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Abstract

Climate change is causing seasonally ice-covered lakes of the boreal region to undergo changes in their
winter regime by altering patterns of precipitation and temperature, often reflected as reduced snow and ice
cover duration. The duration, extent and quality of ice, and snow cover have a pivotal role for production and
carbon cycling in lakes in winter, with potentially cascading effects for the following open water period.
We investigated under-ice carbon cycling by assessing bacterial growth (including bacterial production, bacterial
respiration, and bacterial growth efficiency) and primary production at five water depths during early winter,
midwinter, late winter and melting season in a boreal lake, and report significantly different temporal patterns.
Bacterial respiration was dominant in early and midwinter, whereas the late winter and melting season were
dominated by bacterial production. Multiple linear regression models indicated that high early winter bacterial
respiration was associated with senescing phytoplankton, whereas bacterial production was promoted by the
onset of spring processes. Collectively, bacterial growth indices were inherently linked with bacterioplankton
community composition and specific biomarker taxa. Primary production under ice increased in late winter
when light-blocking snow cover melted, and primary production measured from the lake ice exceeded that
of the water column at the melting season. Ice samples hosted diverse eukaryotic communities including
photoautotrophs, suggesting that the habitat potential of the understudied lake ice and the role of ice for

ecological processes at ice melt should be further explored.

With the majority of the world’s lakes distributed north of
the 40™ latitude (Verpoorter et al. 2014), seasonally ice-
covered lakes are a central component of the boreal land-
scape. Lake ice and potential snow cover on top form an effi-
cient barrier reducing flows of heat, light, and material
between the atmosphere and the lake water, resulting in
much altered living conditions for the aquatic organisms
(Cavaliere et al. 2021; Bramburger et al. 2022). In addition,
the ice-covered period is threatened by climate change,
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resulting in, for example, reduced ice cover duration, changes
in snow accumulation and ice formation (Sharma
et al. 2021), altered timing of spring melt (Sadro et al. 2018),
and associated physical and ecological changes in the water
column (Hébert et al. 2021; Hrycik et al. 2022; Woolway
et al. 2022).

Recent advances in winter limnology have greatly
improved the understanding of physical winter processes
(Cavaliere et al. 2021; Olsthoorn et al. 2022) and under-ice
communities (Tran et al. 2018; McMeans et al. 2020;
Shchapov et al. 2021). Yet, much remains unknown, espe-
cially considering links between the physical limnology and
communities, resource availability, and food web functions, as
well as their variability on spatial and temporal scales. While
winter dormancy applies to various aquatic organisms, there is
growing evidence of photosynthetic activity (Twiss 2012;
Reinl et al. 2023) as well as rich and active microbial life and
carbon processing under ice (Butler et al. 2019). This has
implications for the proportion and extent to which carbon is
mineralized to CO, or alternatively assimilated into biomass
and potentially transferred into the food web.
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The importance of microbial processing for under-ice food
webs is expected to increase as the classic phytoplankton-
driven food web declines in low-light conditions (Jansen
et al. 2021). In addition, the greenhouse gases accumulating
during the ice-covered period (typically released at ice melt)
contribute a significant portion of the annual greenhouse gas
emissions from northern freshwaters (Denfeld et al. 2018),
hence understanding microbial carbon processing under ice is
fundamental for assessing annual carbon budgets of lakes and
their links with the global carbon cycle (Karlsson et al. 2013).
While sediment respiration accounts for majority of green-
house gas production during winter (Denfeld et al. 2018), car-
bon processing by bacterioplankton under ice is less studied,
and rates are rarely reported (but see Tulonen et al. 1994;
Bizi¢-lonescu et al. 2014; Kritzberg and Baath 2022). During
the open-water period, bacterioplankton growth patterns have
been shown to be variable and often driven by dissolved
organic matter (DOM) composition and allochthonous inputs
(Ask et al. 2009; Berggren et al. 2010), as well as nutrients, par-
ticularly phosphorus (Smith and Prairie 2004; Vidal
et al. 2011). Strong limnological gradients (including nutri-
ents, carbon) can be present during the winter stratification of
ice-covered lakes, and as bacterioplankton community struc-
ture also follows these biogeochemical gradients (Bertilsson
et al. 2013), vertical and seasonal differences in bacter-
ioplankton growth rates and carbon processing can be
expected.

In this study, we aim to improve the understanding of
microbial carbon processing under ice, by exploring bacterial
growth, primary production, community assemblages and
associated limnological and biogeochemical components in a
boreal lake at four time periods and five depths across one
winter. We further specify the most important environmental
relationships and biomarkers for bacterial growth. In addition,
we investigate the primary production potential and associ-
ated ice communities of the melting ice, to improve under-
standing of this poorly studied habitat, and elucidate the role
of ice-derived material for the lake functioning at ice-off.

Materials and methods

Site description

The sampling campaign was conducted during the winter
2020-2021 on a medium-sized (83 ha) boreal Lake
Simoncouche (48°25”N, 71°25"W; altitude 347 m) in Quebec,
Canada. The lake is mesotrophic, dimictic, and shallow (mean
depth 2.2 m, max. depth 8 m). Annual average water column
concentration of dissolved organic carbon (DOC) is
5.3+ 0.8mgL ! and during the summer months the water
temperatures exceed 20°C. The lake has typically been frozen
between the end of November and the latter half of April or
early May. In 2020, the lake froze over on 23 November and
was ice free on 13 April 2021, with the maximum ice thick-
ness (56 cm) occurring in early March. Typically, two to three
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phenologically different ice layers are present: at the bottom a
layer of black ice (freezing from lake water), which is topped
by white ice (freezing from snow and lake water) constituting
most of the ice thickness. Toward the spring, a 3" layer of
slushy ice forms on the surface composed of white ice that is
softened by sunlight and refreezes overnight in a daily cycle.
The lake has one major inflow (contributing approximately
70% of incoming water) and one outflow at the opposite end
of the lake. Mean water residence time is 50 d during the open
water period, though wvariability is high (Vachon and del
Giorgio 2014), and the winter residence time is similar
(unpublished data).

