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Many migratory species have advanced their migration timing as a response to advanced breeding conditions. While data on arrival timing to breeding grounds in Europe is plentiful, information from the African departure sites are scarce. Here we investigated changes in arrival timing of four long-distance migratory passerines to a stopover site in Israel and potential links to Enhanced Vegetation Index (EVI) at the species-specific African pre-departure sites and local temperatures at the stopover site. We found that Lesser whitethroat (Curruca curruca) and Eastern Bonelli’s warbler (Phylloscopus orientalis) advanced arrival to the stopover site. The arrival timing of Thrush nightingale (Luscinia luscinia) and Olive-tree warbler (Hippolais olivetorum) did not change and was associated with mean EVI at the pre-departure site in Africa during the pre-migratory period. Additionally, temperatures at the stopover site affected the arrival timing of Lesser whitethroat only. This is probably because this species breed at higher northern latitudes and fine-tune their migration timing to match local conditions. Our results show that spring migration can be influenced by exogenous cues such as weather condition and food availability, and the level of response is species-specific. Moreover, some species show flexibility and fine-tuned migration speed in response to local conditions en route. While flexibility seems advantageous, dependence on multiple sites with varying conditions may ultimately limit advanced arrival to the breeding ground and result in mismatch with optimal conditions.
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INTRODUCTION

Migratory birds must time their migration to synchronize with resource availability en-route and most importantly on the breeding site. Early arrival is advantageous because the first individuals can take advantage of optimal nesting locations and mate choices (Kokko, 1999). A major challenge for long-distance migratory birds is that they often rely on multiple sites along their migration route, frequently on a latitudinal gradient, with spatial variability in conditions (Newton, 2008). The extensive, and asymmetrical pace of global changes, with higher rate of change in higher latitudes (Flato and Boer, 2001; Burrows et al., 2011), poses a risk of mismatch between arrival timing and optimal condition of food abundance and temperatures and may have detrimental consequences for populations (Møller et al., 2008; Jones and Cresswell, 2010; Saino et al., 2011; Mayor et al., 2017; Burgess et al., 2018). It is therefore not surprising that the adaptation of migration phenology in relation to climatic changes has attracted great attention in recent years (e.g., Jonzén et al., 2006; Tøttrup et al., 2008, 2012; Lawrence et al., 2021). Many long-distance migratory species show advanced arrival to their breeding grounds, potentially to match advanced onset of breeding season across the northern hemisphere (e.g., Tryjanowski et al., 2002; Sparks et al., 2005; Jonzén et al., 2006; Horton et al., 2020). The cues these long-distance migrants use to start migration, and what mechanism generates adjustment of migration timing, to match conditions in a distant breeding site, remain poorly understood, especially in passerine species.

The timing of migration has been long known to be predominantly controlled by genetic and intrinsic cues (Gwinner and Wiltschko, 1978; Gwinner, 1996), but also by external local conditions. These include photoperiod (Marra et al., 2005; Bradshaw and Holzapfel, 2008; Åkesson et al., 2021), wind assistance to reduce flight costs (e.g., Arizaga et al., 2011; Sjöberg et al., 2015) and environmental conditions, such as temperature, rain and different vegetation indices which can be used as a proxy for food availability at the pre-departure sites (Saino et al., 2004; Shamoun-Baranes et al., 2006; Tøttrup et al., 2012; Aharon-Rotman et al., 2021; Lawrence et al., 2021). The latter likely affect migration decision, the physical condition of the birds, their fattening rates, and hence the timing of departure (Marra et al., 1998; Arizaga et al., 2011; Aharon-Rotman et al., 2016; Aloni et al., 2019).

However, the advanced arrival of some long-distance migrants to the breeding ground, often thousands of kilometres away from departure sites, suggest that endogenous cues and local external conditions at the non-breeding (wintering) ground are not solely responsible for driving migration decisions. Two possible mechanisms have been suggested: (a) climate-driven evolutionary changes in the onset of spring migration through selection for early arrivals over a short period (Pulido et al., 2001; Jonzén et al., 2006; Gienapp et al., 2007) or a shift through generational changes as a results of new recruits to the population arriving earlier (Gill et al., 2014), and (b) Phenotypic plasticity in response to year-to-year variation in local conditions encountered en route (Ahola et al., 2004; Tøttrup et al., 2010; Bussière et al., 2015; Haest et al., 2020). It is possible that the generally advanced trend in migratory birds is a result of phenotypic plasticity and micro-evolutionary forces acting in concert.

