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Resumen 

Numerosos estudios han documentado tendencias fenotípicas asociadas con el cambio global, pero 

no está claro que dichas tendencias representen siempre la optimización de rasgos en condiciones 

cambiantes. La selección natural ha modelado las alas de las aves migratorias de larga distancia 

para minimizar los costes de transporte, de modo que la alteración de los patrones migratorios por 

el cambio global podría promover nuevas morfologías alares óptimas. Sin embargo, una respuesta 

correlacionada a la selección de otros rasgos que pudieran ser favorables en un ambiente 

cambiante podría hacer variar también la forma del ala, alejándola de su óptimo para la migración 

e incrementando los costes de transporte. De acuerdo con los datos de 20 años de seguimiento de 

dos poblaciones de ruiseñores comunes (Luscinia megarhynchos) del centro de España, donde la 

creciente sequía estival ha deteriorado las condiciones ambientales en época de cría durante las 

últimas décadas, las aves han reducido la longitud de sus alas relativa al tamaño corporal a lo largo 

del periodo 1995–2014. Sin embargo, los ruiseñores de alas más largas sobrevivieron mejor a su 

primer viaje migratorio de ida y vuelta, y cuanto menor fue la longitud media del ala de los 

individuos, más fuerte fue la selección natural por supervivencia de los individuos de alas más 

largas. Las alas cortas, un rasgo maladaptativo, podrían haber incrementado su frecuencia en estas 

poblaciones si los ruiseñores de alas cortas compensasen mediante beneficios reproductivos los 

costes asociados con la mortalidad durante la migración. Asumiendo que la integración fenotípica 

de las adaptaciones morfológicas y reproductivas de las aves migratorias tiene una base genética, 

postulamos que la tendencia maladaptativa hacia alas más cortas puede ser una respuesta 

correlacionada a la selección a favor de una inversión reproductiva moderada en hábitats cada vez 

más secos. Nuestros resultados muestran que las poblaciones de aves pueden variar desviándose 

de su óptimo fenotípico, lo que nos ayuda a comprender mejor las restricciones ecológicas que 

pueden condicionar su adaptación al rápido cambio global. 
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ABSTRACT 1 

2 

Contemporary phenotypic trends associated with global change are widely documented, 3 

but whether such trends always denote trait optimization under changed conditions 4 

remains obscure. Natural selection has shaped the wings of long-distance migratory 5 

birds to minimize the costs of transport, and new optimal wing shapes could be 6 

7 promoted by migration patterns altered due to global change. Alternatively, wing shape 

could vary as a correlated response to selection on other traits favoured in a changing8 

9 environment, eventually moving away from the optimal shape for migration and 

increasing transport costs. Data from 20 years of monitoring of two Common10 

11 Nightingale (Luscinia megarhynchos) populations breeding in central Spain, where 

environmental conditions for breeding have deteriorated during the last decades due to12 

increased summer drought, show that birds have reduced wing length relative to body 13 

size over the period 1995-2014. However, long-winged nightingales survived their first 14 

round-trip migration better, and the shorter the average wing length of individuals, the 15 

stronger the survival-associated natural selection favouring longer wings. Maladaptive 16 

short wings may have arisen because the mortality costs of migration are outweighed by 17 

reproductive benefits accrued by short-winged nightingales in these populations. 18 

Assuming that the phenotypic integration of morphological and reproductive 19 

adaptations of migratory birds has a genetic basis, we hypothesize that the maladaptive 20 

trend towards shorter wings may be a correlated response to selection for moderate 21 

breeding investment in drying habitat. Our results provide evidence that contemporary 22 

phenotypic change may deviate average trait values from their optima, thereby 23 

increasing our understanding of the ecological constraints underpinning adaptation to 24 

rapid global change. 25 

https://www.editorialmanager.com/auk/download.aspx?id=63359&guid=2215ad0c-d8cc-4424-b954-fb6ae9ae2a72&scheme=1
https://www.editorialmanager.com/auk/download.aspx?id=63359&guid=2215ad0c-d8cc-4424-b954-fb6ae9ae2a72&scheme=1
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INTRODUCTION 28 

