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Trophic mismatch requires seasonal heterogeneity of warming
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Abstract. Climate warming has been shown to advance the phenology of species.
Asynchronous changes in phenology between interacting species may disrupt feeding
interactions (phenological mismatch), which could have tremendous consequences for
ecosystem functioning. Long-term field observations have suggested asynchronous shifts in
phenology with warming, whereas experimental studies have not been conclusive. Using
proxy-based modeling of three trophic levels (algae, herbivores, and fish), we show that
asynchronous changes in phenology only occur if warming is seasonally heterogeneous, but
not if warming is constant throughout the year. If warming is seasonally heterogeneous, the
degree and even direction of asynchrony depends on the specific seasonality of the warming.
Conclusions about phenological mismatches in food web interactions may therefore produce
controversial results if the analyses do not distinguish between seasonally constant and
seasonal specific warming. Furthermore, our results suggest that predicting asynchrony
between interacting species requires reliable warming predictions that resolve sub-seasonal
time scales.

Key words: climate warming; Daphnia; fish; food webs; Lake Constance, Germany; mismatch;
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INTRODUCTION

Plant and animal populations have been shown to

respond to global warming via changes in their

phenology (Parmesan and Yohe 2003, Thackeray et al.

2010, Ovaskainen et al. 2013, Poloczanska et al. 2013). A

key concern for ecosystem functioning is that these

responses differ between interacting species, resulting in

changing time spans between phenological events

(Visser and Both 2005, Thackeray et al. 2010, Blois et

al. 2013). This, in turn, may result in the disruption of

evolved feeding interactions (Visser and Both 2005,

Blois et al. 2013), i.e., temporal separation of the supply

of lower trophic levels from the demand of higher ones

(‘‘match–mismatch hypothesis’’; Cushing 1990). Such

food web disruptions and changes in population fitness

due to phenological change have indeed been reported in

terrestrial, marine, and freshwater food webs (Winder

and Schindler 2004, Visser and Both 2005, Both et al.

2009).

The term ‘‘mismatch’’ in Cushing’s (1990) hypothesis

suggests negative consequences for the consumer.

However, in the literature, mismatch has often been

defined in a much broader sense: as between-species

heterogeneity in phenological advancement, e.g., het-

erogeneity between producers and consumers regardless

of the consequences for consumers. In the following, we

use the term ‘‘mismatch’’ in this broad sense.

During the last few decades, mismatches have been

widely reported for species in all major ecosystems of the

world, including terrestrial, marine, and freshwater

systems (Parmesan and Yohe 2003, Thackeray et al.

2010, Poloczanska et al. 2013), whereas studies on the

consequences of mismatches for consumers have been

much less numerous (but see, e.g., Winder and Schindler

2004, Visser and Both 2005, Both et al. 2009). In

contrast to the ubiquity of mismatches (but see Adrian

et al. 2006, Seebens et al. 2009) in studies analyzing long-

term data series, experimental work has provided weak

or inconclusive support for mismatches even in the

broad sense of the term (Nicolle et al. 2012, Sommer et

al. 2012, Stewart et al. 2013, Berger et al. 2014). This

discrepancy is especially striking as the difference

between warming and current temperature conditions

usually employed in experiments, e.g., 2–68C (Sommer

et al. 2012, Stewart et al. 2013) strongly exceeds the

degree of global warming observed during the last

decades (IPCC 2013).

Here we used hydrodynamic modeling of temperature

proxies to analyze the extent to which seasonal

heterogeneity in warming may resolve the discrepancy

between the observational and experimental evidence for

mismatches. Using different warming scenarios, we

predicted phenological advancement and its heteroge-

neity between three trophic levels (see Plate 1) with

seasonally constant and seasonally heterogeneous warm-

ing. We focused on phenological events in a deep

stratifying freshwater ecosystem, i.e., the onset of the

primary producers’ vegetation period (onset of the

vernal algal bloom, OAB), the timing of the herbivores’
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maximum density (timing of maximum Daphnia abun-

dances, TMD), and the timing of the predators’

reproduction and offspring emergence (timing of white-

fish Coregonus lavaretus L. spawning, TWS, and egg

hatching, TWH). Various studies have shown that these

phenologies have been changing with global warming

(Winder and Schindler 2004, Adrian et al. 2006, George

2012, Straile et al. 2012, Warren et al. 2012). Further-

more, there is evidence that phenological advancement

may differ between trophic levels with presumably

negative consequences for Daphnia population develop-

ment (Winder and Schindler 2004, George 2012).

Likewise, fish growth and survival may depend on the

match–mismatch of whitefish hatching with the onset of

the phytoplankton bloom and the timing of the Daphnia

maximum (Ohlberger et al. 2014). Whitefish larvae feed

during their first weeks on small plankton such as

ciliates, rotifers, and copepod nauplii, the abundance of

which increases with the onset of the spring phytoplank-

ton bloom, whereas juveniles strongly depend on

Daphnia for growth and survival.

As several presumably opposing processes are in-

volved in these phenologies, it is unclear whether

mismatching should be expected to occur between

trophic levels. For example, whitefish hatching will

depend on the timing of spawning and the egg

developmental time. As warming is expected to delay

fall spawning, but decrease developmental time, it is

unclear whether whitefish hatching will change at a

similar rate, as, e.g., the onset of the algal bloom that

shifts forward in response to altered mixing conditions

in spring (Peeters et al. 2007b).

