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Abstract
1.	 High-altitude lakes are sentinels of change. Anticipated increases in inputs of dis-

solved organic carbon (DOC) from catchments in high-altitude lakes could affect 
planktonic interactions, especially if inputs occur during the winter ablation phase. 
However, the responses of plankton communities to added DOC interacting with 
nutrients during this period are still not well understood.

2.	 We sampled under-ice water and used a multifactorial experimental design to 
investigate the DOC effect on planktonic organisms (phytoplankton and het-
erotrophic prokaryotic plankton [HPP]) and their interactions during the winter 
ablation phase. The plankton community was subjected to DOC additions (0, 2, 4, 
and 6 mg C/L) under two nutrient-availability treatments (natural concentrations 
or enriched in N and P), two light conditions (dark or light), and two temperature 
conditions (10 or 18℃).

3.	 We found HPP to be co-limited by N, P, and C in our microcosms. Added glu-
cose as available C-source for bacterioplankton was highly consumed at the end 
of the experiments. This consumption was not always related to an increase of the 
HPP biomass, due to a rising predatory control by ciliates and mixotrophic phy-
toplankton over bacteria. In dark conditions, the biomasses of both autotrophic 
and mixotrophic phytoplankton were substantially reduced, and the HPP biomass 
under DOC and nutrient additions principally depended on the predatory control 
exerted by ciliates. In light conditions, a diversification of top-down control over 
bacteria was observed, with the HPP response to DOC and nutrient additions 
depending on both mixotrophs and ciliates. Moreover, when heterotrophic ciliates 
and mixotrophs were present together in the experiments, the ciliates replaced 
the mixotrophs in phagotrophy over bacteria.

4.	 Our experimental results indicate that DOC inputs can rapidly alter the trophic 
interactions of the planktonic food web, depending on nutrient limitation in high-
altitude lakes. We found decreased commensalistic interactions between bac-
teria and phytoplankton, but increased competition and predation, after DOC 
additions.
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1  | INTRODUC TION

Oligotrophic high-altitude lakes have been identified as sentinels 
of change (Moser et  al.,  2019; Williamson et  al.,  2009) and pro-
vide ideal ecosystems for studying the impacts of global change 
on biodiversity. Lakes in the alpine region are undergoing change 
driven by climate and anthropogenic factors (Smiatek et al., 2016). 
It has been found that atmospheric nutrient deposition of nitro-
gen (N) and phosphorus (P) is intercepted by mountain catchments 
(Battarbee et  al.,  2009), altering the nutrient limitations in alpine 
lakes (Bergström et al., 2008; Elser et al., 2009). Furthermore, the 
Alps have a particularly high warming rate: since the late 19th cen-
tury, they have warmed twice as fast as the global or Northern 
Hemispheric average (Auer et al., 2007). Models of climate change 
also predict increasing extreme precipitation events in the alpine re-
gion during the current century (IPCC, 2013). Both the current up-
ward shift of the treeline in alpine regions and the predicted increase 
in extreme precipitation events could substantially increase inputs 
to lakes from terrestrial runoff, including dissolved organic carbon 
(DOC; Ejarque et al., 2018; Moser et al., 2019).

Increased allochthonous concentrations of DOC have been 
shown to seriously affect the planktonic food web functioning in 
aquatic systems. Inputs of allochthonous DOC fuel bacterial res-
piration and production (Soares et  al.,  2018), and reduce bacterial 
reliance on phytoplankton-produced carbon, particularly in oligo-
trophic, carbon-limiting ecosystems (Medina-Sánchez et al., 2004). 
High quantities of DOC modify bacterial limitation toward a primary 
limitation by nitrogen (N) and phosphorus (P; Pinhassi et al., 2006), 
leading to direct competition with phytoplankton for these nutrients 
(Carney et al., 2016; Hitchcock & Mitrovic, 2013). Plankton communi-
ties dominated by bacteria are thus typically found in lakes with high 
inputs of allochthonous DOC (Jansson et al., 2000; Karlsson, 2001). 
Mixotrophic phytoplankton acquire carbon and/or mineral nutrients 
from bacterial prey, which allows them to eliminate their main com-
petitors for these nutrients (Thingstad et al., 1996). Increased DOC 
concentrations therefore have the potential to directly alter the phy-
toplankton species assemblage by favouring mixotrophic flagellates 

relative to autotrophs when the plankton community is dominated 
by bacteria (Jansson et al., 1999).

Interactions between DOC and nutrients alter the net impact of 
DOC on aquatic systems (Hitchcock et al., 2010). Several studies have 
reported a nutrient and carbon co-limitation in heterotrophic bac-
teria, leading to synergetic responses when resources were added 
concomitantly rather than separately (Dorado-García et  al.,  2014; 
Egli & Zinn,  2003). However, inorganic nutrients associated with 
dissolved organic matter may also stimulate primary productiv-
ity through enhanced nutrient availability (Deininger et  al.,  2017; 
Kissman et  al.,  2017). The generally low concentration of DOC in 
oligotrophic high-altitude lakes (commonly <1  mg/L, see Laurion 
et al., 2000) makes these ecosystems highly sensitive to increased 
DOC inputs (Sadro & Melack, 2012). Thus, bacteria were found to 
depend strongly on photosynthetic labile carbon released by algae, 
i.e. commensalistic interactions, in high-altitude lakes (González-
Olalla et al., 2018; Medina-Sánchez et al., 2004). However, little is 
known about the effects on planktonic organisms of a labile carbon 
source and its interactions with nutrients in high altitude lakes, espe-
cially during the ablation phase of the ice-cover period.

