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Global climate warming is causing the loss of freshwater ice around
the Northern Hemisphere. Although the timing and duration of ice
covers are known to regulate ecological processes in seasonally ice-
covered ecosystems, the consequences of shortening winters for
freshwater biota are poorly understood owing to the scarcity of
under-ice research. Here, we present one of the first in-lake experi-
ments to postpone ice-cover onset (by <21 d), thereby extending
light availability (by <40 d) in early winter, and explicitly demon-
strate cascading effects on pelagic food web processes and phenol-
ogies. Delaying ice-on elicited a sequence of events from winter to
spring: 1) relatively greater densities of algal resources and primary
consumers in early winter; 2) an enhanced prevalence of winter-
active (overwintering) consumers throughout the ice-covered period,
associated with augmented storage of high-quality fats likely due to
a longer access to algal resources in early winter; and 3) an altered
trophic structure after ice-off, with greater initial springtime densi-
ties of overwintering consumers driving stronger, earlier top-down
regulation, effectively reducing the spring algal bloom. Increasingly
later ice onset may thus promote consumer overwintering, which
can confer a competitive advantage on taxa capable of surviving
winters upon ice-off; a process that may diminish spring food avail-
ability for other consumers, potentially disrupting trophic linkages
and energy flow pathways over the subsequent open-water sea-
son. In considering a future with warmer winters, these results
provide empirical evidence that may help anticipate phenological
responses to freshwater ice loss and, more broadly, constitute a
case of climate-induced cross-seasonal cascade on realized food
web processes.

global climate warming | freshwater ice loss | phenology | trophic
interactions | winter limnology

lobal climate warming increases surface water temperature
(1, 2), causing widespread loss of freshwater ice cover
across the Northern Hemisphere (3, 4). Long-term records indi-
cate that freshwater ecosystems at higher latitudes experience
accelerating rates of warming, with strong trends of increasingly
later ice-on, earlier ice-off, and shorter duration of seasonal ice
covers (5-8). Pronounced changes in the timing and duration of
ice-covered seasons are bound to have far-reaching ecological
consequences (9). Yet, freshwater ecology remains relatively
understudied in winter, especially when compared with marine
research (10-13). Although ice phenology and some remotely
sensed abiotic measures have been well-documented in lakes
and rivers (3, 8, 10), under-ice assessments of biota are consid-
erably limited. As a result, the effects of rapidly changing win-
ters on freshwater food webs and biological processes remain
largely unknown, impeding our ability to anticipate the implica-
tions of ice loss.
The ice-covered period has long been perceived as a dor-
mant season for freshwater organisms, especially in lakes (12).
Recent studies challenged this prevailing view, suggesting that
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critical processes can occur under ice (14, 15), with the timing
and physical features of ice covers driving dynamics in winter,
spring, and possibly over the summer (12, 16, 17). Indeed, while
several freshwater taxa may favor dormancy in winter, certain
environmental conditions (e.g., light, food availability) and
organismal traits (e.g., thermal tolerance) may allow communi-
ties to remain active under ice. For example, motile phytoplank-
ton with flexible forms of nourishment—such as mixotrophic
phytoflagellates—may prevail in winter (18, 19), remaining in
suspension despite the absence of water mixing under ice and
shifting their nutritional mode from photosynthesis to partially
or fully utilizing organic sources of carbon when light availability
is reduced. Pelagic primary consumers may also benefit from
relaxed predation in winter, with reports of active, abundant,
and, even, reproducing zooplankton populations (20-22). Active
overwintering, however, may impose a long period of limited
resources on consumers. For instance, energetically reward-
ing, photosynthetic prey can become rare in winter, compelling
zooplankton to rely on other survival strategies to overcome
nutritional shortage, such as using previously accumulated
high-quality fat reserves (20, 23, 24) or shifting their diet to incor-
porate alternative, lower-quality resources of bacterial or terrestrial
origin (19, 25).

Significance

Freshwater ice is being lost at an accelerating rate with
global warming. Yet the ecological implications of shorten-
ing ice-covered seasons remain largely unexplored due to a
historical lack of freshwater research in winter. We provide
an innovative experimental study that realistically reprodu-
ces warming effects on the timing of ice onset to address
the consequences for lake food webs. We find that later ice-
on sustains photosynthesis longer, permitting greater accu-
mulation of high-quality fat reserves in primary consumers,
and likely facilitating winter survival. Further, we show that
a greater prevalence of overwintering consumers shapes
springtime food webs via an increased top-down control of
the spring algal bloom. Broadly, this study demonstrates
that warmer winters can have cross-seasonal cascading
effects on ecological processes.

Author contributions: M.-P.H. performed the research, analyzed data, and wrote and
revised the paper; and M.-P.H., B.E.B., M.R. and G.F.F. discussed the study,
contributed materials or analytic tools, and approved the manuscript.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

"To whom correspondence may be addressed. Email: mphebert4@gmail.com.

This article contains supporting information online at http://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2114840118/-/DCSupplemental.

Published November 22, 2021.

https://doi.org/10.1073/pnas.2114840118 | 1 of 9

>
O
o
-
[=]
()
e}



https://orcid.org/0000-0003-4733-0974
https://orcid.org/0000-0001-6972-6887
https://orcid.org/0000-0001-9576-0122
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:mphebert4@gmail.com
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114840118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114840118/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2114840118&domain=pdf&date_stamp=2021-11-18