Sampling design

The sampling campaign extended over winter of 2020-
2021, when sampling was conducted on four key time periods
(sensu Jansen et al. 2021): early winter (14 December), mid-
winter (23 February), late winter (23 March), and melting sea-
son (12 April). Water samples were retrieved from five specific
depths (0 m, i.e., right below the ice, and from 1.5, 3, 4.5, and
7 m, calculated from the top of the ice) with a 2-liter Limnos
(Limnos Ltd., Poland) water sampler for water chemistry, pro-
duction measurements, and molecular analyses. One to three
replicates were collected for different analyses and the sam-
pling took place inside a pop-up tent minimizing light expo-
sure. Physical water column properties (temperature,
conductivity, dissolved oxygen [O,] concentration) were pro-
filed with a Ruskin RBR Concerto (RBR Ltd., Canada)
multisonde. Snow and ice thickness were recorded. In addi-
tion, the lake was sampled during overturn in the fall
(13 November 2020) and spring (26 April 2021) for the same
variables as during winter, but from the mixed integrated
water column. Ice samples were collected during the melting
season, and subsampled to black ice, white ice, and slushy sur-
face ice for molecular analyses. Bulk ice was collected for chlo-
rophyll a (Chl a) and primary production measurements.
Underwater light was monitored throughout the study with
HOBO Pendant light sensors (Onset, USA) connected to a
nearby mooring.

Water chemistry, organic carbon components, and Chl a

From each date and depth, analyzed chemical components
included pH, concentrations of total (nitrogen, TN; phospho-
rus, TP) and dissolved nutrients (soluble reactive phosphorus
[SRP] and nitrate with negligible nitrite, referred to as NO3),
Chl a, dissolved organic carbon (DOC), and colored dissolved
organic matter (CDOM) fractions. Water for dissolved compo-
nents (SRP, NO3;, DOC, and CDOM) was filtered through
precombusted GF/F filters (Whatman; nominal pore size
0.7 ym). DOC (two replicates) and nutrients were analyzed at
the GRIL analytical laboratory of Université du Québec a Mon-
tréal (Montreal, Canada) following standard protocols. Mea-
surements of pH (Fisher Scientific AR15) were conducted in
the lab within a few hours after sampling.
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For CDOM, spectral absorbance was measured to assess the
absorption coefficients at 320 nm (a33p) and 440 nm (d440),
and specific ultraviolet absorbance at 254 nm (SUVA). The
fluorescence spectra were recorded for a parallel factor
(PARAFAC) model. Further details of the CDOM analyses and
PARAFAC are provided in Supplementary Methods S1, Fig. S1,
and Table S1. For Chl a analyses, 200-350 mL of lake water or
melted ice was filtered through GF/F filters (three replicates
per depth), extracted in ethanol and analyzed with a Cary
Eclipse spectrofluorometer (Agilent Technologies) according to
Nusch (1980). The extracts were scanned before and after acid-
ification to subtract phaeopigments.

Bacterial growth and primary production

Bacterial production was measured in-situ from five depths
using tritiated leucine (®H-leucine) and leucine-to-carbon con-
version factor of 1.55 kg C mol Leu™'. Samples with three rep-
licates and two controls per depth were prepared by adding
3H-leucine (specific activity 160 Ci mmol ') to each vial to
obtain a final concentration of 30 nM, at which bacteria were
saturated (experimentally tested), and incubated in their
respective depths in the lake. During the overturns, one sam-
ple set was produced from the mixed integrated water column
(0-7 m). An incubation time of 1.5 h was defined from satura-
tion curves produced preceding the in situ field experiment.
Experiments were terminated by adding trichloroacetic acid
(final concentration 5%) after which samples were stored in
—20°C until centrifugation and radio assaying according to
Smith and Azam (1992).

Bacterial respiration was measured as dissolved O, con-
sumption using optical O, mini sensors (PSt3, PreSens,
+1.4umolL™') and Fibox 4 oxygen meter (PreSens)
(Warkentin et al. 2007). Within a few hours of sampling, three
replicates of water from five specific depths during the ice-
covered season, and from the integrated water column (0-
7 m) during the spring overturn, were filtered through a
50-um sieve to remove grazers and closed in 300-mL air-tight
glass bottles without headspace. Incubations were carried out
in an environmental chamber in darkness at 4°C. The sam-
ples, apart from the early winter samples, were placed in a
water bath inside the climate chamber to further reduce tem-
perature variability. The dissolved oxygen was measured 2-3
times a day, and the consumption was calculated as a linear
regression slope between the stable starting concentration and
the point where oxygen decrease became negligible (15-41 h).

Bacterial growth efficiency, reflecting proportion of bacte-
rial production per unit of assimilated carbon, was calculated
using the following equation and further expressed as
percentage:

BP

BGE =358R

Under-ice production and carbon cycling

where BGE stands for bacterial growth efficiency, BP
stands for bacterial production, and BR stands for bacterial
respiration.