Our current understanding of phenological changes in passerines migrating between Africa and Europe is largely based on data collected at the European breeding grounds, where many migrants advanced their arrival (e.g., Saino et al., 2004; Rubolini et al., 2007; Thorup et al., 2007), or at the western part of the migration route, where birds migrate from wintering sites in western Africa through Gibraltar to various breeding locations across Europe (e.g., Haest et al., 2020; Bell et al., 2021; Lawrence et al., 2021). The main wintering and pre-departure sites for many long-distance species in the eastern part of the route, along the Eastern-Mediterranean flyway, are in the Afrotropical zone, where extreme climatic events have previously been correlated with declines in European breeding populations (Payevsky et al., 2003; Newton, 2004; Ockendon et al., 2014; Vickery et al., 2014). Despite their presumed importance, we still lack critical information on species-specific wintering ranges (Walther and Rahbek, 2002; Bairlein, 2003), and only few studies on passerine species have examined species-specific phenological changes together with their possible drivers, such as response to changing conditions at these sites (Altwegg et al., 2012; Bussière et al., 2015; Haest et al., 2020; Aharon-Rotman et al., 2021).

To fully understand phenological changes in migratory species, it is necessary to consider other factors rather than only the mean or median arrival day. Analysing only the first or mean arrival day does not comprehensively describe phenological dynamics or sex and age differences (Spina et al., 1994; Izhaki and Maitav, 1998; Tøttrup and Thorup, 2008), and may fail to identify trends (Kovács et al., 2011; Miles et al., 2017). Therefore, other population measures should be considered. Further, different phenological changes may occur among spatially-segregated populations. To address this issues, wing length measurements may be considered, as wing length could serve as a proxy measure to differentiate between the sexes and among spatially-segregated populations in migratory passerines (Milá et al., 2008; Förschler and Bairlein, 2011). This is based on the correlation between wing length and migration distance or phenology at breeding destinations in many species (Fiedler, 2005; Nowakowski et al., 2014; Hahn et al., 2016; Toews et al., 2017).

Our aim was to study the relationship between spring migration phenology and environmental factors at the African pre-departure sites and at a stopover site in four long distance migratory passerine species. To this end, we first investigated any phenological changes in the arrival of these species to an important stopover site in Israel between 2000 and 2021. Next, we tested if environmental conditions at the departure site in Africa, measured as Enhanced Vegetation Index (EVI), and local temperatures at the stopover site can explain variation in arrival timing. We also analysed changes in wing length as a proxy for migration distance, to identify potentially different populations within the individuals stopping in Israel or age-biased differences. We hypothesised that high EVI at the departure site and higher spring temperatures at the stopover site will facilitate earlier departure due to fast fuelling and flexibility to fine-tune migration speed as a response to conditions en route.



MATERIALS AND METHODS


Study Area

The Nili and David Jerusalem Bird Observatory (JBO) in Israel (31.780°N, 35.206°E) is an important stopover site for species that migrate between the Afrotropical wintering grounds and breeding grounds in the Palearctic region. The JBO is located in the city of Jerusalem within a large area of parks surrounding the Israeli Parliament building. The elevation is 805 m above sea level and the climate is Mediterranean, with an average annual rainfall of approximately 550 mm. Low trees and bushes typical of the Judean mountains dominate the vegetation. Typical plants are Pistacia palaestina, Rhamnus alaternus, Prunus dulcis (almond), and Olea europea (olive).



Species and Data Collection

We selected four long-distance migratory passerines. All four species spend the main non-breeding season in Africa, depart for spring migration from sub-Sahara East Africa to breeding sites in Europe and Western Asia, and stop in Israel during spring migration. Our selected species were Lesser whitethroat (Sylvia curruca), Eastern Bonelli’s warbler (Phylloscopus orientalis), Thrush nightingale (Luscinia luscinia) and Olive-tree warbler (Hippolais olivetorum).

Olive-tree warbler and Thrush nightingale both winter in southern Africa (Figure 1; Underhill et al., 1998; Tøttrup et al., 2012). However, before leaving Africa on spring migration towards the breeding grounds, Thrush nightingale stop in the Horn of Africa for the pre-migratory period (Tøttrup et al., 2012), and it is highly likely that Olive-tree warbler do the same. The wintering ranges of Lesser whitethroat and Eastern Bonelli’s warbler are located in the Afrotropical zone. The main wintering area of Eastern Bonelli’s warbler is within Sudan, while the wintering area of Lesser whitethroat extends to Chad (BirdLife International, 2019; Figure 1).
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FIGURE 1. Main Non-breeding (wintering) distribution maps of the study species along the Eastern-Mediterranean flyway. The area of Horn of Africa was used as the pre departure area for Lesser whitethroat, Thrush nightingale and Olive-tree warbler, where they are likely to spend the months prior to migration departure. GIS data downloaded from BirdLife International data zone (http://www.birdlife.org/). Enhanced Vegetation Index (EVI) was calculated for each site to be analysed against arrival timing of species to stopover site in Israel.


