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We investigated the dynamics of heterotrophic bacteria in the coastal western Antarctic

Peninsula (WAP), using decadal (2002–2014) time series of two bacterial variables,

bacterial production (BP) via 3H-leucine incorporation rates and bacterial biomass (BB)

via bacterial abundance, collected at Palmer Antarctica Long Term Ecological Research

(LTER) Station B (64.8◦S, 64.1◦W) over a full austral growing season (October–March).

Strong seasonal and interannual variability in the degree of bacterial coupling with

phytoplankton processes were observed with varying lags. On average, BP was only

4% of primary production (PP), consistent with low BP:PP ratios observed in polar

waters. BP wasmore strongly correlated with chlorophyll (Chl), than with PP, implying that

bacteria feed on dissolved organic carbon (DOC) produced from a variety of trophic levels

(e.g., zooplankton sloppy feeding and excretion) as well as directly on phytoplankton-

derived DOC. The degree of bottom-up control on bacterial abundance was moderate

and relatively consistent across entire growing seasons, suggesting that bacteria in the

coastal WAP are under consistent DOC limitation. Temperature also influenced BP rates,

though its effect was weaker than DOC.We established generalized linear models (GLMs)

for monthly composites of BP and BB via stepwise regression to explore a set of physical

and biogeochemical predictors. Physically, high BP and large BB were shaped by a

stratified water-column, similar to forcing mechanisms favoring phytoplankton blooms,

but high sea surface temperature (SST) also significantly promoted bacterial processes.

High BP and large BB were influenced by high PP and bulk DOC concentrations. Based

on these findings, we suggest an increasingly important role of marine heterotrophic

bacteria in the coastal WAP food-web as climate change introduces a more favorable

environmental setting for promoting BP, with increased DOC from retreating glaciers,

a more stabilized upper water-column from ice-melt, and a baseline shift of water

temperature due to more frequent delivery of warming Upper Circumpolar Deep Water

(UCDW) onto the WAP shelf.

Keywords: heterotrophic bacteria, bacterial production, bacterial biomass, phytoplankton, the western Antarctic
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INTRODUCTION

Heterotrophic bacteria utilize and remineralize dissolved organic
carbon (DOC) and organic nutrients, mobilize carbon for upper
trophic levels viamicrozooplankton grazing, and ultimately affect
carbon fluxes and cycling in the ocean (Azam et al., 1983;
Ducklow, 1983). Antarctic coastal waters are characterized by low
bulk DOC concentrations compared to other coastal ecosystems
due to the lack of terrestrial and allochthonous inputs of DOC.
Therefore, bacteria must ultimately rely on in situDOC produced
by phytoplankton (Baines and Pace, 1991; Nagata, 2000) or from
other trophic levels and processes such as zooplankton grazing,
sloppy feeding, excretion, and cell lysis (Strom et al., 1997).
Bacterial coupling with phytoplankton has been demonstrated
in the coastal WAP (Ducklow et al., 2012; Saba et al., 2014),
consistent with other observations fromAntarctic waters (Morán
et al., 2001; Morán and Estrada, 2002). Saba et al. (2014)
demonstrated that bacterial blooms occurred in years of positive
chlorophyll (Chl) anomalies. Ducklow et al. (2012) showed that
the degree of coupling between phytoplankton and bacterial
properties was variable depending on the space and time scales
analyzed.

The coastal WAP is a very productive ecosystem with high
phytoplankton productivity and biomass accumulations (i.e.,
high Chl) as spring ice-melt drives stratification of the upper
water column and subsequently alleviates light limitation to
cells (Smith et al., 2008; Vernet et al., 2008). The WAP reflects
strong seasonal and interannual variability in a variety of marine
ecological and biogeochemical functions as a result of large-scale
climate variability including the Southern Annular Mode (SAM)
and El Niño-Southern Oscillation (ENSO) and their impacts
on local physical drivers such as sea ice, upper ocean physics,
and local wind patterns. The teleconnection of ENSO with the
WAP has similar effects as the SAM, where El Niño causes
fewer storms and colder air temperatures, inducing winter sea
ice growth. The negative SAM also creates favorable conditions
for winter sea ice growth as a result of increased cold southerly
winds blowing across the WAP (Stammerjohn et al., 2008). It
was demonstrated that positive Chl anomalies occurred every
4–6 years in a stabilized water column induced by large sea
ice extent during preceding winters as a consequence of the
negative phase of winter SAM and by reduced wind speeds in the
following spring as a result of positive spring SAM (Saba et al.,
2014). Biological drawdown of dissolved inorganic nutrients in
nearshore waters at Palmer Station is also regulated by a similar
suite of climate and physical forcing factors (Kim et al., 2016).
However, impacts of these physical forcing factors on other
components of food webs, such as marine heterotrophic bacteria
or microbial loop dynamics, have not been examined. The coastal
WAP ecosystem is ideal for exploring these relationships given its
well-established relationships with physical and environmental
drivers.

The ratios of bacterial production (BP) to PP (BP:PP) are
low in polar waters indicating that only a small portion of PP
supports bacterial carbon consumption (Ducklow et al., 2001,
2012; Kirchman et al., 2009a). It has long been hypothesized
that bacterial growth in Antarctic waters is inhibited by low

temperature (Pomeroy and Wiebe, 2001), low terrestrial fluxes
of biologically available dissolved organic material (DOM;
Kirchman et al., 2005, 2009a), and strong top-down control
via bacteriovore grazing and viral lysis (Bird and Karl,
1999). Recently, Brum et al. (2015) suggested that temperate
bacteriophage infection imposed a strong top down control
on BP. The review by Kirchman et al. (2009b) suggested that
BP:PP ratios significantly increase with temperature, but only
below 4◦C, possibly due to reduced bacterial uptake rates of
organic carbon in cold waters without a significant decrease
of PP at the same time. Ducklow et al. (2012) showed that
temperature per se does not seem to regulate BP, but that high
BP was rather associated with phytoplankton blooms. Their
analysis was constrained to limited duration cruises, providing
snapshots of microbial loop dynamics in the middle of summer
(January). Given that not only the degree of phytoplankton-
bacterial coupling but also overall bacterial responsesmay change
across different time and space scales, it is important to revisit this
issue with seasonal datasets, and over longer time spans.

Here, we report variability of bacterial dynamics in the
coastal waters off Palmer Station in the WAP, using a
decadal time series (2002–2014) of two bacterial properties, BP
and bacterial biomass (BB), over the phytoplankton growing
season (October-March). We use the term bacteria to denote
heterotrophic bacteria due to a very small fraction of autotrophic
bacterioplankton (usually <1% of total bacterial count) and
also a low fraction of archaea in the upper 100m of
the WAP in summer (Church et al., 2003). Based on the
two bacterial indices, we addressed seasonal and interannual
variability of bacterial dynamics, the degree of bacterial-
phytoplankton coupling, and of resource (bottom-up) control
on bacterial growth, and how these couplings vary seasonally
and interannually. Next, we investigated a potential suite of
physical and biogeochemical forcing factors influencing each
bacterial variable, using time series of the relevant climate and
local physical and biogeochemical parameters. We hypothesized
that active bacterial processes are shaped by similar physical
forcing factors as phytoplankton blooms (e.g., Saba et al., 2014),
however, with complicating effects from temperature in the
coastal WAP.

