperatures, inducing wintex sepacterial variable, using time series of the relevant cknatd
ice growth. The negative SAM also creates favorable conditi |ocal physical and biogeochemical parameters. We hypothksize
for winter sea ice growth as a result of increased cold solythe that active bacterial processes are shaped by similar physical
winds blowing across the WAPS(ammerjohn et al., 2008It  forcing factors as phytoplankton blooms (e §aba et al., 20),4

was demonstrated that positive Chl anomalies occurred eveRowever, with complicating e ects from temperature in the
4-6 years in a stabilized water column induced by large seastal WAP.

ice extent during preceding winters as a consequence of the

negative phase of winter SAM and by reduced wind speeds in tt}@l ETHODS

following spring as a result of positive spring SAMapa et al.,

2019. Biological drawdown of dissolved inorganic nutrients in Sjte Description

nearshore waters at Palmer Station is also regulated byiasim The study area is located at Palmer Station B (&.$4.1W)

suite of climate and physical forcing factoisifi et al., 2015 in the coastal WAP Figure 1, adopted fromKim et al., 201}

However, impacts of these physical forcing factors on othepalmer Station B is relatively shallow 75m) and located

components of food webs, such as marine heterotrophic bacterinshore adjacent to the coastal Marr Glacier, which haseeged

or microbial loop dynamics, have not been examined. Thetabas signi cantly over the past few decades.

WAP ecosystem is ideal for exploring these relationshipsgitee

well-established relationships with physical and environtae  Sampling

drivers. Samples for bacterial and other ecological and biogeochémica
The ratios of bacterial production (BP) to PP (BP:PP) argroperties (e.g., DOC, PP, Chl) were collected at Palmerostati

low in polar waters indicating that only a small portion of PP B on a twice-weekly basis over the 2002—-2003 (hereafter2002

supports bacterial carbon consumptio®iicklow et al., 2001, 2003) to the 2014-2015 Antarctic eld seasons, with a Go-Flo

2012; Kirchman et al., 200pdt has long been hypothesized bottle cast from a Zodiac boat. Samples were not collecteidigur

that bacterial growth in Antarctic waters is inhibited bywo the 2007-2008 eld season due to logistical reasons. Ustiatly
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Palmer Station (64.8°S, 64.1°W ) Bathymetry

FIGURE 1 | Location of Palmer Station B in the West Antarctic
Peninsula (WAP) adopted from Kim et al. (2016) .

references therein); but adopt a constant factor to facéitat
comparison with other studies (e.@ucklow et al., 2012

Measurement of Bacterial Abundance via

Flow Cytometry

BB was derived from bacterial abundance measurements.
Samples for bacterial abundance were analyzed within 6-h of
collection by ow cytometry following the protocol ofsasol

and Del Giorgio (2000pn an Accuri C6 (Becton-Dickinson).
Total bacteria concentrations were determined by addimgmi
microspheres (Polysciences, Warrington, PA) andi@ nal
concentration of SYBR-Green stain to 0.5 ml of samples. The
incubated samples were measured for 2-min at a low ow rate.
Total bacterial cells and beads were enumerated in cytogram
of side scatter (SSC) vs. green uorescence (FL1). Thewbsol
concentration of stained cells was calculated using the total
sample volume analyzed, as determined by the count of the
added microspheres. Bacterial abundance was then converted
to BB values using 10fgC cell (Fukuda et al., 1998 Thus,

BB in our study simply re ects bacterial abundance integdate
in the upper water-column, not incorporating the e ect of
cell volume changes over time and space. The time series
data for both BP and BB values (Dataset 47) are archived at
the Palmer LTER Datazoo: (http://oceaninformatics.uahal.e
datazoo/data/pallter/datasets). Other complementary dasas
for the purpose of comparing with bacterial properties are
also available at the Palmer LTER Datazoo: Chl (Dataset 126)
1C-PP or PP (Dataset 127), and DOC (Dataset 70) and full
descriptions on their analysis and measurements are found in
Supplementary Material.

Calculations of Bacterial Standing Stocks

Due to a weak variability of bacterial indices below 50 m and
the shallow depth of Palmer Station #J-leucine incorporation
rates and bacterial abundance were depth-integrated to 50 m.
This is also the depth at which Chl and PP are typically at or near
zero and at which macronutrients rst re ect their maximum
water-column concentrationsk(m et al., 201k Thus, depth-
integrated standing stocks for bacterial properties (mgC2?m

d 1for BP and mgC m? for BB) provide a consistent basis of
comparison across months, seasons, years, and other dataset

samples were obtained in the upper 50 m. Initial date of samplingrior to depth-integration, replicate values at the same depth
was determined by sea ice retreat allowing small boat ateesswere averaged and the values at the shallowest deiin) were
sampling sites. Termination of each season was determined lgxtrapolated to the surface if the surface samples were missin

vessel scheduling. Typically, sampling lasted from late li2cttm
late March.

Measurement of Bacterial Production via
3H-Leucine Incorporation

The values at 50 m were linearly interpolated if not samplec Th
depth-integrated standing stocks were calculated only when
values for at least 3 discrete depths were measured in the upper 5
m. Otherwise, the depth-integrated stocks were estimatatgusi

a linear regression between surface and depth-integrateegva

The3H-leucine incorporation rate of the collected water samplegr? D 0.64-0.79, aP < 0.001).
was measured to derive BP rates. We followed a modi ed

protocol of the original leucine assay proposed $iyith and
Azam (1992) as described inDucklow et al. (2012) The
3H-leucine incorporation rate (pmol I'h 1) was converted
to BP rates (mgC I*h 1) using the factor 1.5 kgC mot
leucine incorporated ucklow et al., 2000 We recognize
that conversion factors may varKigchman et al., 2009tand

Empirical Orthogonal Function (EOF)

