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Abstract
In a changing climate, time sensitive ecological interactions such as pollination and predation
are vulnerable to temporal mismatch with direct consequences for ecosystem functioning. It
is not known if synchrony and asynchrony of ecological and physical processes such as flood
disturbance and plant phenology may similarly be affected by climate change. Here, by
spatially merging temperature and flood peak data, we show for the first time that in Central
and Eastern Europe annual river flood peaks increasingly occur within the thermal growing
season. This is due to the combined effect of earlier springs and later flood peaks. Such
increased physical-phenological synchrony may especially impact river biogeomorphology
and riparian floodplain ecosystem functioning through uprooting of seedlings and increased
hydraulic roughness during major flood events.
Plain Language Summary
Life history events of organisms, such as the spring emergence of certain plant species or the
onset of migration of animals, are determined by seasonal weather patterns (for example
spring temperatures). Where river flooding potentially disrupts the development and
movement of plants and animals in the floodplain, the timing of both the organism’s behavior
and the flood events become crucial. Our study shows that the timing of the biologically
active growing season has changed in relation to the timing of annual river flood peaks in
Europe since the 1960s. In Central and Eastern Europe especially flood peaks are generally
occurring later, and the yearly growing seasons start earlier in spring. This has currently
unknown consequences for the river and floodplain ecosystems but is likely to change the
way river hydrology, plants and sediments interact. We encourage further studies to
investigate the effects of altered seasonal synchrony between physical (e.g., flooding) and
ecological landscape processes.
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1 Introduction
Global climate change advances or delays the timing of life cycle events (i.e., phenology)
differently across species. This changes the temporal match/mismatch of ecological
interactions with likely consequences for ecosystem functioning (Parmesan & Yohe, 2003;
Seddon et al., 2016; Thackeray et al., 2016; Visser & Gienapp, 2019). Trophic mismatch, for
example, occurs where consumers become desynchronized from their resource production
(e.g., nectar and pollinating insects, plankton and fish or insect prey and migratory birds) and
this affects the entire trophic cascade (Edwards & Richardson, 2004) as well as biodiversity
(Stevenson et al., 2015).
While consumers profit from temporal matching of their most energy-expensive period (e.g.,
during reproduction) with peak availability of their resources (Cushing, 1990), vascular
plants in frequently flooded ecosystems benefit from synchrony of their most sensitive
establishment phase with periods of low or absent physical disturbance (e.g., flooding), so
called ‘Windows of Opportunity’ (WoO) (Balke, Herman & Bouma, 2014). Extreme floods
are a main driver to the structure and functioning of riparian floodplain vegetation and
biogeomorphology (Friedman & Lee, 2002). Similarly, the timing and duration of floods are
important for animal recruitment, for example fish (King et al., 2003; Pusey & Arthington,
2003), birds (Royan et al., 2013), nest-building vertebrates (Mainwaring et al., 2017), and
insects, such as mosquitoes (Sang et al., 2017). The effects of gradual warming vs. short-term
heat pulses (Inouye, 2008; Jentsch et al., 2009), physical disturbance (Miller et al., 2010;
Balke et al., 2011) and physical drivers to diaspore dispersal and deposition (Mahoney &
Rood, 1998; Nilsson et al., 2010) are well understood in riparian and coastal plant
communities, yet the effects of different timings are underappreciated.
Biogeomorphic feedbacks between vegetation and sediment transport that shape riparian, salt
marsh, mangrove and dune landscapes are increasingly incorporated in conceptual, physical
and numerical models (e.g., for riparian vegetation: Perucca, Camporeale & Ridolfi, 2007;
Tal & Paola, 2007; Corenblit et al., 2015). However, the drivers and potential effects of
temporal synchrony/asynchrony of abiotic and biotic processes on biogeomorphic landscapes
and species populations are currently unknown. This is despite the growing interest in
regulating ecosystem services (i.e., flood and erosion protection) of vegetation in such
systems especially during extreme storms and flood events (Möller et al., 2014).
Globally, many people rely on predictable flooding regimes in relation to the biologically
active season, for example for floodplain agriculture and fisheries (Coomes et al., 2016; Isaac
et al., 2016). Shifts of flood timing in relation to harvest seasons can therefore have negative
socioeconomic consequences. For example, in South Louisiana, US, farmers lost crops,
livestock and equipment worth at least $367 million to floods in 2016 (McClure, 2016).
Furthermore, reindeer herders depend on periods of persistent ice cover for reindeer
migration (Leblond et al., 2016). If ice seasons become shorter (and floods earlier), such
migration will no longer be possible (cf. Cooper, 2014).
There is substantial evidence that the physical forcing to ecosystems has been changing. In
Europe storminess (i.e., magnitude and frequency) has increased towards the end of the 20th
century (Donat et al., 2011) and Northern Europe currently experiences an increase in annual
precipitation of up to 70 mm per decade (Kovats et al., 2014). The timing of yearly river
flood peaks has changed across Europe with different regions experiencing consistently
earlier or later annual maximum flood peaking depending on altered weather oscillations,
timing of soil-water saturation and of snow melt (Blöschl et al., 2017). Spatially, however,
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the area of annual river flood peaks occurring at the same time has increased in most of
Europe (Berghuijs et al., 2019). These spatially complex changes in flood peak timing across
Europe occur alongside an overall lengthening of the growing season (especially due to
spring advancement, i.e., earlier start of spring) across Europe. Spring advancement has been
well evidenced by in-situ phenological observations (Menzel, 2000) and analysis of
bioclimatological parameters such as the thermal growing season and growing degree days
(Ruosteenoja et al., 2016; Wypych et al., 2017). The ecological consequences of a more
extreme and warming climate and changed timing of physical forcing at the landscape scale,
however, remain speculative (Woodward et al., 2016). So far, climate-change induced shifts
in timing of physical-phenological interactions and the impacts on biodiversity have not been
systematically studied across ecosystems. This requires a spatially explicit continental scale
analysis due to the regional differences in flood-peak timing and spring advancement.
Our study provides new insights in how recent changes in climate across Europe have
potentially changed the synchrony/asynchrony of flooding patterns and ecological processes.
We do this by pairing information on annual river flood peaks with temperature records
between 1960 and 2010. Finally, we explore potential consequences of increased synchrony
between flood peaking and thermal growing season with a particular focus on riparian
vegetation and biogeomorphology.