In a warmer climate, water temperatures at the onset

of the algal bloom are predicted to be higher than in the

current climate (Peeters et al. 2007a). As the timing of

the Daphnia maximum occurs at a fixed water isotherm

(Straile et al. 2012), the time span between the onset of

the algal bloom and the Daphnia maximum may be

shorter than in the current climate if the overall heat flux

at the lake’s surface remains unchanged. However, as

the onset of the algal bloom advances in a warmer

world, solar radiation at the bloom’s onset will be lower,

and thus warming of the surface waters will be reduced.

Whether a mismatch between the timing of algal onset

and the Daphnia maximum will occur with climate

warming may depend on the relative importance

between year-round warming determining the tempera-

ture at algal bloom onset and seasonal warming

determining the seasonal advance of the algal bloom.

Temperature-related proxies for the phenological

events of all three trophic levels have been established

for our study system, Lake Constance (see Material and

Methods). These proxies are likely to be applicable

beyond this specific ecosystem because the onset of the

algal bloom depends on the onset of stratification in all

deep water bodies (Huisman et al. 1999, Peeters et al.

2007b), the timing of the spring Daphnia maximum is

closely associated with water temperature in lakes across

the Northern Hemisphere (Straile et al. 2012), and later

fall spawning with higher temperatures is typically

observed for salmonids (Heggberget 1988, Pankhurst

and Munday 2011, Warren et al. 2012). As phenologies

are expected to track the changes in seasonal tempera-

ture distribution with warming (Burrows et al. 2011),

hydrodynamic modeling of the impact of warming on

seasonal isotherm changes allows the change in phenol-

ogy, and thus also the time spans between phenological

events to be predicted in a warmer climate without the

need to fit a complex biological–hydrodynamic model to

a specific system.

MATERIALS AND METHODS

Description of phenological proxies

The phenological events analyzed in this study have

been shown to be tightly linked to the seasonal

temperature development in the water column. In deep

lakes such as Lake Constance, phytoplankton growth

during winter is severely light limited, and the onset of

the bloom depends on the onset of stratification. Using a

simulation model, Peeters et al. (2007b) have shown that

the onset of the algal bloom (OAB) in Lake Constance

can be reliably predicted as time (day of the year, doy,

defined as days since 1 January) when the difference in

water temperature between the surface (Tsurface) and 40

m depth (T40m) exceeds 18C (measured as doy):

OAB ¼ Timing
�
ðTsurface � T40mÞ. 18C

�
:

The timing of the Daphnia maximum (TDM, mea-

sured as doy) is tightly connected to the vernal increase

of water temperature. Straile et al. (2012) have shown

that across the Northern Hemisphere, i.e., from

Mediterranean to Arctic lakes, the timing of the Daphnia

maximum is a linear function of the 138C isotherm in the

upper 5 m of the water column (measured as doy):

TDM ¼ 22:25þ 0:99 3 Timing 138C isotherm:

The timing of whitefish hatching (TWH, measured as

doy) can be predicted given knowledge of the timing of

whitefish spawning (TWS; measured as doy) and the

duration of egg development (measured in days;

Heggberget 1988):

TWH ¼ TWSþ Developmental time:

The egg developmental time of fish (measured in days)

is tightly connected to the environmental temperature.

Developmental time as a response to temperature for the

Lake Constance whitefish (‘‘Blaufelchen’’) Coregonus

lavaretus L. has been studied experimentally (Eckmann

1987) and shown to be well predicted from ambient

temperatures (T; measured in 8C):

Developmental time ¼ 138:099� 47:996 3 lnðTÞ:

As the Lake Constance whitefish is an open water

spawner and its eggs sink down to a depth of 200 to 250

m (Straile et al. 2007), we used the average temperature
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within the 200–250 m depth interval to calculate

developmental time.

Whitefish spawning phenology in Lake Constance has

been shown to be a linear function of the mean

November water temperature at a depth of 10 m (Wahl

and Löffler 2009). However, predictions of phenology

with warming based on the mean temperature of a

specific period are likely to be erroneous because it is

unclear if, in a warmer world with altered phenology,

the chosen time period will still be relevant for this

phenological event. Furthermore, organisms may re-

spond to changes in seasonal temperatures, i.e., seasonal

temperature isotherms, rather than to changes in

temperature means (Schaper et al. 2012). We therefore

used Wahl and Löffler’s (2009) data set (whitefish

phenology and daily interpolated water temperatures

at 10 m water depth) to develop a relationship between

spawning phenology and a seasonal isotherm (Appendix

A). Following Wahl and Löffler (2009), we only used the

time period from 1988 to 2006 for proxy establishment

to remove potential effects of whitefish age structure on

spawning phenology. Age structure is influenced by

eutrophication because faster growth of fishes results in

different age classes that are caught by size-selective

fisheries. For the period 1988–2006, no influence of age

structure on spawning time was detected (Wahl and

Löffler 2009). In an exploratory data analysis, we

searched for the best linear relationship between falling

below various isotherms in fall and spawning phenology

using linear models with autocorrelated errors. Model

performance was evaluated using Akaike’s information

criterion (Appendix A: Fig. A1a). Based on this analysis,

we used the 108C isotherm as a predictor of whitefish

spawning (Appendix A: Fig. A1b). The 108C isotherm is

related to the timing of TWS (measured as doy) by:

TWS ¼ 259þ 0:26 3 Timing 108C isotherm:

We tested whether there was a significant advance of

OAB, TDM, or TWH during the 1979–2007 period and

whether these proxies were related to annual mean air

temperature and/or the air temperatures of specific

months using linear models with autocorrelated errors.