Decomposition

We performed EOF analysis to investigate intraseasonal (i.e.
variations within each growing season, 2002—-2003 to 2014-
2015 eld seasons) to interannual covariability (i.e., ratenual
variability of seasonal dynamics) of BP and BB. More details
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regarding input data matrices and seasonal grids are found inot a ected by outliers or highly skewed predictor variables.
Text S1. Basically, the sample covariar@ewas estimated by Multicollinearity, a statistical phenomenon where predictor
computing biased covariance between time series from alpaivariables in a multiple regression model are highly coreslat
of grid cells, including mutually occupied time steps only. Aleads to a reduction in the ability to detect reliable e ecfs o
standard EOF analysis is performed on this estimated cavegia correlated variables. To examine how much the variance of
matrix to compute eigenstructure, where rst 4-5 dominantthe coe cient estimates are being in ated by multicollinety
EOFs (4 EOFs for BP accounting 86.6% of total variability andh each bacterial GLM, we calculated the variance in ation
5 EOFs for BB accounting 97.9% of total variability afteu&lly ~ factors (VIFs) for each predictor variable used in the GLMs.
examining eigenvalue and scree plots) are combined to pravideThe selected GLMs and associated statistics are summarized in
smooth, reduced-space interpolant data across the grid sosesa  Tables 1-2.
and years (i.e., reduced space optimal analysis (RSQ&)an
et al., 199). More details on EOF computations are available nRESULTS
Text S1.
Depth Distributions of Bacterial and
. . Phytoplankton Properties
Genergllzed Lmea_r Models (GLMs) by Dep%h (E)ontours of temgerature and salinity showed seasonal
Stepwise Regression evolution in the upper water column with signi cant interanat
We established GLMs for BP and BB by stepwise regressi@ariability in terms of the timing. Seasonal warming of the
to investigate large-scale climate and local physical angater column started from early to late December (day 346)-36
biogeochemical forcing factors predicting high BP and BBwith corresponding decreases of salinity (i.e., freshéniram
respectively. The predictor (independent) variables tested f surface of the water columrFigures 2A,B. High 3H-leucine
model selection are summarized in Table S1 and Text Sthcorporation ¢ 50 pmol | 1h 1) or large bacterial abundance
When performing stepwise regression analysis for GLMs, it ig> 1(P cells | 1) generally followed high phytoplankton values
critical that a response (dependent) variable being modeled {$ 100 mgC m3d 1;>5-10mg Chl | 1) with varying lags from
normally distributed. To ensure each data set comes from agfew days (days of year 335-350 in 2012—26ifBres 2C—Bup
much like a normal distribution as possible, the BP datasefo a month (days of year 410-425 in 2005-2006 and days of year
was logo transformed and the BB dataset was square roo865-395 in 2012—2018jgures 2C—§, though not always. For
transformed. example, there was anomalously hif-leucine incorporation
Model selection of GLMs was based on the correcte¢h 2010-2011 (day of year 365—4Higure 2B, but with only
Akaike Information Criterion (AIG). Typically, an ordinary, a slight increase of ChIFgure 2D) and a lack of high PP
uncorrected version of AIC is used to determine the signica (Figure 20). This discrepancy was also observed in the year
of each predictor variable in the model, where the residuat su 2011-2012. Conversely, high Chl and PP did not result in
of squares is penalized by twice the number of parameters timeggh 3H-leucine incorporation events as shown in December
the residual mean square of the initial modélkaike, 197%  of 2003-2004. Furthermore, higRH-leucine incorporation
The usage of the Algallows, additionally, the selection of the did not always co-occur with large bacterial abundance

model with the closest to optimal balance between goodness 8§ shown in years 2010-2011, 2011-2012, and 2012-2013
t and parameterization, while making a correction for small (Figures 2E, .

sample size typically as in the case of ecological time series

(Burnham and Anderson, 20p4Predictor variable terms (Text Bottom-Up Control on Bacterial Growth

S2, Table S1) were added and removed in order of greatebb assess the degree of bottom up (resource or substratépton
reduction in the AIG value in a stepwise manner (i.e., aon bacterial growth, we examined slope values from signitcan
combination of backward elimination and forward selecion log-log regressions of BP on BBi(en et al., 1990; Ducklow,
Then, the nal GLMs were determined from a sequence ofl99) both for seasons and individual yearEigure 3). For
the steps, which minimizes the A associated statistics, annual slope valuesF{gure 3A) slope values were calculated
and has a fewer number of predictor variables, if possibldrom BP-BB regressions by pooling all monthly data together
to avoid over tting in the model. The models tested includein each individual year. For seasonal slope vallégufe 3B),
multiple types, including linear models (e.g., constantedéin slope values were calculated from BP-BB regressions by goolin
models) and non-linear models (e.g., quadratic, pure quiécira all yearly data together in each particular month. The slope
and interactions). Finally, statistical stability of thstablished value plots from BP-BB regressions are also overlaid with
BP and BB GLMs was assessed based upon two criteria: €lgpe values from SST-BP regressions to compare bottom-up
normality of the residuals of the selected GLMs and (2) a loveontrol with the strength of temperature control on bactéria
degree of multicollinearity of the used predictor variablédge  activity (Moran et al., 200l When pooled for all seasons and
con rmed based on normality tests (e.g., Jarque-Beragfdlls, years, the slope value from BP-BB regressions was 6?35 (
and 2 goodness-of-t) that the residuals between modeledd.26,P < 0.001,n D 333;Figure 3Q), while the slope value
and observed BP and BB are from a normal distributionfrom SST-BP regressions was 0.14 D 0.20,P < 0.001,n

at a 95% con dence interval (Cl). This indicates that linearD 314; Figure 3D), which is slightly lower than the BP-BB
relationships between the predictor and response variables aregression.
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TABLE 1 | Summary of generalized linear models (GLMs) and associ  ated
statistics for monthly composites of BP during summertime only (A) and
during entire growing seasons (B).

A. BP (DJF)
Log10BPpgr D a1 C ay(Sea ice extent) 5,y C az(MLD)Np C az(Log19PP) C
as(Log;0DOC)

Estimated Coef cients

Intercept Estimate SE . t-statistics P-value

ap 14.4 5.22 2.76
ay 895 10 % 507 106 1.76
a3 0.026 0.009 2.77
ay 0.414 0.167 2.46
as 3.99 1.50 2.67

0.015
0.098
0.014
0.026
0.017

Distribution: Normal

AICc D 4.20

ObservationsD 20

Error degrees of freedomD 15
Estimated dispersionD 0.031
F-statistic vs. constant model: 5.18
PD7.99 10 3

Adjusted r2 D 0.47

Variance In ation Factors NIF5
Sea ice extentyy D 1.23
MLDyp D 1.49

LogioPP D 1.14

Log1oDOCD 1.44

(Continued)

TABLE 1 | Continued

B. BP (ONDJFM)
Log10BPonpirm D a1 C ax(SAM);y C az(SST) C as(Sea ice extent) g,y C
a5(MLD)np C ag(Density gradient) npC az(Log10PP)

Estimated Coef cients

Intercept Estimate SE . t-statistics P-value
a; 1.93 0.792 2.44 0.021
ay 0.0317 0.0165 1.92 0.064
as 0.132 0.030 437 131 10 4
ay 138 105 393 10 © 3.53 134 1038
as 0.0263 6.50 10 3 4.04 322 10 4
ag 6.21 2.97 2.09 0.045
ay 0.460 0.094 4.90 285 10 °