2 Materials and Methods
2.1 Datasets
In a recent publication, Blöschl et al. (2017) presented an analysis of the timing of the annual
maximum river flood peak for 4062 hydrometric stations across Europe. They filtered the
data for catchments with minimal anthropogenic influence on the hydrology and for
catchment areas that are larger than 5 km2 and smaller than 100,000 km2. We used these dates
of all annual maximum flood peaks between 1960 and 2010 for all considered hydrometric
stations from the supplementary information of Blöschl et al. (2017). Each hydrometric
station contains an individual number and geographic coordinates. Weather data in form of
gridded daily mean temperature across Europe were available from the E-OBS dataset of the
EU-FP6 project ENSEMBLES (see Haylock et al., 2008). We retrieved the 0.5-degree
regular grid Version 15.0 of the daily mean temperature for data between 1960 and 2010
from www.ecad.eu to spatially pair temperatures with the flood-peak time series.
2.2 Time series analysis and determination of thermal growing season
The closest temperature grid cell to each hydrometric station was determined to merge the
flood-peak time series with the nearest temperature time series. The nearest grid cell to some
hydrometric stations near the coast did not contain any data. In this case the next grid cell to
the West and subsequently to the East were queried. We paired a total of 3982 hydrometric
stations with daily averaged temperature records. Commonly used baseline temperature for
plant growth in temperate climates of ≥5°C and of ≥10°C for Mediterranean climates were
applied to determine the thermal growing seasons. The same baseline temperatures are
generally applied to quantify heat accumulation to predict phenological events, also known as
Growing Degree Days (see Ruosteenoja et al., 2016 and Wypych et al., 2017 for recent
examples in the study region). The ≥5°C base temperature was shown to be required for
growth of Salix species (e.g., Kopp et al., 2001) whereas warmer temperatures, between 8°C
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and 14°C were shown to be required to initiate shoot emergence in Mediterranean riparian
plants such as Arundo donax (Spencer & Ksander, 2006). The start date of the thermal
growing season near each hydrometric station was defined as the first day of the first five
consecutive days ≥5°C or ≥10°C, respectively for each calendar year. We defined the end of
the thermal growing season as the last day of the last five consecutive days ≥5°C or ≥10°C
for each calendar year (see Maps S1‒S6). The choice of five consecutive days above or
below baseline temperatures is in line with the method applied by the Department of Energy
and Climate Change (2013) to determine growing seasons in England.
We translated flood-peak occurrence into binary values with 1 if the flood peak occurred
within the thermal growing season and 0 if the flood peak occurred outside the thermal
growing season in each calendar year for each station. We carried out a logistic regression for
the binary flood-peak occurrence data at each station to determine significant shifts between
flood-peak occurrence within or outside the growing season during the study period using a
binomial Generalized Linear Model (GLM). We produced a GLM for flood-peak occurrence
in relation to growing season for each hydrometric station with more than 80% of years with
flood-peak data (2618 stations, S7) for the period between 1960 and 2010. For the trend
analysis temporal autocorrelation of the binary time series was not considered. All stations
with significant trends of increasing flood peak–growing season synchrony (i.e., increasing
probability of flood-peak occurrences within the growing season at P<0.05 significance) were
further analyzed using histograms of flood-peak timing (i.e., synchrony and asynchrony with
growing season per year and station) for two 25-year time windows (i.e., 1960‒1984 and
1985‒2009). We calculated further parameters such as the percentage of flood-peak
occurrence within the growing season and average length of the thermal growing season
across the time series for all stations (S8‒S10). We created two-dimensional histograms to
visualize the predominant flood-peak occurrences across the time series for both considered
baseline temperatures. The data for all stations with significant changes in synchrony and
further maps on thermal growing season lengths, standard deviation and linear trends are
available in the supplementary information. R packages are referenced in S11.
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3 Results:
Figure 1:
a)

