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Abstract

Climate warming alters the seasonal timing of biological events. This raises
concerns that species-specific responses to warming may de-synchronize co-
evolved consumer-resource phenologies, resulting in trophic mismatch and altered
ecosystem dynamics. We explored the effects of warming on the synchrony of
two events: the onset of the phytoplankton spring bloom and the spring/summer
maximum of the grazer Daphnia. Simulation of 16 lake types over 31 years at 1907
North African and European locations under 5 climate scenarios revealed that
the current median phenological delay between the two events varies greatly (20—
190days) across lake types and geographic locations. Warming moves both events
forward in time and can lengthen or shorten the delay between them by up to
+60days. Our simulations suggest large geographic and lake-specific variations
in phenological synchrony, provide quantitative predictions of its dependence on
physical lake properties and geographic location and highlight research needs
concerning its ecological consequences.
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literature surveys concluded that the available evidence is
weak and insufficient to draw general conclusions about

Some of the earliest and most consistent observations
of ecological responses to climate warming come from
shifts in the timing of seasonal events (Parmesan &
Yohe, 2003; Thackeray et al., 2010). This has raised con-
cerns that asynchronous responses to a changing climate
could disrupt co-evolved consumer-resource phenolo-
gies, resulting in a phenological mismatch (Stenseth &
Mysterud, 2002). Phenological mismatch occurs when
the seasonal peak in consumer demand for a resource
does not coincide with the seasonal peak in the avail-
ability of that resource (Samplonius et al., 2021; Visser
& Gienapp, 2019). While several studies have identified
cases where climate change has led to phenological asyn-
chrony with negative consequences for consumers, recent

the future prevalence of climate-mediated phenological
asynchrony (Kharouba & Wolkovich, 2020; Samplonius
et al., 2021; Thackeray, 2012).

A major reason for this lack of robust evidence is that
most studies to date cannot answer one or more of the
following questions (Kharouba & Wolkovich, 2020). 1—
What is the reference state of phenological synchrony
prior to climate change, and how variable is the degree
of phenological synchrony in time and space under ref-
erence conditions? 2—What are the climatic drivers
of the phenology of different species, and do interact-
ing species respond to the same drivers? 3—How does
climate change affect these drivers, and do interacting
species respond equally strongly to these changes? Here,
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we address these questions in a study of the phenologi-
cal synchrony of an aquatic producer-grazer interaction
that is central to pelagic ecosystem dynamics in most
temperate to arctic freshwater lakes.

A conspicuous seasonal event in many lakes is the
spring phytoplankton bloom. Its onset is usually trig-
gered by the alleviation of light limitation, while its ter-
mination is often caused by grazing by zooplankton of
the genus Daphnia (Sommer et al., 2012). The end of the
spring bloom, the so-called clear water phase, therefore,
often closely coincides with the spring/summer maxi-
mum in Daphnia abundance (Berger et al., 2007; Straile
& Adrian, 2000). The onset of the spring phytoplank-
ton bloom and the timing of the Daphnia maximum
are not phenological life history events but numerical
responses to changes in temperature, resource avail-
ability, and predation pressure (Thackeray, 2012). The
period between the two events thus correlates with both
the overall duration of the spring bloom (an ecosystem
characteristic) and the spring growth period of Daphnia
(a characteristic of predator—prey dynamics). Warming-
induced advances in the timing of the phytoplankton
bloom have been suggested to result in phenological
asynchrony and thus in a reduction of Daphnia popu-
lation size (George, 2012; Winder & Schindler, 2004).
Yet, other studies did not find a general relationship
between warming and phenological asynchrony (Berger
et al., 2014; Straile et al., 2015). More research is needed
to reconcile these contrasting findings.

Both the onset of the algal bloom and the timing of
the Daphnia maximum correlate closely with physical
events. The onset of the algal bloom (OAB) depends
primarily on light and typically takes place once un-
derwater light availability exceeds a specific threshold
(Diehl et al., 2015; Siegel et al., 2002). In contrast, the
spring population growth of Daphnia is most strongly in-
fluenced by temperature, and the timing of the Daphnia
maximum (TDM) coincides closely with the seasonal
exceedance of thresholds in near-surface water tempera-
tures that are similar across entire hemispheres (Gillooly
& Dodson, 2000; Straile et al., 2012). The tightness of
these empirical relationships makes it possible to infer
the phenology of OAB and TDM from physical con-
ditions which, in turn, are amenable to process-based
hydrodynamic modelling (Gronchi et al., 2021; Straile
et al., 2015). We exploited this opportunity and used nu-
merical modelling to explore the phenologies of phyto-
plankton and Daphnia, as well as their synchrony, over a
vast range of climatic conditions.

Specifically, we simulated the physical drivers of
OAB and TDM in 16 model lake types (hypothetically
assumed to exist in each pixel of the studied geographic
range) over three decades of driving meteorology cover-
ing the full range of Mediterranean to subarctic, oceanic,
continental and alpine climates of Western Europe and
North Africa using an ambient climate and various cli-
mate warming scenarios. We used the resulting 4,729,360

lake-year simulations to address the three questions
raised in (Kharouba & Wolkovich, 2020) in the follow-
ing specific ways. —What are the phenological patterns
of OAB and TDM across Europe under a reference sce-
nario of current climatic conditions? 2—Which climatic
and lake-specific factors determine the delay in the tim-
ings between the two events and, thus, their phenological
asynchrony? 3—How is warming expected to alter the
magnitude of this phenological asynchrony in different
lake types and at different geographic locations? To iden-
tify general, continental-scale and lake-type-specific
patterns of phenologies and their responses to warming,
we focus, throughout the manuscript, on the median val-
ues of the predicted time series of OAB, TDM, and the
delay between these two phenological events. We com-
pare these medians between lake types, locations and
climate scenarios.