Downloaded at National Academy of Sciences on November 22, 2021

As ice-on dates trend later with climate warming, prolonged  resulting in earlier and possibly greater competition for limited
light exposure in early winter may sustain photosynthesis and  resources (31). Thus, the timing of ice-cover onset may repre-
energy-rich resource availability longer, permitting greater accu-  sent a key determinant of consumer winter strategies and food
mulation of algal-derived fat reserves in primary consumers. web interactions at the beginning of the open-water season, a
Extending the time period during which zooplankton can store  question that remains hitherto unanswered owing to the pau-
high-quality fats may in turn enhance active overwintering. Shorter  city of empirical data on under-ice freshwater food webs.
seasonal duration of ice cover could also facilitate winter sur- To explicitly test how later ice-on may affect winter survival in
vival, reducing the period during which consumers may rely  pelagic primary consumers and springtime planktonic food webs,
on previously accumulated fat storage. A greater prevalence  we performed an in situ experimental study to manipulate the
of winter-active consumers could, however, trigger strong cas-  timing of ice-cover onset using in-lake enclosures. Exploiting a
cading effects on trophic interactions upon ice breakup, includ-  floating facility deployed on a temperate lake in eastern Canada
ing reduced spring algal blooms or greater mismatches in the  (45°32'N, 73°08'W), we filled 16 pelagic enclosures with ca. 3,400 L
timing of resource and consumer growth [phenological decou-  of lake water and planktonic organisms at the beginning of
pling (26-30)]. Enhanced winter survival in consumers could the ice-covered period (Fig. 1 A-C) and postponed the onset
also promote the co-occurrence of competing taxa in spring,  of naturally forming ice cover by 0, 7, 14, and 21 d (Fig. 1D),
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Fig. 1. In-lake experimental setup, under-ice organisms, design, and timeline. (4) The floating platform deployed on Lac Hertel (Mont Saint-Hilaire, Québec),
accommodating 16 enclosures (depth ca. 4.2 m), each containing ca. 3,400 L of lake water and planktonic organisms. (B and C) Microscope photographs
of under-ice plankton in early winter: (B) phototrophic nanophytoflagellates (Cryptophyceae; epifluorescence microscopy) and (C) crustacean zooplankton
(Bosmina). (D and E) Schematic representation of ice-cover treatments and timeline. Colors refer to treatment levels of ice-cover manipulation, indicating the
(D) timing of ice-cover formation onset across enclosures and (E) resulting ice-covered periods. Lac Hertel’s ice-covered period is illustrated as a frame
of reference. (E) Symbols indicate sampling days over the course of the 183-d experiment. Biotic response variables include total and group-specific chl-a con-
centrations, crustacean and rotifer zooplankton densities, fully or partially phototrophic (PNF) and heterotrophic/phagotrophic (HNF) nanoflagellates, and
characterization of FAs in zooplankton and seston. Upper and lower horizontal axes indicate time of the year and day of experiment, respectively. Temporal
dynamics of light incidence and other baseline measurements are provided in S/ Appendix, with additional details in Materials and Methods. *FAs were char-
acterized on six occasions for seston (filled symbols) and on three occasions for zooplankton (framed symbols) (see details in Materials and Methods).
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resulting in contrasting light-incidence patterns over a period
up to 40 d (SI Appendix, Fig. S1). We recorded a variety of biotic
responses over 183 d through winter and spring (Fig. 1E) to
address whether delayed ice-on dates and prolonged light expo-
sure can: 1) sustain photosynthesis longer and allow pelagic multi-
trophic communities (algal resources and zooplankton consumers)
to maintain high densities in early winter; 2) enhance the prev-
alence of overwintering consumers over the winter months, and
whether winter survival is linked to early-winter fat accumulation
and/or shifts in dietary supply sources; and 3) elicit cascading
effects on the structure of springtime planktonic food webs, both
across and within trophic levels (ie., consumer-resource and
consumer—consumer relationships).

Results and Discussion

Systematically removing freshly formed ice in enclosures twice per
day over up to 21 d, our approach effectively postponed the estab-
lishment of ice cover, resulting in four evenly spaced ice-on dates:
days 1 (control), 8, 15, and 22 of the experiment. Following ice-
cover onset, rates of under-ice light attenuation varied among
enclosures with different ice-on dates owing to fluctuations in
local weather conditions (Materials and Methods and SI Appendix,
Fig. S1). Specifically, light availability declined relatively rapidly
after ice-cover formation on days 1 and 8 due to subsequent snow-
fall. In contrast, under-ice light attenuation occurred more slowly
where ice was allowed to form on day 15, in part owing to mild
weather and lack of snow cover (until day 21). As a result, light-
incidence patterns were similar across enclosures with ice-cover
onset on days 15 and 22, receiving on average >200% more light
than controls at a 1-m depth during the treatment period (days 1
to 22). Upon completion of ice manipulations (day >22), carry-
over effects were observable until day 40, with sustained greater
under-ice light availability mainly detected in enclosures with day
22 ice-on dates (SI Appendix, Fig. S1 and Table S1). Experimen-
tally delaying ice-cover onset did not affect water temperature,
indicating that biotic responses to our manipulations were likely
caused by light-regime differences (SI Appendix, Table S2).

A linear mixed-effects model (LMM) revealed that later ice-
on dates positively affected chlorophyll a (chl-a) concentrations
in early winter, with chl-a declining more slowly where ice-on
was delayed (Fig. 2 A and E). These trends were primarily driven
by cryptophytes (Fig. 1B and SI Appendix, Fig. S3A4), a group
of mixotrophic nanophytoflagellates capable of both photo-
trophy (autotrophy) and phagotrophy (heterotrophy) (32). A
finer examination by epifluorescence microscopy of the rela-
tive proportions of phototrophic nanoflagellates (pigmented
cells; PNFs) versus heterotrophic/phagotrophic nanoflagel-
lates (nonpigmented cells; HNFs) indicated that PNF:HNF
mass ratios remained higher with later ice-on (Fig. 2 B and E).
This result suggests a postponed metabolic shift from autotrophy/
mixotrophy to full heterotrophy for nanoflagellates and, thus,
longer access to photosynthetic (energetically rewarding) prey for
consumers. After ice-cover formation, both chl-a concentrations
and PNF:HNF ratios decreased similarly across enclosures.
Overall, our ice-cover manipulation strongly influenced algal
availability for a nonnegligible period of <45 d (Fig. 2 4, B,
and E), coinciding with the extended light availability period
where ice-on was most delayed (SI Appendix, Fig. S1). Thus,
changes in light incidence in early winter, before and after
ice-cover onset, can drive chl-a levels and metabolic (nutri-
tional) shifts at the base of the food chain and, by extension,
the quantity and quality of algal resources available during a
critical seasonal transition.