In alpine regions, ice cover is a recurrent and prolonged state 
for lakes, acting as a major physical control on ecosystems (Moser 
et al., 2019; Pernica et al., 2017). Felip et al. (2002) distinguish three 
phases of winter cover: formation, growth, and ablation. Ablation 
is influenced by water melting from the snowpack in the catch-
ment, correlated with nutrient loading rates and availability in lakes 
(Leydecker et al., 2001). Dissolved organic matter of terrestrial origin 
and a predominantly heterotrophic epilimnion were thus observed 
immediately after snowmelt in a high-altitude lake of the Sierra 
Nevada (Sadro & Melack,  2012). Global change, by affecting the 
quantity of accumulated snow and the nutrient quality and quantity 
in the catchment snowpack, could have direct repercussions on eco-
system functioning in these lakes (Sadro et al., 2018).

The under-ice plankton communities of high-altitude lakes can 
tell us a lot about the effects of inputs of DOC and nutrients. Firstly, 
plankton communities experience the impact of inputs from the 
catchment and atmospheric deposition during snowmelt. Secondly, 

5.	 The expected future scenario of global change during the ablation phase is likely 
to change the balance between heterotrophic and autotrophic processes in plank-
tonic food webs by increasing heterotrophic processes. These changes could have 
major repercussions on energy transfer from the base to the top of the food chain 
in high-altitude lakes.

6.	 Exploring the planktonic response to rapid environmental changes during the abla-
tion phase appears to be crucial in order to determine how vulnerable high-altitude 
lakes are to future change.

K E Y W O R D S

glucose addition, heterotrophic bacteria, mixotrophy, nutrient co-limitation, trophic 
interactions
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under-ice communities should be composed of taxa adapted to 
more heterotrophic conditions and should therefore show a clear 
response to DOC inputs. Finally, these communities constitute the 
inoculum of summer phytoplankton succession (Adrian et al., 1999), 
so that changes in community structure could significantly impact 
the biodiversity of high-altitude lakes. However, a clearer picture is 
needed of how increased allochthonous inputs during the ablation 
period alter the functioning of high mountain lakes, especially the 
trophic relationships between phytoplankton and bacterioplankton.

This study investigated a plankton community's response to 
DOC inputs in interaction with inorganic nutrients during the abla-
tion phase of the ice-covered period. We sampled the natural plank-
ton assemblage under ice in a high-altitude lake and placed it under 
a dark: light cycle at 10℃ in laboratory microcosms. Then we sub-
jected it to DOC additions under two nutrient-availability conditions 
(ambient concentrations or enriched by N and P). Glucose was used 
as DOC because it is a readily available C-source for bacterioplank-
ton. To clarify the phytoplankton-bacterioplankton relationship, a 
total darkness treatment was realised to target heterotrophic pro-
cesses, and an 18℃ treatment was realised to accelerate the meta-
bolic processes of planktonic organisms. We hypothesised that: (1) 
under dark conditions limiting the influence of autotrophs, the addi-
tion of DOC should favour heterotrophic bacteria and mixotrophic 
phytoplankton; and (2) under light conditions, the addition of DOC 
should have a negative effect on autotrophs but a positive effect 
on heterotrophic prokaryotic plankton (HPP) and mixotrophs due to 
competition for nutrients.

2  | METHODS

2.1 | Water sampling for experiments

Water for experiments was sampled in Lake Cordes, a high mountain 
lake located in the French Alps, adjacent to the Queyras regional 
nature park (France, 44°50′42″N, 6°47′20″E). Lake Cordes is situ-
ated above the treeline at 2,446 m above sea level. The lake is small 
(1.8 ha) and shallow (maximum depth = 9 m). The catchment area 
is large (140  ha), consisting of developed soils and meadows with 
approximately 60% alpine grass cover. The catchment lithology is 
mainly metamorphic rock (blue Shales). This lake has been described 
as oligotrophic by Jacquemin et al. (2018), with strong limitation of 
phytoplankton by N and P. The lake is ice-covered for 7–8 months, 
from October to June.

Sampling was conducted on 26th April 2019, at the transition 
from the growth to the ablation phase, when ice cover is usually at 
maximum thickness (Catalan et al., 2006). The lake was reached by 
ski and the water sampled for experiments by drilling a hole in the 
snow and in the ice. Water samples totalling 30  L were collected 
using a Niskin Bottle every metre, in order to sample the entire water 
column. The sampled water was filtered through a 50-µm mesh to 
exclude larger potential grazers on food web components. This 

filtered water was then stored in sterilised opaque HDPE 8-L con-
tainers, placed in a cool box, and transported to the laboratory as 
soon as possible (between 5 and 6 hr later).

2.2 | Experimental design

2.2.1 | Factors and domain of interest

The aim of this study was to evaluate the effects of DOC and nutri-
ent additions on a plankton community during the ablation phase 
in a high-altitude lake, particularly on interactions between heter-
otrophic bacteria and phytoplankton. To explore under-ice phyto-
plankton community responses, four factors were investigated:

•	 DOC additions (four treatments): 0, 2, 4, and 6  mg C/L, coded 
respectively [0C], [2C], [4C] and [6C].

For the DOC additions, glucose was chosen as the carbon source 
to ensure that only the influence of the available fraction of DOC 
inputs was tested. Glucose is commonly used as a source of DOC 
in other similar microcosm experiments (Hitchcock et al., 2010; Liao 
et al., 2019). It was added in relatively low concentrations (+2, +4, 
and +6 mg/L) consistent with theoretical values for the biodegrad-
able DOC fraction transported into the lake during the ablation 
period, but sufficient to ensure that, gradually, higher than natural 
DOC concentrations were reached. The 0C treatments with no glu-
cose addition were used as the DOC-control, for comparison with 
the DOC additions.

•	 Nutrient addition (two treatments): ambient-nutrient concentra-
tion [0NP] and nitrogen and phosphorus-enriched [NP].