MATERIALS AND METHODS
Definition of OAB and its controlling processes

As winter and early spring mixing typically replenish
nutrients in the photic zone of most European lakes, the
onset of the algal bloom (OAB) is primarily determined by
light availability in the water column (Peeters et al., 2013;
Sommer et al., 2012). We define the timing of the OAB as
the first day of the year when the intensity of the average
photosynthetically active radiation in the mixed surface
layer, I, . exceeds a critical light intensity, /_;,, above
which net phytoplankton growth is positive. We used the
empirically determined value (Mignot et al., 2014; Siegel

et al,, 2002; Sommer & Lengfellner, 2008) 7, =1.3 mol
photonsm™ d™". I_. was calculated as
Imix = st ) (1 - e_Kd.Zmix) / (Kd ) Zmix) (1)

where [ [mol photonsm™ d7'] is the incident radiation
penetrating the water surface, K [m™'] is the light atten-
uation coefficient, and z_. [m] is the depth of the mixed
surface layer. z_ . was defined as the shallowest depth at
which the water density exceeds the surface water density
by 0.04kg'm™. This density threshold is in the range of
values used in numerous studies on stratified water bodies
(de Boyer Montégut et al., 2004; Giling et al., 2017; Read et
al., 2011). 1, was calculated from incident solar radiation,
taking into account reflection from the lake surface (Peeters
et al, 2007). We furthermore assumed that 7_; < I_;
whenever a lake is ice-covered. While phytoplankton can
develop under clear ice conditions (Hampton et al., 2017;
Kalinowska & Grabowska, 2016), clear ice is uncommon
at the end of the ice season when snow cover and/or low ice
transparency often cause light limitation of phytoplankton
growth (Adrian et al., 2006; Weyhenmeyer et al., 1999).
Underwater light levels required for the calculation of
the OAB timing were derived from numerical simulations
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(see below). We distinguished three processes controlling
this timing. For each of the 4.7 million simulated lake
years, the simulated OAB timing (OAB,) was compared
with a hypothetical timing (OAB,), which was deter-
mined analogous to OAB, but assuming fully mixed
conditions and no ice cover. OAB,, therefore, provides
a phenological ‘null model’ where the seasonal change
in incident radiation is the sole factor controlling OAB.
For a given lake type and geographical location, if OAB;
occurs after OAB,, this means that favourable light con-
ditions for a phytoplankton bloom were delayed by an
ice cover. The process controlling OAB was then identi-
fied as: (I) the timing of ice-off if OAB,>OAB, + 2days.
Conversely, if OAB, occurs before OAB, , this means that
favourable light conditions were met earlier in the year
due to a shallowing of the surface mixed layer. The con-
trolling process was then identified as (II) the onset of
thermal stratification if OAB, <OAB, + 2days. Finally,
if OAB, and OAB, coincide, this implies that the con-
trolling process is (IIT) the seasonal increase in incident
radiation, defined by |[OAB,; ~OAB, |<2days. The +2-day
time window made the categorization robust against
minor inaccuracies in the meteorological data. Similar
results were obtained with time windows between =+l
and+5days. In years when I, exceeded I already on
the first day of the year (suggesting that light was not lim-
iting) OAB was set to day 1. Lakes where this occurred
in 216 of the simulated 31 years were categorized as not
light-limited and were excluded from statistical analyses.

Definition of TDM and phenological delay
(PLD)

It is well established that Daphnia growth in spring is pre-
dominantly controlled by water temperature (Gillooly &
Dodson, 2000; Schalau et al., 2008; Straile et al., 2012).
Correspondingly, the timing of the annual Daphnia
abundance maximum (TDM) can be empirically pre-
dicted from a temperature threshold (7 Tl3,5m)’ i.e. the
first day of the year when the mean temperature in the
upper 5 m of a lake exceeds 13°C (Straile et al., 2012):

TDM = 0.99 - TT}5 5, +22.25 days ®)

This relationship has been successfully applied to
predict TDM in 62 northern hemisphere lakes of various
depth and trophic status, as well as inter-annual varia-
tion in TDM in three lakes ranging from 5 to 100 m mean
depth (Straile et al., 2012). We, therefore, used Equation 2
as our definition of TDM.

Water temperatures required for the calculation of
this proxy were obtained from numerical simulations
(see below). In years when the simulated mean water
temperature in the upper 5 m did not reach 13°C, TDM
was set to day 366. Lakes where this occurred in 216
of the simulated 31years were excluded from further

statistical analyses. Finally, we quantified the degree of
phenological synchrony between OAB and TDM as the
phenological delay (PLD) between the two events, i.e. the
difference in days

PLD = TDM — OAB 3

Model description, lake types, and
climate scenarios

The quantification of OAB and TDM requires knowledge
of the timing of ice off, the seasonal development of the
underwater light climate in the mixed surface layer, and
the temperature in the top 5 m of the water column. We de-
rived this information from numerical simulations of the
seasonal development of ice cover and underwater light
and temperature profiles with the model LAKEoneD.
This model combines a one-dimensional hydrodynamic
model with an ice model (Gronchi et al., 2021; Hutter &
Johnk, 2004; Johnk & Umlauf, 2001; Yao et al., 2014) (see
Supplementary Information S1) and requires meteorolog-
ical data, lake depth and water clarity as input variables.

In the reference scenario, LAKEoneD was driven with
meteorological data from the global atmospheric reanaly-
sis dataset ER A-Interim (Dee et al., 2011) produced by the
European Centre of Medium-Range Weather Forecasts
(ECMWF). We extracted from this dataset 3-hourly data
on wind speed, air temperature, incident solar radiation,
relative cloud cover and relative humidity for a total of
1907 terrestrial locations covering Europe from 35° to 70°
North and —10° to 20° East at a 0.5° resolution. All me-
teorological variables covered the period 1979-2009 and
were linearly interpolated to hourly values.

In addition to the reference scenario, we explored
four warming scenarios that used the same 31 years of
meteorological data as the reference scenario except for
assuming an increase in air temperature at all locations
and times. The increase in air temperature was either
seasonally constant at +2°C or +4°C, or seasonally vary-
ing (see Supporting Information S2). Similar simplified
warming scenarios have been employed in earlier lake
studies (Kupisch et al., 2012; Peeters et al., 2007; Straile
et al., 2015; Trolle et al., 2011; Wahl & Peeters, 2014), and
warming by 4°C is within the range of pessimistic projec-
tions (Rajendra, 2014).

Ateach location, we considered 16 different lake types
defined by the factorial combination of four maximum
lake depths (z,, =5, 10, 30, and 100m) with four light
attenuation coefficients (K; =0.3, 0.6, 1.2, and 2.4 m_l).
These values of z_, and K, cover the ranges encoun-
tered in a majority of lakes >1 ha (Cael et al., 2017; Pérez-
Fuentetaja et al., 1999; Seekell et al., 2018). For certain
statistical analyses (see below), we characterized the un-
derwater light climate in each of the 16 lake types by its
optical depth (OD) defined as

OD = Kd * Zmax (4)
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For the 16 lake type and at 1907 geographic location, we
simulated 31years of vertical temperature profiles for the
5 climate scenarios, yielding a total of 4,729,360 simulated
lake years. All simulations were performed by first simu-
lating a spin-up period of Syears using meteorology from
1979 to 1984. Vertical temperature profiles from the final
day of the pre-run period were used as initial conditions
for the reference state simulations, which were restarted on
the 1st of January 1979 and run through 2009. In the warm-
ing scenarios, the temperature treatments were applied to
both the pre-run and the main simulation periods. Based
on these simulations and local incident radiation from the
meteorological data, we generated for each lake type, geo-
graphic location, and climate scenario a 31-year time series
of OAB, TDM, and PLD, respectively. We expressed the
impact of climate warming on the individual phenologies
by their respective time differences (warming minus ref-
erence scenario) OAB ., TDM ¢, and PLD ;. Note that
our reference period 1979-2009 was already influenced
by global warming. The historical state of phenological
synchrony prior to anthropogenic climate warming may
therefore deviate from the reference scenario in our study.