29 

Global change has promoted many ecological and evolutionary responses of living 30 

beings, including shifting species' ranges, adjustment of seasonal cycles, and 31 

morphological adaptation (Parmesan and Yohe 2003, Hoffmann and Sgrò 2011, 32 

Radchuk et al. 2019). Phenotypic trends during the last decades have been interpreted as 33 

adaptive responses to natural selection associated with warmer climate (Lo Cascio 34 

Sætre et al. 2017, Weeks et al. 2019), shifted phenology (Both et al. 2006), or increased 35 

human footprint (Johnson and Munshi-South 2017). However, our understanding of the 36 

mechanisms underlying adaptation in a rapidly changing world is limited by the 37 

difficulty to document contemporary evolution in the wild, the lack of knowledge of 38 

trait heritabilities, and the complexity of correlated responses that may limit or nullify 39 

the fitness advantage of adaptive traits (Merilä 2012, Wegge and Rolstad 2017). 40 

Migratory birds have been a favourite model for the study of adaptive change in 41 

the face of global change (Rolshausen et al. 2009, Knudsen et al. 2011, Salewski et al. 42 

2014, Møller et al. 2017, Weeks et al. 2019). Decades of research and monitoring of 43 

bird populations have helped to build comprehensive knowledge of the ecological and 44 

evolutionary determinants of variation in migratory behaviour and its associated 45 

phenotypic traits, from the seasonal patterning of annual cycles to morphological 46 

adaptations (Helm et al. 2013, Hahn et al. 2016, Vágási et al. 2016). As a general rule, 47 

seasonal primary production is considered to be the main driver of the evolution of 48 

migration, because fecundity benefits associated with breeding in highly productive 49 

habitat compensates the mortality cost of transport incurred by tracking seasonal 50 

production pulses (Thorup et al. 2017). In these circumstances, natural selection may 51 

favour individuals that are genetically programmed not only to have optimal 52 
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morphology and behaviour for travelling, but also to 'live faster' (Wikelski et al. 2003, 53 

Piersma et al. 2005, Van Noordwijk et al. 2006, Dingle and Drake 2007, Liedvogel et 54 

al. 2011). This adaptive integration of behavioural, physiological and life-history traits 55 

is termed the 'migratory syndrome' (Dingle and Drake 2007), which may be viewed as a 56 

particular case of the so-called 'pace of life syndromes' that position populations, or 57 

individuals within populations, on a slow-fast continuum of life history variation 58 

(Ricklefs and Wikelski 2002, Wikelski et al. 2003, Dammhahn et al. 2018). Thus, the 59 

most migratory birds not only show morphological adaptations such as long wingspan 60 

suited for rapid flight (Tellería et al. 2001, Piersma et al. 2005), but also locate on the 61 

fast extreme of the pace of life continuum, showing higher resting metabolic rate, larger 62 

clutch size or shorter lifespan than less migratory birds (Gwinner et al. 1995, Pérez-Tris 63 

and Tellería 2002, Wikelski et al. 2003). 64 

The 'migratory gene package' hypothesis proposes that the phenotypic 65 

integration of the various adaptations that characterise migratory birds has a genetic 66 

basis (Liedvogel et al. 2011). Empirical evidence in support of this idea comes from (1) 67 

quantitative genetic analyses showing genetic correlations among traits (Gwinner et al. 68 

1995, Pulido 2007), (2) divergent populations expressing consistently distinct 69 

phenotype in common garden settings (Wikelski et al. 2003), (3) phenotypic 70 

correlations across populations (such as long wings associated with high fecundity or 71 

increased resting metabolic rate; Gwinner et al. 1995, Pérez-Tris and Tellería 2002, 72 