For the nutrient addition, N was added as NH4NO3 to increase N 
concentrations to 335 µg/L and P was added as KH2PO4 to increase 
P concentrations to 35 µg/L. The aim was to avoid potential nutrient 
limitation throughout this experiment, while remaining consistent 
with natural concentrations of dissolved inorganic nitrogen (DIN) 
and soluble reactive phosphorus (SRP) (Jacquemin et al., 2018).

•	 Temperature (two conditions): [10℃] and [18℃].

The 10℃ temperature was chosen in order to mimic the con-
ditions prevailing at the end of the ablation phase (a surface tem-
perature of 2.79℃ was measured on 9 June 2016 in Lake Cordes, 
subsequently reaching 10.27℃ on 24 June 2016, personal data). The 
18℃ temperature was chosen to enhance heterotrophy and accel-
erate the metabolic processes of organisms, without representing a 
threat to the planktonic organisms (Jacquemin, 2019).

•	 Light conditions (two conditions): total darkness [Dark] and light: 
dark cycle [Light].
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The dark condition was intended to target heterotrophic pro-
cesses while minimising the influence of autotrophs. For the dark 
condition, microcosms were placed in the dark in growth chambers, 
surrounded by aluminium. The light condition was designed to mimic 
light conditions at the end of the ablation phase, after ice-out. For 
the light condition, microcosms were placed under a circadian cycle 
(Light: dark cycle = 14:10), at a fixed irradiance (45 ± 2 µmol m−2 s−1). 
This irradiance was sufficient to avoid light limitation in the micro-
cosms (Dubourg et al., 2015; Jacquemin et al., 2018).

2.2.2 | Design of experiments

The experimental designs are mathematical and statistical tech-
niques that optimise the relevance of the data obtained by quan-
tifying the relationship between output and input variables (Box 
et al., 1978; Montgomery, 2017), while reducing the number of ex-
periments required. Contrary to a one-factor-at-a-time approach, 
the experimental design involves simultaneous variation of all the 
factors, with a subset of combinations of experiments selected for 
modelling to estimate the effects of the four factors by considering 
the interactions between them. This approach, which is widely used 
in chemical studies, is relatively innovative in ecology.

The aim of this study was to evaluate the influence of DOC ad-
dition through interaction effects, i.e. quantifying a change in the 
effect of one factor according to the value of another factor. We 
considered the result of each experiment to be a linear combination 
of the main effects and interaction effects of each dimensionless 
factor, only taking into account interactions between two factors. 
This model could be written as:

X1  =  DOC, X2  =  Nutrients, X3  =  Light, X4  =  Temperature, 
b0 = model constant, biA…C = coefficients for single and interactive 
effects.

To estimate the coefficients of this linear model, we used a D-
optimal design with 24 experiments, which is a subset of the exper-
iments under the full 4*2*2*2 factorial design with 32 experiments. 
The linear model was also used to predict the output values for the 
eight conditions not treated experimentally. The 32 experiments (24 
treated experimentally and eight modelled) are interpreted together 
in our study. All 24 experiments were realised in triplicate, for a total 
of 72 experiments (Table S1). Each experiment is a combination of 
one carbon treatment, one nutrient treatment, one temperature 
condition, and one light condition. The experimental design made 
it possible to reduce the number of experiments experimentally re-
alised, thereby reducing the quantity of water transported from the 
lake. All quantitative analyses were realised with the AZURAD soft-
ware (version Expert, AZURAD SAS, Marseille, France. 2019).

2.2.3 | Experimental set-up

Plankton were first acclimatised overnight in three 10-L sterilised 
transparent polycarbonate plastic bottles (Nalgene®) at 10℃ under 
the circadian cycle before the start of the experiments. Then, water 
from each polycarbonate plastic bottle was manually homogenised 
and transferred to the 72 microcosms. Each microcosm consisted 
of a 500-ml sterilised transparent polycarbonate plastic bottle 
(Nalgene®) filled with 350  ml of sampled water to allow gas ex-
changes, according to the protocol used by Jacquemin et al. (2018). 
Natural planktonic organisms were incubated under the different 
experimental conditions for 10 days. The microcosms were manually 
homogenised and randomly displaced inside the growth chamber 
every day.

2.3 | Measurements

2.3.1 | Dissolved organic carbon

Dissolved organic carbon was measured at the initial conditions and 
at the end of the experiments. Subsamples were filtered through 
pre-combusted 25-mm diameter glass filters (Whatman GF/F, 
0.7 µm), then stored in 24 ml pre-combusted (4 hr at 450℃) glass 
tubes (Wheaton equipped with Teflon/silicone septa) and preserved 
with 30 µl of sodium azide solution (1 M NaN3) at +4℃. DOC con-
centration was determined using a TOC-VCSH analyser (Shimadzu, 
TOC-V). Consumed DOC was the difference between the initial 
DOC concentrations after carbon additions and the final DOC con-
centrations measured at the end of the experiments.

2.3.2 | Anions and cations

Subsamples of water were filtered through precombusted 25-
mm glass filters (Whatman GFF, 0.7  μm) for estimation of DIN 
(DIN = NH

+

4
+ NO

+

2
⋅ NO

2−

3
) and SRP (SRP = PO

3−

4
) concentrations 

at the initial conditions. The dissolved fraction was stored in a 125-
ml HDPE bottle, placed in a cool box and frozen (−18℃) until analysis. 
Dissolved anions and cations were determined by ionic chromatog-
raphy (Metrohm, 930 Compact IC Flex combined with 863 Compact 
Autosampler).

