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INTRODUCTION

High-latitude environments are subject to rapid
changes in light intensity during the spring and fall,
which are offset by periods of 24 h daylight or dark-
ness. Antarctic lacustrine ecosystems have been ex -
tensively studied during late spring and summer
(~October to January), but little is known about the
responses of planktonic microorganisms to the spring
and fall transition periods or to winter, when com-
plete darkness prohibits photosynthetic activity
(Takacs & Priscu 1998, Priscu et al. 1999). The peren-
nially ice-covered lakes of Taylor Valley (TV),
Antarctica, are relatively pristine environments that
serve as unique ‘natural laboratories’ in which to

study microbial dynamics in the sensitive polar
regions. The lakes contain a paucity of metazoans,
are permanently stratified, and host microbial eco-
systems sustained largely by microbial loop dynam-
ics (Takacs et al. 2001).

Limnological research in the TV lakes is tradition-
ally conducted during the austral summer, a period
characterized by increasing heterotrophic bacterial
productivity supported by phytoplankton carbon re -
lease, which averages between 5 and 20% of primary
productivity (Sharp 1993, Takacs et al. 2001, Moore
2007), and new carbon entering the lakes via stream
flow (Takacs & Priscu 1998, Priscu et al. 1999). Pri-
mary productivity and stream flow meet, on average,
43 and 12% of total heterotrophic carbon demand
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during the summer, respectively (Takacs et al. 2001),
but modeled data show that annual community car-
bon demand exceeds supply (Priscu et al. 1999,
Takacs et al. 2001). Despite the lack of winter data on
the TV lakes, several studies have indicated that
Antarctic lake microorganisms are adapted to long
periods of darkness and rely on various winter sur-
vival strategies. Phytoplankton may overwinter in
cyst form (Bell & Laybourn-Parry 1999) or graze on
bacterial cells (mixotrophy; Laybourn-Parry 2002,
Bielewicz et al. 2011, Thurman et al. 2012), while
detection of active heterotrophic bacterioplankton in
the TV lakes following 4 mo of complete darkness
indicates that heterotrophic activity continues during
winter (Takacs & Priscu 1998) in the absence of pho-
tosynthesis. Bacterial communities in lakes of the
lower latitude Antarctic Vestfold Hills were found to
be active throughout the winter, but, due to decreas-
ing dissolved organic carbon concentrations, bacter-
ial productivity was depressed relative to summer,
and unbalanced growth was detected as significant
differences in rates of 3H-thymidine and 3H-leucine
uptake (Laybourn-Parry et al. 1995).

Adjustment of growth rates (Garneau et al. 2008),
increased metabolic diversity (Grzymski et al. 2012),
and/or shifting from active growth to maintenance
(Shiah & Ducklow 1997) may all be important
 overwintering devices for both heterotrophic and
autotrophic organisms at high latitudes. The ratio of
3H-leucine (protein production or biomass mainte-
nance) to 3H-thymidine (DNA synthesis or reproduc-
tion) incorporation rates (Leu:TdR) can reveal
changes in rates of bacterial reproduction relative to
biomass maintenance, making it a useful metric for
understanding how heterotrophic bacteria respond
to changing conditions (Chin-Leo & Kirchman 1990,
Shiah & Ducklow 1997). As growth rates decrease,
DNA synthesis has been shown to decline before
protein and RNA synthesis (Chin-Leo & Kirchman
1990), resulting in a higher Leu:TdR and indicating a
shift from population growth to survival mode. Shiah
& Ducklow (1997) found that the Leu:TdR ratio was
negatively cor related with both temperature and
chlorophyll in temperate estuarine habitats, indica-
ting that DNA synthesis increased under regimes of
favorable temperature and substrate availability.
High Leu:TdR ratios have been found to be associ-
ated with slow growth and low bacterial growth effi-
ciency (del Giorgio et al. 2011), suggesting that shifts
in the ratio of protein to DNA synthesis provide infor-
mation about the efficiency of heterotrophic bacterial
growth and reproduction. Increasing protein synthe-
sis during winter and fall in other high-latitude lakes

(Laybourn-Parry et al. 1995, Garneau et al. 2008)
indicates that shifts from DNA synthesis to protein
synthesis may be a key stra tegy for heterotrophic
bacterioplankton overwintering. Given the micro-
bially dominated food webs and the seasonality of
new organic carbon input in the TV lakes, heterotro-
phic activity during the pe riod of winter darkness
plays a key role in an nual carbon budgets, particu-
larly since photosynthesis: respiration ratios in these
lakes have been shown to be <1 on an annual basis
(Priscu et al. 1999, Takacs et al. 2001).

We hypothesized that heterotrophic bacterial com-
munities in the photic zones of Lakes Fryxell and
Bonney are indirectly affected by the transition to
winter darkness via the loss of bioavailable organic
carbon produced by photosynthetic primary produc-
tivity. We expected that the impact of reduced bio -
available organic carbon would manifest as depres-
sion of substrate incorporation rates (bulk bacterial
productivity) and/or depression of growth rates, indi-
cated by relative increases in Leu:TdR.