Distribution: Normal

AICc D 2438

ObservationsD 38

Error degrees of freedomD 31
Estimated dispersionD 0.023
F-statistic vs. constant model: 16.7
PD17 10 8

Adjusted r2 D 0.72

Variance In ation Factors (VIFs)*
SAMyyy D 1.35
SSTD 1.09

Sea ice extengyyy D 1.83
MLDyp D 1.17

Density gradientyp D1.80
Log1oPP D 1.88

Annual slope values (only from signi cant relationships) Of The monthly composites of summertime (December-February or DJF, Table 1ahd of
BP-BB regressions ranged from 0.23 in 2003—-2004 to 0.58 §pfire growing seasons (October-March or ONDJFM, Table 1b) BP were expresdeas a

2009-2010, showing a considerable interannual varighitit
the degree of bottom-up controHgure 3A). Unlike signi cant

linear sum of different physical and biogeochemical predictor forcing viables as shown
in the equations below. The tables present regression coef cients a-as) for a particular
independent forcing variable and their standard errors (S.E.), t-statisticand P-values.

bottom-up control in most years, temperature control wasLarger absolute values of t-statistics indicate a larger in uence of a partigar predictor
signi cant onIy for half of our study years Temperature variable on the given dependent variable. The best model selection was vialsievement

control was never stronger than bottom-up control in any gea

(Figure 3A).

of the lowest AIG: values in a stepwise manner. Statistical stability of the selected GLMs
was tested based upon the normality of residuals and the low degree of multicalearity.
CFollowing a typical threshold value of 4.0 at which the multicollinearity golem can be

Seasona”y, the regression slope values for BP-BB were Vlgpyred for a particular predictor variable@'Brien, 2007), we con rmed that all VIFs in

consistent with a value near 0.3Figure 3B). Most seasons
showed a signi cant bottom-up control except for October.
However, temperature control was only signi cant for lesarth

each model are<4.
*All the VIFs in each model are 4.

the half the growing seasons, only evident in December angajue from log-log regression of PP-BP was 0s£70({ 0.07,P
February Figure 3B). The strength of temperature control on BP < 0.001,n D 230;Figure 4D). The BP:PP ratidigure 5B was

was higher in February than in December.

Bacterial-Phytoplankton Coupling

calculated from annually integrated PP and BP (days 290-440;
Figure 5A). The 11-year mean BP:PP ratio was 0.04, showing
considerable interannual variability in the ratio. Annestale

To assess the degree of bacterial coupling with phytoplanktoRP-BP regressions were largely absent except for 2005-2006
processes, we examined slope values from signi cant log-lagnd 2010-2011 with slope values of 0.57 and 0.46, respectively
regressions between PP or Chl (as an independent variabig&igure 4A). In contrast, signi cant Chl-BP regressions were
X) and BP (as a dependent variable, Y). The regressions warere frequent with slope values ranging from 0.33 to 0.56r§/ea
assessed seasonally and annually. When pooled for all seas@fi05-2006, 2009-2010, 2010-2011, 2013-2014, and 208:4—201
and years, the slope value from log-log regression of Chl-8% wFigure 4A) showing a considerable interannual variability in the
0.32 ¢2D 0.12,P< 0.001n D 271;Figure 40), while the slope degree of Chl control on BP.
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TABLE 2 | Summary of generalized linear models (GLMs) and associ
statistics for monthly composites of BB during summertime only (A)

during entire growing seasons (B).

A. BB (DJF)

BB%ZZF D a; C ap(Wind speed) C ag(SST)C ay(Density gradient) np C as

(Log10PP)

Estimated Coef cients

Intercept  Estimate SE . t-statistics P-value
a; 5.32 6.86 0.775 0.450
ap 0.918 0.437 2.10 0.053
ag 1.53 0.774 1.98 0.067
ay 80.2 30.7 2.62 0.019
asg 5.18 2.17 2.38 0.031

Distribution: Normal

AICc D 90.9

ObservationsD 20

Error degrees of freedomD 15
Estimated dispersionD 3.6
F-statistic vs. constant model: 8.01
P D 0.001

Adjusted r2 D 0.60

Variance In ation Factors NIF§§
Wind speedD 1.14

SSTD 1.36

Density gradienfyp D 1.50
LogioPP D 1.72

B. Bl_B (ONDJFM)

=2 )
BBonparm D @1 C ax(Wind speed) C ag(SST)C ag(MLD)np C

ag(Density gradient) np

Estimated Coef cients

Intercept  Estimate SE . t-statistics P-value
a 6.41 3.12 2.05 0.049
ap 0.725 0.393 1.84 0.075
ag 2.07 0.463 4.47 9.72 10 °
ag 0.163 0.091 1.79 0.083
as 153 33.0 4.65 590 10 °

Distribution: Normal

AICc D 169.6

ObservationsD 38

Error degrees of freedomD 31
Estimated dispersionD 5.41
F-statistic vs. constant model: 11.4
PD859 10 ©

Adjusted 2 D 0.54

Variance In ation Factors (VIFS)
Wind speed D 1.40

SSTD 1.33

MLDyp D 1.06

Density gradienfyp D 1.09

CAll the VIFs in each model ares 4.

Seasonally, PP-BP regressions were only signicant in
October, January, and February, while signicant Chl-BP
regressions were more frequently observed (November to
February;Figure 4B). The PP-BP regression slope values (only
signi cant relationships) ranged from 0.26 to 0.41. The slope
values from signi cant Chl-BP regressions ranged from 0.25
to 0.38, showing a similar seasonal variability as PP-BP
regressions.

Climatology of Seasonal Bacterial

Dynamics

The individual year plots indicate strong seasonal and
interannual variability of BP and BB valueBigure 6). From a
climatological (2002—2014) perspective, on average, thaseaw
gradual, seasonal increase of BP rates from a seasonal ammim
of 11.4 mgC m? d ! to maximum at 46.4 mgC n? d ! in
mid-January Figure 7A). BP declined to 109% of its starting
value (seasonal minimum). In contrast, climatological BB
showed somewhat a di erent pattern than BP, with a sustained
increase as the mean growing season progressed, reaching a
maximum of 419 mgC m? at the end of the sampling period
(Figure 7B). Thus, we recognize the possibility of increasing BB
values after the end of our sampling period, but an analysis for
extended seasons until Austral winter is beyond the scope of
our study. PP Figure 70 and Chl climatologies Rigure 7D)
showed similar patterns to the BP climatology, suggestingseclo
phytoplankton-bacterial coupling.