2.3.3 | Chlorophyll a

Chlorophyll a concentration was measured at the initial conditions 
and at the end of the experiments to estimate chlorophyll biomass. 
Water was filtered through 47-mm glass filters (Whatman GF/C, 
1.2 µm) placed in glass tubes filled with 10 ml of acetone solution 
(90%) for 24  hr at +4℃ for chlorophyll a extraction. Chlorophyll 
a concentrations were measured spectrophotometrically (Jasco, 

Y =b0+b1AX1A+b1BX1B+b1CX1C +b2AX2A+b3AX3A+b4AX4A+b1A−2AX1AX2A+b1B−2AX1BX2A

+b1C−2AX1CX2A+b1A−3AX1AX3A+b1B−3AX1BX3A+b1C−3AX1CX3A+b1A−4AX1AX4A

+b1B−4AX1BX4A+b1C−4AX1CX4A+b2A−3AX2AX3A+b2A−4AX2AX4A+b3A−4AX3AX4A
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V-630) by the Lorenzen method, with correction for pheophytin in-
terference by acidification.

2.3.4 | Phytoplankton

Our analyses distinguished between picophytoplankton (<2  µm 
size) and larger phytoplankton (>2 µm size), for a finer assessment of 
trophic functioning (Izaguirre et al., 2020).

Sub-samples of 1.5 ml were taken at the initial conditions and 
thereafter every 2 experimental days in the microcosms for picophy-
toplankton analyses by flow cytometry. Subsamples were fixed with 
glutaraldehyde (0.25% final concentration) and stored at −80℃ until 
flow cytometry analysis. Picophytoplankton were characterised and 
enumerated using an Accuri C6 flow cytometer equipped with a blue 
laser (488 nm) and running 500 µl of sample at fast speed (66 µl/
min). Data were acquired and analysed using BD Accuri CFlow Plus 
Analysis software (BD-Biosciences). Picophytoplankton were identi-
fied according to size (FSC), complexity (SSC), and fluorescence (emis-
sion in the orange and red wavelength ranges, respectively 585 ± 20 
and >670  nm). Non-fluorescent polystyrene microspheres (Flow 
Cytometry Size Calibration Kit, Thermo Fisher Scientific) were used 
as a size standard. Flow cytometer analysis distinguished between 
two picophytoplankton groups. Small cells (<2 µm) with high orange 
fluorescence and low granularity were classified as phycoerythrin-
rich picocyanobacteria (picocyanobacteria). A picoeukaryote group 
was identified by its high red and low orange fluorescence, small size 
(<2 µm) but higher granularity than the picocyanobacteria.

Phytoplankton >2  µm in size were enumerated and identified 
via microscopy. Phytoplankton communities were analysed before 
the start and at the end of the experiments. The samples for phyto-
plankton composition analysis were fixed with alkaline Lugol solution 
(0.5%) and stored in 150 ml HDPE bottles at +4℃. Phytoplankton 
counts were performed according to the Utermöhl (1958) method, 
at 40-fold magnification under an inverted microscope (Olympus IX 
70). Phytoplankton samples were identified at genus level and spe-
cies level when possible, using appropriate taxonomic guides.

To ensure that picocyanobacteria and cyanobacteria >2 µm were 
not double counted, we calculated the average size of each of these 
groups. We estimated the mean size of picocyanobacteria from the 
average FSC value of their cytometric population. We then used 
the equation obtained from the linear regression between the size 
of polystyrene microspheres (Flow Cytometry Size Calibration Kit, 
Thermo Fisher Scientific) and their respective FSC values. For the 
unicellular cyanobacteria >2  µm, we measured the length of each 
cell (n > 30) using NIS Element® software, then calculated an aver-
age length for the group.

2.3.5 | Heterotrophic prokaryotic plankton

Sub-samples of 1 ml were taken at the initial conditions and there-
after every 2 experimental days in the microcosms for HPP analyses 

by flow cytometry. Subsamples were fixed with glutaraldehyde 
(0.25% final concentration) and stored at −80℃ until flow cytom-
etry analysis. After thawing, each sample was stained with 1:10,000 
(vol/vol) SYBR® Green II and incubated 20  min in darkness. HPP 
were characterised and enumerated using an Accuri C6 flow cy-
tometer equipped with a blue laser (488 nm) and running 50 µl of 
stained sampled at medium speed (35 µl/min). Data were acquired 
and analysed using BD Accuri CFlow Plus Analysis software (BD-
Biosciences). HPP were identified by their small size (low FSC), low 
complexity (low SSC), high green fluorescence (530 ± 15 nm), and 
lack of red (>670 nm) fluorescence.

2.3.6 | Cellular carbon biomass calculation

To estimate the carbon biomass of the natural picoplankton organ-
isms, abundance was transformed into carbon content based on 
the literature. Cell abundance (cells/ml) of HPP was converted to 
biomass (µg C/L) using 20  fg C/cell as constant conversion factor 
(Ducklow,  2000; Linacre et  al.,  2015). The conversion factor for 
picocyanobacteria was 237  fg C/cell (Gerea et  al.,  2019) and for 
picoeukaryotes it was 56  fg C/cell (Linacre et al., 2015). For phy-
toplankton >2 µm, biovolume was estimated by shape assimilation 
to known geometric forms and direct measurement of the main cell 
dimensions. The mean biovolume was calculated for each class of 
phytoplankton, then the biovolume was converted into biomass 
using the particular carbon content defined for each class by Wetzel 
and Likens (2000).

2.3.7 | Ciliate abundance estimations

We attempted here to minimise any possible predation by multi-
cellular zooplankton and ciliates by filtering the water at 50  µm. 
However, to determine whether any predators had developed in our 
microcosms, ciliate abundances were estimated via the Utermöhl 
method (Felip et al., 2002), under initial conditions and at the end of 
the experiments.