Wikelski et al. 2003), (4) within-population correlations among traits (such as arrival 73 

date and fecundity; Both and Visser 2005, Teplitsky et al. 2011), or (5) temporal trends 74 

of concerted change of phenotypic traits (Weeks et al. 2019). Under the migratory gene 75 

package paradigm, ecological influences outside migration periods that change the 76 

optimal pace of life may have a correlated effect on other components of the migratory 77 
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syndrome, either facilitating or constraining adaptation of migratory birds (Merilä 2012, 78 

Møller et al. 2017). Therefore, the migratory gene package paradigm provides a 79 

convenient framework for interpreting contemporary phenotypic trends, particularly so 80 

when different traits change in a concerted manner that is difficult to interpret as 81 

adaptive (Weeks et al. 2019). 82 

Long-term population monitoring provides the natural setting in which to link 83 

environmental fluctuations with contemporary phenotypic change (Clutton-Brock and 84 

Sheldon 2010, Karell et al. 2011, Tellería et al. 2013). Rapid climate warming during 85 

the last decades (IPCC 2013) has promoted phenotypic trends of migratory birds, 86 

involving traits like body size, arrival time, lay date or brood size, among others (Both 87 

and Visser 2001, 2005; Yom-Tov et al. 2006, Salewski et al. 2014, Usui et al. 2017, 88 

Weeks et al. 2019). However, the question remains open whether these trends represent 89 

direct responses to selection pushing adaptive traits towards new optima, or they rather 90 

arise as correlated responses to selection acting on other traits, or as plastic responses, 91 

with newly favoured phenotypes being uncorrelated with fitness or even constraining 92 

adaptation if maladaptive traits increase frequency. The combined analysis of 93 

phenotypic trends and individual fitness may provide insight into the ecological 94 

constraints underpinning adaptation of migratory birds confronted to rapid climate 95 

change (Chown et al. 2010, Radchuk et al. 2019). 96 

Using the Common Nightingale (Luscinia megarhynchos) as model, we set out 97 

to test whether there is a temporal trend of change in wing length relative to body size, a 98 

trait important for flight performance in long-distance migratory passerines, parallel to 99 

local changes in environmental conditions in the breeding area. If such a trend exists, 100 

we aimed to test if the phenotypic change is adaptive (i.e., birds acquire new optimal 101 

phenotype) or maladaptive (i.e., phenotypic change impairs migration performance). To 102 
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this end, we analysed variation in wing morphology and phenotype-dependent survival 103 

in two closely situated populations of nightingales from central Spain, using individual 104 

monitoring data spanning 20 years (1995-2014). In order to gain insight into the 105 

possible influence of local environmental variation on phenotypic change, we also 106 

assessed local trends in the environmental variables that may best describe how 107 

nightingale habitats have changed over the years, as well as the variation in nightingale 108 

arrival or breeding dates. This was deemed important because global climate trends are 109 

not always reproduced at lower scales (Wilbanks and Kates 1999), meaning that 110 

widespread species may show variable local responses (Hahn et al. 2016). Temporal 111 

shifts in spring phenology could be paralleled by adaptive phenotypic trends in local 112 

nightingale populations: long-winged, speedier nightingales could be in advantage if 113 

breeding seasons become earlier or shorter in terms of green-up phenology or insect 114 

availability (Hahn et al. 2016), whilst shorter wings could arise as a response to delayed 115 

springs, which would relax selection for earliness (Alerstam et al. 2007). However, the 116 