Hydrodynamic modeling

In large water bodies, air temperature only partially

determines the water temperature dynamics due to the

influence of other meteorological factors e.g., wind

speed and direction and cloud cover. Furthermore,

water temperature will not respond immediately to air

temperature change due to the thermal structure within

the water body and the high heat capacity of water. A

specific air temperature increase may have very different

effects on water temperature dynamics depending on

those other meteorological conditions and the memory

of meteorological history in the form of existing thermal

structure. To cover a wide range of meteorological

conditions, we investigated the effects of warming by

simulating water temperature dynamics continuously

across a 29-year period, i.e., from 1979 to 2007, instead

of focusing on a specific year.

The model utilized in this study is based on the

hydrodynamic model SIMSTRAT (Goudsmit et al.

2002), which has been successfully applied in Lake

Constance (Peeters et al. 2007b) and in several other

deep lakes (e.g., Perroud et al. 2009). The model

calculates the development of the vertical temperature

distribution from empirical relations for the heat fluxes

at the lake surface (Goudsmit et al. 2002) and the

vertical transport of heat by vertical turbulent diffusion.

Turbulent diffusivities are determined using a k-e model

(where k is the turbulent kinetic energy, and e is the

dissipation of turbulent kinetic energy) in combination

with a seiche module that channels additional kinetic

energy to turbulent kinetic energy during the stratified

period.

The model is driven by hourly data on wind speed,

wind direction, solar radiation, air temperature, humid-

ity, and cloud cover measured from 1979 to 2007 at the

Deutscher Wetterdienst (DWD [German National

Meteorological Service]) station in Konstanz. As phe-

nological advancement is expected to alter heat flux

across the water surface, a mechanistic understanding of

mismatching with warming requires an analysis of heat

flux changes. Based on empirical heat flux equations (for

details see Appendix B), simulated surface temperatures

and meteorological data, we calculated average heat

fluxes across the water’s surface and average warming

rates for the time period between OAB and TDM in the

different warming scenarios.

Details on the preparation of the meteorological data,

estimation of seasonally varying light extinction coeffi-

cients and model operation are given elsewhere (Peeters

et al. 2007b). We used here numerical time steps of one

minute. Model validation was performed using a

continuous run of the hydrodynamic model from 1979

to 2007. The predicted proxies were compared with

observed proxies using major axis regression. All

statistical models and graphics were run with the

software package R (version 2.9; R Development Core

Team 2009) using the packages smatr (Warton et al.

2012) and beanplot (Kampstra 2008).

Temperature data were recorded either continuously

with thermistor chains or in years without continuous

recordings weekly with a temperature probe during

sampling campaigns. When only weekly resolution was

available, we interpolated linearly between sampling

dates, and proxies were calculated from the interpolated

data. For calculation of the observed and predicted

proxies, we always used the first date when a specific

isotherm was crossed.

The transition from model initialization with temper-

atures measured in 1979 to conditions that are

representative of a warmer climate potentially introduc-

es a bias into the assessment of consequences of a

warmer climate for temperature distributions because

the high heat capacity of water and the large volume of
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water in a deep aquatic system result in a slow response

of the water’s temperature to warming. Therefore, we

introduced a 20-year simulation period as initialization

period before simulating the 29-year time period that

serves as the basis for the analysis of the consequences of

climate change into all scenario calculations, including

that of the reference scenario. During the 20-year

initialization period, the model was driven by the

meteorological conditions and the light extinction

coefficients of the first 10 years of the scenario repeated

twice.

The scenarios of climate warming were generated by

altering the air temperature in the meteorological time

series. We considered seasonally constant warming

scenarios that assume a time constant shift in air

temperature up to þ48C in steps of 18C. Additionally,

we considered season-specific warming scenarios that

assume a shift in air temperature by þ48C in a specific

28-day period while maintaining aþ28C annual average.

We considered 24 different heterogeneous warming

scenarios starting either at the 1st or 15th day of each

month. These heterogeneous warming scenarios are

motivated by the results of global circulation models

linked to regional models that predict an overall increase

in temperature and high intra-annual variability in

warming rates at seasonal and sub-seasonal scales

(Räisänen et al. 2004). According to that study, the

differences between winter and summer air temperature

increases might be as large as 68C. Furthermore,

warming rates during recent decades have shown

striking differences even between adjacent months

(e.g., Rebetez and Reinhard 2007, Burakowski et al.

2008).

RESULTS

A continuous run of the hydrodynamical model

during the reference period (1979–2007) yielded very

good agreement between predicted and observed phe-

nological proxies (Fig. 1). The model successfully

predicts interannual variability of (1) the proxy for the

FIG. 1. Comparison of predicted vs. observed phenology proxies and water temperatures during the reference period 1979–
2007: (a) the timing (day of year, doy; defined as days since 1 January) when water temperatures during the build-up of
stratification between the surface and 40 m depth first differ by more than 18C, (b) the timing (doy) when upper water column
temperatures (0–5 m depth) surpass 138C, (c) the timing (doy) when water temperatures at the end of the stratified period fall below
the 108C isotherm at a depth of 10 m, and (d) mean deep-water (200–250 m) temperature (T ) during winter (December–January).
Lines shown are the results from a major axis (MA) regression. Slopes and confidence intervals (in square brackets) of each MA
regression are shown in each panel. MA regressions have the following intercepts and confidence intervals: (a)�35.5 [�72.6 to 1.6],
(b) �13.4 [�52.1 to 25.2], (c) 3.7 [�65 to 73], and (d) �1.0 [�2.8 to 0.8].
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onset of algal growth, i.e., the timing when the

temperature difference between surface and 40 m depth

exceeds 18C (Fig. 1a); (2) the proxy for the timing of the

Daphnia maximum, i.e., the timing when upper water

layer temperature first exceeds 138C (Fig. 1b); and (3)

the proxy for the timing of whitefish hatching requiring

two properties of the temperature distribution: The time

when the water temperature at the end of the stratified

period first falls below 108C at 10 m depth (Fig. 1c) and

deep-water temperatures during winter (Fig. 1d). Fur-

thermore, major axis regression showed that the slopes

of the relationships between the predicted and observed

proxies did not differ significantly from 1, and the

intercepts of the relationships did not differ significantly

from zero (all P . 0.05). Hence, the model provides

adequate and unbiased predictions of water temperature

dynamics, and consequently, of the proxies needed for

phenological predictions.