MATERIALS AND METHODS

Study site

The McMurdo Dry Valleys (MCM; 76° 30’ −
78° 00’ S and 160° 00’ − 165° 00’ E), which include the
TV, have a combined area of ~4200 km2 and com-
prise the largest ice-free area of the Antarctic conti-
nent (~1%). The region is a cold desert, with annual
mean temperatures near −20°C (Doran et al. 2002)
and annual precipitation not exceeding 50 mm water
equivalent (Fountain et al. 2009). The landscape is
characterized by a composite of glaciers, dry soils,
ephemeral streams, and perennially ice-covered
lakes. The perennial ice cover on the lakes, which
ranges from 3 to 5 m thick, inhibits wind-induced
mixing of the water column and restricts atmospheric
gas exchange (Priscu 1997, Spigel & Priscu 1998).
The lack of wind-driven turbulence, along with low
advective stream flow, allows vertically stable water
columns with strong physical and chemical gradients
to persist throughout the year. The vertical gradients
provide organisms with a variety of nutrient, temper-
ature, and redox conditions, promoting strong strati-
fication of organisms over the water column (e.g.
Roberts et al. 2004b).

Our study focused on the photic zone of 3 lakes:
Lake Fryxell (FRX; 19 m deep), the east lobe of
Lake Bonney (ELB; ~40 m deep), and the west lobe
of Lake Bonney (WLB; ~40 m deep). A sill at 13 m
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divides Lake Bonney into east and west lobes and
effectively inhibits exchange of deep sub-chemo-
cline water between ELB and WLB (Spigel & Priscu
1998). We divided the water columns of each of the
lake basins into discrete layers based on oxygen
concentrations (Fig. 1). The combined epi- and met-
alimnia span the photic zone of each lake, which is
the layer most directly influenced by seasonal tran-
sitions in sunlight.

Sampling procedures

Samples were collected and analyzed according to
procedures established by the Priscu Research
Group as part of the McMurdo Long-Term Ecological
Research Program (MCM LTER; http:// mcmlter. org/
queries/ lakes/ lakes _ home. jsp). Procedures are sum-
marized briefly below.

Sampling holes (50 to 70 cm diameter) were melted
in the ice cover over the deepest portion of each lake.
All depths reported were measured from the piezo-
metric water level in the sampling hole. Samples
were collected with clean Niskin bottles (with PTFE-
coated components) 4 times between November
2007 and February 2008 and at approximately weekly
intervals between March and April 2008 and stored
near 4°C in insulated containers until analysis at

lakeside laboratories (within 4 h). Samples for pri-
mary productivity, cell counts, chlorophyll a (chl a),
N, P, dissolved organic carbon (DOC), and O2 were
collected at 5, 6, 7, 8, 9, 10, 11, and 12 m in FRX; 4, 5,
6, 8, 10, 11, 13, 15, 18, 20, and 22 m in ELB; and 4, 5,
6, 8, 10, 12, 13, 14, 15, and 17 m in WLB. Samples for
bacterial productivity were collected from the same
depths except for 7 and 12 m in FRX; 6, 8, 12, and
22 m in ELB; and 6, 8, and 12 m in WLB.

Physical and chemical measurements

Temperature and conductivity were measured with
an SBE 25 Sealogger CTD as outlined by Spigel &
Priscu (1998). Underwater photosynthetically active
radiation (PAR) was measured during primary pro-
ductivity (PPR) incubations using a LI-COR LI-193SA
spherical quantum sensor, and logged with a LI-COR
Model 1000 data logger (LI-COR Biosciences). The
sensor was placed 10 m below the surface of the ice
in ELB and WLB, and 7 m below the ice in FRX. Sam-
ples for macronutrients (NO3

−, NO2
−, NH4

+, and solu-
ble reactive phosphorous, SRP) were prepared for
analysis as described by Priscu (1995) and measured
using a Lachat autoanalyzer; method detection limits
were: NO3

− = 0.4 µg N l−1; NO2
− = 0.3 µg N l−1; NH4

+ =
0.7 µg N l−1; SRP = 0.3 µg l−1. Samples for DOC were

filtered through combusted and acid-
leached 25 mm GF/F filters into acid
washed and combusted 125 ml amber
borosilicate glass bottles with PTFE-
lined caps, acidified to pH ~2 with
6 N HCl, and stored at 4°C until ana -
lysis. DOC was determined using a
Shimadzu TOC-V Series total organic
carbon analyzer. Dissolved oxygen
was measured using the azide modifi-
cation of the mini-Winkler titration
(limit of detection = 0.09 mg O2 l−1;
APHA 1995). Dissolved inorganic car-
bon was measured by infrared gas
analysis of acid sparged samples.

Biological parameters

PPR was measured as described by
Lizotte et al. (1996) by incubating du-
plicate light and a single dark sample
in situ at selected depths for 24 h with
14C-labeled bicarbonate (specific ac-
tivity 55 mCi mmol−1) to final isotope
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Fig. 1. Vertical profiles of temperature, conductivity, and oxygen (O2) in the
water columns of Lake Fryxell (FRX), and the east (ELB) and west (WLB) lobes
of Lake Bonney, Antarctica, during March 2008. The panels show the thick-
ness of the ice cover, the epilimnion (EPI), and the metalimnion (META) in
each lake. Phototrophic primary productivity occurs only at depths above and 

including the metalimnia in all lakes
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concentrations ranging from 0.18 to 0.38, 0.17 to 0.53,
and 0.17 to 0.50 µCi ml−1 for FRX, ELB, and WLB, re-
spectively. The final 14C-bicarbonate additions were
adjusted to account for highly variable dissolved in -
organic carbon levels through the water columns
of these lakes. Following incubation, samples were
transported in the dark to lakeside laboratories where
they were immediately filtered onto Whatman GF/F
filters in the dark. The filters were placed in 20 ml
scintillation vials, acidified with 0.5 ml of 3N HCl, and
dried at 60°C. Radioactive label retained in the cellu-
lar residue on the filters was counted on a calibrated
scintillation counter. A submersible spectrofluoro -
meter (bbe Moldaenke Fluoroprobe®) was used to
provide high vertical resolution (~10 cm) estimates
of total chl a concentration (Beutler et al. 2002).