Model validation

We validated the model by comparing simulated (= pre-
dicted) timings of TDM and OAB to observations from
lakes for which relevant data on phytoplankton (15 lakes)
and Daphnia (18 lakes) could be extracted from the lit-
erature (see Supporting Information S3). Linear regres-
sions of observed vs. predicted timings explain about
90% of the variance of OAB (R* =0.89, predicted range:
44-98days, RMSE = 5.76days) and 60% of the vari-
ance of TDM (R? =0.60, predicted range: 100191 days,
RMSE = 25.9days). Moreover, predictions are unbiased,
i.e. regression slopes are not significantly different from
1, intercepts not different from zero, and fitted regression
lines deviate very little from the 1:1 line within the range
of predicted values (see Supporting Information S3).
Unbiasedness is important because we aim at identify-
ing general, continental-scale and lake-type-specific
patterns of phenology rather than making accurate pre-
dictions for real lakes at specific locations where local
climatic conditions can diverge from the coarse, grid-
averaged meteorology that drives the model.

Focal results and statistical analyses

Throughout the manuscript, we focus on median values
of the 3l-year time series of OAB, TDM and PLD and
compare them between lake types and climate scenar-
i0s. Again, we do so because the objective of our work
is to identify general, continental-scale and lake-type-
specific patterns of phenology and their responses to
warming, and not to describe phenological responses to

interannual variation in the weather. Similarly, we de-
fine the dominant controlling process of OAB in a given
lake type at a given geographic location as the process
(seasonal change in incident radiation, ice-off, or ther-
mal stratification) that controls OAB in most of the 31
simulated years.

We analysed the influence of environmental drivers
on predicted phenology metrics with generalized ad-
ditive models (GAMs) (R package mgcv (Wood, 2017))
to allow for non-linear relationships. Environmental
drivers included geographic location (described by lat-
itude, longitude, and elevation), OD, and the dominant
process controlling OAB. Further details are provided
in Supporting Information S4. For all models, we report
R? and plot the component smooth functions. Due to a
large number of observations (grid points x lake types), p
values are always highly significant and standard errors
are usually too small to show on the plots.

RESULTS

Drivers of plankton phenology under the current
climate

Under the current climate, simulated OAB and TDM
show similar geographic variations across Europe. Both
events occur later at higher latitudes and altitudes but
are only weakly affected by longitude (Figure la-—h;
Figure 2a,b,d,e,g,h; Figures S5 and S6). Still, with increas-
ing continentality (eastern longitude), OAB gets slightly
delayed whereas TDM shifts marginally forward in time
(Figure 2d,e). OAB occurs earlier than TDM and varies
considerably more among lake types and geographic loca-
tions (Figure la,h; Figure 2m,n; Figures S5 and S6). The
Europe-wide overall median values are Ordinal day-of-
year 87 versus 157 for OAB and TDM, respectively, and the
corresponding 20th-80th percentiles are day-of-year 53—
130 (OAB) versus 140-183 (TDM). At a given geographic
location, OAB can vary considerably with lake type
(standard deviation <46days, Figure 2m). A major driver
of this variation in OAB is OD (Figure 2j). In contrast,
TDM at a given geographic location varies much less with
lake type (standard deviation <26days, Figure 2n) and is
independent of OD (Figure 2k). Consequently, variance
in TDM is almost exclusively explained by latitude, longi-
tude and altitude, whereas OD contributes almost 20% to
the Europe-wide variance in OAB (Figure 2p,q).

The similarities and differences between the phe-
nologies of OAB and TDM can be explained by the
proximate factors controlling them, i.e. underwater
light availability and surface water temperature, re-
spectively. Both increase seasonally, which explains
the common latitudinal and altitudinal patterns in
OAB and TDM (Figure 2a,b,g,h, see also Figure S5 in
(Gronchi et al., 2021) and Supporting Information S3).
While the seasonal increase in surface water
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FIGURE 1 Predicted timings of phenological events and the phenological delay between them in four representative lake types across
Europe under reference climate conditions (median values for 1979-2009). Lake types are indicated by their maximum depth (z , ) and light

attenuation coefficient (K ). Shown are (a—d) the onset of the algal bloom (OAB) in day of year (doy), (e-h) the timing of the Daphnia maximum
(TDM, doy), (i-1) the phenological delay between TDM and OAB (PLD, days), and (m—p) the dominant process controlling OAB. Each pixel
represents the simulation results at a single geographical position/grid cell. Black lines delimit regions in which lakes develop ice cover in at
least 16 out of the 31 simulated years. Regions, where the light threshold for OAB is exceeded already on the first day of the year or where the
temperature threshold for TDM is not reached in more than 50% of the simulated years, are marked in grey. Supplement S5 provides figures on
the geographic distributions of OAB, TDM, PLD, and the controlling processes for all 16 lake types investigated.

temperature is well described by the seasonal increase
in air temperature and largely independent of lake
type (Toffolon et al., 2014), underwater light availabil-
ity also depends on ice cover, water transparency, and
mixed layer depth, all of which vary with lake type.
Depending on geographic location and lake type, the
dominant process controlling OAB can therefore be
the seasonal increase in incident radiation, the tim-
ing of ice-off, or the onset of thermal stratification
(Figure Im—p; Figure S7; (Gronchi et al., 2021)).

Phenological asynchrony varies greatly across
locations and lake types

The simulated current Europe-wide variation in the
phenological delay (PLD) between OAB and TDM, is

strikingly large, ranging from 20 to 190days across geo-
graphic locations and lake types (Figure 1i-1, Figure S8,
S13). PLD decreases towards more northern and cast-
ern locations and with increasing elevation (Figure 1i-1,
Figure 2c, f, 1), indicating shorter spring bloom periods
in regions with a higher probability of ice cover in win-
ter. Because OAB and TDM show strong but similar
latitudinal and altitudinal trends and weak but opposite
longitudinal trends, the influence of these three geo-
graphical factors on PLD is of comparable magnitude
(Figure 2a-1). The longitudinal trends can be explained
by the more continental climate at eastern longitudes,
where cold winters delay ice-off and thus OAB while
warm summers promote an earlier TDM (Figures la—1,
2d-f, Figures S5, S6 and S8).