The proxy calculations indicate that from 1979 to

2007, TWH (mean day of the year, doy: 42) was, on

average, 57 days before OAB (mean doy: 99), which was,

in turn, 63 days before TDM (mean doy: 163) (Fig. 2a).

The phenological variability during this time period was

low for TWH (range: 12 days) and high for OAB (range:

46 days) and TDM (range: 50 days). From 1979 to 2007,

the proxy for OAB advanced by 0.93 6 0.37 d/yr (means

6 SE) (t¼�2.5, P , 0.02), that for TDM advanced by

0.87 6 0.26 d/yr, but there was no significant change in

the case of TWH (�0.01 6 0.14 d/yr, t¼�0.1, P¼ 0.9).

The annual mean air temperatures increased during

the 1979–2007 period at a rate of 0.068 6 0.018C/yr (t¼
4.4, P , 0.001). However, although the phenological

proxy for TDM was significantly related to annual mean

air temperatures (slope:�13.0 6 2.9 d/8C, t¼�4.6, P ,

0.001), those for OAB (slope:�5.9 6 4.2 d/8C, t¼�1.4,
P¼ 0.17) and TWH (slope:�0.8 6 1.0 d/8C, t¼�0.9, P
¼ 0.37) were not. In contrast, all three proxies were

significantly related to the mean temperature during the

month prior to the respective phenology: OAB was

significantly related to mean March air temperature

(slope:�4.2 6 1.3 d/8C, t¼�3.1, P , 0.01), TDM to the

mean May temperature (slope:�4.3 6 0.9 d/8C, t¼�4.5,
P , 0.001), and TWH to the mean November air

temperature (slope: 0.6 6 0.2 d/8C, t ¼ 2.5, P , 0.02).

The air temperature in these three months advanced

0.038 6 0.058C (March, t¼ 0.6, P¼ 0.55), 0.18 6 0.048C

(May, t ¼ 2.8, P , 0.01), and 0.048 6 0.028C

(November, t¼ 1.8, P¼ 0.08). However, as the standard

errors of these slopes overlap, the warming rates for

these three months did not differ significantly.

Seasonally constant warming is predicted to advance

TDM 5.5 d/8C (Fig. 2b), OAB 4.1 d/8C (Fig. 2c), and

TWH 3.8 d/8C (Fig. 2d). TWH advances with climatic

warming despite a delay of TWS (2.3 d/8C; Fig. 3a)

because the reduced duration of egg development with

warming (6.1 d/8C; Fig. 3b) overcompensates for the

delay in spawning.

Due to interannual variability of these phenologies,

the time spans between phenological events varies

considerably under reference conditions (zero warming

in Figs. 2e–g), i.e., TDM occurred between 38 and 87

days later than OAB, and it occurred between 88 and

148 days later than TWH. Likewise, OAB lagged

between 34 and 80 days behind TWH. In comparison

to this high interannual variability, the mean time spans

FIG. 2. Density distribution plots (shaded areas) of the
phenologies and of time spans between phenologies under
reference conditions and seasonally constant warming scenar-
ios. Phenology of (a, b) the timing of Daphnia maximum
(TDM), (a, c) the onset of the algae bloom (OAB), and (a, d)
the timing of whitefish Coregonus lavaretus L. hatching (TWH),
and of the phenological time spans between (e) TDM and OAB,
(f ) TDM and TWH, and (g) OAB and TWH during (a) 1979–
2007 and (b–g) under seasonally constant warming scenarios.
Black lines connect the means (black dots) of each distribution.
Rugs (short black ticks) indicate individual data points.
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between phenological events changed only marginally

with warming (TDM–OAB:�1.3 d/8C [Fig. 2e], TDM–

TWH: �1.8 d/8C [Fig. 2f], OAB–TWH: �0.5 d/8C [Fig.

2g]). The time span between OAB and TDM was

affected by warming via several mechanisms: Warming

resulted in an earlier OAB resulting from an earlier

reduction in winter mixing (Fig. 2c); in higher water

temperature at algal onset (0.758C/8C; Fig. 3c); and in

reduced average net heat influx during the period from

OAB to TDM (�3.6 W�m�2�8C�1; Fig. 3d) primarily

because of reduced short-wave solar radiation early in

the season after the forward shift of algae onset (see

Appendix C: Fig. C1 for changes of individual heat

budget components).

In the season-specific warming scenarios, the ampli-

tudes and seasonal extents of the effects of air

temperature changes on water temperatures differed

with respect to the specific period in which the air

temperature had been changed and also with respect to

the depth within the water column (Fig. 4). Further-

more, the effects further depend on other meteorological

conditions such as wind speed during a specific year. For

example, during a windy year (e.g., meteorological

conditions as in 1988), warming in April rather than

March has the strongest influence on the temperature

difference between the surface and 40 m depth during

early spring. In the years with less wind, March warming

will have the strongest effect, but the effect size differs

between years, e.g., between 1989 and 1990 (Fig. 4a–c).

