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Abstract
1.	 Despite the obvious shift in spring bird migration to earlier dates, the mechanism 

behind this process remains unclear, partly due to inappropriate climate predic-
tors. Information on the influence of climate is not geographically representative, 
as it comes almost exclusively from the marginal parts of the continents.

2.	 The objective of this study is to investigate the mechanism for determining the 
timing of spring terrestrial bird migration based on a new concept of environmen-
tal phenology and phenological navigation, using data from Central Siberia as an 
example.

3.	 A literature review suggests that migrants follow the phenology of food re-
sources, the dependence on which intensifies towards the end of migration with 
increasing seasonality of temperature conditions. We propose the concept of 
environmental phenology as a mediator between the influence of climate and 
the response of migrants. We defined the environmental phenology index as the 
average weighted temperature of the preceding days with weights decreasing 
exponentially in retrospect.

4.	 Using original data from the first arrival dates of 145 species in Central Siberia 
from 1976 to 2025, we demonstrated the effectiveness of the environmental 
phenology index in predicting arrival dates. This indicator reflects the accumula-
tion of climate information by numerous ongoing phenological processes. Due to 
its high autocorrelation, it predicts future foraging conditions.

5.	 Despite significant warming at the study site (0.60 degrees per decade), bird ar-
rival dates in the studied community responded to warming with a slight shift 
towards earlier dates: on average, by −0.91 days per degree annually and by 
−0.86 days per decade. These estimates are lower than those known for other re-
gions due to the pronounced continental climate and the steep rise in spring tem-
peratures (1 degree in 3 days). We believe the compensated share of this impact 
(the response to impact ratio) to be a more adequate measure of the organism's 
response to the impact.

6.	 Based on the study results, we propose a mechanism of phenological navigation, 
in which a migrant at each stopover chooses whether to move on or wait for 
changes based on the relationship between environmental phenology and day 
length. This simple scheme opens new possibilities for comparing the phenologi-
cal responses of different groups of organisms.
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1  |  INTRODUC TION

The timing of spring migration is an adaptation of the annual cycle, 
ensuring optimal use of seasonal food abundance for reproduc-
tion and survival (Kokko, 1999). With climate warming observed 
since the 1970s, spring is becoming increasingly earlier and the 
phenology of the biota is shifting, but to varying degrees (Cohen 
et  al.,  2018; Thackeray et  al.,  2016). Organisms at lower trophic 
levels, directly dependent on rising temperatures, passively fol-
low warming. Consumers at higher trophic levels are conservative 
and shift their timing less than their prey. When consumers are 
closely dependent on resource abundance, a phenological mis-
match can arise (Visser & Gienapp, 2019). For example, while the 
breeding season of the Pied Flycatcher (Ficedula hypoleuca) in the 
Netherlands has changed by 6 days, the maximum of larval abun-
dance has changed by 15 days. This means that the peak of chick 
food requirements now occurs during periods of reduced prey 
abundance, leading to a decline in the Pied Flycatcher popula-
tion (Both et al., 2006). According to monitoring data in Europe, 
negative trends are more characteristic of those species and 
populations that have shifted their breeding seasons less (Møller 
et al., 2008). In some cases, the onset of breeding season shifts 
closer to the arrival dates, and there is concern that arrival dates 
from spring migration, as a more conservative element of the an-
nual cycle, may limit the adaptation of breeding seasons to mod-
ern conditions (Both & Visser, 2001). Therefore, climate warming 
is considered one of the main factors affecting the viability of 
populations and threatening biodiversity (Butchart et  al.,  2010; 
Pautasso, 2012).

Despite the abundance of data collected on the shift in migra-
tion timing, phenomenology in studies strongly prevails over the 
analysis of the causes and mechanisms of the phenomenon (Chmura 
et al., 2019; Knudsen et al., 2011). In general, experts' opinions only 
agree that migration timing has a genetic basis and represents a broad 
reaction norm to various climatic factors that precede each phase 
of migration and influence its progression (Knudsen et  al.,  2011). 
Data from meta-analyses (Bitterlin & Van Buskirk, 2014; Lehikoinen 
et al., 2004; Lehikoinen & Sparks, 2010; Rubolini et al., 2007; Usui 
et al., 2017) correlate poorly with each other. While advances are 
common, changes vary in magnitude and direction among species 
and regions, and the basis for this variation is relatively unknown 
(Chmura et  al.,  2019). Many of the inconsistencies stem from re-
peatedly noted methodological problems, such as distinguishing 

between long-term and short-term effects, specifying appropriate 
explanatory variables and linking them to response date (Møller & 
Merilä, 2004; Gordo, 2007; Lehikoinen & Sparks, 2010; Lindström 
& Forchhammer, 2010). The response is typically attributed to gen-
eral warming, so it is unclear to what extent it reflects local effects 
within the narrow confines of a season important for the species. 
The causes of long-term changes should manifest itself in responses 
to annual climatic fluctuations, but this information is far from always 
provided. Available indirect indicators, such as the mean monthly 
temperature, are considered as drivers of phenological responses, 
even when the month ends later than the phenological event.

Chmura et  al.  (2019) made significant progress in understand-
ing the phenological mechanisms in their review of factors that are 
hypothesized to influence bias. They demonstrated the multiple na-
ture of phenological responses and proposed distinguishing two cat-
egories of mechanisms: environmental mechanisms, related to the 
external agent, and organismal mechanisms, related to the traits of 
the subject of the impact and its physiological and ecological capa-
bilities for a response. This distinction allows for the magnitude of 
the impact and estimates the response as a compensated fraction of 
the impact, which can be compared between species groups under 
different conditions to study organismal mechanisms. However, the 
key question remains the driver. Here, we see the following prereq-
uisites and a path to a solution.