Primary production was measured in situ with a "*C-HCO;
method from five depths during late winter and melting sea-
son. These measures were not carried out during early and
midwinter due to snow cover blocking the light under the ice.
From each target depth three 20 mL replicates and two black
controls were prepared (sample activity 0.2 uCimL™') and
incubated for 1.5 h in their respective depth. In addition, sam-
ples from melted ice and integrated euphotic water column
(down to 2.5 m in late winter and 3 m during melting season)
or the whole water column (0-7 m; spring overturn) were
incubated using a system generating a gradient of PAR intro-
duced by Rae and Vincent (1998). In short, a box with five dif-
ferent light shades with two replicates each and two controls
(0% light) were used to obtain photosynthesis vs. irradiance
curves from complete darkness to full sunlight, to further
determine the maximum primary production (Pnax) via satu-
ration curve according to Platt et al. (1980). All primary pro-
duction samples were corrected for blanks and total activity of
the samples.

Molecular analyses

Molecular samples were collected as duplicates from three
depths in the water column (0, 3, and 7 m) and from the
3 phenologically different ice layers in the melting season.
Water samples were collected into low-density polyethylene
Cubitainers (washed with 2%v/v Contrad 70 liquid detergent
(DeconLabs) and 10%v/v ACS-grade HCI (Sigma-Aldrich), and
rinsed with MilliQ and lake water), and ice was collected into
sterile Whirl-Pak™ bags (Nasco). The water samples were fil-
tered on the day of sampling, while the ice samples were
melted at 4°C in the dark inside their collection bags and fil-
tered once in liquid state within 3 days. The samples were
filtered on to Sterivex™ (Whatman, pore size 0.22 ym) filters
with a peristaltic pump (FH100M, Fisherbrand), filled with
2 mL of RNA later and stored at —80°C until processing. An
average of 900 mL sample was passed on each filter; filtration
was stopped based on coloration of the filters and reduced
flow rate or running out of sample material.

DNA was extracted from Sterivex filters with the AllPrep
DNA extraction kit (QIAGEN) following the method in
Cruaud et al. (2017) and prepared into sequencing libraries
targeting the V3-V4 regions of the 16S rRNA gene (primers
341F & 805R) (Herlemann et al. 2011), and the V4 region of
the 18S gene (572F & 1009R) (Comeau et al. 2011). Sequenc-
ing was performed on an Illumina MiSeq and yielded 64,942
sequences for 16S and 28,116 for 18S. Reads were processed in
R 4.3.1 (R Core Team 2023) with the DADA2 package v1.22.0
(Callahan et al. 2016). For full parameters used, see Supple-
mentary Methods S2. Sequences were clustered into amplicon
sequence variants (ASVs) and taxonomy was assigned with the
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SILVA SSU v1.138.1 database for prokaryotes, and v.132 train-
ing set for eukaryotes (Quast et al. 2013; Yilmaz et al. 2014).
Low abundance taxa (0.05%) as well as chloroplast-related
sequences (in the 16S dataset) were removed. Diversity ana-
lyses were performed with the phyloseq v1.38.0 package
(McMurdie and Holmes 2013).

Statistical analyses

Statistical analyses were run in R (R Core Team 2023). Per-
mutational ANOVA (PERMANOVA) with 999 permutations
was used to define significance of differences between differ-
ent depths and time periods for bacterial production, respira-
tion and growth efficiency using the vegan v.2.6-4 package
(Oksanen et al. 2020). To determine the factors driving the
variability in bacterial production and respiration, environ-
mental variables were tested in multiple linear regressions (MLR).
The variables tested included temperature, conductivity, O, con-
centration, pH, TP, TN, SRP, NO3~, DOC, SUVA, dy40, a320, and
PARAFAC components C1-C4. Prior to the analysis sqrt-
transformation (based on visual inspection) was applied to the

Under-ice production and carbon cycling

response variables and to temperature, conductivity, O, concen-
tration, TP, NO3, SUVA, a440, and C4. Non-transformed vari-
ables included in the models were pH, TN, SRP, and DOC; the
final suite of variables was selected based on ecological
significance and removal of autocorrelation (>0.9). The
models were ranked according to their AICc scores using
MuMIn v.1.47.1 package (Bartén 2022), and quality of the
models was assessed with variable significance, diagnostic
plots and heteroscedasticity of residuals. In addition, relative
variable importance (RVI) was calculated from the 95% confi-
dence interval set of the MLR models (9 models for production
and 10 for respiration) to rank the relative importance of the
variables considered by the MLR analysis (higher rank
corresponding with higher importance) (Burnham and
Anderson 2002).

A non-metric dimensional scaling (nMDS) was performed
on the prokaryote community composition in water samples
using the Bray-Curtis dissimilarity index (phyloseq package).
Vectors representing bacterial production and respiration were
further projected on the nMDS. As the nMDS suggested

Table 1. Physicochemical water column measurements at the four samplings (early, mid, and late winter, melting season) at five
depths, and the integrated water column measurements for fall and spring overturns. Variables include temperature (Temp), specific
conductivity (Cond), dissolved oxygen concentration (O, conc), total nitrogen (TN), total phosphorus (TP), soluble reactive phosphorus

(SRP), nitrate (NO3) and Chl a.