Likewise, the effect size of April warming differs

between the years employed to exemplify the conse-

quences of seasonally heterogeneous warming for

temperature dynamics in the upper 5 m of the water

column (Fig. 4d–f ). The effect of a 28-day warming

period on temperature at 10 m depth during fall is weak

compared to the shift from baseline in theþ28C scenario

(Fig. 4g–i ). This is also true for deep-water tempera-

tures. The greatest effect of episodic warming on winter

deep-water temperatures also differs between years

depending on meteorological conditions (Fig. 4j–l).

Because deep-water temperatures in deep lakes are not

reset to 48C every winter, and hence display multi-

annual dynamics (Fig. 4j–l), the duration of whitefish

egg development in a specific year cannot be understood

without considering multi-annual water temperature

dynamics.

OAB was strongly affected by a 28-day warming

period starting at the 1st or 15th of March (Fig. 5a),

whereas warming in other periods had little effect on

OAB. In contrast, TDM (Fig. 5b) and TWH (Fig. 5c)

were affected by several warming periods. April

warming advanced TDM the most (Fig. 5b). The effect

decreased with warming periods occurring either earlier

or later than April. TWH was most affected by warming

periods during winter mixing, i.e., from December

toward February, whereas surplus warming in autumn

had no strong effect. The maximum effect size of a 28-

day warming periods was rather small for TDM (Fig.

5b) and TWH (Fig. 5c), but for OAB its magnitude was

similar to that of 28C year-round warming.

The effects of season-specific warming on the time

span between phenological events can considerably

increase, but also reverse those of constant warming

depending on the months affected by the season-specific

warming and the phenological events considered (Fig.

5d–f ). Although constant warming of 28C decreased the

time span between OAB and TDM, on average, by 4.2

days relative to reference simulations, the season-specific

scenario with March warming led to an overall increase

of 4.3 days (Fig. 5d). With respect to the time span

between TWH and TDM, the effects of constant

warming were only slightly modified by seasonal

warming with the strongest effects from April warming

scenarios, which resulted in an additional reduction of

the time lag by three days compared to the þ28C

scenario (Fig. 5e). Strong effects of season-specific

FIG. 3. Density distribution plots (shaded areas) of the
effects of seasonally constant warming on (a) the timing of
whitefish spawning (TWS), the (b) developmental time of
whitefish eggs, (c) the temperature at the onset of the algal
bloom (OAB), and (d) the average net heat flux (H ) during the
period from the onset of the algal bloom to the Daphnia
maximum. Black lines connect the means (black dots) of each
distribution. Rugs (short black ticks) indicate individual data
points.
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warming were observed for the time span between algal

bloom onset and whitefish hatching: Winter warming

(December–February) resulted in a slightly prolonged

time span compared to the reference scenario (e.g., 1.7

days for January warming), whereas March warming

resulted in a substantial shortening of this time lag (10.1

days; Fig. 5f ). The reduction of the time lag in the

March warming scenario is seven-fold greater than the

reduction of the time lag in the year-round þ28C

warming scenario (1.4 days; Fig. 5f ).

DISCUSSION

The interannual variability in the phenological

events of algal bloom onset, Daphnia maximum, and

whitefish hatching can be adequately described by

temperature proxies (Appendix A: Fig A1; Peeters et

al. 2007b, Wahl and Löffler 2009, Straile et al. 2012).

Temperature change probably dominates phenological

shifts in many ecosystems as global warming is likely

the driver of the majority of the many observed

changes in phenology during the last decades (Menzel

et al. 2006, Thackeray et al. 2010). In addition to

temperature, other factors possibly influence phenol-

ogy, such as photoperiod (de Senerpont Domis et al.

2007, Körner and Basler 2010), nutrients (Thackeray

et al. 2008), age structure (Wahl and Löffler 2009),

and food availability or predation pressure (Wiltshire

et al. 2008, Schalau et al. 2008). However, the timing

of the onset of algal bloom and of the Daphnia

maximum in Lake Constance are strongly related to

the temperature proxies and not to other environmen-

tal drivers, e.g., oligotrophication (Peeters et al. 2007a,

Straile et al. 2012). In the case of whitefish, enhanced

growth rates due to eutrophication combined with the

selective removal of large fish by commercial fisheries

alters the age structure of the fish population, which

has been shown to affect spawning time (Wahl and

Löffler 2009). We therefore established our proxy for

spawning time using the same time period selected by

Wahl and Löffler (2009), during which this potentially

confounding variable (age structure) did not show

high variability, and hence, was statistically unrelated

to the time of spawning (Wahl and Löffler 2009).

Thus, the relationships of the phenological events to

their respective proxies are unlikely to be biased by

confounding environmental variation.

In this study we investigated the sensitivity of

phenology to increasing air temperature, and we

demonstrate that overall warming leads to a synchro-

nous shift of three trophic levels, whereas warming that

is season-specific potentially leads to a mismatch of

feeding interactions. Significant changes in biotic and

abiotic factors, including meteorological factors other

than air temperature, may lead to shifts in phenology in

addition to the consequences of changing air tempera-

ture. However, as temperature change is likely the most

important driver of recent phenological shifts, our focus

in this study was to provide a thorough understanding

of the influence of hydrodynamically mediated season-

ally constant vs. seasonally heterogeneous temperate

increase on phenological change.