METHODS

Site Description
The study area is located at Palmer Station B (64.8◦S, 64.1◦W)
in the coastal WAP (Figure 1, adopted from Kim et al., 2016).
Palmer Station B is relatively shallow (∼75m) and located
inshore adjacent to the coastal Marr Glacier, which has retreated
significantly over the past few decades.

Sampling
Samples for bacterial and other ecological and biogeochemical
properties (e.g., DOC, PP, Chl) were collected at Palmer Station
B on a twice-weekly basis over the 2002–2003 (hereafter 2002–
2003) to the 2014–2015 Antarctic field seasons, with a Go-Flo
bottle cast from a Zodiac boat. Samples were not collected during
the 2007–2008 field season due to logistical reasons. Usually 4–6
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FIGURE 1 | Location of Palmer Station B in the West Antarctic

Peninsula (WAP) adopted from Kim et al. (2016).

samples were obtained in the upper 50 m. Initial date of sampling
was determined by sea ice retreat allowing small boat access to
sampling sites. Termination of each season was determined by
vessel scheduling. Typically, sampling lasted from late October to
late March.

Measurement of Bacterial Production via
3H-Leucine Incorporation
The 3H-leucine incorporation rate of the collected water samples
was measured to derive BP rates. We followed a modified
protocol of the original leucine assay proposed by Smith and
Azam (1992), as described in Ducklow et al. (2012). The
3H-leucine incorporation rate (pmol l−1 h−1) was converted
to BP rates (mgC l−1 h−1) using the factor 1.5 kgC mol−1

leucine incorporated (Ducklow et al., 2000). We recognize
that conversion factors may vary (Kirchman et al., 2009b and

references therein); but adopt a constant factor to facilitate
comparison with other studies (e.g., Ducklow 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 flow cytometry following the protocol of Gasol
and Del Giorgio (2000) on an Accuri C6 (Becton-Dickinson).
Total bacteria concentrations were determined by adding 1 µm
microspheres (Polysciences, Warrington, PA) and 5 µM final
concentration of SYBR-Green stain to 0.5 ml of samples. The
incubated samples were measured for 2-min at a low flow rate.
Total bacterial cells and beads were enumerated in cytograms
of side scatter (SSC) vs. green fluorescence (FL1). The absolute
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 10 fgC cell−1 (Fukuda et al., 1998). Thus,
BB in our study simply reflects bacterial abundance integrated
in the upper water-column, not incorporating the effect 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.ucsd.edu/
datazoo/data/pallter/datasets). Other complementary datasets
for the purpose of comparing with bacterial properties are
also available at the Palmer LTER Datazoo: Chl (Dataset 126),
14C-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 50m and
the shallow depth of Palmer Station B, 3H-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 first reflect their maximum
water-column concentrations (Kim et al., 2016). Thus, depth-
integrated standing stocks for bacterial properties (mgC m−2

d−1 for BP and mgC m−2 for BB) provide a consistent basis of
comparison across months, seasons, years, and other datasets.
Prior to depth-integration, replicate values at the same depth
were averaged and the values at the shallowest depth (<5m) were
extrapolated to the surface if the surface samples were missing.
The values at 50m were linearly interpolated if not sampled. The
depth-integrated standing stocks were calculated only when the
values for at least 3 discrete depths weremeasured in the upper 50
m. Otherwise, the depth-integrated stocks were estimated using
a linear regression between surface and depth-integrated values
(r2 = 0.64–0.79, all P < 0.001).

Empirical Orthogonal Function (EOF)
Decomposition
We performed EOF analysis to investigate intraseasonal (i.e.,
variations within each growing season, 2002–2003 to 2014–
2015 field seasons) to interannual covariability (i.e., interannual
variability of seasonal dynamics) of BP and BB. More details

Frontiers in Marine Science | www.frontiersin.org 3 November 2016 | Volume 3 | Article 214

http://oceaninformatics.ucsd.edu/datazoo/data/pallter/datasets
http://oceaninformatics.ucsd.edu/datazoo/data/pallter/datasets
http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Kim and Ducklow Bacterial Dynamics in an Antarctic Coastal Ecosystem

regarding input data matrices and seasonal grids are found in
Text S1. Basically, the sample covariance (Ĉ) was estimated by
computing biased covariance between time series from all pairs
of grid cells, including mutually occupied time steps only. A
standard EOF analysis is performed on this estimated covariance
matrix to compute eigenstructure, where first 4–5 dominant
EOFs (4 EOFs for BP accounting 86.6% of total variability and
5 EOFs for BB accounting 97.9% of total variability after visually
examining eigenvalue and scree plots) are combined to provide a
smooth, reduced-space interpolant data across the grid in seasons
and years (i.e., reduced space optimal analysis (RSOA); Kaplan
et al., 1997). More details on EOF computations are available in
Text S1.

Generalized Linear Models (GLMs) by
Stepwise Regression
We established GLMs for BP and BB by stepwise regression
to investigate large-scale climate and local physical and
biogeochemical forcing factors predicting high BP and BB,
respectively. The predictor (independent) variables tested for
model selection are summarized in Table S1 and Text S2.
When performing stepwise regression analysis for GLMs, it is
critical that a response (dependent) variable being modeled is
normally distributed. To ensure each data set comes from as
much like a normal distribution as possible, the BP dataset
was log10 transformed and the BB dataset was square root
transformed.

Model selection of GLMs was based on the corrected
Akaike Information Criterion (AICC). Typically, an ordinary,
uncorrected version of AIC is used to determine the significance
of each predictor variable in the model, where the residual sum
of squares is penalized by twice the number of parameters times
the residual mean square of the initial model (Akaike, 1974).
The usage of the AICC allows, additionally, the selection of the
model with the closest to optimal balance between goodness of
fit and parameterization, while making a correction for small
sample size typically as in the case of ecological time series
(Burnham and Anderson, 2004). Predictor variable terms (Text
S2, Table S1) were added and removed in order of greatest
reduction in the AICC value in a stepwise manner (i.e., a
combination of backward elimination and forward selection).
Then, the final GLMs were determined from a sequence of
the steps, which minimizes the AICC, associated statistics,
and has a fewer number of predictor variables, if possible,
to avoid overfitting in the model. The models tested include
multiple types, including linear models (e.g., constant, linear
models) and non-linear models (e.g., quadratic, pure quadratic,
and interactions). Finally, statistical stability of the established
BP and BB GLMs was assessed based upon two criteria: (1)
normality of the residuals of the selected GLMs and (2) a low
degree of multicollinearity of the used predictor variables. We
confirmed based on normality tests (e.g., Jarque-Bera, Lilliefors,
and χ2 goodness-of-fit) that the residuals between modeled
and observed BP and BB are from a normal distribution
at a 95% confidence interval (CI). This indicates that linear
relationships between the predictor and response variables are

not affected by outliers or highly skewed predictor variables.
Multicollinearity, a statistical phenomenon where predictor
variables in a multiple regression model are highly correlated,
leads to a reduction in the ability to detect reliable effects of
correlated variables. To examine how much the variance of
the coefficient estimates are being inflated by multicollinearity
in each bacterial GLM, we calculated the variance inflation
factors (VIFs) for each predictor variable used in the GLMs.
The selected GLMs and associated statistics are summarized in
Tables 1–2.