Heterotrophic bacterial productivity (BP) was meas-
ured using [3H]methyl-thymidine incorporation into
DNA (Fuhrman & Azam 1982) and [3H]leucine incor-
poration into protein (Kirchman et al. 1985). Samples
(1.5 ml; 3 live and 2 killed with tri chloro ace tic acid,
TCA) were incubated with 20 nM of radio-labeled
thymidine (specific activity 20 Ci mmol−1) or leucine
(specific activity 84 Ci mmol−1) at 2 to 4°C in the dark
for 20 h. Separate experiments showed that incorpo-
ration was linear under these conditions. Incubations
were terminated by the addition of 100% cold TCA
(5% final). Following centrifugation, a series of
extractions with cold 5% TCA and cold 80% ethanol
were performed and the final centrifuged pellet was
dried overnight at room temperature. Radioactivity
in the samples was determined by standard scintilla-
tion spectroscopy. Thymidine and leucine incorpora-
tion rates (nM TdR d−1or nM Leu d−1) at incubation
temperature (logged during incubations) were con-
verted to rates at in situ temperatures using energy of
activation of 12 600 kcal mol−1 (Takacs & Priscu
1998). Rates were converted to bacterial carbon pro-
ductivity using 2.0 × 1018 cells mol−1 thymidine (Bell
1993) and 1.42 × 1017 cells mol−1 leucine (Chin-Leo &
Kirchman 1988) and a cellular carbon content of 11 fg
C cell−1 (Kepner et al. 1998). Leu:TdR represents the
molar ratio of incorporation of these 2 compounds
(Shiah & Ducklow 1997). Bacterial cells fixed in
sodium borate buffered formalin (5% v/v) were enu-
merated via epifluorescence microscopy following
staining with SYBR Gold on black 0.2 µm polycar-
bonate membrane filters (Lisle & Priscu 2004). At
least 10 fields and 300 cells were counted per sample.

The following forward difference model, based on
average bacterial cell losses and gains, was used to
determine bacterial dynamics during the sampling
period (Jassby & Goldman 1974):

BL = BPcell − dB/dt (1)

where BL is equal to the bacterial loss/gain rate (cells
m−2 d−1; positive values indicate loss and negative
values indicate gain), BPcell is equal to heterotrophic
BP (cells m−2 d−1), B is the standing stock of cells
measured by epifluorescence microscopy (cells m−2),
and t is time (days). Depth integration was not
weighted for lake morphometry and represents inte-
grated gains and losses under 1 m2 for each layer at
the sampling site only. B was determined by direct
cell counts. To determine BPcell, we converted bacte-
rial thymidine and leucine incorporation rates (nM
TdR d−1 or nM Leu d−1) to bacterial cell productivity
(cells m−2 d−1) using the conversion factors described
previously. BPcell was calculated using the following
equation:

BPcell = 0.5(BPcelli + BPcelli +1) (2)

where BPcelli and BPcelli +1 are equal to BP at succes-
sive sample points. dB/dt is equal to:

dB/dt = (Bi +1 − Bi) /Δt (3)

where Bi and Bi+1 are equal to B at successive sam-
pling points. Specific loss/gain rates (d−1) were deter-
mined by dividing BL by B for the corresponding
interval. Turnover times (days) represent the recipro-
cal of specific loss rate.

Statistical analyses

Statistical analyses were conducted using the R
software package (www.r-project.org) or Sigma
Plot®. Data were checked for normality (Shapiro-
Wilk test; p > 0.05) and constant variance before
analysis and were log-transformed where the as -
sumptions were not satisfied. Seasonal comparisons
were conducted using Student’s t-test or the Mann-
Whitney test to account for unequal sample sizes, 1-
way analysis of variance (ANOVA), or 1-way
ANOVA on ranks. Correlation coefficients (r) repre-
sent Pearson product-moment correlation.

RESULTS

Physical limnology

Water temperatures ranged from 2.1 to 2.6°C, −2.1
to 4.9°C, and −4.4 to 2.1°C in FRX, ELB, and WLB,
respectively. On average, the epilimnetic tempera-
tures in FRX (2.5°C) and WLB (1.7°C) were warmer
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than the metalimnetic temperatures (FRX, 2.2°C;
WLB, −0.03°C). The opposite was true in ELB, where
epilimnetic and metalimnetic temperatures averaged
3.5 and 4.8°C, respectively. Average conductivity
was relatively low in the epilimnia of each lake (2.9 to
7.2 mS cm−1), increased in the metalimnia (5.8 to
56.6 mS cm−1), and was about an order of magnitude
lower in FRX than in ELB and WLB. No significant
temporal changes in conductivity or temperature
occurred during the season in any of the lakes (p >
0.05; Fig. 1), which corroborates the decadal-scale
stability of the water columns of these lakes shown
by Spigel & Priscu (1998).