The relationships between air temperature and

phenological proxies determined from long-term data,

i.e., utilizing interannual differences in phenological

proxies, are consistent with the model results for climate

change scenarios for OAB and TDM, but not for of

TWH. OAB and TDM advanced rather synchronously

during this time period, and both were related to

monthly air temperature variability with similar slopes.

In contrast, TWH did not advance during the 1979–2007

period and was related to monthly air temperature

variability with a slope smaller than that of OAB and

TDM.

The discrepancy between the model results and the

statistical analysis of the data with respect to the air

temperature dependency of TWH is likely due to the

substantial shortening of egg developmental time that

occurred in the warming simulations, but not in the

period 1979–2007. Such a reduction in egg developmen-

tal time will result in a considerable advance of TWH.

Due to the large volume of water in a deep lake such as

Lake Constance, deep-water temperatures respond to air

temperature on a time scale of several years, i.e., one

year of þ28C is not sufficient to warm up the

hypolimnion of the lake to equilibrium conditions of a

permanentþ28C increase (Straile et al. 2010). The deep-

water temperature during 1979–2007 never reached the

levels of aþ28C world; not even after an extremely warm

winter (Straile et al. 2010). Consequently, the develop-

mental time of whitefish eggs will be much more strongly

reduced under warming conditions compared to the

current conditions. This, in turn, will result in a stronger

advance of TWH per 8C during warming simulations

compared to the advance of TWH per 8C based on

interannual air temperature variability during 1979–

2007.

Furthermore, analysis of the relationships of the

proxies to air temperature shows that it is not the annual

mean air temperature that matters as it was not related

to OAB and TWH. Only in the case of TDM was a

significant relationship with annual mean air tempera-

ture observed, but the slope (days/8C) of this relation-

ship was much steeper than the slope obtained for May

air temperature or in the simulations with constant

warming. In contrast, the air temperature of specific

months was tightly connected to OAB, TMD, and

TWH, suggesting that the phenological events and their

potential mismatch are specifically sensitive to season-

specific warming.

The synchrony of phenological change with season-

ally constant warming is not merely a trivial conse-

quence of synchronous shifts of isotherms with

warming, but instead it results from complex and

opposing physical and biological processes. The syn-

chronous change of OAB and TDM results at least

partially from the opposing effects of higher water
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temperature during winter mixing and a reduced

warming rate immediately after the onset of stratifica-

tion in a warmer climate. The latter is a consequence of

the seasonal advance of the onset of stratification and

the seasonal change in solar radiation with lower values

earlier in the season.

Thus, despite the elevated water temperatures at the

onset of stratification, the time span between OAM and

TDM is predicted to remain unchanged in a warmer

climate in deep stratifying lakes. Additional research is

needed to clarify whether our results are also valid in

shallower lakes and in lakes with annual ice cover.

Although the timing of the Daphnia maximum in these

lakes follows the same isotherm relationship as in deep

lakes (Straile et al. 2012), the onset of phytoplankton

growth in shallower systems usually depends not on the

onset of stratification, but on the timing of ice-off

(Weyhenmeyer et al. 1999) or other factors. While the

timing of ice-off also advances with warming (Magnu-

son et al. 2000), it is not clear whether the advance of

ice-off will also be synchronous with the advance of

water temperature isotherms such as the 138C isotherm

in the upper 5 m of the water column.

Synchrony between TWH and the other phenological

events considered in this study (OAB and TDM) results

from the opposing effect of warming on TWS and egg

developmental time on TWH. A large mismatch

between whitefish and their resources might be expected

because spawning in Lake Constance is substantially

delayed with warming. A delay in spawning with

warmer temperatures has been reported also for other

salmonids in studies analyzing latitudinal variability in

spawning (Heggberget 1988, Pankhurst and Munday

2011). In this context, delayed spawning with higher

temperatures has been suggested to be adaptive,

allowing egg hatching at an optimal time for the survival

FIG. 4. Predicted consequences of season-specific warming for water temperature dynamics in three years with contrasting
meteorology. Model results are shown for the years 1988, 1989, and 1990. (a–c) Temperature differences between the surface and 40
m depth (DT0–40m) in late winter/early spring, (d–f ) the average temperatures in the upper 5 m of the water column (T0–5m) during
spring, (g–i) the temperature at 10 m water depth (T10m) during November, ( j–l) the average temperatures from 200 to 250 m depth
(T200–250m) throughout the year under reference conditions (þ0), constant seasonal warming of 28C (þ2), and season-specific
warming scenarios with 28-day warming periods of 48C in air temperature starting on the 1st of March (M), April (A), and
November (N) at an annual average warming of 28C.
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of fry (Heggberget 1988, Pankhurst and Munday 2011).

In contrast, delayed spawning with higher temperature

due to climate warming has been considered to be

maladaptive (Warren et al. 2012), as this might

desynchronize larval fish from their plankton food,

which likely advances with warming. Our results suggest

that delayed spawning does not necessarily result in de-

synchronization of fish larvae from their resources

because the egg developmental time may be substantially

reduced in a warmer climate. In contrast, because of

shorter egg developmental times, delayed spawning

might actually prevent the advancement of larval

hatching from exceeding the advancement of OAB and

TDM.