2.4 | Statistical analysis

2.4.1 | Quantitative analysis

The effect of DOC additions in interaction with nutrients, with 
temperature, and with light was tested using the linear model esti-
mated according to the experimental design. For each output vari-
able, the coefficients of the model were calculated (version Expert, 
AZURAD SAS, Marseille, France. 2019) using multilinear regressions 
(see Section 2.2.2). For the eight modelled experiments, data were 
calculated using the model and the error bars were calculated based 
on the mean standard errors of the 24 triplicates, with a 95% confi-
dence interval.
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2.4.2 | Multivariate analysis

Multivariate analyses to detect changes in phytoplankton commu-
nity structure were performed on the phytoplankton biomass at 
the end of the experiment. Multivariate analyses were performed 
with the vegan package on R software (v. 3.6.3). Because phy-
toplankton community structure differed strongly between the 
dark and the light conditions, all multivariate analyses were per-
formed twice, under both dark and light conditions. To visualise 
the differences in phytoplankton community structure between 
treatments, we performed a non-metric multidimensional scaling 
analysis on the Bray–Curtis dissimilarity matrix to depict commu-
nity structure patterns in two dimensions. To test the hypothesis 
that DOC addition structured the distribution of phytoplankton 
communities, permutational multivariate analysis of variance 
(PERMANOVA) was used with 999 permutations (p = 0.05) with 
the ADONIS function in R. We carried out a multivariate homoge-
neity of group dispersion analysis (β diversity) to assess the homo-
geneity of phytoplankton assemblages within a group of samples 
(Anderson et al., 2006). A similarity percentage (SIMPER) analysis 
was performed to identify which phytoplankton groups govern 
community dynamics.

3  | RESULTS

3.1 | Initial conditions

Chemical variables such as DOC, SRP, and DIN were low at the 
start of the experiments, representative of typical oligotrophic 
lakes with C/N ratio = 2.5 (Table 1). Plankton biomass was domi-
nated by HPP at the start of the experiments, but phytoplankton 
biomass showed a value relatively close to that of HPP biomass. 
Phytoplankton biomass was dominated by large diatoms such as 
Fragilaria sp. (32%), picocyanobacteria (25%), chrysophytes—mainly 
Dinobryon sp.—(19%), and dinoflagellates (15%). Unicellular cyano-
bacteria >2 µm also represented a non-negligible proportion of the 
phytoplankton biomass.

3.2 | Consumed DOC at the end of experiments

The DOC consumed at the end of the experiments varied accord-
ing to DOC interaction with nutrients (p  <  0.001), with tempera-
ture (p < 0.001), or with light (p < 0.001). DOC consumed increased 
according to the glucose gradient in almost all the four conditions 
of temperature*light (Figure  1). In DOC-control treatments (0C), 
DOC was consumed in the dark but was in excess in the light at the 
end of the experiments, whatever the temperature. However, DOC 
was consumed more when glucose was added at 18℃ than at 10℃, 
whatever the light condition. Finally, DOC was consumed more 
when glucose was added in combination with nutrient addition (NP) 
than in nutrient-ambient treatments (0NP).

3.3 | Heterotrophic prokaryotic plankton

Interactions between DOC and nutrients (p = 0.009), DOC and tem-
perature (p < 0.001), and DOC and light (p = 0.017) had significant 
effects on HPP biomass assessed at the end of the experiments. 
Under the 10°C_dark condition, addition of DOC increased HPP 
biomass compared to DOC-control treatments (Figure  2). Under 
the 10°C_light condition, addition of DOC increased HPP biomass 
compared to DOC-control in the ambient-nutrient treatments. HPP 
biomass decreased with DOC addition compared to 0C at 18°C_dark 
in the NP treatments, and at 18°C_light in both the 0NP and the NP 
treatments.

Moreover, interactions between nutrient addition and tempera-
ture affected HPP biomass (p  <  0.001). At the end of the experi-
ments, N and P additions increased HPP biomass at 10℃ but not at 
18℃. However, nutrient addition had a positive effect on HPP bio-
mass at 18℃ as well, until the sixth day of the experiments (Figure 3; 
Table S2). This was followed by a strong decline in HPP biomass until 
the end of the experiments.

3.4 | Ciliates

Interactions between DOC and nutrients (p  =  0.003), and DOC 
and temperature (p  <  0.001) significantly affected ciliate abun-
dance at the end of the experiments. Very few ciliates developed 

TA B L E  1   Mean values of the main chemical and biological 
variables measured in the initial experimental conditions

Variable
Mean 
values ± SD

SRP (µg/L) 5 ± 2

DIN (mg/L) 0.27 ± 0.03

DOC (mg/L) 0.69 ± 0.12

HPP biomass (µg C/L) 17.73 ± 1.19

Chlorophyll biomass (µg/L) 1.01 ± 0.09

Phytoplankton biomass (µg C/L) 14.79 ± 2.82

Diatoms (µg C/L) 4.70 ± 0.60

Chlorophytes (µg C/L) 0.18 ± 0.07

Streptophytes (µg C/L) 0.00 ± 0.00

Chrysophytes (µg C/L) 2.83 ± 0.92

Cryptophytes (µg C/L) 0.39 ± 0.19

Dinoflagellates (µg C/L) 2.21 ± 0.60

Cyanobacteria >2 µm (µg C/L) 0.69 ± 0.17

Picocyanobacteria (µg C/L) 3.77 ± 0.24

Picoeukaryotes (µg C/L) 0.01 ± 0.001

Ciliate abundance (cell/ml) 0.00 ± 0.00

Abbreviations: DIN, dissolved inorganic nitrogen; DOC, dissolved 
organic carbon; HPP, heterotrophic prokaryotic plankton; SRP, soluble 
reactive phosphorus.
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in the microcosms at 10℃, regardless of light condition (Figure 4). 
However, ciliates developed at 18℃ when DOC was added either 
alone or in combination with nutrients. A particularly strong increase 
in ciliate abundance was observed when DOC was added at con-
centrations of 4 and 6 mg/L (4C and 6C). At 18℃, in the 4C_NP and 
6C_NP treatments, ciliate abundance was higher in the dark than in 
the light at the end of the experiments.