1.1  |  The concept of environmental phenology

The goal of seasonal migration is to follow the distribution of re-
sources (Berthold, 1996; Newton, 2008; Thorup et al., 2017). Given 
the diversity of extreme examples of migratory behaviour, one must 
recognize the very strong ability of birds to move and the low cost 
of mobility as such (Berthold,  1996; Newton,  2008). In this case, 
the progress of migrants should depend mainly on the abundance 
of food available at stopover sites, rather than on flight conditions 
(Nilsson et al., 2013). This is supported by the relationship between 
migratory movements and the vegetation productivity index (Thorup 
et al., 2017), as well as in a feeding experiment (Bridge et al., 2010). 
Therefore, to explain the timing of migration, it is necessary to find 
an environmental variable that most accurately reflects the avail-
ability of food.

Migration timing is controlled by a hereditary endogenous pro-
gramme that responds to day length (photoperiod) and ensures 

7.	 The proposed index of environmental phenology is theoretically and practically 
substantiated, expands the understanding of the mechanism of phenological nav-
igation and can be used to solve similar phenological issues.
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optimal environmental adaptation in years with average conditions 
(Bauer et al., 2020; Gwinner, 1996). When conditions deviate from 
the average, the migration timing can vary within the reaction norm. 
This requires additional external information in an accessible form 
(Bauer et al., 2020; Winkler et al., 2014), that is, cues that are pres-
ent always and everywhere. The phenological environment, a set of 
noticeable phenological phenomena along the migration route, pos-
sesses this quality.

In temperate climates, temperature determines seasonality and 
limits biological processes; therefore, all phenological phenomena 
depend primarily on temperature (Cohen et al., 2018; Gordo, 2007), 
as well as on the duration of its influence (Tuhkanen, 1980). Seasonal 
development in insects is determined by temperature conditions, 
such that each developmental phase strictly corresponds to the sum 
of accumulated temperatures above a species-specific threshold 
(Jarošík et al., 2011). Therefore, the timing of initial stages depends 
more on spring phenology, while subsequent stages depend more on 
the onset of development (Emmenegger et al., 2014). Consequently, 
if temperature is the cause of seasonality, then a spring temperature 
increase predicts a summer peak in biological resource abundance. 
Studies of phenotypic plasticity (reviewed by Bonamour et al., 2019) 
have established that multiple cues are selected to match the spring 
development of prey items. Since each bird species specializes not 
on a single prey species but on a fairly diverse group, the overall sea-
sonal dynamics of these prey items are important, and this reflects 
the local course of spring temperatures. This provides information 
for the development of an effective predictor.

At a transit point along its route, a migrant, having replenished its 
energy reserves, must decide whether to move on or wait. It has (ap-
proximate) knowledge of the calendar date (based on day length) and 
the phenological conditions (based on its surroundings), which, how-
ever, are inseparable. Consequently, the migrant can only choose the 
ratio of the two: either trust phenology more, but set off on the re-
turn journey when cold weather returns, or trust photoperiod more, 
but miss the opportunity to benefit from warming.

Migration timing is thought to depend on conditions along 
the entire flyway (see, e.g. Gordo,  2007). However, as the tar-
get is approached, the movement slows down (Marra et al., 2005; 
Schmaljohann, 2019; Youngflesh et al., 2021), and the dependence 
of timing on spring conditions increases (Emmenegger et al., 2014; 
Youngflesh et  al.,  2021). Spring migration is characterized by in-
creased seasonality, such that suitable conditions at the destination 
appear later than along the flyway, limiting the timing of the end of 
migration, which in turn determines the onset and progress of migra-
tion (Schmaljohann, 2019). Climatic (meteorological) processes span 
large regions (Di Cecco & Gouhier, 2018), so conditions at the desti-
nation can be assessed from afar through spatial autocorrelation and 
in advance through temporal autocorrelation.

Given these premises, we propose the concept of environmental 
phenology (EP) as a hypothesis for the complex influence of the en-
vironment on the arrival date. Temperature is known to be the main 
component of boreal climate, limiting the duration of the season 
favourable for the development of organisms (Cohen et  al.,  2018; 

Gordo, 2007). Consequently, temperature is ultimately responsible 
for both changes in the timing of bird arrival and the phenology of 
other natural processes, that is, EP. However, birds are quite resistant 
to changes in temperature per se (Gavrilov,  2012). Consequently, 
they respond not so much to temperature as to EP: to those spring 
abiotic processes and the state of organisms at lower trophic levels 
that are more directly related to heat accumulation (snow melting, 
vegetation greening, insect activity, etc.). To assess the development 
of these processes, we propose an EP index (see Section 2) based on 
heat accumulation. Each index value marks a specific spring phase 
associated with the onset of the season's food supply and can thus 
serve as a cue for optimizing timing. The high autocorrelation of the 
EP index throughout the season allows migrating birds to anticipate 
the limits of the food-abundant period and adjust their annual cycle 
accordingly.

Here, we analyse for the first time original long-term data on 
terrestrial bird arrival in Central Siberia, a vast, pristine and poorly 
studied region in the interior of the largest continent. The first spring 
registration of any migratory species was recorded as the first arrival 
date (FAD). We define an index of environmental phenology as a 
driver of migration timing and evaluate its effectiveness under vary-
ing parameters. We decompose it into components characterizing 
environmental forcing mechanisms on daily, annual and multi-year 
scales and use them to model the arrival dates of each species. Inter-
species comparison reveals changes in response to forcing strength 
and allows us to estimate the average level of compensation for cli-
mate change. A general multispecies model evaluates the contribu-
tion of environmental phenology components to determining arrival 
dates. Based on our results, we discuss the mechanism by which en-
vironmental phenology influences migration timing, as well as the 
advantages of the proposed method. The specifics of the organismal 
responses in the migrant groups will be discussed elsewhere.