For both OAB and TDM, OD explains much less of
the variability than geographic location (Figure 2p,q).
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a single geographical position/grid cell. Proportion of the variance in OAB (p), TDM (q) and PLD (r) that is explained by GAMs including as
independent variables only geographical factors (‘geo’), optical depth (logl0-transformed) ‘OD’, or both (i.e. the full model, ‘geo+0OD’).

Yet, because latitudinal and elevation effects on OAB and
TDM are similar, geographic location explains only a rel-
atively small fraction of the variance in PLD (Figure 2r),
which instead is primarily driven by the effect of OD
on OAB (Figure 2j,1). With increasing OD, OAB occurs
later while TDM remains approximately unchanged
(Figure 2j,k). Consequently, PLD decreases with increas-
ing OD (Figure 21). The differences in the sensitivities
of the phenologies to OD are also reflected in location-
specific standard deviations, which are small for TDM
and large for OAB and PLD (Figure 2m-o). Large PLDs
are typically observed in lakes with OD <I2 in which

OAB occurs early because it is controlled by the seasonal
increase in incident radiation (Figures 1; 2I; Figures S5,
S7 and S8). In contrast, small PLDs are observed in lakes
with OD >36, where OAB is controlled by the onset of
stratification (Figures 11,p; 21; Figures S7 and S8).

Impact of climate warming on phenological
asynchrony at the European scale

Because of the trends being qualitatively similar across all
four warming scenarios, we focus on illustrating them with
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the +4°C scenario (see Figures S1-S3 for the other scenar-
i0s). Our model simulations predict that uniform warming
by +4°C will advance OAB and TDM by similar median
values of 19 and 24 days, respectively. Yet, the variability in
the response of OAB and TDM to warming differs. While
the advancement of OAB with warming varies substantially
between geographic locations and lake types (20th—80th
percentiles 0-35days; Figure 3a—d; Figure S9), the advance-
ment of TDM is spatially more uniform and considerably
less variable between lake types (20th—80th percentiles 19—
30days; Figure 3e—h; Figure S10). Consequently, the effect
of warming on phenological asynchrony (PLD) is on aver-
age close to zero (median —3days), but can range from —60
to +60days (Figures 3i-1; 4b; Figure S11).

How phenological asynchrony (expressed as PLD)
changes with warming depends on the dominant pro-
cess controlling OAB (Figure 4a,b) and thus on lake
type and geographic location, because these proper-
ties determine which process controls OAB before and
after warming (Figure 3i—p; Figures S11-S13). In north-
ern, eastern, or high-elevation lakes with OD <6, where
OAB is controlled by ice-off (Figure 3m; Figure S12),
asynchrony will increase because OAB advances more
with warming than TDM (Figure 4a—f; Figure S13).
In contrast, in low-elevation, southern and western
lakes with OD 6-18, where OAB is controlled by inci-
dent radiation (Figure 3n,0; Figure S12), asynchrony
will decrease because only TDM advances with warm-
ing (Figure 4a—f; Figure S13). In lakes with OD >36,
where OAB is controlled by the onset of stratification
(Figure 3p, Figure S12), asynchrony will not change
systematically because OAB and TDM advance simi-
larly with warming (Figure 4a—f; Figure S13). Finally,
in lakes in which the dominant process controlling
OAB will shift with warming—either from ice-cover to
radiation (OD 6-12) or from radiation to stratification
(OD 24-30)—OAB will advance at a slightly faster or
slower pace than TDM, respectively, leading to inter-
mediate shifts in asynchrony (Figure 4a,b, Figure S13).
Intriguingly, warming will thus decrease asynchrony
in lakes in which it is currently largest (radiation-
controlled lakes), but will not change asynchrony in
lakes in which it is currently shortest (stratification-
controlled lakes; Figure 4b, Figure S13).

Overall, the OAB controlling factors explain more
than 60% of the variance in the warming-induced changes
in both OAB and PLD in the 16 lake types across Europe
(Figure 4g,i). The controlling factors thus describe the
impact of warming on phenological asynchrony equally
well as does the combination of geographic coordinates
and OD (Figure 4g,1).

DISCUSSION

In freshwater systems, the description of patterns and
drivers of plankton phenology—and the projection of

climate change effects—has been largely limited to ver-
bal scenarios and qualitative graphical models (Berger
et al., 2014; De Senerpont Domis et al., 2013; Sommer
et al., 2012). Our study takes a step forward towards
both a deeper understanding of underlying drivers and
a quantitative prediction of key phenological events
across climatic gradients, lake types and climate change
scenarios. With respect to the three questions raised in
(Kharouba & Wolkovich, 2020), our model makes the
following predictions. 1—Phenological asynchrony, de-
fined as the delay between the onset of the phytoplank-
ton bloom and the population maximum of Daphnia, is
highly variable across climatic gradients and lake types
under current climatic conditions. 2—The degree of
phenological asynchrony varies systematically across
Europe and is co-determined by physical lake proper-
ties (in particular, water transparency, lake depth, and
their product optical depth, i.e. OD) that mediate how
climate controls the onset of the algal bloom. 3—Under
constant, uniform warming, phenological asynchrony
can predictably increase, remain unchanged or decrease,
again driven by the factors that control the onset of the
algal bloom.

In evaluating these predictions, one must keep in
mind that the main objective of our work is to identify
general, continental-scale and lake-type-specific pat-
terns of phenology and phenological synchrony, and
not to predict phenologies and their synchrony in any
existing, real lakes. Modelled lake types were simplified
to one-dimensional water columns with temporally con-
stant light attenuation properties, and the driving me-
teorology was obtained at a spatial grid resolution of
0.5°. Observations from real lakes can therefore deviate
from model predictions, especially in lakes where local
climatic conditions diverge substantially from the grid-
averaged meteorology. In Supporting Information S3, we
illustrate this with an example from Lake Windermere,
where the use of the local rather than grid-averaged
meteorology greatly improved the accuracy of TDM
predictions. In contrast, our approach successfully cap-
tures general trends in phenology related to large-scale
climatic gradients and their interaction with lake depth
and water transparency. Below, we illustrate this by com-
paring modelled with observed phenologies from lakes
covering a broad range of climate regions and OD.