Interannual Variability of Seasonal

Bacterial Dynamics
This section describes seasonal variability patterns E&©F)
of BP and BB, and how these patterns vary interannually (i.e.,
PC). We report rst the two dominant EOF modes (EOF1-2;
Figures 8A,D and their PC time series (PC1-Ejgures 8C,k
to consider major seasonal patterns (phenology) of bacterial
processes. Next, we present anomalies relative to the 11-year
climatology of the given seasonal time bins (RSOA anomalies;
Figures 8B,B.

BP mode 1 (42% of total BP variability) was characterized
by a gradual increase of BP rates starting with a slight asee
in late October, a peak in January, and then decreases after
February (BP EOFEigure 8A), similar to the climatology. The
seasonal maximum of BP occurs from December to February
(DJF) and is therefore termed “DJF bacterial productivity.”
The years of high DJF bacterial productivity were represented
as high PC1 values (years 2005-2006, 2010-2011, 2012-2013,
and 2013-2014Figure 8C. BP mode 2 (20% of total BP
variability) mainly captured the rest of the variability tef
out from BP mode 1, showing elevated BP rates during
November to the rst half of December. The years of this high
November-early December, “spring bacterial productivity'teve
observed as high PC2 values (years 2004-2005 and 2012-2013;
Figure 8Q.

BB mode 1 (49% of total BB variability) represented high BB
throughout growing seasons with slightly higher biomassry
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FIGURE 2 | Time-depth distributions of physical properties ( A. temperature, B. salinity), volumetric phytoplankton (C. P P, D. Chl) and bacterial
properties (E. 3H-leucine incorporation rates, F. bacterial abundance) for individual years (2002—-2003 to 2014-2015) over full growing  seasons (day of
year 290 to 440 or mid-October through March. Black triangle marks on the x-axis indicate sampling time pats.

DJF than other months (BB EOFEigure 8D). This overall, Physical and Biogeochemical Forcing

seasonally increased BB pattern was captured by large PC1 (BBctors of Bacterial Dynamics

PC1,Figure 8F, years 2005-2006, 2013-2014, and 2014-201%)nally, based on our results from bacterial GLMs (BP and
Relatively speaking, BB mode 2 (22% of total BB variabilityyp GLMs) we explored a potential suite of physical and
represented large BB especially in the beginning of the seaspibgeochemical forcing factors responsible for the obskrve
(October to rst half of November) and corresponded to largevariability of each bacterial property. We rst examined mbiyt
PC2 (BB PC2Figure 8F years 2002-2003, 2010-2011, andummer (DJF) composites of BP and BB since they show
2012-2013). shared strong positive responses from the EOF plots during
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FIGURE 3 | The degree of bottom-up control on bacterial biomass (BB) and of temperature control on bacterial production (BP) based on the slope
values from log-log regressions of BP-BB and of sea surface temp erature (SST)-BP. The degree of bottom-up control on BB and of temperature contol on
BP were examined from regression slope values between thoseariables (asterisk on top of plot indicates signi cant regrssions atP < 0.05). For each year's slope
values(A), the slope values for that year were calculated by pooling b$easonal months' data in that particular year. For seasori@lope values(B), the slope values for
each month were calculated by pooling all individual yearslata in that particular month. When pooled for all seasons ahyears (C,D), the regression slope value for
BP-BB was 0.35 (r2 D 0.26, P < 0.001, n D 333) and the regression slope value for SST-BP was 0.14% D 0.20, P < 0.001, n D 314). Error bars indicate standard
deviation of the slope value at 95% Con dence Interval (CI).

these months Kigures 8A,D. To see if bacterial responses The BB GLMs during summertime (DJF) showed that large

to physical and biogeochemical forcing factors di er outsideBB was in uenced by high salinity-driven density gradientdan

of the DJF period, we additionally examined BP and BBiigh PP (stronger to weaker forcingable 2A). SST was also

GLMs over entire phytoplankton growing seasons (October t@ signi cant forcing factor for the BB GLM, but its e ect is

March or ONDJFM). Thus, bacterial GLMs (2002—-2014) hereomparatively lower than other forcing variables based an it

explain an occurrence of years with high monthly compositetower absoluté-statistic valueTable 2A). As observed in the BP

of BP and BB standing stocks during summertime (DJF)GLM during entire growing seasons, high SST was also shown

periods ([Tables 1A 2A), as well as over entire growing seasonss a signi cant predictor variable (in this case, as a “stashg

(Tables 1B 2B). forcing variable based on a higher absolt#statistic value than
During summertime (DJF), signicant physical and BB GLM for DJF) for large BB if extended to entire growing

biogeochemical forcing variables shaping high BP includedeasons: large BB was shaped by high salinity-driven density

shallow MLD, high bulk DOC, and high PP (in order from gradient and high SST (stronger to weaker forcifagle 2B.

stronger to weaker forcingTable 1A). If extended to entire

growing seasons, high SST was additionally observed asp4SCUSSION

signi cant physical predictor variable for high BP rates:thigP

rates during ONDJFM were in uenced by high PP, high SST, angtudies have investigated dynamics of heterotrophic biacter

shallow MLD (stronger to weaker forcingable 1B). in the WAP and adjacent Antarctic ecosystems, with a focus
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FIGURE 4 | The degree of bacterial-phytoplankton coupling b ased on the slope values from log-log regressions of phytopla nkton properties (PP,
Chl)-BP. The degree of BP coupling with phytoplankton activity (PP)ral biomass accumulation (Chl) was assessed using the slopealues from log-log regressions of
PP (or Chl)-BP (asterisk on top of plot indicates signi cantegressions atP < 0.05). For each individual year's slope valuegA), the slope values for each year were
calculated by pooling all monthly data in that particular ya. For seasonal slope value¢B), the slope values for each month were calculated by poolinglaindividual
years' data in that month. When pooled for all seasons and yaa (C,D), the regression slope value for Chl-BP was 0.32r¢ D 0.12, P < 0.001, n D 271) and the
regression slope value for PP-BP was O.l7r€ D 0.07, P < 0.001, n D 230). Error bars indicate standard deviation of the slope \lae at 95% CI.