The breeding grounds of Thrush nightingale and Lesser whitethroat expand over vast areas in Europe and Asia, while the breeding areas of Eastern Bonelli’s warbler and Olive-tree warbler are concentrated in southeast Europe and northeast Mediterranean, stretching from the eastern Adriatic and Balkan Peninsula to western and southern Turkey and north Israel (BirdLife International, 2019). Olive-tree warbler inhabit mainly coastal areas and islands (Kralj et al., 2012).

Birds were caught using mist-nets positioned in permanent locations throughout the study period. We considered only individuals captured during the main spring migration season (March-May), as over 96% of captured individuals were recorded on passage during these months in the study species. Each bird was aged, if possible, and measured by experienced ringers (wing length, fat score and weight), and date of capture was recorded. Age could be identified in the hand only in Lesser whitethroat and Thrush nightingale. We extracted spring arrival dates in Israel as the first ordinal date of capture (days from January 1st). For each individual we only considered the first capture in a migration season. Recaptures during the same season were excluded from the analysis.



Environmental Conditions on the Afrotropical Wintering Grounds

We calculated the monthly normalized EVI during the pre-migratory period (prior to the birds’ departure; February/March) for the period 2000–2020 in the species-specific pre-departure areas (Figure 1). The EVI can be used as a proxy measure for the actual ecological conditions of vegetation phenology (e.g., food availability; Houborg et al., 2007; Papeş et al., 2012). The EVI was developed to determine photosynthetic activity in high biomass regions (Huete et al., 2002). For Lesser whitethroat and Eastern Bonelli’s warbler, this area was based on wintering distribution maps from BirdLife International (2019). Using QGIS 3.6.0 (QGIS Development Team, 2021,1), we selected the wintering ranges based on the parameter “season” of the attribute table of the dataset. For Lesser whitethroat we followed Wisz et al. (2007), which further restricted the area based on bioclimatic models. This resulted in two separate areas for Lesser whitethroat: (1) around Chad and Sudan (2) the Horn of Africa. For Thrush nightingale and Olive-tree warbler, we calculated EVI during the same period in the Horn of Africa to be used as pre-departure areas. These two species winter in Southern Africa, and it is therefore likely that before crossing the Sahara desert on northward migration to the breeding ground, they stop in the Horn of Africa and may use cues in this region to initiate migration (e.g., Tøttrup et al., 2012). For all species, we clipped the final African ranges to remove areas of bare ground (e.g., rocks and desert) which were unlikely to provide viable habitat for migratory birds using the European Space Agency’s global land cover map from 20092 at 2.5 minutes resolution.

We used Google Earth Engine (GEE), a cloud-based remote-sensing platform, to calculate mean EVI across the wintering range for each species. We used NASA’s MODIS Terra Vegetation Indices product (Didan, 2015), a global collection of 16-day composite images at 1km spatial scale which provides Normalized Vegetation Density Index (NDVI) and EVI. In GEE, we calculated the mean EVI across the wintering ranges for each species and for the Horn of Africa. We repeated this process for all the images during 2000–2020. Then we calculated the monthly mean EVI for each of the pre-migratory months February and March over the years for each species. This produced a data set with monthly means of EVI for February and March for each year from 2000 to 2020 for each area.



Temperatures at the Stopover Site

Local mean temperatures at Giv’at Ram weather station in Jerusalem, the closest station to the JBO, were downloaded for the main spring migration period from the Israel Meteorological Service.3 Daily temperatures were averaged to monthly means.



Statistical Analysis


Overall Trend in Spring Arrival Phenology

We estimated trends in the migration phenology of each species (2000–2021) using four population measures: the 5th, 50th (median) and 95th percentile dates, as well as the mean arrival day. In the Eastern Bonelli, due to small sample size, we analyse phenology data between 2004 and 2021 only. For this purpose, we fitted separate regression lines using generalised linear mixed models (GLMM) for each of the quantile specified. Arrival day (in each of the quantiles) or mean arrival day were set as the response variable, with age (second year or adults; if known) and year of capture as explanatory variables as well as the interactions between year and age. Note that accounting for age was possible only in two species: Lesser whitethroat and Thrush nightingale. We accounted for age in the statistical models because some species show differences in arrival timing between age groups (Smith and Moore, 2005). Year was included as both fixed and random effect to account for pseudo-replication. Negative and positive slopes depict that migration was advanced or delayed, respectively.