RESULTS

Depth Distributions of Bacterial and
Phytoplankton Properties
Depth contours of temperature and salinity showed seasonal
evolution in the upper water column with significant interannual
variability in terms of the timing. Seasonal warming of the
water column started from early to late December (day 340–365)
with corresponding decreases of salinity (i.e., freshening) from
surface of the water column (Figures 2A,B). High 3H-leucine
incorporation (>50 pmol l−1 h−1) or large bacterial abundance
(>109 cells l−1) generally followed high phytoplankton values
(>100 mgC m−3 d−1; >5–10mg Chl l−1) with varying lags from
a few days (days of year 335–350 in 2012–2013; Figures 2C–E) up
to a month (days of year 410–425 in 2005–2006 and days of year
365–395 in 2012–2013; Figures 2C–E), though not always. For
example, there was anomalously high 3H-leucine incorporation
in 2010–2011 (day of year 365–410; Figure 2E), but with only
a slight increase of Chl (Figure 2D) and a lack of high PP
(Figure 2C). This discrepancy was also observed in the year
2011–2012. Conversely, high Chl and PP did not result in
high 3H-leucine incorporation events as shown in December
of 2003–2004. Furthermore, high 3H-leucine incorporation
did not always co-occur with large bacterial abundance
as shown in years 2010–2011, 2011–2012, and 2012–2013
(Figures 2E,F).

Bottom-Up Control on Bacterial Growth
To assess the degree of bottom up (resource or substrate) control
on bacterial growth, we examined slope values from significant
log-log regressions of BP on BB (Billen et al., 1990; Ducklow,
1992) both for seasons and individual years (Figure 3). For
annual slope values (Figure 3A) slope values were calculated
from BP-BB regressions by pooling all monthly data together
in each individual year. For seasonal slope values (Figure 3B),
slope values were calculated from BP-BB regressions by pooling
all yearly data together in each particular month. The slope
value plots from BP-BB regressions are also overlaid with
slope values from SST-BP regressions to compare bottom-up
control with the strength of temperature control on bacterial
activity (Morán et al., 2001). When pooled for all seasons and
years, the slope value from BP-BB regressions was 0.35 (r2 =

0.26, P < 0.001, n = 333; Figure 3C), while the slope value
from SST-BP regressions was 0.14 (r2 = 0.20, P < 0.001, n
= 314; Figure 3D), which is slightly lower than the BP-BB
regression.
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TABLE 1 | Summary of generalized linear models (GLMs) and associated

statistics for monthly composites of BP during summertime only (A) and

during entire growing seasons (B).

A. BP (DJF)

Log10BPDJF = a1 + a2(Sea ice extent)July + a3(MLD)ND + a4(Log10PP) +

a5(Log10DOC)

Estimated Coefficients

Intercept Estimate S.E. t-statistics P-value

a1 −14.4 5.22 −2.76 0.015

a2 8.95 × 10−6 5.07 × 10−6 1.76 0.098

a3 −0.026 0.009 −2.77 0.014

a4 0.414 0.167 2.46 0.026

a5 3.99 1.50 2.67 0.017

Distribution: Normal

AICC = −4.20

Observations = 20

Error degrees of freedom = 15

Estimated dispersion = 0.031

F-statistic vs. constant model: 5.18

P = 7.99 × 10−3

Adjusted r2 = 0.47

Variance Inflation Factors (VIFs)+

Sea ice extentJuly = 1.23

MLDND = 1.49

Log10PP = 1.14

Log10DOC = 1.44

(Continued)

Annual slope values (only from significant relationships) of
BP-BB regressions ranged from 0.23 in 2003–2004 to 0.58 in
2009–2010, showing a considerable interannual variability in
the degree of bottom-up control (Figure 3A). Unlike significant
bottom-up control in most years, temperature control was
significant only for half of our study years. Temperature
control was never stronger than bottom-up control in any years
(Figure 3A).

Seasonally, the regression slope values for BP-BB were very
consistent with a value near 0.32 (Figure 3B). Most seasons
showed a significant bottom-up control except for October.
However, temperature control was only significant for less than
the half the growing seasons, only evident in December and
February (Figure 3B). The strength of temperature control on BP
was higher in February than in December.

Bacterial-Phytoplankton Coupling
To assess the degree of bacterial coupling with phytoplankton
processes, we examined slope values from significant log-log
regressions between PP or Chl (as an independent variable,
X) and BP (as a dependent variable, Y). The regressions were
assessed seasonally and annually. When pooled for all seasons
and years, the slope value from log-log regression of Chl-BP was
0.32 (r2 = 0.12, P < 0.001, n = 271; Figure 4C), while the slope

TABLE 1 | Continued

B. BP (ONDJFM)

Log10BPONDJFM = a1 + a2(SAM)July + a3(SST) + a4(Sea ice extent)July +

a5(MLD)ND + a6(Density gradient)ND+ a7(Log10PP)

Estimated Coefficients

Intercept Estimate S.E. t-statistics P-value

a1 −1.93 0.792 −2.44 0.021

a2 0.0317 0.0165 1.92 0.064

a3 0.132 0.030 4.37 1.31 × 10−4

a4 1.38 × 10−5 3.93 ×10−6 3.53 1.34 × 10−3

a5 −0.0263 6.50 ×10−3 −4.04 3.22 × 10−4

a6 −6.21 2.97 −2.09 0.045

a7 0.460 0.094 4.90 2.85 × 10−5

Distribution: Normal

AICC = −24.8

Observations = 38

Error degrees of freedom = 31

Estimated dispersion = 0.023

F-statistic vs. constant model: 16.7

P = 1.7×10−8

Adjusted r2 = 0.72

Variance Inflation Factors (VIFs)*

SAMJuly = 1.35

SST = 1.09

Sea ice extentJuly = 1.83

MLDND = 1.17

Density gradient ND =1.80

Log10PP = 1.88

The monthly composites of summertime (December-February or DJF, Table 1a) and of

entire growing seasons (October-March or ONDJFM, Table 1b) BP were expressed as a

linear sum of different physical and biogeochemical predictor forcing variables as shown

in the equations below. The tables present regression coefficients (a1–a5) for a particular

independent forcing variable and their standard errors (S.E.), t-statistics, and P-values.