on a variety of processes, including bacterial responses tooms and were also almost always found in the upper water
environmental gradients, coupling with phytoplankton, andcolumn coinciding with high PP, thereby indicating a freqae
community structures (e.gKarl and Tien, 1991; Karl et al., but variable coupling between bacterial and phytoplankton
1991; Moran et al., 2001; Moran and Estrada, 2002; Duckloprocesses in the coastal WAP waters. Bacteria and phytoplankto
et al., 2012; Luria et al., 2014, 2016; Nikrad et al., 201dppeared to be coupled (i.e., high bacterial events follovairggel
Bowman and Ducklow, 20)5However, these studies are mostlyphytoplankton events), with varying degrees of lag between th
short-term and usually constrained to just 1 or 2 years. Outwo. The di erent degrees of bacterial-phytoplankton coupling
seasonally extended (October—March) and decadal timesericould be attributed to di erent production rates of DOM from
analysis of bacteria highlights a set of patterns that have ng@hytoplankton assemblages and its rate of subsequent kalcteri
been identi ed in the previous work, including time-varying utilization, which is often a function of di erent bacterialades
temperature control on BP and consistent DOC limitation (Straza et al., 2009; Nikrad et al., 2p1#t was shown in
throughout the phytoplankton growing season. Our discussiorAntarctic waters that up to a month was needed for bacterial
begins with a broad overview of bacterial dynamics using thblooms to respond to diatom blooms due to delayed production

depth contour plots for each season and year (see below). and utilization of macromolecular, polymeric DOMB({llen and

. . . Becquevort, 1991; Lancelot et al., 19%ompared to shorter
Overview of Bacterial Dynamics Based on lags of a few days at lower latitudeBillen et al., 1990
Depth Pro les If bacterial blooms are dominated by fast growing bacteria

To rst order, depth proles showed that highPH-leucine such as gammaproteobacterial clades (e.g., Ant4D3, Ar&ic96
incorporation rates generally followed large phytoplanktonl6), there may be a relatively short lag between high BP and
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implies that some other environmental factor prevents high
bacterial activity despite availability of organic carbaurges

for bacteria. One possibility is low temperature, which hagylo
been hypothesized to cause low BP to PP ratios in polar waters
(Pomeroy and Wiebe, 2001In our depth pro les, bacterial
accumulations were rarely observed in early spring when SST
was still low € 0.5 C; Figures 2A,E,F, implying that there
might be at least some degree of temperature control on batter
activity in the coastal WAP waters. However, presumably due
to small sample sizen(D 9) during the time of the observed
decoupling (December of 2003-2004gures 2C-E, SST was
not signi cantly correlated to®H-leucine incorporation rates,
thereby precluding a test of a direct e ect of temperature.
Regulation of diverse bottom up control factors (e.g., CRl) &n

BP is often manifested at larger scales (&.giour and Torreton,
1996; Ducklow et al., 20).ZThus, by pooling all years' data in
each seasonal month, we subsequently investigated theelegr
of temperature control on BP with greater sample size, using
the slope values from SST-BP regressions seasonally (Hea Sec
Bottom-Up Control on Bacterial Abundance).

Our observations also showed that high BP did not always
o n oot oy oo pomes nges ywae | 1920 fo large B accumulations (2. 2010-2011, 20112012
annually infegratez from day)s/ 290 to 440 for B[I)D and PP for egcbear. Year and_ 2912_2013)'_ Here, _top down control factor; might play
annotations indicate the starting year of the austral growg season (i.e., 02 for a signi cant role in causing BP-BB decoupling, given that BB
October 2002 to March 2003). could only increase if bacterial growth exceeds removal by
grazers or bacterivore grazers are not capable of balancing
the production of enlarging bacterial cell&¢sol et al., 1999
Antarctic waters are often characterized with a high grgzin
phytoplankton bloom events, in response to low-molecularpressure of protozoan grazers on bacteria, which strongly
weight, readily utilizable DOM than when dominated by slpwl limits large bacterial accumulation8i(d and Karl, 199% In
growing bacterial clades such as SARBiad et al., 201  the coastal WAP, microzooplankton were specically shown
Conversely, if bacterial metabolism is mainly based on highto exert a substantial grazing pressure on bacteria, often
molecular-weight DOM, it likely leads to a longer lalguria  removing >100% of BP Garzio et al., 20193 Viral infection
et al. (2016pemonstrated that di erent individual bacterial taxa and lysis were also shown as critical factors for causing
were dominant over the course of the bacterial bloom in thesigni cant bacterial mortality in Antarctic waters Quixa-
coastal WAP, which contributed to dierent time lags in the Boixereu et al., 2002; Brum et al., 21 the following Section
bacterial responses to DOM. On the other hand, varying lags @dottom-Up Control on Bacterial Abundance, we discuss in
bacterial-phytoplankton coupling might also happen if bacteriadetail the e ect of bottom-up control on bacterial abundance
rely not only on LDOC but also on semi-labile DOC (SDOC)from our data, primarily using the slope values from BP-BB
from previous months' or years' phytoplankton accumulationsregressions.

(Kirchman et al., 2001; Davis and Benner, 20088hich leads

to a seemingly uncoupling or a coupling with a long lag (more .

detailed discussion on SDOC is found in Section Biogeocbami BOttom-Up Control on Bacterial

Forcing Factors of Bacterial Dynamics). In the Ross Sea, Abundance

was shown that bacterial growth was strongly dependent om a steady-state system where the bacterial utilizatide od
previously accumulated SDOC, at di erent rates over the ceursDOM is coupled to its rate of supply, BP may be considered
of growing seasons, but SDOC was eventually entirely coeduma proxy for DOM input ux and thus indicative of bottom-
by the end of the seaso®(icklow et al., 2001; Ducklow, 2003 up control Billen et al., 1990 Traditionally, predominance of
Using 16S rRNA gene phylotype-derived prediction of microbiabottom-up control on biomass of a certain trophic level has
metabolic pathway€3owman and Ducklow (2013lso showed been explored from log-log relationships between abundance
that bacterial communities presented a di erential distritn ~ (biomass) of that trophic level and presumed controlling ¢ast
for pathways associated with the degradation of DOC poolsglonMcQueen et al., 1996Following this approach, the strength
the WAP, which likely implies di erent bacterial clades mighg  of bottom-up control on bacterial abundance has been asgess
responsible for utilization of di erent DOC pools in our study. in diverse ecosystems using the slope of signi cant log-log

In contrast, BP was occasionally decoupled from PP oregressions of BP (DOC)-BB{jiah and Ducklow, 1995; Dufour
Chl (e.g., December of 2003-20@4gures 2C—g where high and Torreton, 1996; Gasol et al., 2002; Hale et al., 2006;
phytoplankton processes did not lead to high BP events. Thi&arneau et al., 2008; Moran et al., 2010; Calvo-Diaz et d4l4,; 20
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FIGURE 6 | Interpolated (black solid line) BP rates (A) and BB standing stocks (B) in the upper 50-m using the rst 4 and 5 domi nant EOF modes,
respectively (i.e., RSOA interpolation) for individual yea  rs over entire growing seasons.  The blue dots indicate 15-d means of measured values of BP and
BB. Year annotations indicate the starting year of the austt growing season (i.e., 02 for October 2002 to March 2003).