Time Depth Temp Cond 0O, conc TN TP SRP NO3 Chla
Period  (m) pH  (CQ  @Seam ) (mgLh) (mgLh)  gL)  wglh)  wgl) (gL
Fall 8.5 5.5 5.8 118.4 12.3 0.28 9.27 2.50 0.01 3.67 £ 0.03
13 Nov
Early 0 7.5 1.28 110.0 13.1 0.66 8.3 3.2 0.04 23+0.10
14 Dec 1.5 7.6 292 118.4 12.2 0.25 6.8 6.6 0.02 1.9+0.14
3 7.4 3.73 120.8 10.2 0.30 7.9 4.3 0.02 1.82+0.12
4.5 7.1 4.00 155.3 6.6 0.42 8.5 53 0.01 1.16 £ 0.26
7 7.3 4.50 340.5 5.4 0.41 13.5 8.3 0.04 0.94 £0.21
Mid 0 6.5 1.43 112.4 12.3 0.28 5.2 4.2 0.05 0.35 £ 0.02
23 Feb 1.5 6.8 3.62 127.9 9.9 0.26 6.3 4.6 0.04 0.31 £0.03
3 6.7 4.29 146.5 3.3 0.30 4.9 4.0 0.06 0.13 £0.01
4.5 6.7 4.55 295.1 2.7 0.31 5.2 4.2 0.10 0.08 £ 0.01
7 6.9 5.07 427.8 1.6 0.49 7.5 5.7 0.29 0.09 £+ 0.00
Late 0 6.8 1.66 113.2 12.0 0.45 5.8 3.2 0.08 0.32+£0.03
23 Mar 1.5 6.8 3.57 128.0 8.6 0.30 6.3 4.5 0.07 0.86 £0.17
3 6.7 4.14 149.6 3.1 0.28 5.4 4.7 0.06 0.6 +0.03
4.5 6.5 4.61 292.0 2.5 0.33 5.2 5.0 0.12 0.27 £0.00
7 6.7 4.94 546.8 5.6 0.58 9.2 6.1 0.16 0.19 £0.17
Melting 0 6.3 4.75 32.3 11.8 0.17 5.5 1.9 0.05 1.05 +0.08
12 Apr 1.5 6.7 4.63 139.2 11.4 0.25 59 3.4 0.06 1.76 + 0.01
3 6.6 4.00 178.5 3.8 0.24 5.7 4.5 0.07 1.55+0.07
4.5 6.7 4.63 357.4 2.5 0.34 12.1 59 0.13 0.96 £ 0.05
7 6.8 4.87 643.6 2.6 0.53 6.8 6.5 0.10 0.67 £ 0.04
Spring 0-7 7.0 6.59 180.5 10.1 0.40 8.0 5.1 0.03 3.74+0.12
26 Apr
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potential connections between the bacterioplankton commu-
nity composition and growth patterns, samples were divided
into three growth style groups based on their growth measure-
ments: high bacterial production group (> 65ug C L™'d ™),
high bacterial respiration group (>65ug C L 'd™!) and a
group with more balanced growth style (production and respi-
ration <65 ug C L™'d™'). To identify biomarkers in these
groups, a linear discriminant analysis effect size (LEfSe, Segata
et al. 2011) was performed (microbiomeMarker 1.0.1 package,
Cao et al. 2022) with significance level set to 0.5 and LDA cut-
off to 4, and using one-against-all comparison between
groups. Pairwise PERMANOVA (pairwiseAdonis package; Mar-
tinez Arbizu 2020) and betadisper comparisons (vegan pack-
age) were used to determine if the groups differed in
community composition.

Results

Physicochemical and carbon properties

Temporal and vertical gradients were evident in the limno-
logical data, displaying typical winter stratification patterns
(Table 1). Temperature was inversely stratified, and the ther-
mocline was close to the surface (above 1.5 m) throughout the

Under-ice production and carbon cycling

first three periods, but not present at the melting season. Sol-
ute (conductivity) and O, concentrations remained stratified
for the whole study period, with higher conductivity and
lower oxygen concentration at the bottom. As an exception,
bottom water was oxygen-rich during late winter, when a lat-
eral flow from the littoral was located at the lake bottom based
on the density gradient of the water column (unpublished
data). In early winter pH was slightly alkaline while otherwise
slightly acidic. During the melting season pH was noticeably
lower at 0 m, this sample was characterized by remarkably low
conductivity and low nutrient concentrations, particularly
SRP (Table 1). TP levels in early winter were elevated compared
to other time periods. Chl a was generally low under ice and
highest in early winter. The highest values were close to the
surface in early and midwinter, whereas a clear Chl
a maximum during late winter and melting season was at
1.5 m. Chl a was similar during fall and spring overturns, and
higher than under ice.

The PARAFAC analysis identified four carbon components
(C1-C4; Supplementary Table S1). Components C1-C3 repre-
sented humic-like matter with likely terrestrial origin
(C2 potentially microbially reworked terrestrial material) and
were highly correlated. C4 had a tyrosine-like signature

Table 2. Concentration and properties of DOC, including spectral indices (absorption at 320 and 440 nm, specific UV-absorbance:
SUVA), fluorescent dissolved organic matter (FDOM) and the PARAFAC components C1-C4 under the ice. Fall and spring overturn data

are for the integrated water column.