Larger absolute values of t-statistics indicate a larger influence of a particular predictor

variable on the given dependent variable. The best model selection was via achievement

of the lowest AICC values in a stepwise manner. Statistical stability of the selected GLMs

was tested based upon the normality of residuals and the low degree of multicollinearity.
+Following a typical threshold value of 4.0 at which the multicollinearity problem can be

ignored for a particular predictor variable (O’Brien, 2007), we confirmed that all VIFs in

each model are <4.

*All the VIFs in each model are <4.

value from log-log regression of PP-BP was 0.17 (r2 = 0.07, P
< 0.001, n = 230; Figure 4D). The BP:PP ratio Figure 5B) was
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. Annual-scale
PP-BP regressions were largely absent except for 2005–2006
and 2010–2011 with slope values of 0.57 and 0.46, respectively
(Figure 4A). In contrast, significant Chl-BP regressions were
more frequent with slope values ranging from 0.33 to 0.56 (years
2005–2006, 2009–2010, 2010–2011, 2013–2014, and 2014–2015;
Figure 4A) showing a considerable interannual variability in the
degree of Chl control on BP.
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TABLE 2 | Summary of generalized linear models (GLMs) and associated

statistics for monthly composites of BB during summertime only (A) and

during entire growing seasons (B).

A. BB (DJF)

BB
1/2
DJF = a1 + a2(Wind speed) + a3(SST) + a4(Density gradient)ND + a5

(Log10PP)

Estimated Coefficients

Intercept Estimate S.E. t-statistics P-value

a1 −5.32 6.86 −0.775 0.450

a2 0.918 0.437 2.10 0.053

a3 1.53 0.774 1.98 0.067

a4 80.2 30.7 2.62 0.019

a5 5.18 2.17 2.38 0.031

Distribution: Normal

AICC = 90.9

Observations = 20

Error degrees of freedom = 15

Estimated dispersion = 3.6

F-statistic vs. constant model: 8.01

P = 0.001

Adjusted r2 = 0.60

Variance Inflation Factors (VIFs)+

Wind speed = 1.14

SST = 1.36

Density gradientND = 1.50

Log10PP = 1.72

B. BB (ONDJFM)

BB
1/2
ONDJFM = a1 + a2(Wind speed) + a3(SST) + a4(MLD)ND +

a5(Density gradient)ND

Estimated Coefficients

Intercept Estimate S.E. t-statistics P-value

a1 6.41 3.12 2.05 0.049

a2 0.725 0.393 1.84 0.075

a3 2.07 0.463 4.47 9.72×10−5

a4 0.163 0.091 1.79 0.083

a5 153 33.0 4.65 5.90×10−5

Distribution: Normal

AICC = 169.6

Observations = 38

Error degrees of freedom = 31

Estimated dispersion = 5.41

F-statistic vs. constant model: 11.4

P = 8.59 ×10−6

Adjusted r2 = 0.54

Variance Inflation Factors (VIFs)+

Wind speed = 1.40

SST = 1.33

MLDND = 1.06

Density gradientND = 1.09

+All the VIFs in each model are <4.

Seasonally, PP-BP regressions were only significant in
October, January, and February, while significant Chl-BP
regressions were more frequently observed (November to
February; Figure 4B). The PP-BP regression slope values (only
significant relationships) ranged from 0.26 to 0.41. The slope
values from significant 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 values (Figure 6). From a
climatological (2002–2014) perspective, on average, there was a
gradual, seasonal increase of BP rates from a seasonal minimum
of 11.4 mgC m−2 d−1 to maximum at 46.4 mgC m−2 d−1 in
mid-January (Figure 7A). BP declined to ∼109% of its starting
value (seasonal minimum). In contrast, climatological BB
showed somewhat a different pattern than BP, with a sustained
increase as the mean growing season progressed, reaching a
maximum of 419 mgC m−2 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 7C) and Chl climatologies (Figure 7D)
showed similar patterns to the BP climatology, suggesting a close
phytoplankton-bacterial coupling.

Interannual Variability of Seasonal
Bacterial Dynamics
This section describes seasonal variability patterns (i.e., EOF)
of BP and BB, and how these patterns vary interannually (i.e.,
PC). We report first the two dominant EOF modes (EOF1-2;
Figures 8A,D) and their PC time series (PC1-2; Figures 8C,F)
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,E).

BP mode 1 (42% of total BP variability) was characterized
by a gradual increase of BP rates starting with a slight increase
in late October, a peak in January, and then decreases after
February (BP EOF1, Figure 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 2013–2014; Figure 8C). BP mode 2 (20% of total BP
variability) mainly captured the rest of the variability left
out from BP mode 1, showing elevated BP rates during
November to the first half of December. The years of this high
November-early December, “spring bacterial productivity” were
observed as high PC2 values (years 2004–2005 and 2012–2013;
Figure 8C).

BB mode 1 (49% of total BB variability) represented high BB
throughout growing seasons with slightly higher biomass during
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FIGURE 2 | Time-depth distributions of physical properties (A. temperature, B. salinity), volumetric phytoplankton (C. PP, 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 points.

DJF than other months (BB EOF1, Figure 8D). This overall,
seasonally increased BB pattern was captured by large PC1 (BB
PC1, Figure 8F; years 2005–2006, 2013–2014, and 2014–2015).
Relatively speaking, BB mode 2 (22% of total BB variability)
represented large BB especially in the beginning of the season
(October to first half of November) and corresponded to large
PC2 (BB PC2, Figure 8F; years 2002–2003, 2010–2011, and
2012–2013).

Physical and Biogeochemical Forcing
Factors of Bacterial Dynamics
Finally, based on our results from bacterial GLMs (BP and
BB GLMs) we explored a potential suite of physical and
biogeochemical forcing factors responsible for the observed
variability of each bacterial property. We first examined monthly
summer (DJF) composites of BP and BB since they show
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 temperature (SST)-BP. The degree of bottom-up control on BB and of temperature control on

BP were examined from regression slope values between those variables (asterisk on top of plot indicates significant regressions at P < 0.05). For each year’s slope

values (A), the slope values for that year were calculated by pooling all seasonal months’ data in that particular year. For seasonal slope values (B), the slope values for

each month were calculated by pooling all individual years’ data in that particular month. When pooled for all seasons and years (C,D), the regression slope value for

BP-BB was 0.35 (r2 = 0.26, P < 0.001, n = 333) and the regression slope value for SST-BP was 0.14 (r2 = 0.20, P < 0.001, n = 314). Error bars indicate standard

deviation of the slope value at 95% Confidence Interval (CI).

these months (Figures 8A,D). To see if bacterial responses
to physical and biogeochemical forcing factors differ outside
of the DJF period, we additionally examined BP and BB
GLMs over entire phytoplankton growing seasons (October to
March or ONDJFM). Thus, bacterial GLMs (2002–2014) here
explain an occurrence of years with high monthly composites
of BP and BB standing stocks during summertime (DJF)
periods (Tables 1A, 2A), as well as over entire growing seasons
(Tables 1B, 2B).