2  |  METHODS

2.1  |  Observations

The materials were collected between 1976 and 2025 in Central 
Siberia, at the Yenisei Ecological Station in Mirnoye (A.N. Severtsov 
Institute of Ecology and Evolution, Russian Academy of Sciences) 
(62°20′N, 89°00′E). No special ethical permission is required to 
conduct field research at the station. Most of the first spring ar-
rival dates (FADs) of the species were obtained during observations 
along a daily 3-km route through several habitats. Due to logistical 
difficulties, the observations were not conducted in some years or 
were limited in time and habitat coverage, resulting in missing the 
correct FAD of less conspicuous species (Figure S1). Therefore, from 
the entire sample (2955 records of 145 species), we excluded years 
with fewer than 60 records (species) and species with fewer than 
17 records (years), leaving 2030 records of 95 species. However, 
we reviewed the entire sample at key locations to ensure that there 
were no principal differences that disturbed any solution. When we 
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consider migration timing, we refer to arrival dates, as we recorded 
the first appearance of both local breeding and transient species.

2.2  |  Climate and the environmental phenology

Data on average daily temperature at the nearest Bakhta weather 
station, 20 km north of the observation site, were obtained from the 
websites https://​rp5.​ru and https://​data.​giss.​nasa.​gov. The series of 
average daily temperatures of each year, starting from January 1, 
were sequentially converted into a series of daily indices of environ-
mental phenology EPd according to the recurrent formula

where d is the day of the year, T1 is the temperature on January 1, 
EP1 = T1 and α is the ‘oblivion rate’.

As a result, for example, with α = 0.20, for each day we obtained 
a history of the previous development of spring, in which the cur-
rent day (d) is 100% important, the previous day (d−1) is 20% ‘for-
gotten’ and therefore 80% important, the day before last (d−2) 
is 0.20 + 0.80 × 0.20 = 36% ‘forgotten’ and is 64% important, etc. 
Therefore, the summary of such a history EPd is an exponentially 
weighted average of daily air temperatures for the days preceding 
day d (inclusive), where the last day has the highest weight as a driver 
of future changes, and the contribution of each previous day is less 
than the contribution of the next day by a fraction α (oblivion rate).

EP exhibits long-term, annual and daily variations. Using the re-
gression of EPs by year, we divided the EP series for each date from 
1976 to 2025 into two variables: the long-term linear warming trend 
(L) and the annual deviation from it (A). The daily variation (D) was 
expressed as the residuals of the regression of the daily temperature 
Td in EPd over the years of observations. Variable D reflects the role 
of the weather as a driver of phenology, which can increase or de-
crease the phenological deviation in the environment each day. The 
resulting variables were centred by subtracting the mean long-term 
value for each spring date. This yielded three independent pheno-
logical variables: L, A and D, expressing the deviation of the state 
of the environment from the seasonal norm on three time scales. 
Their units are degrees Celsius. Given the nearly linear increase in 
average spring temperatures of 0.291°C per day (see below), these 
variables can also be expressed in days ahead/behind the norm for 
each observation day.

We examined seasonal variations in the strength of these factors 
as SDs of the multiyear series to compare the strength of responses. 
To assess the predictability of the conditions, the autocorrelation A 
was calculated for each day in May with the values for the following 
30 days (averaged over years using the Fisher z-transform).

2.3  |  Efficiency of phenological predictors

To assess the influence of phenological deviations on arrival dates, 
we also converted arrival dates into annual deviations from the 

long-term trend in a species-specific linear regression by year of ob-
servation. The effect was evaluated in a multispecies linear model 
of FAD deviations as a function of annual deviations in environmen-
tal phenology (A) on the exact day of arrival of each species in a 
given year. Both variables were prestandardized by dividing by the 
standard deviation within the species. Next, for comparison, we 
constructed the same models for each date between 40 days before 
and 10 days after arrival. To find the best oblivion rate for EP, we 
constructed the same models with different α values ranging from 
0.01 to 1.00 (in increments of 0.01). For comparison, we also calcu-
lated the degree-day index (DD0) of the accumulated sum of tem-
peratures above 0°C (Saino et  al., 2011) for each day in the same 
range and substituted it into the regression instead of A. The qual-
ity of the models was compared using the adjusted coefficient of 
determination.

2.4  |  Response of species to phenological factors

In subsequent analyses, we used only factors constructed based on 
the most effective oblivion rate and only models associated specifi-
cally with the arrival date. The phenological linear regression model 
for each species included arrival date deviations as the dependent 
variable and deviations in three independent factors, L, A and D, as 
predictors.

The results of species-specific models were used to assess the 
dependence of responses on the magnitude of the impact. The mag-
nitude of the impact was defined as the standard deviation of the 
factor over the years of observation. To express the response in the 
same units, the magnitude of the impact was multiplied by the de-
pendence, that is, the regression coefficient. For example, if the im-
pact deviates by an average of 10 days and the regression coefficient 
is 0.3, then the response under this impact is 3 days. The scatterplot 
of species responses to factor magnitude was then assessed to see 
which kind of model fits best (with species weighted by their sam-
ple size). The intercept-only model indicated a constant response 
regardless of factor size. The proportional interspecific regression 
model through the origin assumed an increase in the response with 
increasing magnitude of the factor. The slope of the proportional 
regression line was considered a measure of compensation for ex-
ternal influence to maintain the constantity of the annual cycle. The 
Akaike information criterion (AIC) was used to compare the models.