Depth DOC aszo Q440 C1 c2 Cc3 Cc4 FDOM
Time period (m) (mgL™") SUVA (m™ 1 m (RU) (RU) (RU) (RU) (RU)
Fall 0-6 6.55 + 0.21 3.3 17.63 2.10 1.06 1.16 0.43 0.25 2.9
Early 0 6.4 +0.14 3.0 16.37 1.98 1.01 1.06 0.37 0.36 2.80
1.5 6.2 £0.00 3.2 16.24 2.30 0.98 1.07 0.37 0.49 2.91
3 6.15 £ 0.07 3.3 17.04 2.39 1.04 1.13 0.41 0.24 2.82
4.5 6.2+0.14 3.1 16.22 2.37 1.15 1.20 0.43 0.54 3.32
7 7.35 £ 0.49 3.2 20.87 2.72 1.62 1.51 0.65 0.72 4.50
Mid 0 6.15 £ 0.07 3.0 15.41 1.91 1.13 1.26 0.46 0.26 3.12
1.5 5.65 + 0.21 3.3 15.66 1.80 1.22 1.31 0.49 0.23 3.26
3 5.7 £ 0.00 3.3 15.59 1.78 1.31 1.36 0.52 0.21 3.40
4.5 6.2 +0.14 3.1 16.65 1.81 1.37 1.40 0.56 0.23 3.56
7 7.5+ 0.00 3.5 24.22 3.04 1.86 1.74 0.82 0.17 4.60
Late 0 6.5+0.14 3.0 16.11 1.93 1.00 1.15 0.36 0.33 2.83
1.5 6.1 £0.42 3.2 15.86 1.97 1.01 1.13 0.39 0.22 2.75
3 5.9 +£0.00 3.3 15.86 1.97 1.08 1.15 0.43 0.19 2.85
4.5 6.25 £ 0.07 3.2 17.28 2.04 1.24 1.25 0.51 0.19 3.18
7 7.85+0.21 3.9 31.45 5.13 1.54 1.42 0.68 0.17 3.81
Melting 0 3.25+1.10 3.7 11.02 1.45 0.56 0.48 0.21 0.09 1.33
1.5 5.54+0.14 3.3 15.53 1.97 0.89 0.90 0.33 0.15 2.27
3 5.7+0.14 3.2 15.53 1.75 0.98 1.00 0.39 0.15 2.52
4.5 6.5+0.14 3.2 18.64 2.26 1.14 1.12 0.48 0.14 2.88
7 7.05 £ 0.07 3.3 22.02 2.81 1.30 1.20 0.57 0.14 3.21
Spring 0-7 5.05 +0.07 3.42 14.86 1.97 0.66 0.69 0.24 0.13 1.72
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and was interpreted as a protein-like autochthonous compo-
nent, which since peaking in the early winter, is likely
reflecting DOM originating from senescing phytoplankton in

Under-ice production and carbon cycling

our study. Total fluorescent organic matter (FDOM) indicates
the sum of C1-C4. For DOC and all carbon indices highest
values occurred at the lake bottom throughout the winter
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(Table 2.). In the early winter a440 and C4 displayed elevated
values. During the melting season all carbon indices were
diluted at O m. DOC was elevated during the fall overturn, in
respect to the under-ice average (6.21 + 0.64 mg L™') and the
spring overturn.

Bacterial growth patterns

Across the studied winter, bacterial production varied
between 0.83 and 116 ug C L' d !, with lowest values occur-
ring during midwinter and highest during the melting season
(Fig. 1.). During the preceding open water period bacterial pro-
duction was higher (fall overturn, 40.8 + 1.9 ug C L 'd ")
than after formation of ice in early winter (< 25 ug C L™' d™}),
whereas after the ice-off it was reduced from high under-ice
values (>40 ug C L 'd ') to 14.92 + 2.0 ug C L ' d" ' during
spring overturn. Bacterial production was most active at
greater depths from early to late winter, but during the melt-
ing season the highest production occurred right under the
ice. The lowest production occurred consistently in the inter-
mediate depths. Bacterial respiration varied from negligible to
234 ug C L' d! under the ice cover, dominating the carbon
metabolism from early to late winter. It was highest during
early winter (>100ug C L 'd™! per depth) and lowest
during melting season (< 20 ug C L' d~' per depth). Bacterial
growth efficiency ranged from 1.4% to 87% being lower (< 20%)
during early and midwinter but increased considerably (> 50%)
toward late winter and further (> 80%) during the melting sea-
son. During spring overturn respiration increased (348 + 12 ug C
L~'d™") and growth efficiency reduced (4%) remarkably com-
pared to previous under-ice conditions. PERMANOVA revealed
that there were significant differences between the time periods
(R*=0.70, p=0.001). The time period was significant
(p = 0.001) to all growth variables explaining majority of the var-
iance (production: R* = 0.64, respiration: R*> = 0.72, growth effi-
ciency: R*=0.98). Depth was significant only to
growth efficiency (R* = 0.003, p = 0.003), whereas the interaction
term (Period : Depth) was significant for production (R*> = 0.09,
p = 0.002) and growth efficiency (R*> = 0.04, p = 0.012).

Environmental relationships with bacterial production
and respiration

Several significant relationships with bacterial production
and respiration were identified through MLR and RVI ana-
lyses. For production, the best MLR model (Ri(jlj =0.54,
p=0.003) included variables that typically respond strongly to
spring onset; temperature, O, concentration, pH (inverse rela-
tionship), and TN. Variability in respiration was best
explained by the MLR model (R§d1:0.76, p<0.001) that
included pH, SUVA (inverse relationship), TP and C4
that reflect the early winter conditions with senescing algae.
The variables identified by the RVI analysis displayed over four
times more importance than any other tested variable for pro-
duction and over twice for respiration (Supplementary
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Fig. 2. (a) An nMDS plot of bacterioplankton community composition
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(BP) and respiration (BR) are presented on top to show relationships
between microbial community and bacterial growth styles. The dashed
red oval marks the samples corresponding with the balanced growth
style. (b) Phylogeny of significant bacterioplankton biomarkers associated
with the three observed growth styles (high production [BP], high respira-
tion [BR], balanced). The significant biomarkers (filled dots) are named
outwards from the center, following phylogenetic ranks: phylum (p), class
(c), order (o), family (f), genus (g).
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Fig. §2). Correlations between individual variables are pres-
ented in Supplementary Table S2.