First, linear regressions of observed vs. predicted
timings of both OAB and TDM suggest that model
predictions are unbiased, i.e. regression slopes are
not significantly different from 1 and intercepts not
different from zero (see Supporting Information S3).
Unfortunately, empirical data on the phenological delay
between OAB and TDM are too scarce for similar re-
gression analysis. Yet, the predicted wide range in phe-
nological asynchrony across lake types and geographic
gradients—as well as its inferred dependence on the
dominant controlling processes of OAB—are supported
by observations from a broad range of lake types.
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FIGURE 3 Predicted effects of an uniform temperature increase by +4°C on the timings of phenological events and the phenological delay
between them in four representative lake types (median values of 31 simulation years). Lake types are indicated by their maximum depth (z__ )
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and light attenuation coefficient (K;). Shown is the difference in days between the warming and reference scenarios for (a—d) the onset of the
algal bloom (OAB ), (e-h) the timing of the Daphnia maximum (TDM;,), and (i-1) the phenological delay between them (PLD ;). (m—p)
Dominant processes controlling OAB in the reference and warming scenarios. The controlling process changes between the two scenarios

in green and purple regions but remains the same in blue, yellow and red regions. Each pixel represents the simulation results at a single
geographical position/grid cell. Black lines delimit regions in which lakes develop ice cover in the reference (dotted lines) and warming (solid
lines) scenarios. Regions, where the light threshold for OAB is exceeded already on the first day of the year or where the temperature threshold
for TDM is not reached in more than 50% of the simulated years in at least one of the scenarios, are marked in grey. Supplement S5 provides
corresponding figures on OAB ;.. TDM ¢, PLD ;- and the controlling processes for all 16 lake types investigated.

For example, the longest phenological delays be-
tween the two trophic levels are expected in lakes where
our model predicts that OAB is controlled by incident
radiation. This is in line with data from Loch Leven
in northern Britain collected in 1979-2007, where the
median predicted, radiation-controlled, phenological
delay of ~l40days compares well with the observed
median delay of ~120days (Carvalho et al., 2015; Gunn
et al., 2015). Intermediate phenological delays are ex-
pected in lakes where our model predicts that OAB is
controlled by the timing of ice-off. In such lakes, the
phenological delay should thus increase in warmer years
without ice cover. Both of these expectations are in line
with observations from Miiggelsee in eastern Germany,
where the phenological delay was ~74days in the ice-
covered year 1987 and ~98days in the ice-free year

1988 (Shatwell et al., 2008), close to model predictions
of 75-88days, respectively. Similar observations were
made in Lower Lake Constance in southern Germany,
where phenological asynchrony was ~92days in the ice-
covered year 2011 and ~116days in the ice-free year 2014
(IGKB, 2012, 2016). Finally, the shortest phenological
delays are expected in lakes where our model predicts
that OAB is triggered by the onset of stratification. In
such lakes, the phenological delay is also predicted to
be largely independent of OD. Both of these expecta-
tions are in line with observations from the Sicilian
Lake Arancio (OD~24) in 1991 and 1993 and Upper
Lake Constance (OD~75) in 2011 and 2014, where
both observed (IGKB, 2012, 2016; Naselli-Flores &
Barone, 1997) and predicted phenological delays were
~60days for these two lakes.
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Our predictions are also in line with the general ob-
servation that phenological responses to warming can
vary greatly across space and between different taxa
at the same locations (Kharouba et al., 2018; Roslin
et al., 2021). More specifically, our analyses provide
a mechanistic understanding of why simple, ubiqui-
tous phenological responses to warming are not to
be expected in pelagic producer-grazer systems, and
can thus explain why studies of the impacts of warm-
ing on phytoplankton-Daphnia dynamics in different
systems have come to different conclusions (Berger

et al., 2014; George, 2012; Straile et al., 2015; Winder &
Schindler, 2004).

The predicted large variation in phenological asyn-
chrony suggests that Daphnia populations must be able
to cope with large temporal and spatial variability in the
phenology of their resource. While it seems plausible that
Daphnia can adapt to local climatic conditions and/or
show some plasticity in its phenology (possibilities that
are not accounted for in our model but would be in line
with the relatively large RMSE of the TDM model val-
idation), the large extend (20-190days) of the predicted
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range in phenological asynchrony suggests that a single,
optimal type of co-evolved phytoplankton-Daphnia phe-
nology may not exist. It, therefore, seems unlikely that
warming-induced changes in phenological asynchrony
must always have negative effects on pelagic grazer pop-
ulations. Consumer performance does indeed not only
depend on the degree of phenological synchrony with
its resources but also on the magnitude of the resource
peak, which in the case of phytoplankton strongly de-
pends on the availability of mineral nutrients and light
(Jager et al., 2008; Winder et al., 2012). A recent review
emphasized that, to date, almost no empirical study of
temperature-mediated phenological asynchrony has
addressed the most important consumer performance
measure, i.e. population size (Samplonius et al., 2021).
Further steps in the projection of climate effects on sea-
sonal plankton dynamics, therefore, require a merging
of the purely physical approach presented here with
models that quantitatively describe trophic interactions
in the plankton and their dependence on temperature,
light, and nutrient supply (Jager et al., 2008; Kerimoglu
et al., 2013; Schalau et al., 2008; Uszko et al., 2017).

Changes in the phenological delay between the onset
of the spring phytoplankton bloom and the Daphnia pop-
ulation maximum have consequences for lake ecosystem
processes far beyond the phytoplankton-Daphnia inter-
action. For example, a shorter spring bloom implies a
more rapid control of algal biomass by Daphnia, suggest-
ing that sedimentation losses are less important under
such circumstances (Maier et al., 2019). Thus, changes
in phenology and spring bloom duration can affect algal
export production to deeper waters and the sediment,
with consequences for food webs and biogeochemis-
try (Kienel et al., 2017; Maier et al., 2019). Similarly, a
shorter bloom period and faster Daphnia growth can de-
crease grazing by protozoans (Tirok & Gaedke, 2006),
and thus increase trophic transfer from primary pro-
ducers to fish (Caldwell et al., 2020) as well as impede
the development of toxic cyanobacteria in the bloom
(Shatwell et al., 2008). The wide range of phenological
asynchrony exposed in our study, and its predicted re-
sponses to warming, are thus likely to affect lake food
web dynamics, energy, and nutrient fluxes in ways that
remain yet to be systematically explored. Our study pro-
vides predictions of the phenological patterns that drive
these processes as a function of geographic location and
lake type, and thus identifies space-for-time substitu-
tions (Pickett, 1989) (e.g. with respect to northward-shift
of climate zones) and lake type-for-time substitutions
(e.g. with respect to browning) that can address the eco-
logical consequences of phenological delay.