To more accurately assess the extent of compensation, we 
combined the primary data for all species in a single analysis and 
constructed a general phenological model with FAD deviation as 
the response variable, L, A and D as predictors and the slope of the 
species-specific dependences on L and A as random effects (lme4 
package, Bates et  al.,  2015). We then standardized all variables 
within species and repeated the calculations to determine the sen-
sitivity of migrants to phenological perturbations on different time 
scales.

We performed calculations in R 4.2.2 (R Core Team, 2022) and 
used STATISTICA 12 (StatSoft, Inc., 2014) for plotting.

EPd = � × Td + (1 − �) × EPd−1,

https://rp5.ru
https://data.giss.nasa.gov
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3  |  RESULTS

3.1  |  Efficiency of phenological predictors

To test the proposed concept, we investigated arrival date deviations 
as a function of annual deviations in environmental phenology by vary-
ing two parameters: the day of condition assessment and the rate of 

estimated phenological change (Figure 1). The effect of environmen-
tal phenology increased rapidly 2–3 weeks before arrival, reached a 
maximum on the day of arrival and then declined. The greatest effect 
was exerted by the annual phenological component A with an oblivion 
rate of α = 0.10, at which EP is updated by half in 7 days. No second 
index added to the model improved this effect, except for the index at 
α = 1.00, that is, the temperature on the day of arrival. The independ-
ent effect of this variable is equivalent to the daily phenological com-
ponent D. Fitting models with the degree-day index (DD0 in Figure 1) 
instead of A resulted in significant losses (ΔAIC = 174.4 between the 
top models). Moreover, its estimates turned out to be unreasonably 
high for the early phase of spring, when DD0 is determined only in 
years with the most advanced phenology.

3.2  |  Seasonal variability of phenological factors

The phenology index of the environment, measured with an oblivion 
rate of 0.10, increased almost linearly during the spring season, in 
parallel with the increase in air temperature, on average at a rate of 
0.291°C per day (Figure 2a). Over the years of observation, the long-
term component of environmental phenology (L) during the spring 
migration season increased by an average of 0.6°C per decade, but 
for early migrants, it was sufficiently larger (Figure 2b). The interan-
nual variations (SD) of environmental phenology (A) averaged 2.2°C 
(=7.5 days), although for early migrants, the phenological uncertainty 
was twice as large as for mid-May migrants. The interannual varia-
tions (SD) of the daily component of phenology (D) during the sea-
son were large and relatively constant: they changed no more than 
one and a half times. Autocorrelation of weather conditions (using 
daily temperature as an example) did not allow us to confidently 
(95%) expect the anomaly's sign to persist for more than a few days 

F I G U R E  1  Performance of models explaining the deviation of 
the first arrival date (FAD) as a function of the deviation of the 
environmental phenology (EP, annual component A) in the date 
range around the arrival date. Each point represents a multispecies 
regression model in which both variables are represented by annual 
deviations from a long-term linear trend and standardized within 
the species sample. The EP index is constructed as a weighted 
average of past daily temperatures, the contribution of which 
decreases by a fraction of α each day in retrospect. For comparison, 
the thin line represents the dependence on the degree-day index 
with a zero threshold (DD0).

F I G U R E  2  Phenological characteristics of spring from 1976 to 2025 at the study site. (a) Mean course of temperature and annual 
environmental phenology (±SD); note the constant slope of 0.291°C day−1. (b) Variability of spring phenology; note the unstable conditions 
for early migrants. (c) Autocorrelation of anomalies during May: mean correlation ±95% prediction interval between any day and k days 
ahead; note that phenological conditions can be successfully predicted for much longer time than temperature. Tm is daily air temperature; 
EP is an index of environmental phenology with an oblivion rate α = 0.10 (see text); L, A and D are long-term, annual and daily components of 
EP. The background histogram shows the seasonal distribution of mean FADs of the observed species.
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(Figure  2c). At the same time, spring deviations in environmental 
phenology (A) persisted with a high probability (95%) for more than 
a month after arrival.

3.3  |  Responses of species to phenological factors

For each species, an FAD model with three predictors (L, A and D) 
was constructed using α = 0.10 (Table S1). Most responses to warm-
ing conditions were directed towards early arrival (Figure  3). The 
highest number of significant relationships was found with annual 
deviations, while the fewest were with daily deviations. More than 
a quarter of the species list responded significantly to long-term 
warming.

Given the variability of the components of environmental phe-
nology, we sought to determine to what extent birds are able to 
withstand this uncertainty and reduce (compensate) for its impact 
on their annual cycle (Table  1). The daily component (D), under 
the greatest weather uncertainty, had a minimal effect: The spe-
cies responses varied greatly without regard to the level of envi-
ronmental variability. The main contribution to the determination 

of the migration timing (SD = 2.0 days) was made by responding 
to significant annual deviations (SD = 7.5 days) in environmental 
phenology (A), compensating for them by 25%. The directional 
changes in the environment (L) during the observation period 
were 2.5 times smaller, but were compensated more completely, 
by 43%.