Wing Length

We applied a GLMM to describe any temporal changes in wing length over the study period. We also hypothesised that wing length varies with season, due to sex or age-biased migration phenology, or because individuals may come from different populations and their wing length may correspond to their flight distance (Fiedler, 2005; Nowakowski et al., 2014; Toews et al., 2017). To account for this variation, we divided our bird capture data from the entire migration season into early and late arrival phases. While arbitrary, by using a cut off at the 30th percentile of each end of the arrival period we can capture a substantial proportion of early and late individuals arriving during the migration season. Annual mean wing length was set as a response variable with age (second year and adults; where known), arrival group (early or late) and year of capture as explanatory variables, as well as the interactions between all variables to account for any differences in the slopes between the age and arrival groups. Year was also set as a random effect. We accounted for age in the statistical model because some species show morphological differences in wing length between age groups (Kiat and Sapir, 2018). Post hoc test was performed when interaction was significant using estimated marginal means of the linear trends to evaluate differences between the groups.

For Eastern Bonelli’s warbler, due to low sample size (Supplementary Table 1), we ran a GLMM for the individual wing length across the study period (to avoid dividing the dataset into early and late phases and lose individual measurements). Wing length was set as a response variable, with year and arrival day as explanatory variables, and year of capture set as a random effect.



Environmental Conditions

We used linear models to analyse the relationship between arrival dates to the stopover site in Israel and environmental conditions on the wintering ground and stopover site in each species. For Olive-tree warbler and Eastern Bonelli’s warbler, we set the mean annual arrival day as the response variable with average EVI in February and March, and temperatures in Jerusalem in March, April and May as explanatory variables. For Lesser whitethroat and Thrush nightingale, we used GLMM to also account for variation between age groups. To this end, we include age as an explanatory variable and interaction terms between age and each of the explanatory variables to account for different slopes for each age group. Finally, we added year as a random effect to account for pseudo-replication. Models were selected based on Akaike Information Criterion (AIC) multi-model approach. First, all possible models within 95% cumulative AIC weight were averaged (Symonds and Moussalli, 2011), than variables were scored based on the sum of Akaike weights (sw) to identify the most important variables. Variable is considered relatively more important as its sw approaching 1. We report both standardized and non-standardized coefficients for ease of interpretation of the relative effect of the explanatory variables.

All statistical analyses were conducted using R version 3.6.0 (R Development Core Team). R-function lme in R package nlme (Pinheiro et al., 2020) and R functions lm and lmer from the R package lme4 were used for the linear and mixed effect models, R-function emtrend in the R package emmeans (Lenth, 2020) was used to perform the post hoc test and estimate the marginal means of the linear trend. Variables in the arrival trend models were excluded based on a threshold significance level set to P = 0.05. Models analysing the relationship between arrival timing and environmental conditions were ranked by their AICc using the R function dredge and the importance of each variable in the average model were determined using the importance function. Both functions are in the R package MuMIn (Barton, 2020).





RESULTS


Overall Change in Phenology

We found that two of our study species advanced arrival to stopover site in Israel throughout the study period. Lesser whitethroat advanced arrival by 0.30–0.46 days per year in all four population measurements (Figure 2 and Table 1). The interaction between year and age was significant in the model, and a post hoc test revealed that the advancement in arrival of the 95th percentile occurred in adults, but not in the second year group (Table 1). Eastern Bonelli’s warbler advanced arrival by 0.70–0.85 days a year in all population measurements, except the 95th percentile (Table 1). Thrush nightingale and Olive-tree warbler did not change their arrival time.
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FIGURE 2. Spring migration phenology (mean first arrival day) of the four study species migrating from wintering grounds in Africa to stopover sites in Israel across 22 years (2000–2021). Lines were fitted using GLMM and shown only where slope was significant (P < 0.05) with confidence intervals shaded in grey. In Lesser whitethroat and Thrush nightingale data depict adults (triangles and a dashed line) and second year individuals (solid circles and a solid line).



TABLE 1. Summary of the changes in arrival timing (days per year) of the first 5th percentile, median, 95th percentile and mean arrival of the four studied species to stopover site in Israel, estimated by generalized linear mixed effect models, and the difference between age groups (Adults and second year; SY) where age could be identified.
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Wing Length

The average wing length of Lesser whitethroat increased slightly throughout the study period in both adults and second year birds (β = 0.03, P = 0.01, Table 2). A significant interaction between year of capture and age implies a different slope for second year and adult birds (Interaction term year × age: t = −1.95, P = 0.05). A post hoc test revealed that the slopes were significantly different (0.07, SE < 0.01, df = 60, t = 1.95, P = 0.05). We did not detect any long-term trend in average wing length in the other species.