The first sunset of the season occurred on 20 Feb-
ruary. We divided the study period into 3 intervals
based on changes in PAR: (1) summer (November to
mid-February), (2) transitional period (mid-February
to mid-March), and (3) fall (March to early April).
Summer was characterized by either increasing (FRX
2.6% d−1, p = 0.003) or relatively stable PAR (ELB,
−0.3% d−1; WLB −0.6% d−1) PAR. The significant
increase in FRX PAR was presumably due to thin-
ning ice cover (data not shown). The subsequent

transition was a period of comparatively rapid
change where PAR decreased by 2.4% d−1 (FRX and
ELB), and 3.1% d−1 (WLB). PAR continued to de -
crease during the fall in ELB (−3.8% d−1; Table 1) and
began to stabilize in FRX and WLB (0.0003 and 0.7%
d−1, respectively), with seasonal minima at sensor
depth in late March and early April (Table 1, see
Figs. 2 to 4 & 6).

Chemical and biological limnology

Dissolved oxygen was supersaturated in the epi -
limnetic layers of all lakes, reaching 257, 392, and
366% of air saturation (Fig. 1). Much of this oxygen
has been shown to originate from freeze concentra-
tion as new lake ice forms at the underside of the per-
manent ice cover (Craig et al. 1992). Oxygen levels
drop precipitously through the metalimnia in all
lakes and approach suboxic levels below the chemo-
cline, a depth which also coincides with the bottom of
the photic zone. Nutrient concentrations were rela-
tively consistent in the lakes throughout the season
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Lake layer       TdR          Leu            L:T         Cells           PPR      DOC      Chl a          SRP            DIN            N:P          PAR

Summer
FRX Epi 0.005 − − 0.8 0.007 0.05 −0.05 0.03 −0.007 −0.004 0.07*
FRX Meta 0.004 − − 0.5 0.03 0.2 −0.01 0.6 1.6 −0.006
ELB Epi 0.002 − − −0.7 0.05 0.001 0.04 −0.2 −3.5 0.7 −0.04
ELB Meta 0.001 − − −0.1 −0.05 0.03 −0.002 0.003 −11.3 −0.7
WLB Epi 0.007* − − 4.4 0.1 0.05 0.2* −0.1 −5.9* 0.3 −0.03
WLB Meta −0.0004 − − −0.008 −0.03 0.04 0.04* 0.08 −8.9* −1.2

Transition
FRX Epi −0.01 −0.02 0.09 7.1 −0.2 0.04 0.2* −0.4 −0.2 0.04 −0.2
FRX Meta 0.02 0.007 0.05 3.5 −0.04 0.01 −0.04 −0.8 2.8 0.02
ELB Epi 0.01 −0.003 −0.04 1.8 −0.5 −0.07 0.3* −0.09 −6.4 0.4 −0.3
ELB Meta 0.005 −0.0009 −0.2 0.07 −0.03 −0.5 0.05 0.2 4.7 −0.4
WLB Epi −0.03 0.004 −0.4 −8.6 −0.6* −0.2 0.2 0.1 2.3 −1.2 −0.1*
WLB Meta 0.02 0.00001 −1.3 −0.1 −0.02 −3.0 −0.09 −0.7 −10.1 9.6*

Fall
FRX Epi −0.001 −0.004 0.05 −8.7 −0.06 −0.03 −0.004 0.3 0.08 −0.06 0.00004
FRX Meta −0.05 −0.01 0.3 −1.3 −0.02 0.07* −0.02 1.46 0.02 −0.1
ELB Epi −0.02 0.02 1.7 −2.7 −0.2 0.005 0.2 0.1 2.6 −1.0 −0.09
ELB Meta −0.005 0.01 2.6 0.07 −0.03 0.08 −0.005 −0.1 −8.0 −0.07
WLB Epi −0.05* −0.04* 1.1 −4.0 −0.001 0.2 0.02 −0.2 −4.2 0.8 0.001
WLB Meta −0.004 −0.009 2.3 −0.05 −0.02 0.2 −0.1 0.02 −14.2 −1.6

Table 1. Linear regression slopes of biological and physical parameters versus day of the year for Lake Fryxell (FRX), and the
east (ELB) and west (WLB) lobes of Lake Bonney, Antarctica. Trends are divided into summer (November to mid-February),
transition (mid-February to mid-March), and fall (mid-March to April) periods based on rates of change in photosynthetically
active radiation (PAR; see discussion in ‘Results’). Lake layers, Epi: epilimnion, Meta: metalimnion. TdR: thymidine incorpora-
tion; Leu: leucine incorporation; L:T: molar ratio of Leu to TdR; Cells: bacterial cell densities (× 1010); PPR: primary productivity;
DOC: dissolved organic carbon; chl a: chlorophyll a; SRP: soluble reactive phosphorus; DIN: dissolved inorganic nitrogen; N:P:
mass ratio of DIN to SRP. Asterisks indicate regressions with p ≤ 0.05. Regressions were not performed for Leu during the 

summer because only 2 data points were collected
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(see Figs. 2 to 4). DOC peaks usually occurred in
February and concentrations increased during the
fall (Table 1), while SRP and dissolved inorganic
nitrogen (DIN; NO3

− + NO2
− + NH4

+) were generally
high in the epilimnia at the beginning of summer and
decreased during the season (Table 1), suggesting
dominance of biological DOC productivity and draw-
down of inorganic nutrients during summer (Lizotte
et al. 1996). Summer decreases in N were significant
in the epi- and metalimnion of WLB (p = 0.003 and
p = 0.03, respectively; Table 1).