During summertime (DJF), significant physical and
biogeochemical forcing variables shaping high BP included
shallow MLD, high bulk DOC, and high PP (in order from
stronger to weaker forcing; Table 1A). If extended to entire
growing seasons, high SST was additionally observed as a
significant physical predictor variable for high BP rates: high BP
rates during ONDJFM were influenced by high PP, high SST, and
shallow MLD (stronger to weaker forcing; Table 1B).

The BB GLMs during summertime (DJF) showed that large
BB was influenced by high salinity-driven density gradient and
high PP (stronger to weaker forcing; Table 2A). SST was also
a significant forcing factor for the BB GLM, but its effect is
comparatively lower than other forcing variables based on its
lower absolute t-statistic value (Table 2A). As observed in the BP
GLM during entire growing seasons, high SST was also shown
as a significant predictor variable (in this case, as a “stronger”
forcing variable based on a higher absolute t-statistic value than
BB GLM for DJF) for large BB if extended to entire growing
seasons: large BB was shaped by high salinity-driven density
gradient and high SST (stronger to weaker forcing; Table 2B).

DISCUSSION

Studies have investigated dynamics of heterotrophic bacteria
in the WAP and adjacent Antarctic ecosystems, with a focus
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FIGURE 4 | The degree of bacterial-phytoplankton coupling based on the slope values from log-log regressions of phytoplankton properties (PP,

Chl)-BP. The degree of BP coupling with phytoplankton activity (PP) and biomass accumulation (Chl) was assessed using the slope values from log-log regressions of

PP (or Chl)-BP (asterisk on top of plot indicates significant regressions at P < 0.05). For each individual year’s slope values (A), the slope values for each year were

calculated by pooling all monthly data in that particular year. For seasonal slope values (B), the slope values for each month were calculated by pooling all individual

years’ data in that month. When pooled for all seasons and years (C,D), the regression slope value for Chl-BP was 0.32 (r2 = 0.12, P < 0.001, n = 271) and the

regression slope value for PP-BP was 0.17 (r2 = 0.07, P < 0.001, n = 230). Error bars indicate standard deviation of the slope value at 95% CI.

on a variety of processes, including bacterial responses to
environmental gradients, coupling with phytoplankton, and
community structures (e.g., Karl and Tien, 1991; Karl et al.,
1991; Morán et al., 2001; Morán and Estrada, 2002; Ducklow
et al., 2012; Luria et al., 2014, 2016; Nikrad et al., 2014;
Bowman and Ducklow, 2015). However, these studies are mostly
short-term and usually constrained to just 1 or 2 years. Our
seasonally extended (October–March) and decadal time series
analysis of bacteria highlights a set of patterns that have not
been identified in the previous work, including time-varying
temperature control on BP and consistent DOC limitation
throughout the phytoplankton growing season. Our discussion
begins with a broad overview of bacterial dynamics using the
depth contour plots for each season and year (see below).

Overview of Bacterial Dynamics Based on
Depth Profiles
To first order, depth profiles showed that high 3H-leucine
incorporation rates generally followed large phytoplankton

blooms and were also almost always found in the upper water
column coinciding with high PP, thereby indicating a frequent,
but variable coupling between bacterial and phytoplankton
processes in the coastal WAPwaters. Bacteria and phytoplankton
appeared to be coupled (i.e., high bacterial events following large
phytoplankton events), with varying degrees of lag between the
two. The different degrees of bacterial-phytoplankton coupling
could be attributed to different production rates of DOM from
phytoplankton assemblages and its rate of subsequent bacterial
utilization, which is often a function of different bacterial clades
(Straza et al., 2009; Nikrad et al., 2014). It was shown in
Antarctic waters that up to a month was needed for bacterial
blooms to respond to diatom blooms due to delayed production
and utilization of macromolecular, polymeric DOM (Billen and
Becquevort, 1991; Lancelot et al., 1991), compared to shorter
lags of a few days at lower latitudes (Billen et al., 1990).
If bacterial blooms are dominated by fast growing bacteria
such as gammaproteobacterial clades (e.g., Ant4D3, Arctic96B-
16), there may be a relatively short lag between high BP and
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FIGURE 5 | Annually integrated BP, PP (A) and the ratio of BP to PP (B).

Reduced space optimal analysis (RSOA)-interpolated values (Figure 6) were

annually integrated from days 290 to 440 for BP and PP for each year. Year

annotations indicate the starting year of the austral growing season (i.e., 02 for

October 2002 to March 2003).

phytoplankton bloom events, in response to low-molecular-
weight, readily utilizable DOM than when dominated by slowly
growing bacterial clades such as SAR86 (Nikrad et al., 2014).
Conversely, if bacterial metabolism is mainly based on high-
molecular-weight DOM, it likely leads to a longer lag. Luria
et al. (2016) demonstrated that different individual bacterial taxa
were dominant over the course of the bacterial bloom in the
coastal WAP, which contributed to different time lags in the
bacterial responses to DOM. On the other hand, varying lags of
bacterial-phytoplankton coupling might also happen if bacteria
rely not only on LDOC but also on semi-labile DOC (SDOC)
from previous months’ or years’ phytoplankton accumulations
(Kirchman et al., 2001; Davis and Benner, 2005), which leads
to a seemingly uncoupling or a coupling with a long lag (more
detailed discussion on SDOC is found in Section Biogeochemical
Forcing Factors of Bacterial Dynamics). In the Ross Sea, it
was shown that bacterial growth was strongly dependent on
previously accumulated SDOC, at different rates over the course
of growing seasons, but SDOC was eventually entirely consumed
by the end of the season (Ducklow et al., 2001; Ducklow, 2003).
Using 16S rRNA gene phylotype-derived prediction of microbial
metabolic pathways, Bowman and Ducklow (2015) also showed
that bacterial communities presented a differential distribution
for pathways associated with the degradation of DOC pools along
the WAP, which likely implies different bacterial clades might be
responsible for utilization of different DOC pools in our study.