TABLE 2. Results of linear mixed-effect model testing the effect of year, arrival phase (early or late; “Group”) and Age (Second year or adults; where known), with Year also as a random effect, on the average wing length of the studied species during spring migration in Jerusalem, Israel during the study period (2000–2021).

[image: Table 2]
In both Lesser whitethroat and Thrush nightingale, the only two species where age could be identified in the field, adults had longer wings than second year birds, and in all species early arrivals had longer wings than late arrivals (Figure 3 and Table 2). This difference was strongest in Eastern Bonelli’s warbler, where the average wing length in the first 30th percentile was 68.2 mm in compared to an average wing length of 65.0 in the 70th percentile. Note that sex was not identified in our species and these differences may be a result of inter-sexual differences (will be discussed). The standard deviation of the random effect (year) was small and close to zero in the case of Olive-tree warbler, indicating that the variability between individuals is small (Table 2).
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FIGURE 3. Wing length differences between arrival phases in the four migratory passerines species caught at a stopover site in Israel during spring migration (2000–2021). Box-and-whisker describing the mean yearly wing length for each arrival group on the x-axis, and black stripes depict the median. Early and late arrivals were calculated as the first and last 30% of individuals on their first capture. For Lesser whitethroat and Thrush nightingale, data is separated into adults (white boxes) and second year individuals (dark grey boxes). Due to limited sample size (Supplementary Table 1), data for Eastern Bonelli’s warbler were not divided into arrival phases, but the whole data set was used to analyse trends in wing length against arrival day. For the purpose of representation, boxes in this plot show mean wing length of the first and last 30% (“Early” and “Late”), as well as of the core arrivals (“Mid”). Statistical models are detailed in Table 2.




Environmental Conditions

The average model of all possible models within 95% cumulative AIC weight for Lesser whitethroat (39 models, Supplementary Table 2) included EVI in March in the Horn of Africa and temperatures in Jerusalem in both March and April. The importance score suggested that temperatures in March has relatively strong effect on the mean arrival day of Lesser whitethroat to the stopover site (sw = 0.94; Table 3 and Figure 4).


TABLE 3. Coefficients of the average model of all possible models within 95% cumulative AIC weight, testing the effect of environmental variables on the mean arrival day of migratory species, and the sum of Akaike weights (sw) describing the importance of each variable (N containing models in brackets).
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FIGURE 4. The relationship between mean arrival day and average Enhanced Vegetation Index (EVI) on the Horn of Africa and temperatures in March at the stopover site in Jerusalem. Predicted lines were drawn from a linear model and only variables considered important by the multi-model approach are shown. Black points represent raw data and the 95% confidence interval is shown in grey. The lines in each plot are derived from different species-specific linear models outlined in the methods.


Both EVI in March in the Horn of Africa and March temperatures in Jerusalem were included in the average model of Thrush nightingale (based on 47 models, Supplementary Table 3). Model results and importance score suggested a stronger effect of greenness at the pre-departure site on the mean arrival day (sw = 0.81) than temperatures in March (Table 3 and Figure 4).

The average model for Olive-tree warbler (based on 49 models, Supplementary Table 4) included only EVI in the Horn of Africa in March. The importance score suggested a relatively strong effect of EVI on the mean arrival day (sw = 0.82; Table 3 and Figure 4).

The average model for Eastern Bonelli’s warbler (based on 51 models; Supplementary Table 5) was the null model (no predictors) and the sw of each of the variables were <0.39.

In thrush nightingale and Lesser whitethroat, the only two species where age could be identified, age was not significant in the models, suggesting a similar effect of EVI and temperatures on both second year and adult birds. We therefore present the models where age is not included.




DISCUSSION

In this study, using a combination of long-term biological observations and remotely-sensed environmental monitoring, we show intra-specific differences in spring migration phenology and in the response to environmental cues. While Lesser whitethroat and Eastern Bonelli’s warbler advanced arrival to the stopover site, the arrival of Thrush nightingale and Olive-tree warbler did not change throughout the study period and was associated with mean EVI on the pre-departure site in the Horn of Africa during the period before departure. Importantly, we show that for Lesser whitethroat, a species with northern breeding areas, temperatures at the stopover site were correlated to arrival timing, suggesting fine-tuning of stopover arrival to match conditions en-route.