Mediterranean region is recognised as a climate change hostpot because of its 117 

pronounced warming and decreasing precipitation during spring and summer (Giorgi 118 

and Bi 2005, Giorgi 2006, Giorgi and Lionello 2008). Therefore, instead of shifting 119 

productivity peaks or changing flight speed necessities, Mediterranean nightingale 120 

populations might be facing progressively drier breeding seasons. An intensified 121 

summer drought has an impact on bird populations at the end of the breeding season and 122 

therefore may not change optimal arrival time up to promote adaptive change in wing 123 

length. But it may favour individuals with energetically inexpensive, slower pace of life 124 

because xericity strongly limits the reproductive potential of Mediterranean birds by 125 

compromising the viability of offspring, particularly so if young overlap growth with 126 

periods of hydric stress (Pérez-Tris et al. 2000, Carbonell et al. 2003, Charmantier et al. 127 
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2016). In particular, natural selection for slow pace of life may favour individuals that 128 

lay small clutches (whose smaller broods are easier to rear under xeric conditions due to 129 

reduced parental effort). If small clutch size and short wings compared to body size are 130 

correlated in nightingales, as they are in other closely related passerines (Gwinner et al. 131 

1995, Starck et al. 1995, Pérez-Tris and Tellería 2002, Baldwin et al. 2010), the 132 

selective process may result in shortened wing length not as the result of morphological 133 

optimization, but rather as a correlated response to selection favouring another 134 

component of the migratory syndrome (Piersma et al. 2005, Van Noordwijk et al. 2006). 135 

In this case, wing shortening might impair migration performance up to compromise 136 

survival, so that the selected phenotype would be one with a wing shape that is 137 

maladaptive for migratory performance. To sum up, the combined analysis of 138 

morphological variation and phenotype-dependent survival may help to distinguish 139 

adaptive morphological change from maladaptive phenotypic shifts (Radchuk et al. 140 

2019), thereby improving our capacity to correctly interpret contemporary trends of 141 

morphological variation in migratory birds. 142 

 143 

METHODS 144 

 145 

Species and banding data 146 

The Common Nightingale is a long-distance migratory passerine widespread in Europe, 147 

where it shows morphological variation associated with differences among populations 148 

in distance of migration and speed of spring green-up at migration destination (Hahn et 149 

al. 2016). Convenient to our study, nightingales keep juvenile flight feathers until their 150 

second summer, moulting them once they have completed the first round-trip migratory 151 

journey. This attribute facilitates the direct comparison of the flight apparatus of young 152 
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birds measured before the first migration with that of recruits that return from sub-153 

Saharan Africa the following year. Nightingales breed mainly in moist lowland 154 

woodland, from late April (when first clutches occur) to mid-July (when the latest 155 

young reach independence), and usually lay 4-5 eggs. Incubation spans 13-14 days and 156 

nestling leave nest at age 10-12 days, although they are able to fly 3-5 days later (Collar 157 

2005). 158 

 We used data from two constant effort ringing sites operated weekly. Las Minas 159 

(40.2245º N, 03.5475º W) is a reed bed that has been sampled all the year around since 160 

1995. Presa del Rey (40.3010º N, 03.5414º W) is a riverside forest sampled only during 161 

the spring-summer period (early April to mid-July), from 1998 to 2014 (Supplementary 162 

Material S1 and Figure S2.1 in Supplementary Material S2). These two habitat types 163 

represent two extremes of habitat quality for nightingales, high in the forest and low in 164 

the reed bed (Holt et al. 2010), a circumstance that makes our results more 165 

generalizable. Nightingales were aged by plumage (Jenni and Winkler 1994), 166 

distinguishing among young (hatch year birds), recruits (second year) and older birds 167 

(after second year birds, hereafter adults). Many birds were sexed by the presence of a 168 

brood patch or protruding cloaca, but juveniles could not be sexed, and therefore we did 169 

not include sex in the analyses. Body measures included wing maximum chord (to the 170 

nearest 0.5 mm), tarsus length (0.01 mm), fat score (Kaiser 1993) and body mass (to the 171 

nearest 0.01 g). Given that birds were measured by many observers, we computed 172 

intraclass correlation coefficients (ri; Lessells and Boag 1987) to estimate the 173 

repeatability of wing and tarsus length from measures of the same individual obtained 174 

during the same year and with the same plumage (thereby avoiding confusion between 175 

measurement error and ontogenetic change). Both traits were repeatable (wing length; ri 176 