The primary consumers in our enclosures, rotifer and crusta-
cean zooplankton, showed contrasting temporal trends in early
winter: rotifers visibly proliferated until day 45, while crustaceans
progressively declined over time (Fig. 2 C and D). Rotifers
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appeared to be naturally active under ice, reaching impressively
high densities. Postponing ice-cover onset strengthened their bio-
mass increases on day 45, likely due to greater food availability
(with corresponding declines in chl-a thereafter; Fig. 24), but did
not affect their survivorship later in winter (Fig. 2E). Although
often neglected in freshwater biotic assessments, abundant rotifer
communities have been previously reported during winter, when
they are thought to benefit from reduced competition and preda-
tion (33-35). For crustaceans, biomass levels remained generally
higher in enclosures with later ice-on, with lagged positive responses
to treatment detected on days 45 and 81 (Fig. 2 D and E).
Crucially, the presence of greater crustacean densities on day 81
where ice covers formed on days 15 and 22 constitutes evidence
of long-lasting effects of later lake ice onset on consumer winter
survival. Although crustaceans of the genus Bosmina maintained
high densities in early winter (Fig. 1C and SI Appendix, Fig. S4C),
with positive effects of delayed ice-on captured on day 45, long-
term winter survival was only observed in cyclopoid copepods,
mainly Cyclops, a taxon known to overwinter [SI Appendix,
Fig. S44 (19, 20, 23)].

To evaluate whether the timing of ice-cover onset influenced
consumer winter survival strategies, we examined the signatures
of fatty acids (FAs) accumulated in zooplankton and seston
across enclosures. Seston refers to suspended organisms and
materials between 0.7 and 53 pm (i.e., algae, microzooplankton,
larger bacteria, particulate debris), and hence representative of
zooplankton food sources. In addition to being essential for
consumer dietary requirements, FAs are important for energy
storage (36, 37). As such, we quantified the levels of 40 individ-
ual FAs and used FA signatures as a proxy to address whether
ice-on dates influenced 1) the composition of zooplankton fats
and 2) their dietary (energy) supply source in early winter,
focusing on days 22 and 45. A nonmetric multidimensional scal-
ing (NMDS) revealed that zooplankton communities from
treated enclosures exhibited distinct FA composition as early as
day 22 (Fig. 34). A permutational multivariate analysis of vari-
ance (PERMANOVA) confirmed that the timing of ice-on
explained differences in zooplankton FA composition [P = 0.013,
F(1,15) = 3.149]. However, this effect was not captured on day 45
(SI Appendix, Fig. S5A4), possibly as a result of missing values
from enclosures with later ice-on (Materials and Methods). In
contrast, our ice-cover manipulation had no discernable effects
on seston FA composition on day 22, nor on day 45 (SI Appendix,
Fig. S5 C and E), suggesting that zooplankton FA composition
did not reflect that of seston.

Building on previous studies exploiting the use of FAs as bio-
markers to trace energy sources, we identified the origin of FAs
for which this was possible (23 out of the 40 FAs quantified)
and estimated FA proportions derived from algal, terrestrial,
and bacterial biosynthesis in zooplankton and seston (see
Materials and Methods and references therein). By the end of
the treatment period, both absolute amounts and proportions
(% relative to total FAs) of algal-derived FAs had largely
increased in zooplankton where ice-on was delayed (Fig. 3B
and SI Appendix, Table S3), constituting up to 12.4% (+1.98) of
zooplankton FAs, in contrast to 5.6% (+1.76) in controls. With
later ice-on, terrestrially derived FAs also increased in zoo-
plankton but their low relative importance (<1%) suggests that
zooplankton primarily accumulated algal FAs in early winter.
On day 45, up to 23.1% (£5.52) of zooplankton FAs were algal-
derived (SI Appendix, Fig. S5B); however, effects of ice-on
dates were statistically undetectable, again possibly owing to
missing FA values (Materials and Methods). Further refining
our examination, we targeted specific essential, algal-derived
FAs known to be associated with seasonal physiological regula-
tion in zooplankton [i.e., docosahexaenoic acid (DHA), arachi-
donic acid (ARA), eicosapentaenoic acid (EPA) (36, 38)], and
found that zooplankton DHA and ARA levels increased with
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later ice-on (S Appendix, Table S3). Notably, on day 45, we mea-
sured markedly greater proportions of DHA in zooplankton
where ice formed on day 22, constituting alone 7.91% (+0.51) of
total FAs and representing a 2.8x increase relative to control
communities (SI Appendix, Fig. S5B). Thus, accumulating algal-
derived FAs (such as DHA) in early winter appears to be a key
complementary strategy employed by overwintering zooplank-
ton, predominantly cyclopoid copepods in our enclosures (S
Appendix, Fig. S44).

For seston, delayed ice-cover onset increased ARA levels on
day 22 and total algal-derived FAs, especially DHA, on day 45
(SI Appendix, Table S4). Despite these trends, seston FAs failed
to predict FA accumulation in zooplankton; only % ARA simi-
larly increased in both seston and zooplankton on day 22 (P =
0.039), although levels remained <1% (SI Appendix, Table S5).
Our inability to link zooplankton and seston FA composition
suggests that overwintering consumers may have preferentially
retained specific FAs in early winter, a strategy previously observed
in overwintering freshwater copepods [SI Appendix, Fig. S6 (20,
21, 23)]. That is, as zooplankton store high-quality FAs at differ-
ent rates (i.e., selective accumulation of algal-derived FAs, espe-
cially DHA and, to a lesser extent, ARA, in this case), the lack
of relationship between seston and zooplankton FA composi-
tion may be expected (24, 38), especially if selective feeders
such as copepods dominate under-ice communities.