Clearly, there are many additional variables at multiple locations along the migration routes that potentially affect migration decisions (e.g., Saino et al., 2004; Arizaga et al., 2011; Sjöberg et al., 2015). Hence, a more comprehensive suite of variables may be more appropriate to make conclusions on the triggers to depart on migration. However, while our study suggest that conditions in the Horn of Africa potentially affect the migration decision of some species, a lack of accurate information on the departure site and routes taken, currently limit this kind of analysis with our data. Before we can apply a more elaborate testing of multiple variables, we need fundamental studies on the wintering locations and on migration routes. This could be done via stable isotope analysis to reveal the likely departure sites (e.g., Raz et al., Submitted)4 and the use of tracking devices (e.g., Tøttrup et al., 2012). Still, our study highlights the potential of such studies in measuring more accurately the variables that play a role in the decision making by migratory species before departure.


Wing Length Differences: A Result of Sex, Age, or Population Dimorphism?

We found that individuals arriving later had significantly shorter wings than early arrivals in all study species. This trend has multiple potential explanations: (1) sexual dimorphism (2) age differences, or (3) separate populations. Sexual dimorphism has been suggested in Lesser whitethroat (Loskot, 2005) and Thrush nightingale (Csörgő et al., 2018), hence, the early and late arrival phases may represent males and females, depicting different migration phenology. However, Kováts (2012) argues that the difference found in wing length in immature Thrush nightingale were not attributed to sex-biased migration timing. Adults may also have longer wings (as we show in Lesser whitethroat and Thrush nightingale). While our results show that the trend of decreasing wing length with season persists in both adults and second year birds, we do not have a record of age in Olive-tree warbler and Eastern Bonelli, and therefore cannot rule out that the differences in wing length may be attributed to age-biased migration phenology. Finally, the differences in wing length between arrival phases may be attributed to different populations. The longer wings suggest that the early arrivals may head to breeding sites farther from the wintering grounds than the later arrivals, based on association between wing length and migration distance (Fiedler, 2005; Nowakowski et al., 2014; Toews et al., 2017). Indeed, ring recoveries show that early arriving individuals of Lesser whitethroat are heading towards breeding sites in West Europe, while individuals that breed in central and Eastern Europe, which are geographically closer to Israel, arrive later. This explanation may also hold for Eastern Bonelli’s warbler, because the same trend has been recorded at a stopover site in Greece (Barboutis et al., 2013). Moreover, multiple populations of Eastern Bonelli’s warbler may also explain the advanced arrival trend shown only in the early and median arrival phases, but not in the late arrival phase, as they may be responding and adapting to different conditions at separated sites.

The average wing length of Lesser whitethroat increased throughout the study period, and possibly suggest that changes had taken place in the population structure and/or in migration behaviour. Such a change in the morphology of a species may result from selection pressure for individuals with longer wings, because long wings are more energetically efficient for long flights and may facilitate the adjustment to changing conditions along the migration route (Yom-Tov et al., 2006; Hahn et al., 2016). In addition, increased wing length could potentially result from increased breeding success in the western breeding ranges (the early arrival population) as a result of improved conditions from warming climate, as suggested for Garden warbler (Sylvia borin; Kovács et al., 2011). Nonetheless, the differences in wing length between the arrival groups and with years, for Lesser whitethroat, were very small (< 2mm) in three out of our four species, and could be attributed to measurements error. Interpretation of these differences should be therefore done with caution.



Overall Changes in Migration Phenology and Links to Environmental Conditions


Lesser Whitethroat

Our results show that the arrival of Lesser whitethroat to stopover site in Israel advanced in the last 20 years and was correlated to temperatures at the stopover site. EVI at a wintering site in Horn of Africa had only marginal effect on arrival timing, maybe due to the area from which we calculated EVI not accurately representing the population of Lesser whitethroat passing through Israel, or that changes occurred in the population, as also suggested by the increased wing length (discussed above). These observations suggest that further studies need to investigate the main African wintering and pre-departure site of Lesser whitethroat to gain a holistic understanding of the forces acting on the migration decisions of this species.

In support of our results, Lesser whitethroat has also been advancing its arrival timing in the last 60 years to breeding and stopover sites in northern Europe (Hüppop and Hüppop, 2003; Jonzén et al., 2006; Miles et al., 2017). Importantly, its arrival timing has also been correlated to conditions (precipitation) at the Horn of Africa wintering ground (Aloni et al., 2017) and to local temperatures in Europe and to North Atlantic Oscillation (NAO) index (Hüppop and Hüppop, 2003; Jonzén et al., 2006; but see statistical limitations in the use of NAO; Haest et al., 2018). These correlations suggest not only that conditions at the pre-migratory site affect migration timing, but also that Lesser whitethroat are able to adjust migration timing en route depending on local conditions, as previously found in other species (e.g., Tøttrup et al., 2010; Haest et al., 2020).