Whereas phenological advancement with seasonally

constant warming will not differ strongly between three

trophic levels suggesting a low risk of trophic mismatch

even in the absence of evolutionary adaptation, season-

specific warming may cause changes in the time span

between phenological events of interacting populations

and thus potentially disrupt food web interactions. The

differential impact of seasonally constant vs. season-

specific warming has strong implications for climate-

impact research beyond the food webs of aquatic

systems:

1) There is a need for a critical re-evaluation of

previously reported mismatches and food web

disruptions due to global warming to analyze to

what extent they were the result of season-specific

warming. For example, one of the best known

examples of the disruption of trophic interactions

due to climate warming from planktonic food webs,

the warming-induced mismatch between water fleas

and algae in Lake Washington, has recently been

suggested to result from season-specific warming

(Straile et al. 2012). Likewise, the synchronous

advance of OAB and TDM in Lake Constance

during 1979–2007 may be expected as both showed

similar advances per 8C and warming trends for the

months March and May did not differ significantly.

In terrestrial ecosystems, differences in phenological

responses between trees and their butterfly pollina-

tors in Japan were attributed to seasonal heteroge-

neity in warming (Doi et al. 2008). Furthermore,

spatial variability in the occurrence of a trophic

mismatch between Great Tits (Parus major) and their

prey has been at least partially attributed to spatial

variability in season-specific warming patterns (Viss-

er et al. 2003). Re-evaluation of reported mismatches

and heterogeneities in phenological responses be-

tween species with respect to the seasonality of

warming will provide a better understanding of

warming effects on phenology and will also provide

new insights into the role of phenology in trophic

interactions.

2) To predict the threat of food web disruptions, the

seasonal isotherms most crucial to the phenological

events of interacting species need to be identified. If

there is little difference between critical isotherms,

then the phenological events of the interacting

species will likely be shifted synchronously by

warming (Ovaskainen et al. 2013). However, espe-

cially for interactions in which long-lived organisms

are involved, the crucial isotherms may differ

considerably, suggesting a higher risk of food web

disruptions due to season-specific warming.

FIG. 5. Effects of seasonally constant and season-specific
warming scenarios on phenologies (mean 6 2 SE) of the (a)
onset of the algal bloom, (b) Daphnia maximum, (c) whitefish
hatching, and time spans between phenologies of the (d) onset
of the algal bloom and Daphnia maximum, (e) whitefish
hatching and Daphnia maximum, and (f ) onset of the algal
bloom and whitefish hatching in comparison to reference
conditions. Warming scenarios include: no warming (þ0),
seasonally constant warming of 28C (þ2), and 28-day long
warming periods of 48C in air temperature starting at the 1st
and 15th day of each month, respectively, in scenarios within
annual average warming rates of þ28C.
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3) The degree and even direction of asynchronous

phenological change with season-specific warming

depends on the specifics of the seasonal heterogene-

ity, i.e., whether for example March warming

exceeds April warming, or vice versa. Hence,

predicting trophic mismatches between interacting

species requires reliable warming predictions on a

seasonal or even sub-seasonal scale.

4) Experimental studies analyzing the consequences of

phenological changes for food webs have usually

been performed using constant-warming scenarios

or differential warming in summer vs. winter, but

not with within-season heterogeneity of warming

(Nicolle et al. 2012, Sommer et al. 2012, Stewart et

al. 2013). These studies have often reported no

strong evidence for trophic mismatch with warm-

ing, which is in line with the constant-warming

scenarios, but contrary to the de-synchronization of

trophic interactions observed in numerous ecosys-

tems during the last decades (Parmesan and Yohe

2003, Thackeray et al. 2010, Poloczanska et al.

2013) and the season-specific warming scenarios of

this study. This suggests that there is a need for

experimental studies testing the relevance of season-

specific warming for trophic interactions. A first

step in this direction are mesocosm experiments

manipulating the effects of warming and light

availability independently (Berger et al. 2007,

2014, Winder et al. 2012). These studies have failed

to detect a strong mismatch between algae and

herbivores. However, as the effect of light reduction

in these experiments was a reduction in biomass and

PLATE 1. Organisms of which phenologies have been analyzed in this study: (a) typical members of the spring phytoplankton
community in Lake Constance, Germany (diatoms and cryptophytes); (b) water fleas (Daphnia galaeata), and (c) whitefish embryos
shortly before hatching. Photo credits: (a) and (b) by D. Straile; (c) by Reiner Eckmann.
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growth rates of algae after bloom onset and not a

shift in bloom onset, manipulating warming and

light availability independently is not perfectly

analogous to experimentally manipulating season-

specific warming.

Climate change is likely to change ecosystems in a

multitude of ways because of changes in the metabolic

rates of organisms at higher temperatures (e.g., O’Con-

nor et al. 2009), altered frequency and duration of

seasonally adverse conditions (e.g., McCaffery and

Maxell 2010), and local species invasions and/or

extinctions (e.g., Thomas et al. 2004). Mismatching

due to heterogeneity in phenological advancement is an

additional process possibly changing the structure of

food webs. In our study, we suggest that with seasonally

constant warming, heterogeneity in phenological ad-

vancement is not a major concern. Clearly, this finding

does not exclude the possibility that seasonally constant

warming will result in ecosystem change via other

mechanisms, nor the reversal of cause and effect, that

a change in overall food web structure due to warming

might alter species phenology. Furthermore, we show

that in contrast to seasonally constant warming,

seasonally heterogeneous warming has greater potential

to result in food web disruptions, and therefore must be

considered when predicting the response of ecosystems

to climate warming.
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Appendix A. Relationship between whitefish spawning phenology and water temperature 

isotherms. 

 

 

Fig. A1. Exploratory analysis to identify the seasonal isotherm best suited to predict whitefish 

hatching. a) AIC of linear models with auto-correlated errors to predict whitefish hatching with 

different temperature isotherms. Models with smaller AIC are considered to be better. b) 

Relationship between spawning phenology and the 10°C isotherm. The timing of whitefish 

spawning can be predicted as: Timing of whitefish spawning [doy] =  259 + 0.26 * Timing 10°C 

isotherm [doy] (n = 21 , p < 0.0005 ).  
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Appendix B. Additional methods: Calculation of heat fluxes. 