We further quantified the effects of later ice onset on spring-
time planktonic food webs, tracking temporal dynamics over ca.
1 mo after ice-off (days 150 to 183). On days 150 (a few days
after ice melt) and 166, we found greater crustacean densities
where ice-on was delayed and enhanced overwintering occurred
(Fig. 2 D and E). Crustacean communities in early spring were
primarily composed of cyclopoid copepods (SI Appendix, Fig. S44),
confirming their survival through winter. Cladoceran densities
were low, slowly increasing as photoperiods became longer.
While rotifers could survive the winter under ice, their spring
biomass was generally low, showing no clear differences among
enclosures. In stark contrast, chl-a concentrations were dis-
tinctly lower where ice-on was delayed (Fig. 24). A LMM vali-
dated that our ice-cover manipulation had a time-dependent
effect on chl-a, shifting from positive in early winter to negative
after ice-off (likely mediated by trophic interactions; Fig. 2E).
Spring trends in chl-a were mainly driven by green algae (S/
Appendix, Fig. S3). While differences were still observable at
fine taxonomic scales on day 183, effects on both total crusta-
ceans and chl-a became undetectable, coinciding with the
emergence and population growth of other crustacean taxa
that likely resulted in more complex species interactions (S7
Appendix, Fig. S4).

Fig. 2. Temporal effects of ice-cover manipulation on planktonic food
webs. (A-D) Time series of (A) total chl-a concentrations (circle), (B) carbon
mass ratios between photosynthetic and heterotrophic nanoflagellates
(PNF:HNF; square), and (C) rotifer (inverted triangle) and (D) crustacean
(triangle) zooplankton biomass over the experiment. Colors indicate ice-
cover treatment levels. Error bars represent 95% Cls. Shaded gray areas
illustrate the overall treatment period (i.e., days 1 to 22); note that carry-
over effects on light availability were observable until ca. day 40. Dashed
lines indicate the timing of ice breakup (concomitant across all enclosures).
A slight offset on x axis values was introduced to facilitate data visualiza-
tion. Temporal effects at finer taxonomic scales are provided in S/
Appendix, Figs. S3 and S4. (E) Time-dependent effects of ice-cover manipu-
lation on planktonic food webs. LMMs were performed individually for
each plankton group. Effect sizes are expressed as scaled parameter esti-
mates of LMMs, quantified as of the end of the treatment period, namely
days 22, 31, 45, 81, 150, 166, and 183. Error bars represent 95% Cls. Treat-
ment effects are significant (P < 0.05) when error bars do not overlap with
the zero line; filled and shaded symbols represent significant and nonsig-
nificant effects, respectively. To facilitate visualization between days 22
and 45, two breaks and a larger offset were introduced on x axis values.
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Fig. 3. Effects of ice-cover manipulation on primary consumer FA compo-
sition in early winter. (A) NMDS representation of zooplankton FA compo-
sition on day 22 (i.e., end of treatment period) using all quantified FAs
(ng-mg~" dry mass). Convex hulls illustrate differences in FA composition
among ice-cover treatments and colors refer to treatment levels; the leg-
end is as in Figs. 1 and 2. (B) Proportions of FA biomarkers (% relative to
all FAs) derived from algal (green), bacterial (orange), and terrestrial
(brown) sources accumulated in zooplankton on day 22. Asterisks denote
significant effects (P < 0.05) of ice-cover manipulation on source-specific
FA biomarkers; ns, not significant. Error bars indicate SEs. Proportions of
EPA, DHA, and ARA are represented within algal FA biomarkers. S/
Appendix, Table S3 includes model coefficients for all tested FA compo-
nents for days 22 and 45.

To more directly test whether consumer winter survival
affected trophic structure after ice-off, we explored consumer—
resource relationships. Where overwintering was enhanced,
crustacean-to-chl-a mass ratios were substantially higher in
spring (Fig. 44). As a common indicator of resource-use effi-
ciency in lakes (e.g., ref. 39), greater mass ratios between zoo-
plankton and chl-a can indicate stronger top-down effects.
Neither cladoceran-to-chl-a nor rotifer-to-chl-a ratios showed
differences; only consumer-resource ratios including cyclopoid
copepods increased with later ice-on (SI Appendix, Fig. S7),
suggesting an important role of overwintering copepods in con-
trolling the spring algal bloom.

Comparing mass ratios between springtime densities of over-
wintering consumer taxa as a proxy for competition, we found
that crustacean biomass, mainly cyclopoid copepods, was also
significantly higher than rotifer biomass in enclosures where
ice-on was delayed (Fig. 4B and SI Appendix, Fig. S7). Greater
consumer—consumer mass ratios in favor of overwintering cope-
pods could indicate that they outcompeted or, even, preyed
upon rotifers; however, given that spring rotifer densities were
not greater in controls (where copepod densities were lower;
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Fig. 4. Cascading effects of crustacean winter survival on springtime food
web structure. Mass ratios between crustacean densities and (A) chl-a con-
centration and (B) rotifer densities over 33 d after ice breakup (days 150
to 183). Error bars represent 95% Cls. Asterisks denote significant effects
(P < 0.05) of ice-cover manipulation on mass ratios (measured as parame-
ter estimates of LMMs). Variations in crustacean densities are primarily
driven by overwintering copepods in spring (S/ Appendix, Fig. S7).