In contrast to our results, the arrival timing of Lesser whitethroat to breeding ground in Poland did not change between 1983 and 2003. However, the authors suggested that the lack of trend was attributed to changes to the population size (Tryjanowski et al., 2005). In addition, the median arrival of Lesser whitethroat to Eilat (Israel), a stopover site located about 250 km south of our study site in Jerusalem, has been delayed between 1984 and 2004, as a response to high NDVI values at the wintering ground (Tøttrup et al., 2008). The discrepancies may be a result of both the time period analysed and the area and period from which the index was calculated. Tøttrup et al. (2008) averaged NDVI over both wintering areas of Lesser whitethroat (Horn of Africa and Chad and Sudan), over the period December to February, while we separated the two areas due to their different climate and only accounted for the months before departure (February–March) due to annual variability of EVI in Africa (Adole et al., 2018).



Thrush Nightingale

Our results suggest no trend in arrival phenology of Thrush nightingale to the stopover site in Israel, but dependence on conditions at the African pre-departure site. As EVI is a proxy for food availability, it is likely that high and low EVI determine fuelling rates and either allow advanced departure and arrival to the stopover site (high EVI), or limit the birds ability to gain enough fat before departure, particularly in north Africa, before crossing ecological barrier such as the Sahara desert. For example, low and high EVI in the Horn of Africa in 2000 and 2020 (Supplementary Figures 1, 2) are likely the cause behind the relatively late and early arrival of Thrush nightingale, respectively (Figure 2).

In contrast to Lesser whitethroat, which is also a northern breeding species, the arrival of Thrush nightingale was not correlated to local temperatures at the stopover site in Israel. This may be explained by the relatively late arrival of Thrush nightingale to the stopover site, probably because individuals arrive from further wintering locations in Southern Africa. Therefore, they may be time-constrained in this migration leg and their departure decision is dominated by feeding conditions at the pre-departure site in Africa.

Previous studies found that Thrush nightingale advanced its arrival to the Island of Christianso in the Baltic Sea during 1976–1997 (Tøttrup et al., 2006), to Sweden, in correlation with high NAO index from 1980 to 2004 (Jonzén et al., 2006) and to its breeding ground in Poland between 1983 and 2003 (Tryjanowski et al., 2005). While these studies took place in earlier time periods, they still suggest that while Thrush nightingale did not advance arrival to Israel on northward migration, it may still show flexibility and adjust migration speed en route as a response to local conditions, and ultimately advanced arrival to Europe.



Olive-Tree Warbler

To our knowledge, our study is the first to analyse trends in migration phenology of the Olive-tree warbler. We show that, similar to Thrush nightingale, the arrival of Olive-tree warbler to Israel did not change, and was correlated with EVI at the pre-departure site in the Horn of Africa. The migration route and phenology of Olive-tree warbler, at least at the African part of the migration route, is similar to that of Thrush nightingale. Indeed, the year-to-year fluctuation in arrival timing of Olive-tree warbler was also correlated to that of Thrush nightingale (Supplementary Figure 3). This is not surprising as both species winter in Southern Africa, stop at the Horn of Africa before crossing the Sahara desert on north migration, and are relatively late arrivals to the Israeli stopover site. The correlation between the arrival timing of these species suggest that they experience similar conditions en route and use a similar spring migration strategy.

The arrival of Olive-tree warbler was independent of local temperatures at the stopover site. Similar to Thrush nightingale, Olive-tree warbler winter in Southern Africa, and individuals have a longer distance to cover during the annual migration. It is therefore likely that the departure decisions of Olive-tree warbler are less flexible and predominantly based on suitable departure conditions at the pre-departure site. A second explanation may be the proximity of the breeding grounds of Olive-tree warbler in southeast Europe and northeast Mediterranean, to the Israeli stopover site. This proximity means that the remaining journey from Israel to the breeding ground is short, and probably does not require long and intensive preparation. It may therefore allow for some flexibility in the length of stay at the stopover site in Israel, and adjustment of arrival at the breeding grounds when optimal breeding conditions occur. Therefore, they are likely less time-restricted, and do not have to fine-tune their migration timing to match multiple other stops.