Ducklow, 199%. Higher slope values (i.e., stronger degree of The regression slope values from our BP and BB data
BB dependence on BP) indicates stronger responses of BB (figure 3B) indicate a very consistent bottom-up control across
increases in substrate (DOC) supply or BP, implying that béeter seasons with an average slope value of around 0.32. This value
experience substantial DOC limitation. Conversely, if BRds re ects a weak to moderate bottom-up control on bacterial
responsive to increases in BP, bacteria are not DOC-limited; growth (Ducklow, 199). The slope value was never below the
possibly are e ciently removed by grazers and viruses. threshold slope value of 0.2D(cklow, 199), implying that
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FIGURE 7 | Climatology of BP (A), BB (B), PP (C), and Chl (D). Climatology (2002—-2003 to 2014-2015) of depth-integrated0-50 m) BP(A), BB (B), PP (C), and
Chl (D) for a full growing season. The data in the calculation are RS®interpolated data. Error bars indicate 1 standard error.

FIGURE 8 | Empirical orthogonal function (EOF) and anomaly plot s of depth-integrated BP and BB.  The EOF(A,D) patterns and RSOA-interpolated
anomaly plots(B,E) reconstructed using the rst 4 and 5 dominant EOF modes, accouting for 86.6 and 97.9% of total BP and BB variability, respetively. The
percentages captured by each EOF mode are presented in the avesponding principal component (PC) time serie§C,F), which indicates interannual variability of the
seasonal patterns detected by the corresponding EOF. The rkcolors represent positive anomalies, and blue colors repsent negative anomalies relative to the
climatology (2002—-2003 to 2014-2015;Figure 7 ) for each seasonal time bin. Year annotations indicate thetarting year of the austral growing season (i.e., 02 for
October 2002 to March 2003). Note that there are year gaps (nalata in 07 and 08).

bacteria in this system were always under some sort of resourphytoplankton at this site {im et al., 2016Sherrell,personal
limitation over entire growing seasons. Resource-wisetebiac comm). Experiments byDucklow et al. (2011also suggested
could be limited by DOC, dissolved inorganic nutrients (g.g that the summertime bacterial community is not nitrogen Ited
nitrate and phosphate) or trace metals such as iron. Howevein the WAP coastal waters, given that bulk bacterial properties
there is no evidence of macronutrient and iron limitation on (e.g., BP and abundance) signi cantly increased in response
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to experimental additions of glucose, but not to ammoniumresults consistently suggest an overall tighter couplingroigh
enrichment.Calvo-Diaz et al. (2014uggested a seasonal switchChl than with PP. This implies that overall accumulations of
from temperature to substrate supply as a major controllingohytoplankton biomass might support BP, but not necessarily
factor for bacterial abundance in the coastal Bay of Biscagarbon ux from PP directly; i.e., release of DOC from active
based on their observations of decreasing slope values frophytoplankton with the timescale of th&'C-PP measurements
temperature-BP regressions and increasing slope values frgqm1 day). This point was also raised byicklow et al. (20120
BP-BB regressions as seasons progress. The WAP system di support their observation of tighter coupling between Chl and
substantially from their observations from estuaries.(eSgiah  BP as well, which they attributed to bacterial utilizatiohBOC

et al., 2008 In our study, temperature control on BP was from other sources like zooplankton grazing and sloppy feeding
only signi cant in December and February, while consistenton the timescale of phytoplankton stock turnoverX0 days).
degrees of bottom-up control on BB were evident over allrhent ~ Our analysis indicates that only a very minimal portion (i.e.,
(Figure 3B). Similar patterns were observed from individual 4%) of xed PP supports BP in the coastal WAP, corresponding
years' slope valuesigure 3A). Only the half of years showed to other studies in polar ocean®(cklow et al., 2001, 2012;
a weak to moderate degree of temperature control on BP, whiléirchman et al.,, 2009a In the Ross SeaCarlson et al.
most years were under weak to moderate DOC limitations(1998)showed that up to 90% of phytoplankton-production
When pooled for all years and seasons, temperature control wés partitioned to the POC pool, rather than routed through the
considerably weaker than bottom-up contrdFigures 3C,D. DOC pool, which accounts for only about 10% of total carbon
Based on these observations, we sug@Estthat bacteria in  xed. Low accumulations of DOC were previously reported after
coastal WAP waters are always under some degree of DQghytoplankton blooms in the WAP regionT(upas et al., 1994
limitation and (2) that both yearly and seasonally temperatureThese ndings support our conclusion that the limited supply of
also inuences BP but the e ect may not be as large andOC is a primary reason for low BP:PP ratios. Such a low BP

consistent as DOC limits bacterial processes. fraction of PP begs a question about the fate of the large anou
_ ) of unused PP or POC within the food-web of the coastal WAP
Bacterial-Phytoplankton Coupling ecosystem. Usinig situ O,:Ar measurements at Palmer Station,