In contrast, BP was occasionally decoupled from PP or
Chl (e.g., December of 2003–2004; Figures 2C–E) where high
phytoplankton processes did not lead to high BP events. This

implies that some other environmental factor prevents high
bacterial activity despite availability of organic carbon sources
for bacteria. One possibility is low temperature, which has long
been hypothesized to cause low BP to PP ratios in polar waters
(Pomeroy and Wiebe, 2001). In our depth profiles, 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 bacterial
activity in the coastal WAP waters. However, presumably due
to small sample size (n = 9) during the time of the observed
decoupling (December of 2003–2004; Figures 2C–E), SST was
not significantly correlated to 3H-leucine incorporation rates,
thereby precluding a test of a direct effect of temperature.
Regulation of diverse bottom up control factors (e.g., Chl, PP) on
BP is often manifested at larger scales (e.g., Dufour and Torreton,
1996; Ducklow et al., 2012). Thus, by pooling all years’ data in
each seasonal month, we subsequently investigated the degree
of temperature control on BP with greater sample size, using
the slope values from SST-BP regressions seasonally (See Section
Bottom-Up Control on Bacterial Abundance).

Our observations also showed that high BP did not always
lead to large BB accumulations (e.g., 2010–2011, 2011–2012,
and 2012–2013). Here, top down control factors might play
a significant role in causing BP-BB decoupling, given that BB
could only increase if bacterial growth exceeds removal by
grazers or bacterivore grazers are not capable of balancing
the production of enlarging bacterial cells (Gasol et al., 1999).
Antarctic waters are often characterized with a high grazing
pressure of protozoan grazers on bacteria, which strongly
limits large bacterial accumulations (Bird and Karl, 1999). In
the coastal WAP, microzooplankton were specifically shown
to exert a substantial grazing pressure on bacteria, often
removing >100% of BP (Garzio et al., 2013). Viral infection
and lysis were also shown as critical factors for causing
significant bacterial mortality in Antarctic waters (Guixa-
Boixereu et al., 2002; Brum et al., 2015). In the following Section
Bottom-Up Control on Bacterial Abundance, we discuss in
detail the effect of bottom-up control on bacterial abundance
from our data, primarily using the slope values from BP-BB
regressions.

Bottom-Up Control on Bacterial
Abundance
In a steady-state system where the bacterial utilization rate of
DOM is coupled to its rate of supply, BP may be considered
a proxy for DOM input flux and thus indicative of bottom-
up control (Billen et al., 1990). Traditionally, predominance of
bottom-up control on biomass of a certain trophic level has
been explored from log-log relationships between abundance
(biomass) of that trophic level and presumed controlling factors
(McQueen et al., 1986). Following this approach, the strength
of bottom-up control on bacterial abundance has been assessed
in diverse ecosystems using the slope of significant log-log
regressions of BP (DOC)-BB (Shiah and Ducklow, 1995; Dufour
and Torreton, 1996; Gasol et al., 2002; Hale et al., 2006;
Garneau et al., 2008; Morán et al., 2010; Calvo-Díaz et al., 2014;
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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 first 4 and 5 dominant EOF modes,

respectively (i.e., RSOA interpolation) for individual years 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 austral growing season (i.e., 02 for October 2002 to March 2003).

Ducklow, 1992). Higher slope values (i.e., stronger degree of
BB dependence on BP) indicates stronger responses of BB to
increases in substrate (DOC) supply or BP, implying that bacteria
experience substantial DOC limitation. Conversely, if BB is not
responsive to increases in BP, bacteria are not DOC-limited; or
possibly are efficiently removed by grazers and viruses.

The regression slope values from our BP and BB data
(Figure 3B) indicate a very consistent bottom-up control across
seasons with an average slope value of around 0.32. This value
reflects a weak to moderate bottom-up control on bacterial
growth (Ducklow, 1992). The slope value was never below the
threshold slope value of 0.2 (Ducklow, 1992), 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-integrated (0–50m) BP (A), BB (B), PP (C), and

Chl (D) for a full growing season. The data in the calculation are RSOA-interpolated data. Error bars indicate 1 standard error.

FIGURE 8 | Empirical orthogonal function (EOF) and anomaly plots of depth-integrated BP and BB. The EOF (A,D) patterns and RSOA-interpolated

anomaly plots (B,E) reconstructed using the first 4 and 5 dominant EOF modes, accounting for 86.6 and 97.9% of total BP and BB variability, respectively. The

percentages captured by each EOF mode are presented in the corresponding principal component (PC) time series (C,F), which indicates interannual variability of the

seasonal patterns detected by the corresponding EOF. The red colors represent positive anomalies, and blue colors represent negative anomalies relative to the

climatology (2002–2003 to 2014–2015; Figure 7) for each seasonal time bin. Year annotations indicate the starting year of the austral growing season (i.e., 02 for

October 2002 to March 2003). Note that there are year gaps (no data in 07 and 08).

bacteria in this system were always under some sort of resource
limitation over entire growing seasons. Resource-wise, bacteria
could be limited by DOC, dissolved inorganic nutrients (e.g.,
nitrate and phosphate) or trace metals such as iron. However,
there is no evidence of macronutrient and iron limitation on

phytoplankton at this site (Kim et al., 2016 Sherrell, personal
comm.). Experiments by Ducklow et al. (2011) also suggested
that the summertime bacterial community is not nitrogen limited
in the WAP coastal waters, given that bulk bacterial properties
(e.g., BP and abundance) significantly increased in response
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to experimental additions of glucose, but not to ammonium
enrichment. Calvo-Díaz et al. (2014) suggested a seasonal switch
from temperature to substrate supply as a major controlling
factor for bacterial abundance in the coastal Bay of Biscay,
based on their observations of decreasing slope values from
temperature-BP regressions and increasing slope values from
BP-BB regressions as seasons progress. The WAP system differs
substantially from their observations from estuaries (e.g., Shiah
et al., 2003). In our study, temperature control on BP was
only significant in December and February, while consistent
degrees of bottom-up control on BB were evident over all months
(Figure 3B). Similar patterns were observed from individual
years’ slope values (Figure 3A). Only the half of years showed
a weak to moderate degree of temperature control on BP, while
most years were under weak to moderate DOC limitations.
When pooled for all years and seasons, temperature control was
considerably weaker than bottom-up control (Figures 3C,D).
Based on these observations, we suggest (1) that bacteria in
coastal WAP waters are always under some degree of DOC
limitation and (2) that both yearly and seasonally temperature
also influences BP but the effect may not be as large and
consistent as DOC limits bacterial processes.

Bacterial-Phytoplankton Coupling
In the coastal WAP ecosystem heterotrophic bacteria may feed
principally on in situ photosynthetic products released from
phytoplankton to fuel BP (Baines and Pace, 1991; Nagata,
2000) due to minimal inputs of terrestrial DOM and low bulk
DOC concentrations (40–50µmol C l−1) in the water column
(Ducklow et al., 2012). The mean BP:PP ratio across all years and
seasons indicated that BP was equivalent to only 4% of PP, similar
to the greater WAP region and other polar areas (Kirchman
et al., 2009b; Ducklow et al., 2012). The degree of the dependence
of bacteria on phytoplankton is often assessed as BP:PP ratios
with the reasoning that higher values mean tighter coupling.
However, we based our discussion regarding the covariation
between bacteria and phytoplankton or bacterial-phytoplankton
coupling on the slope values of significant regressions between
bacterial and phytoplankton variables (Morán et al., 2001; Morán
and Estrada, 2002), not the absolute value of the connection.
When pooled for all seasons and years, the PP-BP slope value (i.e.,
the degree of bacterial-phytoplankton coupling or PP control of
BP) was 0.17 in our study (Figure 4D). This is equivalent to 0.004
if recalculated from the untransformed (linear) regression, not
significantly different from the regression slope value reported
fromDucklow et al. (2012) for the peninsula-wide offshore region
during January.