Fig. 2 C-E), our data suggest that rotifer densities were unaf-
fected by overwintering copepods. Although winter survival in
both copepods and rotifers did not result in competitive exclu-
sion at the beginning of the open-water season, the concomi-
tance of higher crustacean-to-chl-a and crustacean-to-rotifer
ratios suggests that springtime planktonic food webs may be
relatively more top-heavy (i.e., shaped into an inverted biomass
pyramid) when crustaceans such as cyclopoids overwinter.
Manipulating the timing of ice-cover onset (over <21 d) and
prolonging light availability (by <40 d) under realistic environ-
mental conditions in early winter, our experimental study provides
evidence that causally links later ice-on to consumer overwin-
tering, with cascading effects on the structure and processes
of springtime food webs. Our main findings and hypothesized

early winter midwinter early spring

=

+zooplankton +winter survival
- algae

MI/\ +algal FA storage
AR, Fv A
& K; constrained by o

life history 29

Fig. 5. Schematic summary of potential direct and indirect effects of later
ice-cover onset on lake planktonic food webs, from early winter to spring.
Positive and negative effects are denoted via “+" and “—" signs; the ice-
covered period is illustrated by the ice cover. Short-term effects of later
ice-on dates include relatively higher densities of pelagic (algal) resources
and primary consumers (zooplankton) in early winter, allowing certain
zooplankton taxa to accumulate high-quality, algal-derived fatty acids,
such as DHA, during a critical seasonal transition. Algal-derived fat storage
may in turn sustain such zooplankton taxa as they (fully or partly) fast in
the winter months. Thus, longer-term winter survival in consumers appears
to be constrained by their physiological capacities and life-history traits,
including building high-quality lipid stores while exhibiting a heightened
tolerance to harsh winter environmental conditions, here observed in
cyclopoid copepods (Cyclops) but not in the cladoceran Bosmina. Cross-
seasonal effects of consumer overwintering include altered trophic struc-
ture after ice breakup. As shown in this study, higher densities of overwin-
tering cyclopoid copepods in spring can exert stronger, earlier top-down
control (ctrl) on the spring algal bloom. Reduced food availability for
other (nonoverwintering or benthic) primary consumers may have implica-
tions for energy transfer to upper trophic levels and food web dynamics
over the subsequent open-water season.

+algae +top-down ctrl
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underlying mechanisms are summarized in Fig. 5. In line with
recent reports, our results support that changes in light availabil-
ity can have strong, rapid effects on photosynthesis in early winter
(17, 40, 41), and that nanophytoflagellates such as cryptophytes
can remain at high densities under ice (18, 19, 42). Although
crustacean zooplankton generally maintained greater early-winter
densities where ice-on was delayed, an extended access to algal
resources may only promote overwintering in taxa exhibiting
particular physiological capacities and life-history traits already
selected for in winter (Fig. 5). In our study, both the copepod
Cyclops and the cladoceran Bosmina had high biomass levels
in early winter, but only the former succeeded in remaining
active through winter (SI Appendix, Fig. S44 vs. S4C). Cyclops
and other freshwater copepods appear to overwinter more fre-
quently than cladocerans (12, 20, 23), likely because they express
trait combinations facilitating under-ice survival [e.g., tolerance
to cold and starvation stress, maintenance of low metabolism,
longevity (43)]; our data suggest that building high-quality lipid
stores may also be an important complementary strategy to over-
winter (Fig. 5), as indicated in previous studies (20, 21, 23, 24).
Importantly, our 6-mo in-field experiment uncovers a cross-
seasonal cascade of increased winter survival on the structure
of springtime planktonic food webs, with greater densities of
overwintering zooplankton effectively exploiting the spring
algal bloom after ice breakup, driving stronger, earlier top-
down regulation. Overwintering may thus confer a competitive
advantage to winter-active taxa (such as cyclopoid copepods) over
other primary consumers, possibly disrupting spring trophic link-
ages. Indeed, greater initial springtime densities of actively grazing
cyclopoid copepods could decouple consumer—resource interac-
tions between pelagic algae and the nonoverwintering or benthic
primary consumers that can no longer benefit from the spring
algal bloom (44, 45). Therefore, increasingly later ice-on dates
may have far-reaching community- and ecosystem-level conse-
quences, notably for spring successional patterns, the timing
of the clearwater phase, and energy/carbon flow across trophic
levels, with potentially long-lasting effects on lake food web
dynamics over the open-water season (26, 30, 46).

Our comparative analysis of FA signatures contributes to a
more mechanistic understanding of the physiological strategies
developed by overwintering primary consumers in early winter,
highlighting the potential role of ice-onset timing and resource
availability in driving fat accumulation. Our experiment demon-
strates that delaying ice-on dates by only a few weeks can be suf-
ficient to stimulate greater selective retention of algal-derived
FAs, especially DHA, in zooplankton. Winter-active zooplankton
possibly rely on such high-quality fat storage when algal prey
become scarce later in winter (20, 23, 24). Coupling microscopy
and FA profiles, our data suggest that this strategy was likely
employed by the overwintering cyclopoid copepod Cyclops.
Indeed, while Cyclops is known to express traits that can facili-
tate its survival through the ice-covered season, its comparatively
low densities in controls indicate that algal availability and selec-
tive fat accumulation were also key drivers, echoing previous
work on the importance of algal-derived FAs for winter-active
cyclopoids and copepod DHA regulation in response to cold
stress (20, 23, 36, 38, 47). Given that we could observe rapid FA
trophic transfer between algae and zooplankton in early winter,
later ice-cover onset could further promote overwintering in cer-
tain taxa by expanding the critical time period during which con-
sumers can accumulate algal-derived FAs.

Although ice-covered seasons shorten over time, the timing
of lake ice onset can vary from year to year (5, 7). As such, our
field-based experiment was influenced by the specific winter
conditions during which it occurred. First, the relatively short
ice-covered season (<5 mo) has likely facilitated zooplankton
overwintering. Second, the early-winter weather conditions
(contributing to maintaining light availability in our enclosures)
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and the timing of lake ice onset were also advantageous, as a
winter with substantially earlier or later ice-on could have
respectively resulted in less to no overwintering or, conversely,
in a widespread occurrence of overwintering zooplankton, both
of which limiting our ability to detect differential responses and
identify causal mechanisms. Given the interannual fluctuations
in freshwater ice phenology, we suggest that the prevalence of
consumer overwintering may also vary among years (i.e.,
enhanced when ice-covered seasons begin tardily and remain
short), with changes on the order of a few weeks in the timing
and duration of ice cover likely to influence biophysical pro-
cesses in seasonally ice-covered environments (e.g., ref. 48).