b)

Figure 1. (a) Percentage of flood peaks occurring within the thermal growing season for each
river gauge between 1960 and 2010 across Europe. Flood-peak occurrences within the ≥5°C
thermal growing season are generally exceeding 60‒70 % in the Atlantic and Mediterranean
biogeographic region whereas in the more continental climates of central and Eastern Europe
flood-peak occurrence drops below 50‒60%. Flood-peak occurrence within the ≥10°C
thermal growing season only notably exceeds 20‒40% in the regions around the Alps and the
Carpathian Mountains in Eastern Europe and parts of the Mediterranean region. For both
figures, only river gauges with >80% of data between 1960 and 2010 are shown (N=2618).
(b) Two-dimensional histograms of the average thermal growing season length (≥5°C and
≥10°C) at each river gauge and the percentage of flood peaks occurring within the thermal
growing season between 1960 and 2010.
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The relationship between timing of annual peak flooding and growing season varies across
Europe. Depending on the region, annual flood peaks can occur predominantly within or
outside of the growing season during the study period (Figure 1a). There is a general divide
between river gauges North and East of the Alps where flood peaks occur predominantly
outside of the ≥5°C thermal growing season (with <200‒250 days durations in agreement
with estimates by Wypych et al., 2017 for Poland) and South and West of the Alps where
annual flood peaking occurs predominantly (>50%) within the ≥5°C thermal growing season
(with >200 days duration) (Figures 1a and S1). Not surprisingly, longer growing seasons
generally increase the percentage of flood peaks occurring within the growing season (Figure
1b) and consequently river gauges with high flood-peak occurrence outside the ≥5°C thermal
growing season do not exist for stations with long annual growing seasons in our dataset. The
generally shorter ≥10°C thermal growing season is less likely to overlap with the annual
flood peak (Figures 1a and b and S2). Synchrony of the annual flood peak with the ≥10°C
thermal growing season is <20% for large areas of Europe with exceptions in mountainous
catchments where overlap is higher (Figures 1a and b).
Annual growing seasons have generally become longer in Europe as evidenced by vegetation
indices and bioclimatological indicators (Jeong et al., 2011; Barichivich et al., 2013; Wypych
et al., 2017). This is also shown by the significant linear increase of the length of the thermal
growing season near hydrometric stations in our dataset (see S3 and S4). The logistic
regression time-series analysis showed that 176 hydrometric stations experienced a
significant increase in flood-peak occurrences within the ≥5°C thermal growing season (at
P<0.05, 332 stations at P<0.1) between 1960 and 2010 (see S8). The majority is located
between 50° and 55° North in Central Europe, in an area ranging from Germany and Poland
to Ukraine (Figure 2a). This increasing synchrony of flood peaking and thermal growing
season is a combined effect of the delay in flood-peak occurrence in the region (sensu
Blöschl et al., 2017) and the advance of the start of the thermal growing season in spring
(Figure 2b). Within growing season flood peak occurrences have increased from 17.3%
(1960‒1969) to 62.9% (2000‒2009) (Table S10) for all stations with significant positive
GLM slopes (for ≥5°C, Figure 2a. and Table S10) when comparing the first and last 10 years
of the time series.
Increasing synchrony between flood peaking and ≥10°C thermal growing season (GLM
results at P<0.05) was observed for 59 hydrometric stations in a narrow band from West to
East (Figure 2a). This was predominantly attributed to increased occurrences of flood peaks
within the summer month (Figure 2b). Within growing season flood peak occurrences have
increased from 14.2% (1960‒1969) to 55.8% (2000‒2009) for all stations with significant
positive GLM slopes (for ≥10°C, Figure 2a and Table S10). Twenty-five stations (for ≥5°C at
P<0.05, 56 stations at P<0.1) and 23 stations (for ≥10°C at P<0.05) showed an increasing
asynchrony (i.e., occurrences outside the thermal growing season) without a clear spatial
pattern (Figure 2a).
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Figure 2:

a)

b)

Figure 2. (a) Change in flood-peak occurrence in relation to thermal growing season (≥5°C
and ≥10°C). Slope of logistic regression for flood-peak occurrence across years with positive
values (warm colors) showing an increasing likelihood in annual flood-peak occurrence
within the growing season (i.e., increased synchrony) and negative values (cold colors) a
decrease between 1960 and 2010. Only significant trends (P<0.05) are shown (N=201 for
≥5°C and N=82 for ≥10°C). A cluster of increased synchrony in central/Eastern Europe is
indicated by a black circle for the ≥5°C growing season. Increasing synchrony between flood
peaks and the ≥10°C thermal growing season are observed in a narrow band from Southern
Spain towards Eastern Europe. Grey dots indicate time series with more than 80% available
flood data between 1960 and 2009 but no significant trends. (b) Histogram of start and end of
the thermal growing season in relation to flood-peak synchrony and asynchrony (i.e., within
and outside of the thermal growing season) for two time periods of 25 years each (1960‒1984
© 2019 American Geophysical Union. All rights reserved.

and 1985‒2009). Only river gauges with significant increase in flood synchrony with the
thermal growing season are shown (i.e., stations with positive logistic regression slopes in
Figure 2a). The frequency represents the occurrence per river gauge for individual years. A
dotted line is drawn at day 100 as reference. Especially for the ≥5°C thermal growing season,
both advancement of spring and a delay in the flood peak timing have led to an increase in
flood synchrony with the growing season (blue bars). Within the ≥5°C growing season flood
peak occurrence increased from 26.2% (1960‒1984) to 54.8% (1985‒2009). For the ≥10°C
growing season this increased from 20.2% to 46.7% (also see Table S10).
4 Discussion
Our study presents evidence of an increasing overlap of the annual river flood peaks,
especially with the ≥5°C thermal growing season in Central and Eastern Europe. Blöschl et
al. (2017) already showed the delay of river flood peaks in this area since 1960. Combined
with the advancement of spring (Figure 2b) and an overall lengthening of the growing season
in the region by 2.5 days/10 years (Wypych et al., 2017) the likelihood for flood-peak
occurrences during the growing season has significantly increased (Figure 2a). There is also
evidence for increasing synchrony of flooding with the ≥10°C thermal growing season,
however, the spatial clustering of this is less pronounced (Figure 2a). Generally, such
increasing physical-phenological synchrony can only be detected where most flood peaks do
not already occur within the growing season and vice versa (see Figure 1) and is dependent
on which baseline temperature is assumed for the growing season. For both analyzed thermal
growing seasons, where significant synchronization between flood peak and growing season
occurred, an increase from less than 20% to more than 55% of within growing season floodpeak occurrence was observed (S10).
Advancement of phenological events, such as birch-leaf unfolding in Central and Eastern
Europe, has also been evidenced by in-situ phenological observations. The drivers of the
observed phenological advancement in Central Europe are thought to be complex and linked
to changes of multiple weather oscillation patterns (Aasa et al., 2004). Timing of
phenological events is mainly determined by average temperatures preceding the event (e.g.,
soil temperature for seed germination; Milbau et al., 2009) and can be species specific.
We have used a reductionist approach to highlight physical-phenological synchrony and
asynchrony with the annual flood-peak maxima of Blöschl et al. (2017) and a common
baseline air temperature above which biological activity is thought to commence (see
Methods). Both processes may require further detailing in future studies depending on the
phenological event and species in question (e.g., seed germination or leaf unfolding). Yearly