PPR maxima occurred in summer (late January and
mid-February) and then decreased rapidly during
the transition period (see Figs. 2 to 4; Table 1) to sea-
sonal minima (epilimnia: 0.1 to 2.9 mg C m−2 d−1,
meta limnia: 0.08 to 0.1 mg C m−2 d−1; see Figs. 2 to 4)
during the fall. Chl a reached maximum concentra-
tions (all-lake epilimnetic average = 35.8 mg m−2) in
the fall (Fig. 2) and overall, increased significantly in
the epilimnia (FRX: r2 = 0.5, p = 0.03; ELB: r2 = 0.8, p <
0.001; WLB: r2 = 0.9, p < 0.001) while concentrations
decreased in the FRX metalimnion (r2 = 0.5, p = 0.02)
and did not change significantly in the other 2 lakes
(Figs. 2 to 4). Decoupling of PPR from chl a concen-
tration could result from increasing chl a content per
cell in response to decreasing PAR (Desortová 1981,
Felip & Catalan 2000) or indicative of the overwinter
maintenance of photochemical apparatus in the

absence of active PPR suggested by Morgan-Kiss et
al. (2006).

PPR was positively correlated with PAR across the
study season in all of the lakes (FRX metalimnion: r =
0.7, p = 0.04; ELB epi- and metalimnion: r = 0.7, p =
0.02, r = 0.9, p < 0.01; WLB epi- and metalimnion: r =
0.08, p < 0.01, r = 0.7, p = 0.02), while chl a and PAR
were negatively correlated in all 3 epilimnia (FRX,
r = −0.8, p = 0.003; ELB, r = −1.0, p < 0.001; WLB, r =
−0.9, p < 0.001). PPR was not correlated with BP or
cell densities in any of the lakes (p > 0.05), indicating
that the 2 processes are not coupled on a seasonal
basis. Bulk BP was not significantly different among
summer, the transition period, or fall, and was not
correlated with any of the environmental parameters
that we measured.

Lake Fryxell

Over the course of the season, FRX epilimnetic TdR
(log-transformed) was positively correlated with PAR
(r = 0.7, p = 0.03) and negatively correlated with chl a
(r = −0.7, p = 0.02). Leu and TdR increased in the FRX
epilimnion during summer and peaked in early
December, similar to DIN. TdR decreased before the
PPR peak after the sunset, and covaried with SRP and
DIN starting in March (Fig. 2A,B). Chl a increased by
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Fig. 2. Seasonal nutrients, activity, and bacterial biomass in Lake Fryxell, Antarctica. (A−C) Epilimnion. (D−F) Metalimnion. N:
NO3

− + NO2
− + NH4

+, P: soluble reactive phosphorus, Chl a: chlorophyll a, DOC: dissolved organic carbon, TdR: thymidine,
Leu: leucine, PPR: primary productivity, PAR: photosynthetically active radiation. Leu:TdR is the ratio of leucine to thymidine 

incorporation rates (nmol m2 h−1). N:P is by mass. Note differences in scales as indicated by axis labels
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20.0% from November to April, with a significant
increase occurring during the transition period (p =
0.001) even though PPR deceased at a rate of 2.2%
d−1 during the same interval.

In the metalimnion, PPR, DIN, SRP, TdR, and DOC
covaried during the summer (Fig. 2B,D,E). All peaked
during summer by 15 January, except for TdR, which
reached maximum along with Leu, just after PAR
began to decrease during the transition period. PPR
peaked again during the transition on 5 March at the
same time that Leu and TdR abruptly decreased. Cell
counts did not change during the 5 March decrease
in BP, indicating that the change was due to a
decrease in activity per cell, rather than a loss of bio-
mass. SRP, DIN, and DOC (p = 0.04; Table 1) in -
creased during the fall, while PPR decreased rapidly
(12.2% d−1) after the 5 March peak and stayed low
for the remainder of the season. At the same time,
Leu increased and then stabilized, leading to a fall
escalation in the Leu:TdR ratio (Fig. 2D, Table 1).

East Lobe of Lake Bonney

During summer, PPR, TdR, and chl a covaried in
the ELB epilimnion. After the sunset, PPR decreased
until the end of the season at an average rate of
12.2% d−1. Chl a increased significantly during this
transition (p = 0.04; Table 1) and continued to in -

crease until the final sampling point. TdR and Leu
de creased during the transition by 35.1 and 46.5%,
respectively, between 27 February and 4 March.
Similar to FRX, cell counts did not change during this
time, indicating variation in cell specific activity. TdR
then rose to the seasonal maximum before decreas-
ing into the fall, while Leu continued to increase and
reached the seasonal maximum during the fall
(April). Al though both metrics showed variability in
BP, the general trend was similar to that of chl a late
in the season. Leu:TdR increased at a rate of 3.4% d−1

during the fall (Fig. 3A).
TdR, chl a, and PPR covaried with P in the meta -

limnion during summer, but PPR began to decrease
at the start of the transition and continued until the
final sample point. TdR in creased approaching the
transition, but dropped (64.7%) along with Leu
(51.0%) on 4 March due to an apparent decrease in
activity per cell. Both Leu and TdR recovered after 4
March and covaried with chl a until late March and
early April, when Leu:TdR increased due to a drop in
TdR (Fig. 3A,C).