Association of bacterial growth with bacterioplankton
community composition

Molecular analyses revealed that the bacterioplankton com-
munity composition (Supplementary Fig. S3) was correlated
with heterotrophic bacterial growth patterns. In the commu-
nity composition nMDS (Fig. 2a), bacterial production aligned
with nMDS1, while bacterial respiration correlated with
nMDS2. A group of samples in the lower right corner of the
nMDS plot corresponded with the predefined balanced
growth style group used in the LEfSe analysis, which
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Fig. 3. Comparison of algal community responses between ice and
water during the melting season for (a) Chl a concentration (significant
difference) and (b) photosynthesis—irradiance curves. PP = primary pro-
duction, PAR = photosynthetically active radiation.
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revealed 23 significant biomarkers for the growth style
groups: high production, high respiration and balanced
(10, 8, and S biomarkers, respectively; Fig. 2b). The balanced
group was characterized by Planctomycetota, especially the
order of Gemmatales, whereas high production was associated
taxa in two phylums: Flavobacterium (Bacteroidota) and
Methylobacter (Pseudomonadota). High respiration was featured
by Sporichthyaceae (Actinobacteria) in addition to three specific
biomarkers within Gammaproteobacteria: Limnohabitans and
Polynucleobacter genera, and the Burkholderiaceae. Bacter-
ioplankton assemblages grouped according to growth style were
significantly different and the grouping explained 40.2% of
assemblage composition variance (PERMANOVA, p = 0.001).
Dispersion within the groups was homogenous (bet-
adisper, p > 0.05).

Primary production in water and ice

After snow melted and light returned under the ice in
March (Supplementary Fig. S4), primary production (in situ)
under the ice varied from 0.18 to 369mg C m *h '
An increasing trend from late winter to melting season
was observed, with highest production occurring consis-
tently at 1.5m depth (Fig. 1.). In agreement, Pp,x from
the water presented an increasing trend from late winter
(36 mg C m>h™') to melting season (151 mg C m>h™")
and further into the spring overturn (817mg C m >h™?).
The melting ice had higher Py, values (208 mg C m > h™')
than the underlying water column, which was further corrob-
orated by a similar, statistically significant (Welch's t-test,
p=0.02) pattern in Chl a (ice: 1.56 +0.17 ug L™!, water:
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Fig. 4. Relative abundance of microbial eukaryotes (18S) in the melting
ice. The gray bar represents unidentified sequences. Two replicates (A, B)
were analyzed from each phenologically different ice layer (black, white,
and slushy).
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1.26 + 0.40 ug L™Y) (Fig. 3a). Furthermore, the photosynthesis—
irradiance curves showed not only higher Pp,.x but also lower
photoinhibition for the ice community (Fig. 3b).

Microbial eukaryote community composition in the ice

A diverse community of autotrophic and mixotrophic pro-
tists was observed in the melting ice (Fig. 4). Dinoflagellates
were the most abundant group particularly in black ice,
followed by ochrophytes (including diatoms and chrysophytes),
haptophytes, chlorophytes, and ciliates. Phenologically different
ice layers differed in their community composition, with higher
diversity toward the bottom (Chaol: 85.5, 100.5, 154.5, for
slushy, white, and black ice, respectively), and more even com-
munities in the upper parts (Shannon: 3.43, 3.54, and 3.24, for
slushy, white, and black ice, respectively). The thickest ice layer
at the time was the white ice.

Discussion

Development of bacterial growth under ice

Overall, the observed level of bacterial production, respira-
tion, and growth efficiency in this study indicate active,
under-ice carbon processing, both via mineralizing and con-
verting organic carbon to biomass. Measured values of bacte-
rial respiration and production in the lake represent typical
values for the boreal region (Berggren et al. 2009, 2010), but
are higher than most reported winter values (Tulonen
et al. 1994; Bastviken et al. 2003; Grosbois et al. 2020).

The total processed bacterial carbon (sum of respiration
and production at all five depths) was nearly twofold greater
in early winter, compared to the other time periods, and
heavily relied on respiration. Brentrup et al. (2021) demon-
strated a similar pattern with high lake respiration in early
winter in Lake Sunapee, New Hampshire, USA. Midwinter rev-
ealed reduced rates of microbial carbon processing, which
may be associated with reduced availability of decaying algal
carbon, lower temperatures, and lack of light and water flow,
representing a deep winter slow down caused by limited
resources (Bertilsson et al. 2013; Jansen et al. 2021). Bacter-
ioplankton can swiftly respond to changes in environmental
drivers due to rapid biomass turnover, and while bacterial pro-
duction is often limited under ice compared to open water
period (Bertilsson et al. 2013), our results suggest that the late
winter and melting season can provide an environment favor-
able for bacterial production.

The increasing bacterial growth efficiency from early to late
winter was in a typical range for boreal lakes during the open
water period, however, compared to previous spring measure-
ments, the melting season values were high (Berggren
et al. 2010). As the respiratory quotient in the conversion of
respired oxygen to carbon was assumed 1, it is possible that
our bacterial respiration values represent an underestimation,
particularly applying to the late winter and melting season
samples, where photodegradation processes may have altered

Under-ice production and carbon cycling

the composition of carbon substrate pool (Allesson
et al. 2016), leading to an overestimation of bacterial growth
efficiency. Similarly, leucine-to-carbon conversion factors can
vary seasonally but have been shown to be close to the here
used theoretical value of 1.55kg C mol Leu ! in winter
(Calvo-Diaz and Moran 2009). We consider the conversion
factors, despite causing some inaccuracy in the calculations, to
have a minor effect on the growth efficiency trends depicted
by our data. The prevailing trend in bacterial growth efficiency
suggests that during the early and midwinter much of the
microbially processed carbon is mineralized to CO,, whereas
during the late winter and melting season a greater proportion
of carbon is available to fuel the aquatic food web as biomass.