= 0.86, F324,543 = 17.94, P < 0.001; tarsus length; ri = 0.87, F331,555 = 18.93, P < 0.001). 177 
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 We filtered the data to select records of breeding birds (adults or second-year 178 

recruits) and young hatched in the area, based on capture dates and recapture history. 179 

We defined a conservative period of absence of birds in passage spanning from 15 May 180 

to 15 July for breeding birds (31 July for young birds). Birds that were captured at least 181 

once within this time window were considered to belong to the local breeding 182 

population. Each individual was assigned an average morphology each year it was 183 

captured, which was computed from mean tarsus and wing lengths measured that year. 184 

Data selection is described in detail in Supplementary Material S1. 185 

 186 

Environmental variables 187 

In order to describe the change in spring and summer environmental conditions faced by 188 

local nightingale populations, we used several indices derived from satellite images, 189 

temperature and humidity data in a region of central Spain that included both study 190 

sites. Spatial and temporal resolution of each variable varied according to the available 191 

data. 192 

 193 

Spring productivity. The normalized difference vegetation index (NDVI) is widely used 194 

as a proxy of vegetation productivity in studies that link animal dynamics to 195 

environmental variation (Pettorelli et al. 2005). We used standardized NDVI data from 196 

VIP07 series (Didan et al. 2016; data available from 1982 to 2014) extracted from two 197 

nearby extents in central Spain (Supplementary Material S2). We classified NDVI by 198 

land uses because phenology is influenced by the type of vegetation (Badeck et al. 199 

2004). Detailed information about the data filtering process may be found in the 200 

Supplementary Material S2. The spring was characterized each year by start and end of 201 

the season (day with the maximum and minimum slope of NDVI increase, 202 
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respectively), date of maximum productivity (when NDVI reaches its maximum), 203 

spring green-up slope (the difference in NDVI between the maximum and its level at the 204 

start of spring, divided by the days elapsed between the two), and spring green-down 205 

slope (the difference in NDVI between the maximum and the level at the end of spring, 206 

divided by the days elapsed between the two).  207 

 208 

Summer temperature and humidity. Nightingale juvenile production peaks during 209 

summer (June-July in our study area, see also Collar 2005), which in the Mediterranean 210 

is characterized by a drought period that impairs juvenile development (Pérez-Tris et al. 211 

2000). We described summer seasons by temperature and humidity data extracted using 212 

R package RNCEP from the National Centers for Environmental Prediction (Kemp et 213 

al. 2012; data from 1950 to 2014 years, 2.5 degree spatial resolution in [Lat/Lon] grid 214 

format). We calculated day of maximum temperature, maximum temperature, day of 215 

minimum humidity, minimum humidity, speed to reach maximum temperature (the 216 

difference in temperature between the maximum and the value at the start of 217 

temperature increase, divided by the days elapsed between the two) and speed to reach 218 

minimum humidity (the difference in humidity between the minimum and the value at 219 

the start of the humidity decrease, divided by the days elapsed between the two).  220 

 221 

Computing season indices. The abovementioned spring and summer season variables 222 

were estimated using general additive models (GAM, mgcv package in R; Wood 2017) 223 

for detecting the day where the derivative of smooths with associated standard errors (2-224 

day intervals) was maximum (start of the spring season and start of temperature 225 

increase) and minimum (end of the spring season and start of humidity decrease). We 226 

also used these models to estimate the dates when predicted NDVI and temperature 227 
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reached their maximum value, and the date when humidity reached its minimum (day of 228 

maximum productivity, day of maximum temperature and day of minimum humidity, 229 

respectively). All computations were done with R software v3.5.3 (R Development 230 

Core Team 2019). Deviances explained by the spline grid models ranged from 19.87 to 231 