West Lobe of Lake Bonney

TdR increased during the summer in the epi -
limnion (p = 0.02; Table 1), but did not reach a maxi-
mum (1 March) until the transition, 1 mo after the
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Fig. 3. Seasonal nutrients, activity, and bacterial biomass in the east lobe of Lake Bonney, Antarctica. (A−C) Epilimnion. (D−F) 
Metalimnion. Abbreviations as in Fig. 2. Note differences in scales as indicated by axis labels
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PPR peak (Fig. 4A). The TdR peak coincided with a
peak in Leu and P, and a 54.6% decrease in DOC.
Following this maximum, TdR and Leu decreased
quickly for 1 wk (66.0 and 45.6%, respectively), coin-
cident with seasonal low cell counts and seasonal
high chl a. TdR and Leu slowly decreased through
fall (p = 0.009 and p = 0.008, respectively; Table 1).
The magnitude of the decrease was greater for TdR,
causing Leu:TdR to increase during fall. DOC and
chl a trended upward during the fall period, as bio-
logical activity declined (Table 1, Fig. 4A−C).

TdR peaked in the metalimnion on 1 March, fol-
lowing a peak in DOC and SRP, and then decreased
along with Leu (86.7 and 20.6%, respectively) until 7
March. The drop in Leu and TdR corresponded with
seasonal low cell counts, decreasing PPR, and
decreasing chl a. Both TdR and Leu peaked again on
14 March in advance of a PPR peak, and then all 3
de creased and remained relatively stable for the rest
of the season (Table 1, Fig. 4D−F).

Bacterioplankton dynamics

Pooled bacterial abundance in FRX, ELB, and WLB
decreased by 1.3% for every 1% increase in Leu:
TdR, indicating that Leu:TdR effectively predicts
bacterial growth in these lakes (r2 = 0.36, p < 0.0001;

Fig. 5), despite their different physicochemical en vi -
ron ments (e.g. Fig. 1). Leu:TdR and bacterial abun-
dance were positively related in FRX, although cell
densities only in creased by 0.34% for every 1% in -
crease in Leu:TdR (r2 = 0.42; p = 0.007; regression not
shown), indicating that cell numbers were increasing
more quickly than expected based on Leu: TdR.
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Fig. 4. Seasonal nutrients, activity, and bacterial biomass in the west lobe of Lake Bonney, Antarctica. (A−C) Epilimnion. (D−F) 
Metalimnion. Abbreviations as in Fig. 2. Note differences in scales as indicated by axis labels

log (cells m–2) = –1.29 log (Leu:TdR)+13.77
r2 = 0.36; p < 0.0001
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Overall, Leu:TdR was >1 in all 3 lakes throughout
the sampling period and in creased during the fall
(Figs. 2 to 4, Table 1).

Bacterial turnover times computed from the output
of our forward difference model (Eqs. 1 to 3) ranged
from −284 to 69 d (Leu) and −5208 to 5263 d (TdR),
indicating slow growth and loss of bacterial carbon
overall. Negative turnover represents the amount of
time required for bacterial carbon to increase,
whereas positive turnover times indicate the time
required to lose an equivalent amount of bacterial
carbon. Losses of bacterial cells were fastest in the
metalimnion of each lake during the transition in
March (FRX Leu ~10 d; WLB Leu ~6 h) and February
(ELB TdR ~4 d). In FRX, gains in biomass occurred
during the transition period. Biomass gains also
occurred in ELB during the transition within 2 wk fol-
lowing the first sunset. Conversely, losses (Leu) were
re corded in WLB immediately after the sunset. Over-
all, biomass losses dominated the sampling period,
and occurred over periods of between 2.9 and 17.5 d
(temporally-weighted average losses; Fig. 6).

DISCUSSION

A key hypothesis addressed by our study is that
heterotrophic bacterial communities in MCM lakes
are indirectly affected by the onset of winter dark-
ness via the loss of bioavailable organic carbon from
photosynthetic PPR. The coupling of heterotrophic
bacterial metabolism with phytoplankton photosyn-
thesis is a key component of the conventional view of
the microbial loop (Azam et al. 1983). Previous stud-
ies have shown that bacterioplankton productivity in
MCM lakes increases along with phytoplankton pro-
ductivity during summer (Takacs & Priscu 1998,
Takacs et al. 2001), despite the fact that DOC budg-
ets indicate the ultimate limitation of bacterioplank-
ton growth by DOC if phytoplankton excretion is the
only available carbon source (Takacs et al. 2001).
Overall, we found that heterotrophic productivity is
decoupled from PPR in these lakes during fall and
that bacterioplankton communities switch from
growth to maintenance as the sun sets for the polar
night.
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Temporal patterns and bottom-up controls on
bacterial productivity

Morán et al. (2010) showed statistical evidence for
phytoplankton mediated bottom-up control in NE
Atlantic Shelf waters by regression between leucine
incorporation rate and chl a, while others have shown
that bacterioplankton activity covaries with PPR,
inferring linkages between phytoplankton-produced
organic matter and heterotrophic bacterial growth
(e.g. Gasol et al. 1998, Shiah 1999, Ruiz-González et
al. 2012). We were only able to detect statistically
insignificant covariation between BP and PPR in the
epilimnia during the summer; the 2 processes were
decoupled after the sunset. This decoupling may
result from bacterioplankton growth limitation year-
round by factors other than phytoplankton-derived
organic carbon, with the most likely being tempera-
ture and inorganic nutrients (Ward & Priscu 1997,
Dore & Priscu 2001). Another explanation is that
changes in the quantity or quality of DOC inputs due
to changes in the types of DOC excreted by phyto-
plankton, reliance on chemoautotrophically pro-
duced carbon, and/or pulses of DOC from increased
rates of cell lysis allowed continued bacterial activity
into the polar night, but changed its efficiency (Apple
& del Giorgio 2007). Similarly, bacterioplankton may
have switched from reliance on phytoplankton-
derived organic carbon to other carbon sources
within the lakes, most notably the decomposition of
particulate organic matter or the bulk DOC pool
(Takacs et al. 2001). Finally, top-down controls may
confound the connection between substrate avail-
ability and BP (Thingstad et al. 1997). We will discuss
each of these possibilities in turn.