Controls of bacterial growth

Requirements for growth of heterotrophic bacteria include
temperature, organic carbon and nutrients; however, to date it
remains poorly understood to which extent each prerequisite
dominates in under-ice conditions. According to the MLR
models, bacterial production was promoted by temperature,
TN, O, and lower pH, suggesting a clear connection with the
spring runoff and late winter physicochemical processes (see
Jansen et al. 2021). For most of the winter, bacterial produc-
tion was highest at the bottom, where nutrient rich and
warmer conditions favor microbial activity (Bertilsson
et al. 2013). Temperature has previously been observed to
have a stronger relationship with bacterial production during
winter than summer (Tulonen et al. 1994), and drainage from
forested catchments has boosted bacterial production and
growth efficiency (Berggren et al. 2009). An additional impor-
tant aspect of spring processes is the increasing amount of
light, which can restructure the DOM pool through photo-
chemical transformation, and thus boost bacterial production
by providing bioavailable nutrients and carbon fractions
(Vdhitalo et al. 2003; Mazoyer et al. 2022), as well as boost
primary production, which has also been linked to higher bac-
terial production (Straskrabova et al. 2005; Bizi¢-lonescu
et al. 2014).

Bacterial respiration showed a significant positive relation-
ship with pH and a protein-like fluorophore C4, both with
above 50% importance, while TP and SUVA were less impor-
tant but significant variables. High occurrence of TP and C4,
and low SUVA, during early winter indicate more abundant
autochthonous low-molecular-weight organic material. Hence,
our results suggest that the carbon composition and availabil-
ity of senescing algae are major factors for respiration under
the ice cover, which is in agreement with previous studies
(Bizi¢-Ionescu et al. 2014; Reinl et al. 2023). Accordingly,
Guillemette et al. (2016) stated that autochthonous carbon is
preferentially selected for respiration, whereas terrestrial sub-
strates are more allocated for production. The role of pH was
important for both bacterial production and respiration and
has been previously noted as a major regulator of bacterial car-
bon processing (Tank et al. 2009).
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Molecular biomarkers associated with bacterial growth

Bacterioplankton community composition showed clear
connections with the bacterial growth patterns (Fig. 2), and
significant biomarker taxa were identified for all three growth
styles (high production, high respiration, and balanced). The
balanced group, prevailing mostly during mid- and late win-
ter, was characterized by Planctomycetes, which have been
previously found enriched under ice (Butler et al. 2019), and
especially the family Gemmataceae. Only few studies on
Gemmataceae have been published to date, but they are ubig-
uitous and include cold-adapted, psychrotolerant taxa
(Kulichevskaya et al. 2020). Some Gemmataceae have a nutri-
tional preference for polysaccharides, such as xylan and pectin
(Ivanova et al. 2021), suggesting a connection with terrestrial
organic matter. However, abundance of Gemmataceae has been
found to correlate with both allochthonous and autochthonous
DOM components, with some phylotypes expressing metabolic
preference for tryptophan-like DOM (Zhang et al. 2019).

Significant biomarkers with high respiration targeted the
Actinomycetota, especially the family Sporichthyaceae, as well
as specific (Polynucleobacter, Limnohabitans, Bulkholderiaceae)
biomarkers within Gammaproteobacteria. Polynycleobacter and
Limnohabitans have been described to have substrate-driven,
plastic organic matter utilization strategies with preference on
algal-derived carbon, and tendency to respire it (Horndk
et al. 2017). Furthermore, Avila et al. (2019) reported that both
Limnohabitans and Sporichthyaceae demonstrate a preference
for low-molecular-weight carbon (i.e., algal sources). While
Polynucleobacter and Sporichthyaceae have wider tolerance for
pH, Limnohabitans are neutro-alkaliphiles (Simek et al. 2010),
linking the molecular biomarkers and environmental controls
of bacterial respiration (pH and carbon sources C4, SUVA, TP)
together, and suggesting that the early winter conditions sup-
port bacterioplankton favoring high respiration as their
growth style.

Significant biomarkers for high production included two
major groups: genera Methylobacter in Pseudomonadota and
Flavobacterium in Bacteroidota, which are well in line with the
existing literature. Methanotrophic Methylobacter taxa are com-
mon in stratified lakes; they thrive in both oxygenated and
anoxic conditions (van Grinsven et al. 2020). Methanotrophs in
general have been formerly shown to contribute a significant por-
tion of bacterial production in boreal lakes, and even more so
during winter time (Bastviken et al. 2003; Kankaala et al. 2006).
Flavobacteria have been shown to increase activity with increas-
ing phytoplankton concentration, and be able to efficiently uti-
lize freshly produced algal exudates (Sarmento et al. 2016),
suggesting a link with the increasing primary production initi-
ated by light availability. On the other hand, it has been
suggested that Flavobacteria also have a preference for high-
molecular-weight carbon and terrestrial, humic DOM (Amaral
et al. 2016). Based on mesocosm experiments, Avila et al.
(2019) suggested that specialized groups of bacterioplankton
shape the DOM pool via resource partitioning, preferring either

Under-ice production and carbon cycling

low (Sporichthyaceae) or high (Gammaproteobacteria—
Flavobacteria) molecular weight carbon. The see-saw pattern
between the high bacterial respiration with algal DOM and
high bacterial production with terrestrial DOM observed in our
data, thus corresponds with previous findings considering both
bacterioplankton community composition (Avila et al. 2019)
and tendency to either assimilate or mineralize certain carbon
sources (Guillemette et al. 2016).