The species differed in their arrival conditions, which made it 
possible to assess the nature of the influence of each component 
with changing levels of uncertainty (Table  1). The long-term re-
sponse was stronger for species whose migration period was subject 
to greater warming. Therefore, the interspecific differences were 
described more accurately using the proportional model than using 
the constant model (∆AIC = 3.0). They were even better described 
by the quadratic model (∆AIC = 6.3), suggesting an accelerated in-
crease in response as the warming intensifies. The opposite trend 
was observed for the annual response: interspecific differences 
were more consistent with the constant model than with the propor-
tional model (∆AIC = 10.4). With a range of environmental variability 
(SD) from 5 to 12 days, the range of response (SD) remained constant 
at about 2 days. Consequently, compensation for annual deviations 
decreased from 0.40 in relatively stable conditions to 0.17 in a less 

F I G U R E  3  Distribution of species by the significance of responses to phenological factors. L, long-term warming; A, annual 
environmental phenology deviation; D, daily deviation. Sample size: Cut, 2030 observations of 95 species; full, 2948 observations of 145 
species. Significance levels: ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

TA B L E  1  Response of species to the impact of components of environmental phenology.

EP components

Environ. impact Constant response Proportional response

Mean SD (days) Mean ± SE AIC Mean ± SE AIC R2
adj

L (long-term linear advance) 3.00 −1.24 ± 0.21 412.6 −0.43 ± 0.07 409.6 27.9

A (annual deviation) 7.45 −1.96 ± 0.14 328.2 −0.25 ± 0.02 338.6 64.5

D (daily change) 11.88 −0.24 ± 0.11 294.0 −0.02 ± 0.01 294.5 2.9

Note: The constant response is a model of type Y = a + ε, where a is the same response for any species. The proportional response is a model of type 
Y = bX + ε, where b is the same proportion of compensation for the impact for any species. Model quality: AIC—Akaike information criterion, R2

adj

—adjusted coefficient of determination (%).
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predictable environment. As the determination coefficient showed, 
the species responded similar to annual phenological deviations but 
diverged significantly in the long-term trend.

A general phenological model assessed the dependence of 
arrival dates on three components and yielded similar results 
(Figure 4a and Table 2). The weather change had a weak but sig-
nificant effect, explaining 3% of the FAD variance. The main pre-
dictor of migration timing was annual fluctuations during spring, 
which changed arrival by 2 days off 7.4. A linear warming trend over 
the years of observation shifted the spring timing by 10 days and 
the arrival timing by 4 days; that is, by 2 standard deviations of the 
annual response. Species-specific differences (SD) exceeded the 
mean long-term change and accounted for approximately one-third 
of the annual variance.

The standardized phenological model showed the distribu-
tion of the response among independent components of environ-
mental phenology (Figure 4b and Table 3). A small but significant 
contribution was due to the change in weather. Large annual de-
viations caused the greatest response. The response to a stable 
linear warming trend was only half as strong, although it was al-
most two orders of magnitude weaker than the annual deviations. 
Furthermore, interspecific differences (SD) exceeded the mean 
long-term response and represented less than a quarter of the 
total annual deviations.

4  |  DISCUSSION

Following the results of previous studies, we concluded that mi-
gration timing depends on food availability rather than flight 
conditions. Food abundance has a phenological pattern, that is, it 
depends on preserved traces of weather effects from the recent 
past. We found an optimal balance between the accumulation of 
phenological information and its use by migrants along the migra-
tion route. For a more precise assessment, we used various meth-
ods: linear mixed-effects models, separating the effects by time 
scale and precise matching of the effect and response over time. 
This helped us estimate the magnitude of climate impacts and the 
compensatory responses of birds.

F I G U R E  4  General phenological model. (a) Mean absolute response of species versus strength (SD) of environmental influences. 
(b) Distribution of the absolute response between environmental phenology components (after standardization of variables). Env, 
environmental variability; Resp, response; SpSD, random effect of interspecific slope differences; whiskers indicate 95% confidence interval.

Model slope ± se p Compensation ± se Env. impact Response Species SD

L* −0.86 ± 0.27 d <0.001 −0.42 ± 0.07 d d−1 2.05 d −0.86 d 1.18 d

L −1.44 ± 0.23 d°C−1 <0.001 −0.42 ± 0.07 d d−1 3.00 d −1.25 d 1.72 d

A −0.91 ± 0.06 d°C−1 <0.001 −0.27 ± 0.02 d d−1 7.45 d −1.98 d 0.78 d

D −0.10 ± 0.03 d°C−1 <0.01 −0.03 ± 0.01 d d−1 11.88 d −0.35 d not defined

Note: L—long-term warming (L*—shift per 10 years), A—annual deviation, D—daily weather change. 
Species SD—random effect of interspecific slope differences. Explanation power: R2

marg
 = 21.2%, 

R
2
cond

 = 34.7%.

TA B L E  2  Average response of species 
from the general phenological model.

TA B L E  3  Response to environmental phenology components 
based on the results of the standardized model.

Model slope ± se p SpSD

L −0.226 ± 0.033 <0.001 0.273

A −0.431 ± 0.021 <0.001 0.106

D −0.065 ± 0.019 <0.001 not defined

Note: Explanation power: R2
marg

 = 24.4%, R2
cond

 = 33.0%. The rest are as in 
Table 2.
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4.1  |  Validity of observations

We use the FAD as a measure of migration timing, recognizing the 
imperfections of this metric. FAD correlates well with long-term 
changes in the median arrival date (MAD) (Dale et al., 2024; Rubolini 
et al., 2007; Tøttrup et al., 2006; Vähätalo et al., 2004), but diverges 
in its response to intraseasonal changes (Goodenough et al., 2015). 
The latter is inevitable, as the FAD precedes the MAD by 1–4 weeks 
and, therefore, reflects the phenology of a different period of 
spring. FAD occurs during more risky phenological conditions and 
is therefore more dependent on them (Dale et  al.,  2024; Rubolini 
et  al.,  2007; Tøttrup et  al.,  2006). A disadvantage of the FAD is 
that it is estimated from a single observation. However, intraspe-
cific variation in FAD over years is only slightly greater than MAD 
(Dale et al., 2024) or differs insignificantly (Goodenough et al., 2015; 
Tøttrup et al., 2006). Thus, FAD is neither a proxy for MAD nor an 
outlier. Rather, it is a natural characteristic of the advanced popula-
tion group (Kokko, 1999), reflecting future changes in the population 
majority (Tøttrup et al., 2006; Vähätalo et al., 2004). We compensate 
for the statistical limitations of FAD by a larger set of species and the 
duration of observations.