Temperature and inorganic nutrients

Bacteria in the TV lakes grow at temperatures well
below their optima (Ward & Priscu 1997, Vick 2010),
and stable year-round temperature profiles likely
lead to persistent slow growth. Such perennial tem-
perature limitation may obscure a direct link be -
tween PPR and heterotrophic activity; however, the
seasonal vertical stability of vertical lake tempera-
ture (Fig. 1) indicates that temperature alone cannot
explain the uncoupling we observed after the sunset.
Past research has also demonstrated the importance
of phosphorus deficiency to both bacterioplankton
and phytoplankton in the lakes (Priscu 1995, Takacs
& Priscu 1998, Dore & Priscu 2001). Bacterioplankton
can be impacted by competition with phytoplankton

for inorganic nutrients, although heterotrophs have
been shown to more successfully utilize scarce or
less-nutritious carbon sources during periods of
darkness (Kuipers et al. 2000). In our study, N:P ratios
converged on the Redfield ratio (7:1 by mass; Red-
field 1958) later in the season, especially in ELB and
WLB, suggesting more balanced nutrient availability.
Relief from even minor nutrient limitation due to
decreased competition with phytoplankton could
play an important role in allowing BP rates to recover
after the sunset.

Variation in DOC sources

The amount and quality of carbon excreted by
phytoplankton has been shown to vary with rates of
PPR as well as other environmental conditions (Brat-
bak & Thingstad 1985, Baines & Pace 1991, Obernos-
terer & Herndl 1995, Magaletti et al. 2004), and sub-
strate quality has been shown to be an important
regulator of bacterioplankton growth (Apple & del
Giorgio 2007, Lee et al. 2009). Säwström et al. (2008a)
showed that decreases in the amount and quality of
available carbon substrate correlate with increased
proportions of bacterial cells with leaky membranes
in other polar lakes, which may provide a pulse of
labile organic carbon to the system. Thurman et al.
(2012) detected significant predation by nanoflagel-
lates on bacterioplankton in TV lakes during the
transition to winter, a phenomenon that was also
shown to increase the availability of dissolved or -
ganic matter and drive bacterial activity at night in
the Mediterranean Sea (Ruiz-González et al. 2012).
Pulses of labile organic carbon from leaky bacterial
cells and grazing after the sunset may partially
explain the increases in BP that we observed later in
the transition period in all lakes (Figs. 2 to 4).

The abundance and activity of chemoautotrophic
Archaea have been shown to increase during the
winter in coastal waters of the Antarctic Peninsula
(Grzymski et al. 2012, Williams et al. 2012), pointing
to an important role for dark CO2 fixation during the
polar night. Summer dark CO2 fixation in the metal-
imnion of Lake Fryxell provides up to 40% as much
carbon as photosynthetic PPR (1.2 mg C m2 d−1; our
unpubl. data), which is enough to account for up to
23% of estimated bacterial carbon demand in Lake
Fryxell (Takacs et al. 2001). Such chemoautotrophi-
cally fixed CO2 would be produced year round, and
while little is known about rates of excretion or qual-
ity of released DOM in this environment, dark CO2

fixation may play an important role in balancing the
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annual carbon budget of TV lakes, particularly those
such as Lakes Fryxell and Bonney, where appropri-
ate redox gradients exist to fuel chemotrophic pro-
ductivity (Lee et al. 2004).

The deep, saline waters of Lakes Fryxell and Bon-
ney contain legacy pools of organic matter that are
available to bacterioplankton growing above the
chemocline through upward diffusion (Priscu et al.
1999). Assuming that this entire pool is bioavailable,
it would meet ≤5% of estimated bacterial carbon
demand (Takacs et al. 2001). Approximately 20% of
the bulk DOC pool is comprised of low molecular
weight fulvic material thought to be readily accessi-
ble to bacteria (McKnight et al. 1991). Estimates of
bacterial carbon demand based on season average
Leu and estimated bacterial respiration rates in the
epilimnia of the TV lakes (Takacs et al. 2001) indicate
that there is adequate labile DOC (assuming no input
to the DOC pool) to last just over 1 yr in FRX, 9 mo in
ELB, and 10 mo in WLB. In the metalimnion, where
DOC concentrations are higher, this increases to
1.5 yr in FRX and just over 4 yr in ELB and WLB.

Bacterial decomposition of particulate organic mat-
ter provides another carbon source in the TV lakes.
Based on the C:chl ratio calculated for ELB phyto-
plankton by Sharp (1993; 70 g C g−1 chl) and the chl a
concentration in ELB at the 10 April sampling point
(28 mg m−2), a total of 1.96 g C m−2 was present as
phytoplankton particulate during the fall. Using the
bacterial decomposition rate (0.032% d−1) measured
by Priscu (1992) for ELB, this carbon pool would last
~31 d, assuming no growth of phytoplankton bio-
mass, variation in the C:chl, or changes in bacterial
activity. Collectively, these results show that the bulk
DOC pool may be the most important source of
energy for BP after the cessation of PPR during the
fall. This pool will be replenished to a small degree
by upward diffusion of legacy DOC and freeze-out as
lake water forms new lake ice during winter.