In the coastal WAP ecosystem heterotrophic bacteria may feetbrtell et al. (2014)showed there was a period of intense net
principally on in situ photosynthetic products released from heterotrophy during the crash of a phytoplankton bloom. They
phytoplankton to fuel BP Kaines and Pace, 1991; Nagataimplicated increased respiration by zooplankton as a maja fat
2000 due to minimal inputs of terrestrial DOM and low bulk of bloom production.Stukel et al. (2015Iso demonstrated with
DOC concentrations (40-5®mol C | 1) in the water column °NO, uptake and?34Th measurements that new production
(Ducklow et al., 2012 The mean BP:PP ratio across all years anéxceeded export production by a factor of ve at Palmer Station
seasons indicated that BP was equivalent to only 4% of Pitasim Hence, it is likely that a majority of PP is respired by intense
to the greater WAP region and other polar areaS§r¢hman  heterotrophic respiration in the upper water column, ratherttha
etal., 2009b; Ducklow et al., 201Zhe degree of the dependenceappearing as bacterial production or being directly exported to
of bacteria on phytoplankton is often assessed as BP:PP ratidspth.
with the reasoning that higher values mean tighter coupling.
However, we based our discussion regarding the covariation . .
between bacteria and phytoplankton or bacterial-phytoplankto Climatology of Seasonal Bacterial
coupling on the slope values of signi cant regressions bahweeDynamiCS
bacterial and phytoplankton variablegl¢ran et al., 2001; Moran Consistent with strong seasonal and interannual varigbibif
and Estrada, 200Q2not the absolute value of the connection. other ecological and biogeochemical properties along the WAP
When pooled for all seasons and years, the PP-BP slope valye (i(Ross et al., 2008; Smith et al., 2008; Vernet et al., 2008|dwuck
the degree of bacterial-phytoplankton coupling or PP contiol oet al., 2012; Saba et al., 2014; Kavanaugh et al., 2015; Kim
BP) was 0.17 in our study{gure 4D). This is equivalentto 0.004 et al., 2013 BP and BB also showed strong seasonal and
if recalculated from the untransformed (linear) regressioot  interannual covariability (See Section Interannual Vailisy of
signi cantly di erent from the regression slope value repafte Seasonal Bacterial Dynamics). Accordingly, the climatekdid
from Ducklow et al. (2012fpr the peninsula-wide o shore region not re ect occurrence of high BP or bacterial blooms for any
during January. one particular year. Both BP and BB values commenced with
BP was coupled with PP only in October, January, andery low values, 4-fold and 2.8-fold lower than seasonalimax
February, while BP was mostly coupled to Chl with strongerespectively, consistent with very low BP values during alistr
degrees of control (i.e., higher regression slope valuewinter seasons (i.e., leucine incorporation rates of typicab
Figure 4B). Most years showed weak to strong couplingpmoll 1h 1).
between Chl and BP with strong interannual variability ireth Notably, seasonal progression patterns were largely di erent
degree of Chl control on BPF{gure 4B), while only two years between BP and BB where the annual BP maximum occurred in
showed a signi cant direct control of PP on BP. On averagehe middle of the growing season, while the BB maximum was
(over all seasons and years), the degree of Chl control on B¥bserved at the end of or possibly even after our growing ssaso
(i.e., slope value of 0.32) also appeared to be stronger thaue to its sustained increase throughout the growing seaEoa
that of PP control on BP (i.e., slope value of 0.17). Thus,eheslope of the increase of climatological BB over time (our samgpl
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period from October to March) was 1.8 mgC m?2 per day, melt water plays an important role in stratifying the upper water
< 5% of the maximum production rate, indicating the longer-temcolumn (Smith et al., 1993

balance between bacterial growth and removal. It is noteworthy that high SST was also a signi cant physical
predictor for both high BP and large BB, if extended from
Interannual Variability of Seasonal summertime to entire growing seasons. However, SST neither

shaped high BP during summertime alone (DJF) nor played an
important role for large BB during DJF as it did over entire

From the BP and BB EOF plots, the rst two dominant modes . . . .
rowing seasons. It is possible that simply due to small sample

mostly captured .h'gh B.P and large BB from t_he start to nearl ize, a correlation between SST and BP (or BB) was absent
end of our sampling period. However, the leading modes (EOF -
- . or low) during DJF or that a response to temperature only
of BP and BB did not show the same dominant seasonal patterns_ . - N
S . . anifested when looking at a longer temporal scale, in thi®ca
between the two properties, in accord with our aforementione .
. . . : . he seasonal scale, due to a more important role of DOC.
observations (Section Overview of Bacterial Dynamics Base . . .
. . A Besides temperature e ects, other physical and climate
on Depth Proles), climatologies and individual year plots . .
. . . . forcings could directly control BP, not modulated through
(Section Climatology of Seasonal Bacterial Dynamics).d$ w hytoplankton processes. Large winter (July) sea ice extent was
previously shown that the leading EOF modes of two di erent” P P ) g y

. . . . L a signi cant physical predictor although its e ect was lower
bloggoch_emlcal variables n_1|ght b‘?co.”."e alike, it S'm"?"s‘“*’*' than other stronger physical forcings (e.g., MLD, SST). This
or biological processes drive variability of each varialele.(

. . winter sea ice e ect seemed to be somewhat stronger when
nitrate and phosphate EOF patternsliim et al., 201% There . ;

is no a pri(F)Jri rer;son that SP needs to have theﬁsame E(ﬁxtended to entire growing seasons (BP GLM for OND‘].FM)
patterns with BB if the two properties are shaped by di erentcompared to summertime (BP GLM for DJF). Observations

. . . of bacterial and phytoplankton properties were not available
regulatory causes, again supporting such factors' roles, (e.

. -8 early spring (October-November) of 2004-2005, but RSOA-
temperature, SDOC, DOC from other sources, grazing) desdrib iqterpolated anomalies indicated that BP was characterized b

in previous Sections Overview of Bacterial Dynamics Bases rong positive anomalies in contrast to negative anomabes f
on Depth Proles and Bacterial-Phytoplankton Coupling. The gp g

. S . . o Chl and PP during that timeRigure 8B, Figure S1). The RSOA-
interplay of these factors in in uencing the interannual iaility . lated plot for 2004—2005 also showed the similar pastern
of BB and PP is considered in the next section using GLMs V%lt_erpo atedp . pase
stepwise linear regression. igure §A Figure S2). Thus, there was a high _BP _event during
early spring months of 2004—2005, where bacteria did not depend
. . . . on phytoplankton-derived fresh LDOC. Notably, the year 2004
Physical and Biogeochemical Forcing was an anomalously heavy sea-ice year compared to the 11-
Factors of Bacterial Dynamics year climatology during our eld seasons, with large winter
It is well demonstrated that large-scale climate and assedi (July) sea ice extent (193,073%nand total ice cover (12,066
local physical forcing (e.g., sea ice and ice melt driven¥% days) as well as late retreat (day 395). Winter sea ice had
strati cation of the upper water column) control the timing @n  not yet totally retreated at the time of the high BP event. One
extent of phytoplankton blooms and PP along the WAR(ith  possibility in support of such high BP rates under high sea
et al., 2008; Vernet et al., 2008; Venables et al., 2013eBaba ice conditions is an additional supply of DOM from ice melt.
2019 and adjacent regionsSchloss et al., 20).ZThus far, we It was shown by several studies that DOC could be captured
have shown evidence of close coupling between bacteria aimdsea ice during ice formation and utilized by bacteria as ic
phytoplankton. In accord with this, we hypothesized that duemelts Kahler et al., 1997; Fortier et al., 2002; Muller et al.,
to a close coupling between bacteria and phytoplankton, simila2013.
but possibly slightly di erent regulatory mechanisms to teasf
phytoplankton blooms may in uence active bacterial processeBiogeochemical Forcing Factors of Bacterial
as a consequence of complicating e ects from other contrgllin Dynamics