BP was coupled with PP only in October, January, and
February, while BP was mostly coupled to Chl with stronger
degrees of control (i.e., higher regression slope values;
Figure 4B). Most years showed weak to strong coupling
between Chl and BP with strong interannual variability in the
degree of Chl control on BP (Figure 4B), while only two years
showed a significant direct control of PP on BP. On average
(over all seasons and years), the degree of Chl control on BP
(i.e., slope value of 0.32) also appeared to be stronger than
that of PP control on BP (i.e., slope value of 0.17). Thus, these

results consistently suggest an overall tighter coupling of BP with
Chl than with PP. This implies that overall accumulations of
phytoplankton biomass might support BP, but not necessarily
carbon flux from PP directly; i.e., release of DOC from active
phytoplankton with the timescale of the 14C-PP measurements
(∼1 day). This point was also raised by Ducklow et al. (2012) to
support their observation of tighter coupling between Chl and
BP as well, which they attributed to bacterial utilization of DOC
from other sources like zooplankton grazing and sloppy feeding
on the timescale of phytoplankton stock turnover (∼10 days).

Our analysis indicates that only a very minimal portion (i.e.,
4%) of fixed PP supports BP in the coastal WAP, corresponding
to other studies in polar oceans (Ducklow et al., 2001, 2012;
Kirchman et al., 2009a). In the Ross Sea, Carlson et al.
(1998) showed that up to ∼90% of phytoplankton-production
is partitioned to the POC pool, rather than routed through the
DOC pool, which accounts for only about 10% of total carbon
fixed. Low accumulations of DOC were previously reported after
phytoplankton blooms in the WAP region (Tupas et al., 1994).
These findings support our conclusion that the limited supply of
DOC is a primary reason for low BP:PP ratios. Such a low BP
fraction of PP begs a question about the fate of the large amount
of unused PP or POC within the food-web of the coastal WAP
ecosystem. Using in situ O2:Ar measurements at Palmer Station,
Tortell et al. (2014) showed there was a period of intense net
heterotrophy during the crash of a phytoplankton bloom. They
implicated increased respiration by zooplankton as a major fate
of bloom production. Stukel et al. (2015) also demonstrated with
15NO−

3 uptake and 234Th measurements that new production
exceeded export production by a factor of five at Palmer Station.
Hence, it is likely that a majority of PP is respired by intense
heterotrophic respiration in the upper water column, rather than
appearing as bacterial production or being directly exported to
depth.

Climatology of Seasonal Bacterial
Dynamics
Consistent with strong seasonal and interannual variability of
other ecological and biogeochemical properties along the WAP
(Ross et al., 2008; Smith et al., 2008; Vernet et al., 2008; Ducklow
et al., 2012; Saba et al., 2014; Kavanaugh et al., 2015; Kim
et al., 2016), BP and BB also showed strong seasonal and
interannual covariability (See Section Interannual Variability of
Seasonal Bacterial Dynamics). Accordingly, the climatologies did
not reflect occurrence of high BP or bacterial blooms for any
one particular year. Both BP and BB values commenced with
very low values, 4-fold and 2.8-fold lower than seasonal maxima,
respectively, consistent with very low BP values during austral
winter seasons (i.e., leucine incorporation rates of typically <5
pmol l−1 h−1).

Notably, seasonal progression patterns were largely different
between BP and BB where the annual BP maximum occurred in
the middle of the growing season, while the BB maximum was
observed at the end of or possibly even after our growing seasons
due to its sustained increase throughout the growing season. The
slope of the increase of climatological BB over time (our sampling
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period from October to March) was ∼1.8 mgC m−2 per day,
<5% of the maximum production rate, indicating the longer-tem
balance between bacterial growth and removal.

Interannual Variability of Seasonal
Bacterial Dynamics
From the BP and BB EOF plots, the first two dominant modes
mostly captured high BP and large BB from the start to nearly
end of our sampling period. However, the leading modes (EOF1)
of BP and BB did not show the same dominant seasonal patterns
between the two properties, in accord with our aforementioned
observations (Section Overview of Bacterial Dynamics Based
on Depth Profiles), climatologies and individual year plots
(Section Climatology of Seasonal Bacterial Dynamics). It was
previously shown that the leading EOF modes of two different
biogeochemical variables might become alike, if similar physical
or biological processes drive variability of each variable (e.g.,
nitrate and phosphate EOF patterns in Kim et al., 2016). There
is no a priori reason that BP needs to have the same EOF
patterns with BB if the two properties are shaped by different
regulatory causes, again supporting such factors’ roles (e.g.,
temperature, SDOC,DOC from other sources, grazing) described
in previous Sections Overview of Bacterial Dynamics Based
on Depth Profiles and Bacterial-Phytoplankton Coupling. The
interplay of these factors in influencing the interannual variability
of BB and PP is considered in the next section using GLMs via
stepwise linear regression.

Physical and Biogeochemical Forcing
Factors of Bacterial Dynamics
It is well demonstrated that large-scale climate and associated
local physical forcing (e.g., sea ice and ice melt driven-
stratification of the upper water column) control the timing and
extent of phytoplankton blooms and PP along the WAP (Smith
et al., 2008; Vernet et al., 2008; Venables et al., 2013; Saba et al.,
2014) and adjacent regions (Schloss et al., 2012). Thus far, we
have shown evidence of close coupling between bacteria and
phytoplankton. In accord with this, we hypothesized that due
to a close coupling between bacteria and phytoplankton, similar
but possibly slightly different regulatory mechanisms to those of
phytoplankton blooms may influence active bacterial processes
as a consequence of complicating effects from other controlling
factors.

Physical Forcing Factors of Bacterial Dynamics

A stabilized upper water-column via shallow MLD or high
salinity-driven density gradient was a significant physical
predictor in driving high BP and large BB during summertime
(DJF) as well as over entire growing seasons. This is similar
to regulatory factors for large phytoplankton accumulations in
inshore waters off Palmer Station (Saba et al., 2014; Kim et al.,
2016). In the coastal WAP, phytoplankton blooms are primarily
induced once they are free from light limitation when the upper
MLD begins to shoal (Mitchell et al., 1991; Venables et al., 2013).
In turn, shoaling of the upper MLD is controlled by seasonal sea-
ice dynamics (e.g., timing of retreat, winter ice extent) since ice

melt water plays an important role in stratifying the upper water
column (Smith et al., 1998).