Top-down controls on bacterial productivity

The interval of fastest modeled bacterial growth
(dB/dt; Eq. 3) occurred during the transition period,
concurrent with the waning of summer PPR rather
than during the summer (Fig. 6), supporting the idea
that dB/dt is not mediated by phytoplankton-produced
carbon alone. Periods of predicted loss were more
common than periods of predicted gain, and modeled
results agreed with measured BP on a lake-to-lake
basis. In FRX, modeled growth in late February
(Fig. 6) was validated by increased cell concentrations

during March (Fig. 2). However, predicted growth in
ELB and WLB was not reflected by actual cell counts.
This discrepancy is indicative of losses of bacterio-
plankton not accounted for by changes in growth rate.
Advective loss is negligible in these lakes due to lack
of outflow, making other losses such as sinking, pre-
dation by protists, and viral lysis relatively important
mechanisms of bacterial loss. Either sinking or de-
composition must follow physiological cell death to
remove dead cells from the water column, but plank-
tonic sinking rates are low in the TV lakes (Priscu
1992, Takacs & Priscu 1998), and de composition of
 organic matter is also slow owing to the low tempera-
ture, making physiological cell death alone an un-
likely explanation for the fast losses of bacterioplank-
ton recorded during the transition and fall periods.

Protist grazing on bacteria in TV lakes has been
studied primarily during the summer and has been
shown to be relatively low (Bell & Laybourn-Parry
1999, Roberts et al. 2004a). Thurman et al. (2012)
showed that phototrophic nanoflagellates (PNAN)
ingested heterotrophic bacteria in TV lakes during
the fall, and that increased PNAN grazing rates cor-
responded with decreased rates of BP, particularly in
WLB. Interestingly, the post-sunset decrease in bac-
terial cell counts that we observed in the WLB meta -
limnion coincided with a period of decreasing chl a
concentrations (Fig. 4), supporting the idea that mixo -
trophic protists may have switched from photosyn-
thesis to heterotrophy (Hansen et al. 2000).

Viral lysis is another important cause of bacterial
loss in TV lakes (Lisle & Priscu 2004, Säwström et al.
2008b). Studying north temperate lakes, Maurice et
al. (2010) found that peak numbers of damaged bacte-
rial cells corresponded to minimum rates of lysogeny
during the winter. Their results indicate that lysogens
were induced by slowing host metabolic rates to repli-
cate their genome and ‘abandon ship’ before condi-
tions worsened. The TV lakes contain high concentra-
tions of virus-like particles (106 ml−1; Kepner et al.
1998), and a large proportion of lysogenic bacteria
(63% of the total population; Lisle & Priscu 2004),
which could explain the losses in ELB and WLB that
could not be accounted for by our model.

Physiological responses of bacterioplankton

Typically, cells with high Leu:TdR ratios are thought
to be incorporating carbon to sustain cellular pro-
cesses, but not reproducing (e.g. Shiah & Ducklow
1997). We found an overall negative relationship be-
tween Leu:TdR and bacterial cell densities (Fig. 5),
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showing that across the 3 lakes, Leu:TdR is a good
predictor of bacterial reproduction. Leu:TdR was low-
est on average in FRX (FRX = 18.6, ELB = 39.7, WLB =
59.1; Figs. 2 to 4) indicating that, relative to ELB and
WLB, populations in FRX were growing rapidly. Simi-
larly, bacterial cell densities in FRX increased more
rapidly than predicted by Leu:TdR, although the in-
crease in cell density per unit Leu:TdR was low
(0.34% per 1% increase in Leu:TdR). A positive rela-
tionship between cell density and Leu:TdR is counter
to the usual assumption that cells with high Leu:TdR
ratios are utilizing carbon but are not reproducing,
thus exhibiting lower bacterial growth efficiency. One
solution to this conundrum is that bacterioplankton in
FRX are dividing, but also have high bacterial growth
efficiency relative to those in ELB and WLB (Takacs et
al. 2001) and are therefore respiring less leucine than
expected (del Giorgio et al. 2011). FRX is nutrient re-
plete compared to ELB and WLB (Figs. 2 to 4), which
could explain higher growth efficiency.

In all lakes, Leu:TdR increased after the first sunset
and again at the sample point closest to winter. The
transition to polar night led to the cessation of PPR,
which infers changes in the nature of the major car-
bon source for bacterial growth (Morán et al. 2010).
Bacterioplankton forced to switch to less desirable
carbon substrates may have down-regulated repro-
duction in response to the more oligotrophic winter
environment. Alternatively, bacterial community com-
position may have changed to favor organisms more
adapted to winter conditions (Alonso-Sáez et al.
2008), which may incorporate Leu and TdR differ-
ently than the summer community and/or have lower
bacterial growth efficiency.

CONCLUSIONS

Data from our study indicate that bacterioplankton
in Lakes Fryxell and Bonney remain active throughout
the fall transition period, are dynamically coupled
with phytoplankton productivity during the summer,
and likely switch focus from growth to maintenance
as the sun sets in austral winter. Takacs & Priscu
(1998) showed that bacterioplankton are active in
these lakes during early spring before the onset of
PPR, and together these data indicate that heterotro-
phic activity is likely maintained at low levels
throughout the austral polar night. During this winter
period, the lakes would enter a period of net het-
erotrophy, where the bulk DOC pool and upward dif-
fusion from the deep pool of legacy DOC may become
more important in supporting biological activity.
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