flood peaks may differ in magnitude and hence severity in terms of physical disturbance and
biogeomorphic impact in the riparian floodplain and not all annual flood peaks may similarly
impact the riparian floodplain.
5 Implications and Conclusion
The hydraulic, biogeomorphic and ecological effects of synchronous (i.e., within growing
season) versus asynchronous (i.e., outside growing season) flood peaks may differ
considerably (Figure 3) and hence the evidenced synchronization may have consequences for
the future functioning of rivers and riparian floodplains. The effects may be most obvious for
vegetation establishment on river banks and channel bars as seedling establishment is
intrinsically linked to timing of seed germination and flood peaking (Mahoney & Rood,
1998; Balke et al., 2014).
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Where seeds germinate earlier in spring due to sufficiently warm temperatures subsequent
physical flood disturbance within the growing season may prematurely close the ’Window of
Opportunity’ for seedling establishment and inhibit recruitment (Balke et al., 2014). Winners
and losers of physical-phenological synchrony may be determined by more detailed analysis
of temperatures required for germination and flood-peak timing within the summer month.
General absence of flood peak disturbance during the growing season is likely to benefit
seedling survival of all species. Questions also remain about how organisms in floodplains
have adapted to timing of flood-peak occurrence and if they will be able to adjust to ongoing
rates of change. Seed dormancy is an adaptation to cold winters and drought and tundra
willows (Salix spp.) have, for example, adapted dormancy depending on latitudinal
distribution of the species (Densmore & Zasada, 1983).
Altered recruitment of bare sediment by vegetation, macrophyte biomass and presence or
absence of deciduous canopies all potentially affect the biophysical interactions of vegetation
through flow routing and channel migration (Tal & Paola, 2007). Moreover, flood-peak
timing and magnitude in relation to growing season may also determine which types of
particulate and dissolved organic matter are mobilized for example through removal of live
vs. dead biomass or established connectivity to backwaters in different seasons (Besemer et
al., 2009). Further field studies are required to identify and quantify the effects of increased
physical-phenological synchrony in the identified region.
Our findings demonstrate the need to further study the changes and general importance of
physical-phenological synchrony/asynchrony in all vegetated ecosystems that closely interact
with hydrogeomorphic processes such as mangroves, salt marshes, dunes, sea grass beds, but
also vegetated hillslopes and periglacial areas. Shifts in biophysical synchrony/asynchrony
may be as important to ecosystem functioning globally as the so far predominantly studied
biological match/mismatch processes in a changing climate.
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a)

b)

Figure 3. Functional difference of asynchronous and synchronous flood peak and growing
season. (a) Annual maximum flood peaks outside the growing season (asynchrony) inundate
a largely dormant riparian ecosystem without active seedling recruitment processes and
deciduous canopies. (b) During the biologically active growing season (i.e., synchrony)
deciduous canopies and macrophytes provide greater hydraulic roughness in the floodplain
and channel bars. Depending on the timing of seed germination in relation to flood
disturbance seedling establishment may be limited when flood peaks occur within the
growing season. High water levels connect backwaters to the river channel and remove plant
organic matter from the floodplain and hence the type and quantity of organic matter that is
mobilized during flood events are likely to differ between seasons.
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