Over half of the world’s lakes freeze periodically (49), with
many ecosystems at risk for substantially shorter and ice-free
winters over the next decades (4, 8); yet the ice-covered season
remains poorly understood in freshwater science. Our field-
based experiment represents a step toward emulating warming
effects on ice cover to address the consequences for lake food web
winter and spring phenologies. Serving as a useful tool in global
change research (50), the integration of experimental approaches
into winter limnology could aid in revealing the mechanisms
by which biota may cope with freshwater ice loss. Echoing recent
calls (12, 13), our study further stresses the need to understand
under-ice processes and organismal climate sensitivities to antici-
pate biotic responses to rapidly changing winters.

Materials and Methods

In-Lake Experiment. We conducted a field-based experiment using a floating
platform deployed on Lac Hertel, a pristine temperate lake located at McGill
University’s Gault Nature Reserve (Mont St-Hilaire, QC, Canada). Lac Hertel is
naturally mesotrophic, with annual total phosphorus (P) and total nitrogen
(N) concentrations of ~18 pg P-L™" and ~300 pg N-L ™', and a mean summer
dissolved organic carbon (C) concentration of ~3 mg C-L™". Between 19 and
24 November 2018, as Lac Hertel was progressively freezing up, we secured
and filled 16 enclosures with unfiltered lake water (volume ca. 3,400 L, depth
ca. 4.2 m). In the middle of each enclosure, we fixed a Hobo pendant data log-
ger at a 1-m depth to record high-resolution light-incidence and temperature
data; we secured all loggers with a PVC-based structure to maintain sensor ori-
entation (toward the surface) throughout the experiment. As Lac Hertel com-
pleted its ice-cover formation and ice was starting to form in enclosures, we
initiated our ice-cover manipulations and started sampling (i.e., day 1 of
experiment); a photograph of our experimental system is shown in Fig. 1A.
Our experiment ran for a total of 183 d, from early winter (27 November
2018; day 1) through spring (28 May 2019; day 183).

To manipulate the timing of ice-on under realistic conditions, our treat-
ment consisted of postponing the onset of ice-cover formation within enclo-
sures by 0 (controls), 7, 14, and 21 d, namely a regression-style design with
four treatment levels and four replicates per level. A schematic representation
of the experimental design is illustrated in Fig. 1 D and E. To manipulate the
timing of ice-cover onset, we manually removed every freshly formed piece of
ice (and snow, if any) within treated enclosures twice per day, at dawn and
dusk, and stored ice pieces from each enclosure in separately assigned con-
tainers. When necessary, we used a shovel to break thin layers of ice while lim-
iting movements as much as possible to minimize mixing within the upper
water layer of enclosures. We transported ice pieces to an on-site laboratory
and placed individual ice containers within a large tank partially filled with
tap water at the ambient laboratory temperature (10 to 12°C); we covered
individual containers with nonhermetical lids to prevent atmospheric deposi-
tion of debris and maintain dark conditions. After a melting period of 8 to 14
h, we gently poured the ice meltwater from each container back into each cor-
responding enclosure. This procedure enabled maintenance of similar water
volumes and chemistry across enclosures despite treatment type. Upon com-
pletion of each treatment planned-delay period, ice cover was fully and natu-
rally formed within 24 to 36 h. However, rates of change in under-ice light
attenuation varied with natural meteorological fluctuations, especially air
temperature, sunlight, and, most importantly, snowfall and snow accumula-
tion. Thus, while the timing of ice-cover onset spanned four evenly spaced
dates (days 1, 8, 15, and 22), rates of under-ice light attenuation varied among
enclosures with different specific ice-on dates, being typically reached fully
after snowfall events and, thus, at irregular increments among treatments.
Baseline observations and additional explanations regarding the efficiency of
our manipulations of ice-cover formation and light availability are provided in
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SI Appendix, Figs. S1 and S2 and Tables S1 and S2. In sum, light attenuation
occurred relatively rapidly in enclosures where ice cover formed on days 1 and
8 (blue and yellow lines in SI Appendix, Fig. S1), while milder conditions
between days ca. 11 and 21 delayed light attenuation in enclosures with ice-
on days on day 15 (orange lines in S/ Appendix, Fig. S1 B and D). Full light
attenuation took up to ca. 40 d in enclosures where ice formed on days 15 and
22 (orange and red lines), although light availability after day 22 was higher
in the latter. Consequently, greater light availability occurred over a longer
period in enclosures where ice formed on day 15 (orange lines), rendering
light regimes similar to enclosures where ice formed on day 22 (red lines). We
further explain similarities and differences in (maximum and mean) light-
incidence trends during (days 1 to 22) and after (day >22) the treatment
period in a summary below S/ Appendix, Table S1. Note that ice-cover manipu-
lation had no effect on water temperature (S/ Appendix, Fig. S1 E and F and
Table S2), indicating that treatment effects primarily operated through varia-
tion in light availability.

Sampling and On-Site Processing. We sampled all lake enclosures and the
source lake (n = 17 sites) on 10 occasions: days 1, 8, 15, 22, 31, 45, 81, 150, 166,
and 183. This schedule included weekly samplings during the treatment
period (days 1, 8, 15, 22), three punctual sampling occasions over the remain-
der of the ice-covered period (days 31, 45, 81), and three sampling occasions in
the spring following ice breakup (days 150, 166, 183). (Note that a compara-
tive overview of lake versus control data for main response variables is pre-
sented in S/ Appendix, Table S6, demonstrating the ecological relevance of
the temporal dynamics recorded in our enclosures.) To sample ice-covered
enclosures, we made a small hole (diameter ca. 15 cm) with an ice auger, after
which we immediately measured ice thickness. On each sampling day, we
measured a standard suite of physicochemical parameters (conductivity, pH,
temperature, and dissolved oxygen) in all 17 sites, using a YSI multiparameter
sonde. We also acquired high-resolution light incidence and temperature at a
depth of 1 m for 140 d (i.e., a few days prior to full ice-off) with individual log-
gers; loggers were deployed at the beginning of the experiment, as described
previously. To corroborate the efficacy of our ice manipulations on light-
incidence patterns, we also recorded light penetration along a vertical profile
from subice cover to a depth of 3 m using a photometer (LI-192; LI-COR) over
the first weeks of our experiment.