Bacterial Dynamics

factors. High PP was observed as a common biogeochemical predicting
factor for both high BP and large BB. Unlike BP GLMs where
Physical Forcing Factors of Bacterial Dynamics PP increased BP regardless of seasons, BB increased in espons

A stabilized upper water-column via shallow MLD or highto PP only during summertime. Bulk DOC was a signi cant
salinity-driven density gradient was a signi cant physicalpredictor for high BP only if extended to entire growing
predictor in driving high BP and large BB during summertime seasons, not during summertime, even though our data showed
(DJF) as well as over entire growing seasons. This is similao signi cant relationship between bulk DOC concentrations
to regulatory factors for large phytoplankton accumulations and Chl or PP (data not shown). Semi-labile DOC (SDOC,
inshore waters o Palmer StatiorS@ba et al., 2014; Kim et al., turnover time of seasons) is biologically available fortbaal
2016. In the coastal WAP, phytoplankton blooms are primarily incorporation in polar waters Kirchman et al., 2001; Davis
induced once they are free from light limitation when the upperand Benner, 2005In the Ross Sea, the entire SDOC pool was
MLD begins to shoalllitchell et al., 1991; Venables et al., 213 utilized for bacterial metabolism by the end of growing season
In turn, shoaling of the upper MLD is controlled by seasonal seatDucklow, 2003. This result implies that bacteria in the Ross
ice dynamics (e.g., timing of retreat, winter ice extenticsiice Sea were under DOC limitation even during phytoplankton
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blooms, similar to our results of consistent DOC limitatigearly seasonal and interannual variability in the degree of bédte
and throughout seasons. Given possible turnover times ofesontoupling (or decoupling) with phytoplankton properties, with
SDOC fractions of up to several yeat§irthman et al., 200  varying lags presumably due to di erent bacterial clades'sole
and the lack of correlations between bulk DOC and Chl orin DOM uptake and bacterial reliance on SDOC in the system.
PP from our datasets, it is likely that SDOC produced fromBP was more tightly coupled with Chl than with PP, suggesting
previous years or months support bacterial growth in the WAPthat bacteria in the WAP system also rely on DOC produced
system similar to the Ross Seaaflson et al., 2000; Ducklow, from diverse trophic levels and processes, not solely on LDOC

2003. of recent phytoplankton origin. The degree of bottom-up catr

. . . on bacterial growth showed that bacteria in this system are
Implications for Climate Change along the under a consistent degree of DOC limitation during entire
Coastal Antarctic Ecosystem growing seasons, with a great interannual variability ire th

The WAP has responded to regional climate change witlstrength of such control. Temperature also seems to play an
signi cant winter atmospheric warming, ocean warming,important role, but not as much as DOC in causing low
reduced sea ice duration, and retreat of glaciers and icetshe BP:PP ratios (i.e., only 4% of PP supports BP) in coastal
(Liu et al., 2004; Cook et al., 2005; Vaughan, 2006; StamnmerjoWAP waters. Top-down e ects of microzooplankton grazing
et al., 2008 The Marr Glacier, located adjacent to Palmer Statiorand viral lysis also seem to exert important roles in decouplin
B, has retreated, potentially releasing L- or SDOC availablef BB from BP. All these aforementioned factors accordingly
to heterotrophs in coastal water<C¢ok et al., 2005; Hood appeared as signi cant regulatory physical and biogeochemical
et al., 2009, 20)5The heat content of Upper Circumpolar forcing factors in bacterial GLMs. Given the current state of
Deep Water (UCDW), regularly spilled into WAP shelf waters,heterotrophic bacteria in the WAP system, which are under
has also increasedvigrtinson et al., 2008 and its delivery is substantial DOC and temperature control, an ongoing trend
further expected to increase as a consequence of an incgeasuof climate change along the WAP may increase BP rates as a
trend in the positive SAM phasel(bin et al., 2008 This consequence of a potential increase of DOC from retreating
may contribute to an overall baseline shift in temperature orcoastal glaciers and an increasing trend of temperaturenalé
increasing UCDW events on the shelf, which may in uence BRand ocean heat content of UCDW and their subsequent impacts
rates. on the upper water-column.

In our study, the results from bacterial GLMs showed that
bulk DOC was a signi cant forcing predictor for BP. Together AUTHOR CONTRIBUTIONS
with the results from bottom-up control (Section Bottom-Up
Control on Bacterial Abundance), this implies that bacteria Substantial contributions to the conception or design oftark
growth in the coastal WAP is still under-saturated “resasrc (HK, HD); The acquisition, analysis, or interpretation oftedor
wise” (i.e., DOC-limited). The current trend of climate aige  the work (HK, HD): Drafting the work (HK); Revising the work
will enhance water-column strati cation through higherr$ace critically (HD); Final approval of the version to be published
water temperature and increased freshwater ux from searice a (HD).
glacial melts. As a result, LDOC pools may signi cantly irage,
resulting in more e cient activity of heterotrophic bactai FUNDING
in the WAP food-web. Recent model ndings demonstrated
that instead of dominance by the e cient diatom-krill-pengui  Palmer LTER program was supported by U.S. National Science
food chain, the WAP presents a strong interannual variapilit Foundation awards OPP 0217282, OPP 0823101, and GEO-
in food-web dynamics, with an important role of microbial PLR 1440435. HK was supported in part by the Department of
food-webs initiated by small cells such as cryptophytsiley Earth and Environmental Sciences at Columbia Universityl an
et al., 201p Retreating glaciers as a result of warming couldhy a subcontract to Lamont-Doherty Earth Observatory from
also increase abundances of freshwater favorable cryptephyNASA ROSES award NNX14AL86G to Scott Doney (Woods
(Moline et al., 2000; Garibotti et al., 2Q0further contributing  Hole Oceanographic Institution).
to a shift to a microbial food web dominated system, where

heterotrophic bacterial roles in carbon and biogeochemicah CKNOWLEDGMENTS
recycling in the coastal ecosystem also become more

prominent. We thank Je Bowman and XAG Moréan for helpful discussion
as well as Palmer LTER eld assistants for collection of badter
CONCLUSIONS samples and sample analyses.

In conclusion, our seasonally-extended analysis of bmte”SUPPLEMENTARY MATERIAL

dynamics using a decadal (2002—-2014) time series of BP and

BB revealed a set of patterns which have not been identi edhe Supplementary Material for this article can be found
previously due largely to the short-term, temporally limitedéis  online at: http:/journal.frontiersin.org/article/108B9/fmars.
of most previous studies. Our major ndings highlight strong 2016.00214/full#supplementary-material
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