Eastern Bonelli’s Warbler

We are also not aware of previous studies on changes to the migration phenology of Eastern Bonelli’s warbler. Our results show that, similarly to Lesser whitethroat, Eastern Bonelli’s warbler advanced arrival to the Israeli stopover site in the last 20 years. Indeed, the arrival timing of Eastern Bonelli’s warbler was correlated with year-to-year fluctuation in arrival timing of Lesser whitethroat (Supplementary Figure 3), supporting similar conditions en route and similar spring migration strategy. However, the arrival of Eastern Bonelli’s warbler was independent of spatial and temporal availability of resources during the pre-migratory period (measured as EVI) at its wintering site. While the small sample size of Eastern Bonelli’s warbler (average number of individuals per year: 24.8 ± 16.3) require interpreting the results with caution, we are confident that the presumed wintering area from which we calculated EVI represent the population flying through Israel. This is because previous studies show that the autumn temperature at the same wintering ground affected the body condition of Eastern Bonelli’s warbler during spring migration (Aloni et al., 2019). Instead, we suggest that the migration decisions of Eastern Bonelli’s warbler could be primarily dominated by endogenous cues and photoperiod (Ramenofsky, 2012; Stanley et al., 2012; Gersten and Hahn, 2016), which stay fixed as the earth’s climate changes, or environmental variables other than vegetation growth (Haest et al., 2020). Thus, the advanced arrival of Eastern Bonelli’s warbler to the stopover site, potentially corresponding to advanced conditions at the breeding ground, could be a result of increasing selection for individuals which migrate earlier (Both and Visser, 2001; Jonzén et al., 2006), or a generational shift towards early arrivals as a result of advances in arrival dates of new recruits (Gill et al., 2014).

Moreover, the advanced arrival of Eastern Bonelli’s warbler was recorded only for the early, mean and median phases of migration, and not for the late phase. This could be a result of phenological changes which vary between populations depending on the cues birds are responding to along their migration route and breeding/non-breeding conditions. It has also been suggested that birds in the earliest migration phases in several trans-Saharan species are experiencing greater change in spring phenology and therefore they are responding strongly to cues along the migration route, compared to the later migration phases which may rely on endogenous control (Tøttrup et al., 2010). In our case, the differences in migration phases may also be related to sex-biased migration timing, or to young, inexperienced individuals relying on endogenous cues, while adults are more flexible to respond to external cues.

Similar to Olive-tree warbler, the arrival of Eastern Bonelli’s warbler was independent of local temperatures at the stopover site in Israel. This is again likely due to the proximity of their breeding grounds to the Israeli stopover site, which allow them to use the Israeli stopover site until optimal breeding conditions occur (discussed above).





CONCLUSION

Generally, the decision when to depart on migration is strongly dependent on endogenous rhythms and photoperiods (Gwinner, 1996; Bradshaw and Holzapfel, 2008). However, spring departure can also be influenced by exogenous cues such as weather condition and food availability, and the level of response is species-specific. Here, we suggest that some species are able to show flexibility and fine-tuned migration speed in response to local conditions en route (Hüppop and Hüppop, 2003; Tøttrup et al., 2008, 2010). This flexibility may be a result of phenotypic plasticity, but we lack individual data to support this argument. Thus, individuals are likely using constant decision making processes based on local weather and body condition throughout the migration route in order to match optimal breeding conditions.

Still, selection and micro-evolutionary processes probably play a role and may shift departure times earlier (Pulido et al., 2001; Jonzén et al., 2006; Gienapp et al., 2007), and possibly explain the advanced arrival of Eastern Bonelli’s warbler in our study. While advanced arrival is advantageous in the current warming climate, selection for early individuals may suggests less adaptability to year-to-year variation in local and en route conditions (e.g., Hüppop and Hüppop, 2003). Moreover, while many migratory birds may shift to earlier departure and reduced time in Africa, this shift may be possible only if conditions, such as food availability for high fuelling rates, permit, and within the framework in which individuals are able to respond. For example, a drought event in 2011 in the Horn of Africa, an area which potentially affect migration decision in three out of our four studied species, caused substantial delay of several species, including Thrush nightingale, to the breeding and stopover sites (Tøttrup et al., 2012; This study). Limiting conditions at the pre-departure and stopover sites of long distance migratory species may have consequences for reproduction success and survival as a result of mismatched arrival and “thermal delay” (Saino et al., 2011), emphasizing the challenges to long-distance migratory species in the race to match global changes to ensure their survival.
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Supplementary Figure 3 | Correlation between the year-to-year variations in arrival timing of species. The plot show the results of Pearson correlation between the first arrival day of the different species at the stopover site in Israel. Red asterisk show significant correlation: *<0.05, **<0.01, ***<0.001.
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