4.2  |  Environmental phenology as a key seasonal 
predictor

Migrants follow changes in vegetation productivity to adjust the 
timing of migration based on resource availability (Cole et al., 2015; 
Emmenegger et al., 2014; Thorup et al., 2017; Youngflesh et al., 2021), 
thus explaining the causal relationship. However, local temperatures 
have been shown to provide more accurate information about flight 
path conditions than remote sensors do (Tøttrup et  al.,  2010), as 
long as the time window of exposure is chosen correctly (van de Pol 
et al., 2016). The degree-day (DD) index, which measures the sum 
of daily temperatures above a certain threshold (Saino et al., 2011), 
partially helps avoid subjective limits of the time window. Another 
way to avoid estimating the exposure-time window is an exponential 
moving average (Gienapp et al., 2005), though it requires the selec-
tion of a smoothing parameter. We used the latter method and de-
termined the optimal parameter value (oblivion rate α) directly from 
the strength of the FAD response. The proposed EP index is similar 
to the DD agroclimatic indicator, adjusted for the regional and sea-
sonal rate of spring processes. Unlike DD0 (the thin line in Figure 1), 
EP has greater power, a normal distribution of annual deviations and 
invariant properties independent of spring phases. These charac-
teristics are important for interspecific comparisons and statistical 
inference.

The EP index is based solely on temperature data because, in bo-
real climates, the heat deficit limits biological processes, determines 
seasonality and is the cause of seasonal migrations. In the continen-
tal climate of Siberia, this deficit is exacerbated. Many researchers 
have noted the predominant influence of temperature on the tim-
ing of spring migration in the temperate zone (Cohen et al., 2018; 

Gordo, 2007; Lehikoinen et al., 2004; Lehikoinen & Sparks, 2010). 
Where seasonality is determined by precipitation, the EP index 
should obviously reflect its amount. In boreal climates, moisture is 
always sufficient, but snow depth could be an additional clarifica-
tion, as some of the accumulated heat is expended on snowmelt. 
However, the accuracy of realistic models likely depends more on 
the quality of arrival observations.

The EP index is not reducible to temperature dependence: It 
biologically adequately reflects the exponential growth (or deg-
radation) of natural objects with a linear increase in temperature, 
giving less weight to past processes and emphasizing recent ones, 
the development of which becomes autonomous and will influence 
the future. For this reason, the main property of this index is high 
autocorrelation (Figure  2c). It contains reliable information about 
the future development of spring, including the timing of summer 
food abundance. The same is likely true for spatial autocorrelation 
(Koenig, 1999), which allows migrants to assess conditions along the 
route (Gordo, 2007; Tøttrup et al., 2010). The EP index made it pos-
sible here to separate and correctly assess effects having different 
time scales: a long-term phenological trend, on the one hand, and 
daily weather, on the other hand.

4.3  |  The general reaction to the strength of 
a factor

Visser and Both (2005) pointed out the need to find a general meas-
ure of how much a species should shift its phenology to assess 
whether the shift is sufficient or a risk of a mismatch with peak abun-
dance of its prey is possible. For migratory birds whose numbers are 
limited in their winter range, food abundance in the breeding range 
may be excessive (Ricklefs, 1980), and climate warming may increase 
this excess. Therefore, it appears that a more achievable and prior-
itized task is to estimate the change in migration timing relative to 
EP, which is fully reflected by regression on EP components on three 
time scales. Such a criterion will allow researchers to objectively 
compare shifts in consumer timing and food resource estimates 
from independent sources, as well as compare different points in the 
range or moments of the annual cycle within a species.

Currently, despite the abundance of data, even simpler compari-
sons are difficult. The magnitude of phenological responses can vary 
between regions (Both & te Marvelde, 2007; Knudsen et al., 2011; 
Rubolini et al., 2007) and over time (Lehikoinen et al., 2004), gener-
ally reflecting differences in the intensity of warming. Unfortunately, 
authors often either do not specify the magnitude of the effect 
or provide a generalized estimate, ignoring seasonal differences 
(Lehikoinen & Sparks, 2010; Cohen et al., 2018, but see Youngflesh 
et al., 2021). Estimates of a shift of arrival dates from meta-analyses 
(Bitterlin & Van Buskirk, 2014; Lehikoinen et al., 2004; Lehikoinen & 
Sparks, 2010; Rubolini et al., 2007; Usui et al., 2017) would seem to 
converge to a common level, but their results vary widely, from −3.7 
to −1.5 days per decade, and weaken in more recent studies, despite 
increasing global warming (Hurrell & Trenberth,  2010). The slope 
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of the annual response (the reaction norm) has received less atten-
tion, but existing average estimates also vary widely: from −2.90 to 
−0.93 days per degree (Lehikoinen et al., 2004; Marra et al., 2005; 
Usui et al., 2017; Van Buskirk et al., 2012), thereby falling outside 
each other's confidence intervals. Our regional results of −0.91 days 
per degree between years and −0.86 days per decade (i.e. −1.44 days 
per degree of warming) fall outside this range, although the reliability 
of the estimates is not lower than in the mentioned meta-analyses.