3.5 | Chlorophyll biomass

There were significant effects from interactions between carbon and 
nutrients (p < 0.001), carbon and temperature (p < 0.001), and carbon 
and light (p < 0.001) on chlorophyll biomass at the end of the experi-
ments. In dark conditions, chlorophyll biomass was below the initial 
concentration of 1.01 µg/L in almost all treatments. The exceptions 
were the treatments at 10℃ at 2C_0NP and 6C_0NP, where chlo-
rophyll biomass reached 1.52 and 1.31 µg/L, and at 18℃ at 0C_NP, 
where chlorophyll biomass reached 1.89 µg/L (Figure 5). In light condi-
tions, chlorophyll biomass increased more strongly in DOC-controls 
than under DOC additions, except at 10℃ in the 0NP treatments. This 
effect was more pronounced at 18℃ in nutrient-enriched conditions, 

where chlorophyll biomass increased by 7.9 µg/L in the DOC-control 
but only between 4.5 and 5.1 µg/L after DOC additions.

Chlorophyll biomass was strongly correlated with final total phy-
toplankton biomass (Pearson's correlation, Cor = 0.91, p < 0.001).

3.6 | Shifts in phytoplankton community structure

There were significant effects from interactions between carbon 
and nutrients (p = 0.003), carbon and temperature (p < 0.001), and 
carbon and light (p = 0.006) on total phytoplankton biomass at the 
end of the experiments. Permutational multivariate analysis of vari-
ance did not reveal any change in community composition under 
DOC addition alone, neither in the dark nor in the light.

However, ADONIS analyses showed that the interaction be-
tween DOC and nutrients led to significant differences in commu-
nity structure under the different carbon*nutrients treatments, both 
in light (r2 = 0.54, F = 5.4, p = 0.001) and in dark conditions (r2 = 0.30, 
F = 1.9, p = 0.006). Moreover, significant differences in community 
structure were also detected under the different DOC*temperature 
conditions, both in light (r2 = 0.51, F = 4.7, p = 0.001) and in dark 
conditions (r2 = 0.41, F = 3.2, p = 0.001; Table S3).

F I G U R E  1   Dissolved organic carbon (DOC) consumed at the end of each experiment. Concentrations are shown for each DOC*nutrient 
treatment under the four temperature*light conditions. Error-bars represent standard error (n = 3). High values indicate lower 
concentrations at the end of the experiments than at initial conditions, while negative values indicate higher concentrations at the end of the 
experiments than at initial conditions
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At the end of the experiments, five phytoplankton groups ac-
counted for 94% of differences in community structure observed 
with increasing DOC (SIMPER analysis): chrysophytes (37%), pico-
cyanobacteria (27%), diatoms (19%), cyanobacteria >2 µm (5%), and 
dinoflagellates (6%). Concerning the size of the two groups of cyano-
bacteria, the calculated and measured lengths were highly different 
between the groups: the mean size of the cyanobacteria >2 µm was 
5.04  ±  0.86  µm, and the mean size of the picocyanobacteria was 
1.5 ± 0.03 µm (data not shown).

Interactions between carbon and nutrients (p < 0.001), carbon 
and temperature (p < 0.001), and carbon and light (p < 0.001) were 
shown at the end of the experiments to have significantly affected 
picophytoplankton biomass, mainly composed of picocyanobacteria 
(Table S4; Figure S1). Moreover, each interaction between DOC and 
temperature, light, and nutrients at the 10th experimental day was 
representative of the other experimental days. The addition of DOC 
had a negative effect on picocyanobacteria biomass in all conditions 
of temperature*light, except in the 10°C_dark condition (Figure 6). In 
the 10°C_light condition, picocyanobacteria biomass decreased with 
DOC addition only when nutrients were added to the microcosms 
(NP). In the 18°C_dark and 18°C_light conditions, picocyanobacteria 
biomass decreased with DOC addition at 4C and 6C in both NP and 
0NP treatments.

For the mixotrophic taxa, DOC addition had a positive effect 
on the relative biomass of mixotrophic phytoplankton, depending 
on taxonomic groups, conditions of temperature*light, and nutrient 
addition. The relative biomass of chrysophytes increased with DOC 
addition in the 10°C_light condition in the NP treatments. The rela-
tive biomass of cryptophytes increased weakly with DOC addition in 
the 18°C_dark condition at 6C compared to DOC-controls, in both 
0NP and NP treatments (Figure S2). The relative biomass of dino-
flagellates increased weakly with DOC addition in the 18°C_dark 
condition in 0NP treatments. Finally, the relative biomass of cyano-
bacteria >2 µm increased with DOC addition when nutrients were 
added to the microcosms, in all temperature*light conditions except 
the 10°C_dark condition.

4  | DISCUSSION

The ablation phase is a crucial period in the functioning of high al-
titude lakes (Felip et  al.,  2002), because allochthonous inputs can 
directly affect the food web (Kissman et  al.,  2017) and therefore 
govern summer plankton communities. This study sought to assess 
how planktonic organisms respond to the joint addition of DOC and 
nutrients during the winter ablation phase in a high-altitude lake. We 

F I G U R E  2   Heterotrophic prokaryotic plankton (HPP) biomass at the end of experiments. Biomass is shown for each dissolved organic 
carbon (DOC)*nutrient treatment under the four temperature*light conditions. Error-bars represent standard error (n = 3)
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specifically used a multifactorial experimental design to focus on the 
phytoplankton—bacterioplankton relationship.