As in Goudsmit et al. (2002) the heat budget considers heat fluxes due to short wave 

radiation HS, long wave radiation from the atmosphere HA, long wave radiation from the water 

surface HW, evaporation HE and conduction HC. The net heat flux H is calculated as 

H = HS + HA + HW +HE +HC       (B.1) 

The heat fluxes are calculated from meteorological data and surface water temperatures 

obtained from the lake model using the bulk formulae of Livingstone and Imboden (1989) in 

case of HW, HE and HC (see Goudsmit et al. 2002) and Izomon et al. (2003) in case of HA. Data 

on short wave radiation S were available from the meteorological station and HS was calculated 

by estimating reflection of short wave radiation according to Ollinger (1999) assuming a smooth 

water surface.  

 

Meteorological and lake data required for the calculation of the heat fluxes 

Ta: air temperature  [°C] 

Tw: surface water temperature  [°C] 

h: relative humidity [-] 

S: solar radiation [Wm
-2

] 

Cl: cloud cover [-] 

pair: air pressure [hPa] 

u10: wind speed 10 m above ground [m s
-1

] 

http://dx.doi.org/10.1890/14-0839.1
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Vapor pressure of water in the atmosphere VPa and immediately at the lake surface VPw  were 

calculated after Gill (1982):                      

           

VPa = h· (1.0+10
-6

·pair· (4.5+6·10
-4

·Ta·Ta) )· 10
(0.7859+0.03477·Ta)/(1+0.00412·Ta)

    [hPa]  (B.2) 

VPw =     (1.0+10
-6

·pair· (4.5+6·10
-4

·Tw·Tw) )· 10
(0.7859+0.03477·Tw)/(1+0.00412·Tw)

   [hPa] (B.3) 

 

Bulk formulae for the heat fluxes 

 

All heat fluxes are defined positive for heat fluxes directed from the atmosphere to the lake. 

 

Heat flux due to long wave radiation from the atmosphere based on Iziomon et al. (2003) 

HA = p1 · (1-ra) · RA
          

(B.4) 

RA = 5.67e-8· (273.15+Ta) 
4
 (1+0.0035·Cl·Cl·64) · (1-0.35·e

(-10·VPa/ (Ta+273.15)) 
) (B.5) 

long wave radiation from the atmosphere (Iziomon et al. 2003) 

ra = 0.03    ratio of reflected long-wave irradiance  

p1= 0.99527     calibration parameter (see also Goudsmit et al. 2002)  

 

Heat flux due to short wave irradiance (Ollinger 1999) 

HS = (1-rdir)·Sdir + (1-rdiff) · Sdiff        (B.6) 

 Sdir  = (0.8 - 0.8 Cl) ·S  direct solar radiation     (B.7) 

Sdiff = (0.2 + 0.8 Cl) ·S diffuse short wave radiation     (B.8) 
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rdir :  fraction of reflected direct solar radiation, which is 

calculated  from the Fresnel equations and an 1.33 as index 

of refraction. rdir depends on the angle of the incident light 

and therefore varies with time. 

rdiff = (Cl·0.05+(1-Cl)·rdiff,c)   fraction of reflection diffusive   (B.9) 

 short wave radiation   

rdiff,c: fraction of reflected diffusive short wave radiation for clear 

sky conditions based on Dirmhirn (1964). rdiff depends on 

the zenith angle and therefore varies with time. 

 

Heat flux due to long-wave radiation from the water surface (Livingstone and Imboden 1989) 

HW = - 0.97 · 5.67·10
-8

 · (Tw+ 273.15)
4
           (B.10) 

 

Heat flux due to evaporation (Latent heat flux) (Livingstone and Imboden 1989) 

HE = - fu
*
·  (VPW-VPA)         (B.11) 

fu = 4.4+1.82· u10 +0.26·(Tw-Ta)        (B.12) 

p2= 0.97521    calibration parameter (see also Livingstone and Imboden 

1989 and Goudsmit et al. 2002)  

fu
*
= p2·fu        (B.13) 

 

Sensible heat flux (Livingstone and Imboden 1989) 

HC = - fu
*
· B0· (Tw - Ta)          (B.14) 

 B0 = 0.61              Bowen constant  
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Appendix C. Change of average heat fluxes in the time period between the algal onset and 

Daphnia maximum with seasonally constant warming. 

 

 

Fig. C1: Density distribution plots of the effects of seasonally constant warming on average heat 

fluxes in the time period between the algal onset and Daphnia maximum. Net heat flux H, short 

wave radiation HS, long wave radiation from the atmosphere HA, long wave radiation from the 

water surface HW, heat flux due to evaporation HE and conduction HC averaged between algal 

onset and Daphnia maximum in the reference scenario and scenarios with seasonally constant 

warming of 1 , 2, 3, and 4°C. Significant changes with warming occurred for H (slope: -3.6  ±  

1.1, p < 0.01), HS (slope: -5.3 ±  0.9, p < 0.001), HA (slope: 3.1 ±  0.5, p < 0.001) and HW (slope: 

-2.0 ±  0.3, p < 0.001), whereas HE and HC did not change significantly. Note the signs on the y-

axis in the different panels: Positive heat fluxes are directed from the atmosphere to the lake, 

negative heat fluxes are directed from the lake to the atmosphere. Lines connect the means (black 

dots) of each distribution. Rugs indicate individual data points. 
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