There are several methodological and geographic explanations 
for our ‘low’ absolute values. The methodological explanations are 
not new but remain relevant. (i) The long-term dependence tends 
to flatten out with increasing time-series length (Cohen et al., 2018; 
Lehikoinen et al., 2004; Usui et al., 2017). (ii) The long-term warming 
trend is correlated with annual temperature anomalies that are an 
order of magnitude larger, so statistical separation of these effects is 
required for a correct assessment (Lehikoinen et al., 2004; Lindström 
& Forchhammer, 2010; Møller & Merilä, 2004). (iii) The assessment 
of responses to climate change depends on the choice of vari-
ables and the form of their presentation (Gordo, 2007; Lehikoinen 
et al., 2004; Møller & Merilä, 2004), and a biologically sound choice 
should change the balance between long-term and annual responses 
in favour of the annual effect.

Geographically, metadata are strongly biased towards regions 
with a maritime climate (see maps in Gordo, 2007; Usui et al., 2017; 
Cohen et al., 2018). First, here, populations of many migratory species 
are able to become partially sedentary with warming. They respond 
to climate non-linearly, with some probability that the arrival date 
becomes meaningless. For example, in a study spanning 30 years in 
Lithuania (Lehikoinen et al., 2004), 19 of 56 species shifted their FAD 
by more than a month. In a continental climate, this is unlikely due 
to the sharp contrast between adaptations to the sedentary and mi-
gratory lifestyle. The second and main difference is as follows: Each 
Celsius degree of warming advances the spring phase several days 
further in a maritime climate than in a continental climate. For exam-
ple, the difference between Great Britain and Finland reaches three 
times (nearly 20 and 7 days per degree, respectively). In our conti-
nental region, the speed of spring onset is even greater (Figure 2a). 
Consequently, the trend and deviation expressed in days (per year 
or per degree)—both in the environment and in the responses of the 
organisms—are consistently reduced with increasing continentality 
and do not reflect the actual situation. For these reasons, the es-
timates in days are not informative for geographic comparison. An 
ecologically meaningful metric should reflect the extent of compen-
sation of a factor in proportion to its strength in the environment.

Meta-analyses often use a standardized model as an estimate of 
the robustness of factor effects. While the simple model compares 
the response with the exposure, the standardized model compares 
the response with other responses. It accounts only for sensitivity 
(the correlation as the ability of organisms to distinguish between 
treatments) but does not account for the magnitude of the response. 
Our data demonstrate high robustness of the response to environ-
mental phenology across three scales compared to simple tempera-
ture indicators (Gienapp et al., 2007). The long-term response varies 

greatly between species in sensitivity and is inferior to the annual 
response since, at low impact strengths, stochastic fluctuations that 
do not correlate with the impact predominate in many species.

4.4  |  How much is enough?

Assuming that the response is proportional to the impact, we esti-
mate that the long-term shift in migration timing compensates for 
warming by 42%. Over 49 years, the onset of spring has shifted by 
9.6 days, and arrival dates have shifted by an average of 4.0 days, 
meaning that they remain closer to the old date than to the new 
date, which maintains the same conditions. Annual deviations com-
pensate for environmental fluctuations even less, by 27%, that is, 
if spring arrives 8 days earlier than usual, birds arrive 2 days earlier. 
In other words, migrants rely more on endogenous timing control 
than exogenous control. They change the annual arrival date only 
by one-fourth of the change in environmental phenology, while by 
three-fourths, they follow the average calendar dates, which are de-
termined by the length of the day. Youngflesh et al. (2021) obtained 
similar results for North America, where arrival date variations com-
pensate for annual plant phenology variations by an average of 13%, 
with an increase from 0% in Florida to 27% at 60°N.

Comparison of species (Table 1) showed that, as the impact in-
creases, the amplitude of the annual phenological response remains 
similar between species and may therefore be close to the plasticity 
limit. Under less predictable conditions, the annual dependence has a 
flatter slope and likely provides a basis for selection. On the contrary, 
the long-term shift increases with some acceleration. Consequently, 
the long-term response to climate warming is lagged, as it must be me-
diated by natural selection and/or dispersal: the response begins and 
gains strength several generations after warming has moved beyond 
annual fluctuations. In our sample, the long-term response during 
the observation period is on average more than twice the annual re-
sponse, consistent with the genetic variation in the trait. If a delay 
in the long-term response occurs, then compensation for warming 
should increase over time, even without further increases in impact.

The daily effect of the weather, expressed as an increase or 
decrease in current temperature, causes a significant but weak re-
sponse. The unique role of weather is in creating conditions for a 
migration surge (Alerstam, 1993). Weather can further accelerate or 
delay the decision depending on internal stimuli and food availability 
(Nilsson et al., 2013), but it cannot significantly influence arrival tim-
ing without taking into account environmental phenology.

Aligning breeding with the seasonal peak in food abundance in-
creases fitness, and the timing of arrival should be consistent with 
this objective (Both & te Marvelde, 2007). However, the annual com-
pensatory response deviates from the mean date only by SD = 2 days, 
which may seem insufficient. At the same time, if the objective is to 
match the future phenology of the breeding season, the response to 
current phenology should not be stronger than the autocorrelation 
in the environment: following a deviation makes sense for a migrant 
if the deviation lasts long enough. Our estimate (Figure 2c) indicates 
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that the (sign of) phenological deviation in the environment will per-
sist with 95% probability for a month after arrival, but its magnitude 
will decrease several times. The ability to assess the phenology of 
the environment should persist after arrival, which will provide the 
opportunity to adjust the prediction later by shifting the onset of 
clutch laying and extending it until hatching. Thus, the compensation 
of one-fourth is close to optimal to meet breeding conditions and 
allows avoiding unnecessary risks.