To assess the pelagic planktonic food web response to delayed lake ice for-
mation, we targeted a diverse set of response biotic variables across trophic lev-
els: 1) total chl-a concentrations and that of four major algal groups (see below),
2) photosynthetic and heterotrophic nanoflagellate densities (PNF and HNF,
respectively), 3) crustacean and rotifer zooplankton densities, as well as 4) FA
contents across zooplankton, seston (organisms and materials comprised within
the 0.7- to 53-um range), and dissolved organic matter (the latter being excluded
from the present study). The three first response variables were used to recon-
struct food web dynamics and trophic structure from early winter to spring,
including metabolic shifts from autotrophy to heterotrophy at the base of the
food chain (NFs), while the use of FAs enabled the assessment of winter strate-
gies in early winter through the comparison of fat-storage composition and
energy/dietary sources sustaining primary consumers. For biotic measurements,
we collected water samples using a 2-L vertical water sampler (Kemmerer; Cole
Parmer). We sampled equal volumes of water at standardized depths; we
avoided sampling the last meter of our enclosures owing to potential accumula-
tions of sedimented biological materials or suspended debris. The total volume
of collected water per enclosure varied with the number of variables sampled,
from 2 to 14 L; a graphical representation of measurement frequencies for each
biological response variable is shown in Fig. 1E. We stored water samples in
assigned lightproof 20-L carboys (wrapped with dark, opaque plastic) and per-
formed all subsampling steps in the on-site laboratory, as it was impossible to
manipulate water samples without freezing in the field under subzero winter
conditions. Subsampling and on-site processing steps were as follows:

1) Total and group-specific chl-a. On all 10 sampling occasions, we quantified
chl-a concentration as a proxy for phytoplankton biomass. From the bulk
water samples, we poured 50 mL into lightproof microcentrifuge tubes
and measured chl-a fluorometrically using a benchtop FluoroProbe (BBE
Moldaenke). Through the excitation of chl-a and accessory pigments, the
FluoroProbe determined total chl-a concentration and that of four major
spectral groups of algae known to differ in their pigment coloration and
fluorescence, namely cryptophytes, golden/brown algae (including dia-
toms, dinoflagellates, chrysophytes), green algae (including chlorophytes,
euglenophytes), and blue-green algae (cyanobacteria).

2) Nanoflagellates. We collected PNF and HNF samples on all but two occa-
sions (two final time points), as changes in PNF and HNF densities following
ice breakup were not the focus. From bulk water samples, we prefiltered
25 mL through a 53-um sieve to remove large organisms, collected
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filtrates (<53 pm) in 30-mL Nalgene bottles, and fixed duplicate sam-
ples with glutaraldehyde (final concentration 1%) as well as three field
blanks of ultrapure water. We kept all samples in the dark at 4 °C until
transfer onto microscope slides.

3) Zooplankton. We collected zooplankton samples on all but two (second
and third) occasions. The rationale behind this decision was to preclude
oversampling populations in early winter. We sieved 6 L from bulk water
samples with a 53-um mesh, anesthetized collected zooplankton with car-
bonated water, and fixed samples with ethanol (final concentration 80%).

4) FAs. To characterize FA signatures at key time points over the experiment,
we collected samples on four occasions for zooplankton (days 1, 22, 45,
and 150; but see analytical limitations in the next section) and on six occa-
sions for seston (days 1, 8, 15, 22, 45, and 150). For zooplankton, we sieved
6 L of water to concentrate organisms >53 pm in sterile 50-mL microcentri-
fuge tubes. For seston (0.7 to 53 pm), we prefiltered 500 mL of water
through a 53-um sieve and filtered filtrates (<53 pm) onto precombusted,
preweighted (at 550 °C) 0.7-pm glass microfiber filters (GF/F;, Whatman).
We stored seston filters individually in aluminum foil. We stored all sam-
ples for the extraction of FAs at —80 °C until analysis.

Laboratory Analyses. To estimate NF densities, we first transferred organisms
onto microscope slides. We filtered samples onto 25-mm, 0.6-pm polycarbon-
ate black filters (AMD Manufacturing) in semidark conditions to minimize
photodegradation. Halfway through each filtration, we added 100 pL DAPI
(final concentration 5 pg-mL~"; Thermo Fisher), waited 10 min for cell staining,
and then completed the sample filtering. Then, we gently placed filters onto
microscope slides, sealed filters with coverslips while ensuring that organism-
containing filter sides faced cover slides, and stored samples in standard micro-
scope slide cases at —20°C.

We counted PNF and HNF individuals by epifluorescence microscopy using
a Nikon microscope in a darkened room to minimize photodegradation. For
each sample, we counted a minimum of 400 organisms between 2 and 20 pm
(i.e., NF cell-size range). We divided cell enumerations into three size catego-
ries: 2to 5, 5 to 10, and 10 to 20 pm using an ocular micrometer. To visualize
DAPI-stained cells, we used an ultraviolet-DAPI filter cube (Nikon model ET-
DAPI-96360). To differentiate photosynthetic (PNF) from heterotrophic (HNF)
cells, we used a blue-light filter cube (Nikon model ET-GFP-96362). When
needed, we also employed a green-light filter cube to improve visual contrast
and better distinguish cells (Nikon model ET-DsRD-96364). Note that for day
150, we only counted NFs for a subset of the samples, as very few PNFs were
encountered and effects on PNF:HNF ratios after ice breakup were not the
focus of this study.