It is noteworthy that high SST was also a significant physical
predictor for both high BP and large BB, if extended from
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
growing seasons. It is possible that simply due to small sample
size, a correlation between SST and BP (or BB) was absent
(or low) during DJF or that a response to temperature only
manifested when looking at a longer temporal scale, in this case
the seasonal scale, due to a more important role of DOC.

Besides temperature effects, other physical and climate
forcings could directly control BP, not modulated through
phytoplankton processes. Large winter (July) sea ice extent was
a significant physical predictor although its effect was lower
than other stronger physical forcings (e.g., MLD, SST). This
winter sea ice effect seemed to be somewhat stronger when
extended to entire growing seasons (BP GLM for ONDJFM)
compared to summertime (BP GLM for DJF). Observations
of bacterial and phytoplankton properties were not available
in early spring (October-November) of 2004–2005, but RSOA-
interpolated anomalies indicated that BP was characterized by
strong positive anomalies in contrast to negative anomalies for
Chl and PP during that time (Figure 8B, Figure S1). The RSOA-
interpolated plot for 2004–2005 also showed the similar patterns
(Figure 6A, Figure S2). Thus, there was a high BP event during
early springmonths of 2004–2005, where bacteria did not depend
on phytoplankton-derived fresh LDOC. Notably, the year 2004
was an anomalously heavy sea-ice year compared to the 11-
year climatology during our field seasons, with large winter
(July) sea ice extent (193,073 km2) and total ice cover (12,066
% days) as well as late retreat (day 395). Winter sea ice had
not yet totally retreated at the time of the high BP event. One
possibility in support of such high BP rates under high sea
ice conditions is an additional supply of DOM from ice melt.
It was shown by several studies that DOC could be captured
in sea ice during ice formation and utilized by bacteria as ice
melts (Kähler et al., 1997; Fortier et al., 2002; Müller et al.,
2013).

Biogeochemical Forcing Factors of Bacterial

Dynamics

High PP was observed as a common biogeochemical predicting
factor for both high BP and large BB. Unlike BP GLMs where
PP increased BP regardless of seasons, BB increased in response
to PP only during summertime. Bulk DOC was a significant
predictor for high BP only if extended to entire growing
seasons, not during summertime, even though our data showed
no significant relationship between bulk DOC concentrations
and Chl or PP (data not shown). Semi-labile DOC (SDOC,
turnover time of seasons) is biologically available for bacterial
incorporation in polar waters (Kirchman et al., 2001; Davis
and Benner, 2005). In the Ross Sea, the entire SDOC pool was
utilized for bacterial metabolism by the end of growing season
(Ducklow, 2003). This result implies that bacteria in the Ross
Sea were under DOC limitation even during phytoplankton
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blooms, similar to our results of consistent DOC limitation yearly
and throughout seasons. Given possible turnover times of some
SDOC fractions of up to several years (Kirchman et al., 2001),
and the lack of correlations between bulk DOC and Chl or
PP from our datasets, it is likely that SDOC produced from
previous years or months support bacterial growth in the WAP
system similar to the Ross Sea (Carlson et al., 2000; Ducklow,
2003).

Implications for Climate Change along the
Coastal Antarctic Ecosystem
The WAP has responded to regional climate change with
significant winter atmospheric warming, ocean warming,
reduced sea ice duration, and retreat of glaciers and ice sheets
(Liu et al., 2004; Cook et al., 2005; Vaughan, 2006; Stammerjohn
et al., 2008). The Marr Glacier, located adjacent to Palmer Station
B, has retreated, potentially releasing L- or SDOC available
to heterotrophs in coastal waters (Cook et al., 2005; Hood
et al., 2009, 2015). The heat content of Upper Circumpolar
Deep Water (UCDW), regularly spilled into WAP shelf waters,
has also increased (Martinson et al., 2008), and its delivery is
further expected to increase as a consequence of an increasing
trend in the positive SAM phase (Lubin et al., 2008). This
may contribute to an overall baseline shift in temperature or
increasing UCDW events on the shelf, which may influence BP
rates.

In our study, the results from bacterial GLMs showed that
bulk DOC was a significant forcing predictor for BP. Together
with the results from bottom-up control (Section Bottom-Up
Control on Bacterial Abundance), this implies that bacterial
growth in the coastal WAP is still under-saturated “resource-
wise” (i.e., DOC-limited). The current trend of climate change
will enhance water-column stratification through higher surface
water temperature and increased freshwater flux from sea ice and
glacial melts. As a result, LDOC pools may significantly increase,
resulting in more efficient activity of heterotrophic bacteria
in the WAP food-web. Recent model findings demonstrated
that instead of dominance by the efficient diatom-krill-penguin
food chain, the WAP presents a strong interannual variability
in food-web dynamics, with an important role of microbial
food-webs initiated by small cells such as cryptophytes (Sailley
et al., 2013). Retreating glaciers as a result of warming could
also increase abundances of freshwater favorable cryptophytes
(Moline et al., 2000; Garibotti et al., 2005), further contributing
to a shift to a microbial food web dominated system, where
heterotrophic bacterial roles in carbon and biogeochemical
recycling in the coastal ecosystem also become more
prominent.

CONCLUSIONS

In conclusion, our seasonally-extended analysis of bacterial
dynamics using a decadal (2002–2014) time series of BP and
BB revealed a set of patterns which have not been identified
previously due largely to the short-term, temporally limited focus
of most previous studies. Our major findings highlight strong

seasonal and interannual variability in the degree of bacterial
coupling (or decoupling) with phytoplankton properties, with
varying lags presumably due to different bacterial clades’ roles
in DOM uptake and bacterial reliance on SDOC in the system.
BP was more tightly coupled with Chl than with PP, suggesting
that bacteria in the WAP system also rely on DOC produced
from diverse trophic levels and processes, not solely on LDOC
of recent phytoplankton origin. The degree of bottom-up control
on bacterial growth showed that bacteria in this system are
under a consistent degree of DOC limitation during entire
growing seasons, with a great interannual variability in the
strength of such control. Temperature also seems to play an
important role, but not as much as DOC in causing low
BP:PP ratios (i.e., only ∼4% of PP supports BP) in coastal
WAP waters. Top-down effects of microzooplankton grazing
and viral lysis also seem to exert important roles in decoupling
of BB from BP. All these aforementioned factors accordingly
appeared as significant regulatory physical and biogeochemical
forcing factors in bacterial GLMs. Given the current state of
heterotrophic bacteria in the WAP system, which are under
substantial DOC and temperature control, an ongoing trend
of climate change along the WAP may increase BP rates as a
consequence of a potential increase of DOC from retreating
coastal glaciers and an increasing trend of temperature, ice melt,
and ocean heat content of UCDW and their subsequent impacts
on the upper water-column.
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