AUTHOR CONTRIBUTIONS

KDJ and DS conceptualized the study, EG and KDJ
designed the methodology and EG performed the mod-
elling work. EG and DS analysed output data and all au-
thors contributed to the visualization of the results. EG,

FP and SD wrote the first draft of the manuscript and
all coauthors contributed substantially to revisions and
editing of the manuscript.

ACKNOWLEDGEMENTS

This work was supported by the Deutsche
Forschungsgemeinschaft (DFG, German Research
Foundation)—298726046/GRK 2272, the Knut and Alice
Wallenberg Foundation, dnr 2016.0083 and the Swedish
Research Council, dnr 2018-04726 (SD). We thank Ally
Phillimore and three anonymous reviewers for helpful
comments on earlier versions of the manuscript. Open
Access funding enabled and organized by Projekt DEAL.

FUNDING INFORMATION

Deutsche  Forschungsgemeinschaft, = Grant/Award
Number: 298726046/GRK2272; Knut och Alice
Wallenbergs Stiftelse, Grant/Award Number: dnr
2016.0083; Swedish Research Council, Grant/Award
Number: dnr 2018#x2010;04726

PEER REVIEW
The peer review history for this article is available at
https://publons.com/publon/10.1111/ele.14190.

OPEN RESEARCH BADGES

L

This article has earned an Open Data badge for making
publicly available the digitally-shareable data necessary
to reproduce the reported results. The data is available
at: https://doi.org/10.5281/zenodo.7627042.

DATA AVAILABILITY STATEMENT
All data and code underlying the study can be found on
Zenodo: https://doi.org/10.5281/zenodo.7627042

ORCID

Enzo Gronchi ‘® https:/lorcid.org/0000-0002-9901-4829

Dietmar Straile © https:/lorcid.org/0000-0002-7441-8552
Sebastian Diehl © https://orcid.
org/0000-0002-3860-5051

REFERENCES

Adrian, R., Wilhelm, S. & Gerten, D. (2006) Life-history traits of lake
plankton species may govern their phenological response to cli-
mate warming. Global Change Biology, 12, 652—661.

Berger, S.A., Diehl, S., Stibor, H., Sebastian, P. & Scherz, A. (2014)
Separating effects of climatic drivers and biotic feedbacks
on seasonal plankton dynamics: no sign of trophic mismatch.
Freshwater Biology, 59, 2204-2220.

Berger, S.A., Diehl, S., Stibor, H., Trommer, G., Ruhenstroth, M.,
Wild, A. et al. (2007) Water temperature and mixing depth affect
timing and magnitude of events during spring succession of the
plankton. Oecologia, 150, 643—654.

Cael, B.B., Heathcote, A.J. & Seekell, D.A. (2017) The volume and mean
depth of Earth's lakes. Geophysical Research Letters, 44, 209-218.

Caldwell, T.J., Chandra, S., Feher, K., Simmons, J.B. & Hogan,
Z. (2020) Ecosystem response to earlier ice break-up date:

85US017 SUOWILLIOD SAIERID 3ot dde 3y} Aq peueAoh 318 S3jo e YO ‘8sN JO S3IN 10} Afeiq 1 8UIIUO AS]IA UO (SUOTPUOD-PL-SWLSHLIOD" 3| 1M Afe.q 1 Bu1|UO//SANY) SUO IPUOD pUe Swiia | 84} 835 *[£202/20/€T] U0 Ariqiaulluo A8 |Im ‘AiseAIuN Bawn A 06THT 9R/TTTT OT/I0p/W00 A3 1M Afeiq 1 pul|UO// Sty Wouy papeo|umoq 'S ‘€202 ‘8720TIT


https://publons.com/publon/10.1111/ele.14190
https://doi.org/10.5281/zenodo.7627042
https://doi.org/10.5281/zenodo.7627042
https://orcid.org/0000-0002-9901-4829
https://orcid.org/0000-0002-9901-4829
https://orcid.org/0000-0002-7441-8552
https://orcid.org/0000-0002-7441-8552
https://orcid.org/0000-0002-3860-5051
https://orcid.org/0000-0002-3860-5051
https://orcid.org/0000-0002-3860-5051

GRONCHI ET AL.

| 727

climate-driven changes to water temperature, lake-habitat-
specific production, and trout habitat and resource use. Global
Change Biology, 26, 5475-5491.

Carvalho, L., Bailer-Watts, A.E. & Kirika, A. (2015) Loch Leven dia-
tom counts 1968-2007. NERC Environ. Inf. Data Cent.

de Boyer Montégut, C., Madec, G., Fischer, A.S., Lazar, A. &
Iudicone, D. (2004) Mixed layer depth over the global ocean:
an examination of profile data and a profile-based climatology.
Journal of Geophysical Research: Oceans, 109, 1-20.

De Senerpont Domis, L.N., Elser, J.J., Gsell, A.S., Huszar, V.L.M.,
Ibelings, B.W., Jeppesen, E. et al. (2013) Plankton dynamics
under different climatic conditions in space and time. Freshwater
Biology, 58, 463-482.

Dee, D.P, Uppala, S.M., Simmons, A.J., Berrisford, P., Poli, P,
Kobayashi, S. et al. (2011) The ER A-interim reanalysis: configu-
ration and performance of the data assimilation system. Quarterly
Journal of the Royal Meteorological Society, 137, 553-597.

Diehl, S., Berger, S.A., Soissons, Q., Giling, D.P. & Stibor, H. (2015)
An experimental demonstration of the critical depth principle.
ICES Journal of Marine Science, 72, 2051-2060.

George, D.G. (2012) The effect of nutrient enrichment and changes
in the weather on the abundance of daphnia in Esthwaite water,
Cumbria. Freshwater Biology, 57, 360-372.

Giling, D.P., Stachr, P.A., Grossart, H.P., Andersen, M.R., Boehrer, B.,
Escot, C. et al. (2017) Delving deeper: metabolic processes in the
metalimnion of stratified lakes. Limnology and Oceanography,
62, 1288-1306.

Gillooly, J.F. & Dodson, S.I. (2000) Latitudinal patterns in the size
distribution and seasonal dynamics of new world, freshwater cla-
docerans. Limnology and Oceanography, 45, 22-30.

Gronchi, E., Johnk, K.D., Straile, D., Diehl, S. & Peeters, F. (2021)
Local and continental-scale controls of the onset of spring phy-
toplankton blooms: conclusions from a proxy-based model.
Global Change Biology, 27, 1976-1990.