4.1 | DOC and nutrient additions in heterotrophic 
dark conditions

4.1.1 | HPP limitation and top-down 
control regulation

At the end of the experiments, glucose was consumed in the dark 
conditions, and more glucose was consumed when nutrients and 
glucose were added together. Moreover, we found an effect of in-
teraction between DOC and nutrients on HPP biomass. At 10℃, this 
interactive effect resulted in a higher HPP biomass when nutrients 
and DOC were added together than under single additions of DOC 
or nutrients, evidence of co-limitation of HPP by C, N, and P. Several 
previous studies also deduced that there was co-limitation by nutri-
ents and carbon in microbial communities of oligotrophic lakes (Vidal 
et  al.,  2011), finding stronger responses to combined resources 

than to single-nutrient additions. Particularly in arctic and alpine 
lakes, bacterial growth appears to be highly limited by low natural 
concentrations of inorganic nutrients and organic carbon (Bertoni 
et al., 2008; Granéli et al., 2004).

By contrast, we did not observe any positive effect of DOC ad-
ditions on HPP biomass in our microcosms at 18℃ in the dark condi-
tions, neither when added alone nor when combined with nutrients. 
Ciliate abundance in our microcosms was stimulated by DOC addi-
tion at 18℃, especially under combined additions of DOC and nutri-
ents. The strong decline in HPP biomass from the 6th day until the 
end of the experiments at 18℃ further supports increased predatory 
pressure from ciliate development in our microcosms. Therefore, the 
observed HPP response to DOC additions at 18℃ was probably the 
result of strong predation by ciliates. Ciliates are acknowledged to 
be major consumers of bacteria (Ameryk et al., 2005). In earlier me-
socosm experiments, flagellates and ciliates were found to increase 
following DOC additions (Blomqvist et  al.,  2001) via a transfer of 
bacterial production up to these predators. Our findings support the 
idea that the presence of ciliates acts as a major control of HPP bio-
mass. Moreover, the magnitude of the predatory control increased 

F I G U R E  3   Heterotrophic prokaryotic plankton (HPP) biomass per experimental day. Biomass is shown for each dissolved organic carbon 
(DOC)*nutrient treatment under the four temperature*light conditions. Error-bars represent standard error (n = 3)
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substantially with changing environmental conditions, and overtook 
the bottom-up effect of DOC and nutrients on HPP biomass.

4.1.2 | Phytoplankton response to DOC and 
nutrients in the dark

Both chlorophyll and phytoplankton biomass were substantially 
lower in the dark, indicating a strong reduction of phytoplanktonic 
influence in these experimental conditions. Due to this very low bio-
mass, we did not observe a clear response to the DOC additions in the 
dark from either mixotroph or autotroph phytoplankton. There was 
only a slight tendency to increased biomass of cyanobacteria >2 µm 
and of cryptophytes biomass under DOC and nutrient additions at 
18℃. Although weak, this tendency confirms that cryptophytes are 
capable of prey ingestion in darkness (McKie-Krisberg et al., 2015), 
considered by several studies as a possible adaptation to perma-
nent ice-cover in Antarctic lakes (Marshall & Laybourn-Parry, 2002). 
Moreover, even though cyanobacteria >2 µm are considered strictly 
photoautotrophic in freshwater (Reynolds, 2006), glucose assimila-
tion has been observed in some filamentous species in a deep meso-
trophic perialpine lake (Zotina et al., 2003) and in several genera of 
cyanobacteria in a Siberian saline lake (Quesada et al., 2002). Our 

results suggest that unicellular cyanobacteria >2 µm could also have 
played a role in glucose consumption in the dark in our microcosms.

Thus, contrary to our expectations, we found that mixotrophs 
were not particularly favoured by DOC additions in the dark and 
that bacterivory by mixotrophs had only a minor impact on the HPP 
response to DOC addition. Mixotrophy is known to be an advanta-
geous strategy in light-limiting and nutrient-limiting environments, 
despite a higher energetic cost compared to the obligate autotrophic 
or heterotrophic metabolism (Mitra et al., 2014). Acquiring carbon 
and/or mineral nutrients from bacterial prey allows mixotrophs to 
eliminate their main competitors for these nutrients, called the eat-
ing your competitor strategy by Thingstad et al.  (1996). However, it 
was also experimentally demonstrated that mixotrophic bacterivory 
on picoplankton was light-dependent (Fischer et al., 2017). This de-
pendency has been interpreted as a need for energetic photosynthe-
sis to support phagotrophy (Li et al., 2000).

Overall, DOC additions stimulated HPP biomass in the dark, par-
ticularly when combined with addition of nutrients because of the 
co-limitation of HPP by C, N, and P. However, our results did not con-
firm our hypothesis regarding mixotrophic phytoplankton. When the 
influence of commensalistic and competitive interactions between 
phytoplankton and bacteria were reduced, ciliate predatory control 
was the major control of the HPP response to DOC addition.

F I G U R E  4   Ciliate abundances at the end of experiments. Abundances are shown for each dissolved organic carbon (DOC)*nutrient 
treatment under the four temperature*light conditions. Error-bars represent standard error (n = 3)
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4.2 | DOC and nutrient additions in light conditions

4.2.1 | Diversification of top-down controls 
in the light

As in the dark conditions, HPP biomass increased only at 10℃ with 
DOC additions, but only when DOC was added alone. Moreover, the 
increase of ciliates at 18℃ and the decrease of HPP biomass from 
the sixth day until the end of the experiments at 18℃ suggested the 
same predatory control by ciliates over HPP in the light conditions. 
Multivariate analyses also revealed significant effects on the phyto-
plankton community from interactions between the DOC*nutrients 
treatments and between the DOC*temperature treatments. These 
interactive effects resulted in increased biomass of chrysophytes 
after combined DOC and nutrient addition at 10℃ alone.