We counted every crustacean and rotifer individual in zooplankton sam-
ples for all 17 sites of the eight sampling occasions. Note that species diversity
remained low throughout winter. From November through January, we
observed two dominant crustaceans: Bosmina longirostris (shown in Fig. 1B)
and Cyclops scutifer, but only the latter prevailed in February. Rotifers were
slightly more diverse but were dominated by genera Keratella and Tricho-
cerca. In addition to being representative of the zooplankton community in
Lac Hertel, these species are known to do well in field enclosures (51).

FAs were extracted from freeze-dried zooplankton and seston as described
in ref. 23; this protocol allows for the conversion of lipid extracts to FA methyl
esters. FA methyl esters were isolated with KHCO3 (water 2% volume/volume
and hexane) and characterized by gas chromatography-mass spectrometry
(GC-MS), using an Agilent 7890A gas chromatograph coupled with an Agilent
5975C mass spectrometer with a triple-axis detector and an Agilent J&W
DB-23 column. A mixture of methanol/toluene and acetyl chloride (4/1/0.125)
was added to the samples with an internal standard (nonadecanoic acid;
C19:0; N5252, Sigma-Aldrich). After centrifugation, samples were incubated at
90 °C for 20 min. Transesterified FAs were extracted with hexane and submit-
ted to GC-MS identification. Standards included an FA methyl ester mix (37
components, 10 mg/mL; 47885-U, Supelco), a bacterial acid methyl ester mix
(47080-U, Sigma-Aldrich), methyl palmitoleate (76176, Fluka), trans-11-vaccenic
methyl ester (46905-U, Sigma-Aldrich), methyl stearidonate (43959, Fluka),
and 9(2)-eicosenoic acid methyl ester (20-2001-1, Cedarlane). Seston FAs
were extracted for all samples. For zooplankton, FAs could not be
extracted from four samples collected on day 45, as well as all samples
from day 150, owing to loss of samples; thus, no FA data could be reported
for zooplankton on day 150.

Data Manipulation and Statistical Analysis.

Temporal dynamics of planktonic food webs. To enable comparisons among
plankton response variables, we converted crustacean, rotifer, and NF abun-
dances to biomass. For rotifers and crustaceans, we used taxon-specific dry
mass estimates compiled in refs. 52 and 53; a list of conversion factors for
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species from Lac Hertel is provided in ref. 51. We estimated NF biomass from
cell counts in three cell-size classes. We first assigned an average cell diameter
of 3.5, 7.5, and 15 um for each size class (2 to 5, 5 to 10, and 10 to 20 pm,
respectively) and estimated NF biovolumes assuming spherical shapes; we
then converted biovolumes to C mass units (ug C:L~") using a factor of 0.22 pg
C-um 3 (54). We explored trends in PNF, HNF, and PNF:HNF mass ratios, but
focus on the latter in our main results.

Statistical analyses were performed in R version 4.0.0 (55). We applied a

log1o(1+X) transformation on biotic response variables (chl-a, NFs, rotifers,
and crustaceans) and their mass ratios in our analyses. We quantified the main
and interaction effects of ice-cover manipulation (ice-on dates) and time (day
of experiment) on biotic response variables. Given the time dependence of
effects (both in magnitude and direction; e.g., reversed effects on chl-a during
spring), we treated ice-on date as a continuous variable and time as a factor
to fit interaction effects for each sampling day. We quantified effects as of
day 22, namely upon completion of all treatments. To account for pseudore-
plication (nonindependence) across temporally repeated measurements from
the same enclosures, we built LMMs for each response variable, with the func-
tion Imer in the R package /Ime4, and set “individual enclosure” as a random
effect. We scaled model coefficients (parameter estimates) to adequately
compare effect sizes among types of response variables, and plotted scaled
effect sizes for each sampling day using the sjplot and ggplot2 packages in R.
To test for cascading effects of our ice-cover manipulation on springtime
planktonic food webs (i.e., on days 150, 166, and 183 of the experiment), both
between and within trophic levels, we calculated consumer-resource and
consumer—-consumer mass ratios across taxa and used LMMs with an identical
model structure as previously described.
FA signatures. To explore how FA composition varied across enclosures
after delaying ice-cover onset, we built a series of ordinations using all 40
quantified FAs on days 22 and 45. We performed an NMDS with a Euclidean
dissimilarity index, using the metaMDS function in the R package vegan. To
accommodate differences in distributions between zooplankton and seston
FA data, we analyzed data separately and applied a log-based transformation
as per ref. 56 on the former and a Wisconsin transformation on the latter. We
only retained NMDS ordinations with stress values inferior to 0.18. Then, we
used a PERMANOVA to determine whether FA composition varied across enclo-
sures with different ice-on dates. This analysis was implemented using the ado-
nis function in the R package vegan, with a permutation number fixed at 999.

To investigate winter survival strategies in zooplankton, we tracked the
source of energy accumulated in seston and zooplankton using FAs as bio-
markers. Building on previous studies using FAs as biomarkers, we classified FAs
based on whether they were derived from algal, terrestrial, or bacterial biosyn-
thesis. Compiling data from refs. 23, 38, 57, and 58 and references therein, we
identified the origin of 23 FAs out of the 40 FAs quantified. Briefly, algal bio-
markers consisted of unsaturated FAs (C16:1n7, C18:2n6, C18:3n3, C18:3n6,
C18:4n-3, C20:1n-9, C20:2n6, C20:3n3, C20:3n6, C20:4n-6, C20:5n-3, C22:6n-3,
C24:1n-9), terrestrial biomarkers consisted of long-chained saturated FAs (C20:0,
C22:0, C23:0, C24:0), while bacterial biomarkers included branched-chain satu-
rated FAs (a-C15:0, i-C15:0, i-C16:0, i-C17:0) and other saturated FAs (C15:0, cyclic
C17:0). For both zooplankton and seston, we examined variation in total
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