Primary production in and under the ice

Various studies have shown the primary production poten-
tial under lake ice (e.g., Bramburger et al. 2022) and the
under-ice bloom may be even more intense than the spring/
summer bloom following ice-out, particularly in polar
(Imbeau et al. 2021), but also boreal and temperate lakes
(Twiss 2012; Salmi and Salonen 2016). In this study under-ice
primary production never reached the open water spring
bloom levels, suggesting that the ice-derived light limitation
can still effectively suppress primary production in boreal sys-
tems. The peak in situ primary production under ice (at 1.5 m)
reached only 39% efficiency in late winter and 24% efficiency
during the melting season, as derived from the P, for the
euphotic zone. The clear vertical preference of 1.5 m is pre-
sumably caused by the optimal combination of light, tempera-
ture, and nutrient availability: light availability is highly
suppressed in the lower water column, whereas the conditions
right below the ice are cold and diluted in nutrients. Too
intensive solar or UV irradiation right under the ice may also
inhibit primary production, as the water column communities
were adapted to low-light conditions. Solar radiation, con-
trolled especially by the snow cover, is a major controller of
under-ice phytoplankton (Song et al. 2019).

Unexpectedly, the highest P,,x during the ice-covered sea-
son was recorded from the melting ice, being comparable with
measurements from arctic sea ice (Leu et al. 2015). The result
was further supported by higher Chl a levels in ice compared
to the underlying water, and a similar Chl a pattern has been
previously reported from Lake Simoncouche (Imbeau
et al. 2021). Traditionally, lake ice has not been deemed as a
potential habitat for any relevant production, due to its denser
structure in comparison to sea ice. However, during the melt-
ing season ice disintegrates through extensive vertical crack-
ing: this allows infiltration of lake water into large areas of the
ice cover, creating a poorly explored lake ice habitat with
many shared characteristics with sea ice.

The ice habitat

The melting ice hosted a diverse community of photosyn-
thetic eukaryotes: most abundant, particularly in the black ice
layer, were dinoflagellates, dominated by Gymmnodinium. These
photoautotrophic, small flagellates are significant components
of under-ice blooms in Lake Baikal, and have also been
observed in the porous ice (Obolkin et al. 2019). Ochrophytes,
another large component of the ice community, composed
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nearly entirely of chrysophytes with dominance of genera
Hydrurus and Chrysocapsa. Photoautotrophic Hydrurus species
have been observed from polar and glacial snow habitats
(Winkel et al. 2022) and cold streams, where they have
dominated the spring Chl a peak (Rott et al. 2006). The major-
ity of primary production in ice was likely carried out by
eukaryotic organisms, but a small amount of cyanobacteria
was also detected in the slushy ice with 16S sequencing
(Supplementary Fig. S5). Sequencing data from lake ice are
sparse, and while no conclusion about the viability of the
organisms based on sole presence of DNA can be drawn, viable
phytoplankton have still been observed in river ice in Quebec
(Frenette et al. 2008), and in the ice cover of Lake Erie
(Twiss 2012), where they have also been suggested to be pref-
erentially incorporated into the ice. The infiltrated ice can
serve as a predation-free refuge for flagellates originating from
the water column or the ice itself, as Imbeau et al. (2021) has
previously reported a consistent presence of phytoplankton
cells in Lake Simoncouche ice throughout a winter season.

Non-photosynthesizing protists in the ice included diverse
heterotrophs, such as cercozoans, comprising of predatory or
parasitic ameboids and flagellates (Cavalier-Smith and
Chao 2003), and Chytridiomycota, which are well-known par-
asites for freshwater algae and capable of altering food-web
processes (Sime-Ngando 2012). These two phyla were more
common in the upper parts of the ice and might thus be
atmospherically deposited. Regardless, our data suggests that
freshwater ice incorporates a suite of diverse biotic compo-
nents from different sources, thus manifesting habitat com-
plexity and supporting the view that lake ice acts like a
“second bottom” (Hampton et al. 2015). A suite of microor-
ganisms with diverse life strategies is released into the lake
from melting ice, which may have cascading effects to the
aquatic life during the spring bloom.

Conclusions

In this study we presented strong, temporal patterns of
bacterioplankton production, respiration and growth efficiency
under ice. Early winter was dominated by respiration, favored
by phytoplankton legacy effects from the previous open water
period, whereas the onset of spring processes led to high domi-
nance of biomass production during the late winter and melt-
ing season, as well as increased primary production. These
patterns were concomitant with changes in bacterioplankton
community composition and bioindicator taxa associated with
different growth styles, suggesting that the under-ice bacter-
ioplankton carbon processing is dependent on both environ-
mental factors and community composition. Our results
suggest that, during the melting season, microbial life under ice
is remarkably active on an annual scale, featured with high
growth efficiency. In addition, we report high primary produc-
tion in the melting ice. These findings highlight the impor-
tance of further studies on the melting season dynamics and
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lake ice ecology, as these conditions set the starting point for
the following open water period.

Data availability statement

The data that support the findings of this study are openly
available at Borealis, the Canadian Dataverse Repository
(https://borealisdata.ca), at  https://doi.org/10.5683/SP3/
AWHLCK. The sequencing data are available at NCBI SRA
under BioProject ID PRINA1011868.
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