Gunn, .LD.M., George, D.G., Johnson, D., Jones, D.H. & May, L.
(2015) Crustacean zooplankton data from Loch Leven, 1972—
2007. NERC Environ. Inf. Data Cent.

Hampton, S.E., Galloway, AW.E., Powers, S.M., Ozersky, T., Woo,
K.H., Batt, R.D. et al. (2017) Ecology under lake ice. Ecology
Letters, 20, 98—111.

Hutter, K. & Johnk, K. (2004) Continuum methods of physical model-
ing. Berlin Heidelberg, Berlin, Heidelberg, Heidelberg: Springer.

IGKB. (2012) Limnologischer Zustand des Bodensees. Jahresbericht
Int. Gewdsserschutzkommission fiir den Bodensee - Griiner
Bericht, 39, 1-95.

IGKB. (2016) Limnologischer Zustand des Bodensees. Jahresbericht
Int.  Gewdsserschutzkommission fiir den Bodensee— Griiner
Bericht, 41, 1-119.

Jager, C.G., Diehl, S., Matauschek, C., Klausmeier, C.A. & Stibor,
H. (2008) Transient dynamics of pelagic producer grazer sys-
tems in a gradient of nutrients and mixing depths. Ecology, 89,
1272-1286.

Johnk, K.D. & Umlauf, L. (2001) Modelling the metalimnetic oxygen
minimum in a medium sized alpine lake. Ecological Modelling,
136, 67-80.

Kalinowska, K. & Grabowska, M. (2016) Autotrophic and het-
erotrophic plankton under ice in a eutrophic temperate lake.
Hydrobiologia, 777, 111-118.

Kerimoglu, O., Straile, D. & Peeters, F. (2013) Seasonal, inter-annual
and long term variation in top-down versus bottom-up regula-
tion of primary production. Oikos, 122, 223-234.

Kharouba, H.M., Ehrlén, J., Gelman, A., Bolmgren, K., Allen, J.M.,
Travers, S.E. et al. (2018) Global shifts in the phenological syn-
chrony of species interactions over recent decades. Proceedings
of the National Academy of Sciences, 115, 5211-5216.

Kharouba, H.M. & Wolkovich, E.M. (2020) Disconnects between
ecological theory and data in phenological mismatch research.
Nature Climate Change, 10, 406-415.

Kienel, U., Kirillin, G., Brademann, B., Plessen, B., Lampe, R. &
Brauer, A. (2017) Effects of spring warming and mixing duration
on diatom deposition in deep Tiefer see, NE Germany. Journal of
Paleolimnology, 57, 37-49.

Kupisch, M., Moenickes, S., Schlief, J., Frassl, M. & Richter, O. (2012)
Temperature-dependent consumer-resource dynamics: a cou-
pled structured model for Gammarus pulex (L.) and leaf litter.
Ecological Modelling, 247, 157-167.

Maier, D.B., Diehl, S. & Bigler, C. (2019) Interannual variation in
seasonal diatom sedimentation reveals the importance of late
winter processes and their timing for sediment signal formation.
Limnology and Oceanography, 64, 1186—1199.

Mignot, A., Claustre, H., Uitz, J., Poteau, A., D'Ortenzio, F. &
Xing, X. (2014) Understanding the seasonal dynamics of phy-
toplankton biomass and the deep chlorophyll maximum in oli-
gotrophic environments: a bio-Argo float investigation. Global
Biogeochemical Cycles, 28, 856-876.

Naselli-Flores, L. & Barone, R. (1997) Importance of water-level
fluctuation on population dynamics of cladocerans in a hy-
pertrophic reservoir (Lake Arancio, south-West Sicily, Italy).
Hydrobiologia, 360, 223-232.

Parmesan, C. & Yohe, G. (2003) A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature, 421, 37-42.

Peeters, F., Kerimoglu, O. & Straile, D. (2013) Implications of sea-
sonal mixing for phytoplankton production and bloom develop-
ment. Theoretical Ecology, 6, 115-129.

Peeters, F., Straile, D., Lorke, A. & Livingstone, D.M. (2007) Earlier
onset of the spring phytoplankton bloom in lakes of the tem-
perate zone in a warmer climate. Global Change Biology, 13,
1898-1909.

Pérez-Fuentetaja, A., Dillon, P.J., Yan, N.D. & McQueen, D.J. (1999)
Significance of dissolved organic carbon in the prediction of
thermocline depth in small Canadian shield lakes. Aquatic
Ecology, 33, 127-133.

Pickett, S.T.A. (1989) Space-for-time substitution as an alternative to
long-term studies. In: Long-term studies in ecology. New York,
NY: Springer, pp. 110-135.

Rajendra K.P. (2014) IPCC, 2014: Climate Change 2014: Synthesis
Report. Contribution of Working Groups I, I and III to the
Fifth Assessment Report of the Intergovernmental Panel on
Climate Change [Core Writing Team, R.K. Pachauri and L.A.
Meyer (eds.)]. IPCC, Geneva, Switz, 155.

Read, J.S., Hamilton, D.P., Jones, 1.D., Muraoka, K., Winslow, L.A.,
Kroiss, R. et al. (2011) Derivation of lake mixing and stratifica-
tion indices from high-resolution lake buoy data. Environmental
Modelling & Software, 26, 1325-1336.

Roslin, T., Antdo, L., Haillfors, M., Meyke, E., Lo, C., Tikhonov,
G. et al. (2021) Phenological shifts of abiotic events, producers
and consumers across a continent. Nature Climate Change, 11,
241-248.

Samplonius, J.M., Atkinson, A., Hassall, C., Keogan, K., Thackeray,
S.J., Assmann, J.J. et al. (2021) Strengthening the evidence base
for temperature-mediated phenological asynchrony and its im-
pacts. Nature Ecology and Evolution, 5, 155-164.

Schalau, K., Rinke, K., Straile, D. & Peeters, F. (2008) Temperature is
the key factor explaining interannual variability of daphnia de-
velopment in spring: a modelling study. Oecologia, 157, 531-543.

Seekell, D.A., Bystrom, P. & Karlsson, J. (2018) Lake morphometry
moderates the relationship between water color and fish bio-
mass in small boreal lakes. Limnology and Oceanography, 63,
2171-2178.

Shatwell, T., Kohler, J. & Nicklisch, A. (2008) Warming promotes
cold-adapted phytoplankton in temperate lakes and opens a
loophole for Oscillatoriales in spring. Global Change Biology, 14,
2194-2200.