Our results reflected a diversification of top-down control in the 
light conditions, with potential ingestion of HPP by mixotrophs at 
10℃ under combined additions of DOC and nutrients. In the light 
conditions, mixotrophic phytoplankton and ciliates competed for 
the same prey in our microcosms. Previous studies reported com-
petition between mixotroph and heterotrophic bacterivores for 
prey in the light (Fischer et  al.,  2017). Although temperature op-
tima differ between species, most ciliates tolerate a relatively wide 

range of temperatures, with high growth rates at high temperatures 
(Weisse,  2006). Moreover, the metabolic theory of ecology pre-
dicts that the heterotrophic metabolism will respond more strongly 
to rising temperature than the autotrophic metabolism (Rose & 
Caron, 2007). Our results show that DOC additions stimulated the 
mixotrophic strategy of eating your competitor at 10℃ when nutri-
ents were added to the microcosms, while prey ingestion by ciliates 
replaced ingestion by mixotrophs at a higher temperature.

4.2.2 | Competition processes with autotrophs

We found a strong decrease in picocyanobacteria biomass with DOC 
additions in the light, except at 10℃ without nutrients. Previous stud-
ies reported a competitive advantage of heterotrophic bacteria over 
picocyanobacteria, especially after carbon inputs (Drakare,  2002; 
Liao et al., 2019). We therefore suggest that the observed decrease 
in picocyanobacteria could be due to competition between HPP 
and picocyanobacteria for nutrients. Added to the competition with 
HPP, picocyanobacteria can also suffer predation by mixotrophs and 
ciliates. In shallow oligotrophic lakes, ingestion of picocyanobacteria 
by mixotrophic flagellates was recently observed (Gerea et al. 2019), 
notably by chrysophytes in subalpine lakes (Weisse & Moser, 2020). 

F I G U R E  5   Chlorophyll biomass at the end of experiments. Concentrations are shown for each dissolved organic carbon (DOC)*nutrient 
treatment under the four temperature*light conditions. Error-bars represent standard error (n = 3)
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Unfortunately, our experiments did not enable us to determine the 
proportions of the decrease in picocyanobacteria explained by com-
petition with HPP and by predation by bacterivores.

Contrary to the picocyanobacteria, the biomass of the cyanobac-
teria >2 µm increased with combined additions of DOC and nutrients 
in the light. As in the dark, this increase indicates that the cyanobac-
teria >2 µm were capable of carbon assimilation and depended on a 
sufficient stoichiometric C: NP ratio to develop in the light conditions.

Overall, DOC additions in the light stimulated the biomass of 
HPP and mixotrophs, and predation by mixotrophs acted as a strong 
top-down control of HPP biomass at 10℃. While DOC addition 
decreased autotrophic picocyanobacteria, the proportions of this 
decrease explained by competition with HPP and by predation by 
ciliates and mixotrophs could not be determined from our experi-
ments. As in the dark, the predatory control exerted by ciliates on 
HPP biomass was the major control at the higher temperature.

4.3 | Primarily nutrient limitation and 
commensalistic interaction

We found that DOC concentrations increased in the DOC-control 
treatments in the light conditions, but not in the dark, which 

indicates two indirect results: (1) phytoplankton-derived carbon 
was produced in the light; and (2) control by phytoplankton-derived 
carbon was severely limited in the dark at the end of the experi-
ments. Moreover, HPP biomass in the dark conditions revealed that 
HPP were able to develop with added nutrients alone, evidence 
of limitation primarily by N and P of the HPP in our microcosms. 
Due to the generally low DOC concentrations in high-altitude lakes, 
heterotrophic bacteria are known to be primarily carbon-limited in 
these environments (Carrillo et al., 2002; Durán et al., 2016; Medina-
Sánchez et al., 2010). Nevertheless, limitation primarily by nutrients 
and co-limitation by C of bacteria was previously observed in an oli-
gotrophic mountain lake (Dorado-García et al., 2014). This pattern 
of co-limitation was explained by the autotrophic nature of the eco-
system, where carbon derived from phytoplankton was sufficient 
to support bacterial demands. In our experiments, while the initial 
phytoplankton biomass was slightly smaller than the HPP biomass, 
it may have been sufficient to generate limitation of HPP primarily 
by N and P and co-limitation by C. Despite stronger limitation by 
nutrients than by carbon, an increase in HPP biomass was observed 
in our microcosms after DOC additions. This could be interpreted as 
a release from HPP dependency on photosynthetic carbon excreted 
by phytoplankton, i.e. a decrease in commensalistic interactions be-
tween HPP and phytoplankton.

F I G U R E  6   Phytoplankton groups relative biomass and total absolute biomass (black points) at the end of experiments. Biomass is 
shown for each dissolved organic carbon*nutrient treatment under the four temperature*light conditions
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4.4 | Ecological implications

Our results support previous findings that DOC inputs can greatly 
alter the food web in high-altitude lakes (Kissman et al., 2017), par-
ticularly if they occur during the ablation phase. Our results suggest 
that DOC inputs during the ablation phase, depending on nutrient 
limitation, may rapidly alter the trophic interactions between het-
erotrophic bacteria and phytoplankton. These changes are likely to 
involve decreased commensalistic interactions between bacteria 
and phytoplankton but increased competition with autotrophic pi-
cocyanobacteria, and an increase and diversification of predatory 
top-down controls over bacteria. Since the winter communities con-
stitute the inoculum of the summer succession in high-altitude lakes 
(Adrian et al., 1999), rapid changes in trophic relationships between 
bacteria and phytoplankton can have major repercussions on the 
general functioning of lakes. While bacteria would benefit more than 
phytoplankton from labile DOC inputs in a future scenario of global 
change, higher predatory control over bacteria is also expected. 
Thus, our findings support a future scenario of global change involv-
ing modifications in the balance of heterotrophic versus autotrophic 
processes toward higher heterotrophy during the ablation phase in 
high-altitude lakes. The predicted change will vary according to: (1) 
the characteristics of the dissolved organic matter, i.e. nutrient con-
tent, lability of the carbon source, and proportion of humic coloured 
substances; (2) type of top-down control, such as predation by zoo-
plankton or ciliates; and (3) the composition of phytoplankton as-
semblages, including the proportion of mixotrophic phytoplankton.
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