Direct evidence for the microevolution of migration timing has 
recently been obtained (Helm et al., 2019; Moiron et al., 2024). In the 
latter case, timing shifted by 5% per year, that is, over 20 years, by an 
amount comparable to the annual deviation due to phenotypic plas-
ticity. In our case (Table 2), the annual shift in the reaction norm av-
eraged 4.3% of the standard deviation of the annual response across 
95 species, and over the years of observation, it exceeded it by 2.13 
times. Such an excess is impossible due to phenotypic plasticity and 
suggests a genetic basis.

4.5  |  Phenological navigation

Based on our research, we propose a framework that a migrant 
should use as a ‘phenological compass’ to assess its phenological po-
sition and adjust it to the current spring conditions (Figure 5). While 
in a stopover, it perceives two material signals suitable for reading: 
the calendar date (based on the length of the day) and the phenol-
ogy of the environment (based on the surrounding). Using these, it 
assesses the situation in terms of ‘late’ or ‘early’, and waits if it is 
early, or makes a migratory leap if it is late. The boundary between 
‘late’ and ‘early’ is determined by the isoline of phenological toler-
ance to deviations in timing and conditions (thin dotted line options 
in Figure 5).

The research task is to determine this boundary based on the 
timing of migration through the observation site in different years. 
Day length and environmental phenology are interrelated variables, 
since each date (i.e. day length) corresponds to a specific phenology 
value. A migrant can select only one variable or the ratio between 
their deviations. In long-term observations, day length and phenol-
ogy behave as independent variables, so their relationship will then 
be expressed by the regression slope, which we call compensation, 
since the abscissa measures the effect and the ordinate measures 
the response. Several consequences follow from this understanding 
of phenological navigation.

1.	 The migrant position in the photoperiod and environmental 
phenology coordinates is uniquely determined by the obser-
vation date and current phenology conditions. Using the day 
length as a regressor in models explaining the arrival date is 
redundant.

2.	 Under the described continental conditions, spring processes 
occur rapidly and with great intensity. The same processes in 
a temperate maritime climate proceed much more slowly and 
last longer. Accordingly, the oblivion rate decreases, and an 

environmental phenology index with a smaller exponential co-
efficient should better explain phenological processes. A long-
memory signal is suitable for longer range forecasts.

3.	 Interannual variations in arrival dates, to a first approximation, 
are inversely linearly related to environmental phenology: the 
warmer, the earlier. However, winter thaws do not induce migra-
tion and prolonged springs do not cancel it. Consequently, pho-
toperiodic control determines the range of variations in arrival 
dates, and therefore, the relationship has a sigmoidal shape, for 
example, FAD ~ A sqrt(1 + A2)−1 (Figure 5, lines 4 and 5). Indeed, 
this model significantly improves the explanation of our data 
(∆AIC = 29.8). Compared to the general model (Table 2), it predicts 
a 1.5-fold steeper slope for the annual dependence for small and 
medium impacts. For strong impacts, the response deviation does 
not exceed ±4 days on average.

5  |  CONCLUSIONS

We demonstrate that EP is more effective, both theoretically and 
practically, than other known methods for predicting migration 

F I G U R E  5  Variations of the migrant's response to environmental 
phenology and daylength in its own coordinate system at the 
observation site. In year with average phenology, environmental 
conditions change linearly in accordance with calendar dates (black 
line). The migrant adheres to point 0, where the optimal phenology 
for it (0.7°C) coincides with the calendar (daylength 17 h 40 min). In 
some years, reality deviates significantly from the norm and forces 
the migrant to choose a position on the coloured line far from the 
optimum for both parameters, through migratory bursts or waiting 
at stops. Depending on species preferences, the migrant adheres 
to the intersection with one of the dotted lines. Line 1 maintains 
the optimal environment, line 6 maintains the optimal daylength, 
line 2 maintains an equal deviation for both parameters and line 3 
prioritizes daylength. A phenological anomaly can generate a false 
signal and cause untimely migration, so deviations from optimal 
day length may be limited to a certain ‘light corridor’. In this case, 
a position on lines 4 or 5, asymptotically bounded by a wide or 
narrow corridor, is more likely.
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timing. This approach can be recommended for use in combination 
with other methods (measuring conditions precisely on the day of 
arrival, identifying three time scales and separating sensitivity and 
responsivity). Its effectiveness comes from the fact that EP reflects 
the accumulation of climatic information important for a variety of 
ongoing processes that determine future foraging conditions.

Central Siberian migrant populations change their arrival dates 
less than is known in other regions, despite higher rates of warming 
in Siberia. This difference is due to the continental climate and pro-
nounced seasonality. A more adequate measure of the response to 
warming may be the compensation level: the response-to-impact 
ratio. We showed that EP explains a significant portion of the vari-
ation in FAD across three scales, but the FAD response is far from 
completely compensating for these effects. Reasons for this in-
clude the limited range of phenological prediction, the limit of the 
reaction norm and life-history priorities. In addition to the general 
trends described, we discovered a number of group-specific envi-
ronmental and organismal mechanisms that modify phenological 
responses; these deserve separate consideration elsewhere.

Despite the high stochasticity of FAD and systematic differences 
from the timing of the main migration wave (Rubolini et al., 2007; 
Tøttrup et al., 2010), we hope that our general conclusions can be 
extended to the timing of migration in general. They differ in many 
ways from previous generalizations, but are built on a robust foun-
dation. A similar approach to analysing data from other regions is 
needed to test our conclusions. The concept of phenological navi-
gation may be useful to verify the proposed hypotheses about the 
mechanisms of responses to climate change.
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