Siegel, D.A., Doney, S.C. & Yoder, J.A. (2002) The North Atlantic
spring phytoplankton bloom and Sverdrup's critical depth hy-
pothesis. Science (80-.), 296, 730-733.

85US017 SUOWILLIOD SAIERID 3ot dde 3y} Aq peueAoh 318 S3jo e YO ‘8sN JO S3IN 10} Afeiq 1 8UIIUO AS]IA UO (SUOTPUOD-PL-SWLSHLIOD" 3| 1M Afe.q 1 Bu1|UO//SANY) SUO IPUOD pUe Swiia | 84} 835 *[£202/20/€T] U0 Ariqiaulluo A8 |Im ‘AiseAIuN Bawn A 06THT 9R/TTTT OT/I0p/W00 A3 1M Afeiq 1 pul|UO// Sty Wouy papeo|umoq 'S ‘€202 ‘8720TIT



728 |

CONTINENTAL-SCALE VARIATION IN PLANKTON PHENOLOGY

Sommer, U., Adrian, R., De Senerpont Domis, L., Elser, J.J., Gaedke,
U., Ibelings, B. et al. (2012) Beyond the plankton ecology group
(PEG) model: mechanisms driving plankton succession. Annual
Review of Ecology, Evolution, and Systematics, 43, 429-448.

Sommer, U. & Lengfellner, K. (2008) Climate change and the tim-
ing, magnitude, and composition of the phytoplankton spring
bloom. Global Change Biology, 14, 1199-1208.

Stenseth, N.C. & Mysterud, A. (2002) Climate, changing phenology,
and other life history traits: nonlinearity and match-mismatch

to the environment. Proceedings of the National Academy of

Sciences of the United States of America, 99, 13379-13381.

Straile, D. & Adrian, R. (2000) The North Atlantic oscillation and
plankton dynamics in two European lakes—two variations on a
general theme. Global Change Biology, 6, 663—670.

Straile, D., Adrian, R. & Schindler, D.E. (2012) Uniform temperature
dependency in the phenology of a keystone herbivore in lakes of
the northern hemisphere. PLoS One, 7, ¢45497.

Straile, D., Kerimoglu, O. & Peeters, F. (2015) Trophic mismatch
requires seasonal heterogeneity of warming. Ecology, 96,
2794-2805.

Thackeray, S.J. (2012) Mismatch revisited: what is trophic mismatch-
ing from the perspective of the plankton? Journal of Plankton
Research, 34, 1001-1010.

Thackeray, S.J., Sparks, T.H., Frederiksen, M., Burthe, S., Bacon,
P.J., Bell, J.R. et al. (2010) Trophic level asynchrony in rates of
phenological change for marine, freshwater and terrestrial envi-
ronments. Global Change Biology, 16, 3304-3313.

Tirok, K. & Gaedke, U. (2006) Spring weather determines the relative
importance of ciliates, rotifers and crustaceans for the initiation
of the clear-water phase in a large, deep lake. Journal of Plankton
Research, 28, 361-373.

Toffolon, M., Piccolroaz, S., Majone, B., Soja, A.M., Peeters, F.,
Schmid, M. et al. (2014) Prediction of surface temperature
in lakes with different morphology using air temperature.
Limnology and Oceanography, 59, 2185-2202.

Trolle, D., Hamilton, D.P., Pilditch, C.A., Duggan, I.C. & Jeppesen,
E. (2011) Predicting the effects of climate change on trophic
status of three morphologically varying lakes: implications for
lake restoration and management. Environmental Modelling &
Software, 26, 354-370.

Uszko, W., Diehl, S., Englund, G. & Amarasekare, P. (2017) Effects
of warming on predator—prey interactions—a resource-based

approach and a theoretical synthesis. Ecology Letters, 20,
513-523.

Visser, M.E. & Gienapp, P. (2019) Evolutionary and demographic
consequences of phenological mismatches. Nature Ecology and
Evolution, 3, 879-885.

Wahl, B. & Peeters, F. (2014) Effect of climatic changes on stratifi-
cation and deep-water renewal in Lake Constance assessed by
sensitivity studies with a 3D hydrodynamic model. Limnology
and Oceanography, 59, 1035-1052.

Weyhenmeyer, G.A., Blenckner, T. & Pettersson, K. (1999) Changes of
the plankton spring outburst related to the North Atlantic oscil-
lation. Limnology and Oceanography, 44, 1788-1792.

Winder, M., Berger, S.A., Lewandowska, A., Aberle, N., Lengfellner,
K., Sommer, U. et al. (2012) Spring phenological responses of
marine and freshwater plankton to changing temperature and
light conditions. Marine Biology, 159, 2491-2501.

Winder, M. & Schindler, D.E. (2004) Climate change uncouples tro-
phicinteractionsin an aquatic ecosystem. Ecology, 85,2100-2106.

Wood, S.N. (2017) Generalized additive models.: an introduction with R,
2nd edition. New York, NY: Chapman and Hall/CRC.

Yao, H., Samal, N.R., Joehnk, K.D., Fang, X., Bruce, L.C., Pierson,
D.C. et al. (2014) Comparing ice and temperature simulations by
four dynamic Lake models in harp Lake: past performance and
future predictions. Hydrological Processes, 28, 4587-4601.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Gronchi, E., Straile, D.,
Diehl, S., Johnk, K.D. & Peeters, F. (2023) Impact
of climate warming on phenological asynchrony of
plankton dynamics across Europe. Ecology Letters,
26, 717-728. Available from: https://doi.org/10.1111/
ele.14190

85US017 SUOWILLIOD SAIERID 3ot dde 3y} Aq peueAoh 318 S3jo e YO ‘8sN JO S3IN 10} Afeiq 1 8UIIUO AS]IA UO (SUOTPUOD-PL-SWLSHLIOD" 3| 1M Afe.q 1 Bu1|UO//SANY) SUO IPUOD pUe Swiia | 84} 835 *[£202/20/€T] U0 Ariqiaulluo A8 |Im ‘AiseAIuN Bawn A 06THT 9R/TTTT OT/I0p/W00 A3 1M Afeiq 1 pul|UO// Sty Wouy papeo|umoq 'S ‘€202 ‘8720TIT


https://doi.org/10.1111/ele.14190
https://doi.org/10.1111/ele.14190

	Impact of climate warming on phenological asynchrony of plankton dynamics across Europe
	Abstract
	PEER REVIEW
	OPEN RESEARCH BADGES
	DATA AVAILABILITY STATEMENT

	REFERENCES