85.28% (average = 55.75%) in NDVI data, 75.42 to 89.46% (average = 84.90%) in 232 

temperature data and 34.21 to 69.39% (average = 53.28%) in humidity data. Finally, we 233 

performed a principal components analyses (PCA) with standardized variables and 234 

varimax rotation (psych package in R; Revelle 2019) to characterize general patterns of 235 

spring or summer season development. We used the factor scores generated as indices 236 

of the spring and summer phenology. Spring season was characterized by two factors 237 

representing spring earliness, which opposes early to late spring seasons and rate of 238 

spring advancement, which opposes fast-advancing to slow-advancing spring seasons. 239 

Spring earliness (55% explained variance) was positively related to start of spring, day 240 

of maximum productivity and end of spring (loading factors ≥ 0.88). Rate of spring 241 

advancement (24.0 % explained variance) was positively related with spring green-up 242 

slope and negatively related with spring green-down slope (absolute loading factors ≥ 243 

0.65). Similarly, summer season was described by two factors, the first one was related 244 

with the intensity of the summer drought, which opposed rapidly-warming hot and dry 245 

summers to slowly-warming milder ones, and the second with summer earliness, which 246 

opposed early-warming to late-warming summer seasons. Intensity of the summer 247 

drought (41% explained variance) was positively related with maximum temperature 248 

and speed to reach maximum temperature (loading factors ≥ 0.78). This factor also 249 

increased its value in summers when moisture was low, humidity decreased rapidly and 250 

consequently reached its minimum earlier (loading factors ≤ - 0.54). Summer earliness 251 
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(27.0% of explained variance) was positively related with day of maximum temperature 252 

and negatively with minimum humidity (absolute loading factors ≥ 0.62). 253 

 254 

Insect phenology. Insects are the main food of passerine nestlings and therefore 255 

adjusting the nesting period to insect phenology is key for breeding success (Visser et 256 

al. 1998). Following recommendations by Emmenegger et al. (2014) and Hahn et al. 257 

(2016), we used accumulated degree-days as a proxy of insect growth or development 258 

(Jarošík et al. 2011). We estimated for each year the onset of high availability of insects 259 

(FAhigh, which stands for high food availability) as the day when the accumulated 260 

temperature reaches 59.1 degree-days, the average hatching temperature of first stages 261 

of insect larvae (Jarošík et al. 2011). Only temperatures above 10.4 ºC, the lower 262 

developmental threshold temperature of insects (Jarošík et al. 2011), were summed up 263 

to obtain accumulated degree-days. 264 

 265 

Morphological variables 266 

 267 

We analysed temporal trends of change in wing length and tarsus length, two traits that 268 

capture important dimensions of the flight apparatus of migratory birds (Tellería and 269 

Carbonell 1999). However, variation in body dimensions is primarily dependent on 270 

differences in body size. Therefore, we used principal components analysis (PCA) of 271 

wing and tarsus length to obtain orthogonal indices of structural body size and size-272 

independent body shape (Rising and Somers 1989, Pérez-Tris and Tellería 2001). The 273 

PC1 explained 61.2% of variance and their scores were positively correlated with both 274 

variables (loading = 0.78), thereby representing structural body size. The remaining 275 

38.8% of variance was captured by PC2, which was positively correlated with wing 276 
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length (loading = 0.62) and negatively correlated with tarsus length (loading = -0.62). 277 

Thus, we used individual PC1 scores as an index of structural body size, and PC2 scores 278 

as an index of the morphology of the flight apparatus (MFA), which increases with 279 

increasing wing length but decreasing tarsus length compared to structural body size. 280 

 Birds usually increase wing length as they age, especially during the first 281 

complete moult (De la Hera et al. 2014). This source of individual plasticity may be 282 

subject to natural selection (Pérez-Tris and Tellería 2001) and therefore contribute to 283 

produce morphological trends. We used repeated measures ANOVA to assess 284 

individual variation in wing length. Once we made sure that feather wear did not 285 

significantly shorten the wings of birds from hatch year to second year (with freshly 286 

grown or worn juvenile feathers, respectively; repeated measures ANOVA with 287 

individuals measured at both ages: F1,32 = 1.30, P = 0.26), we estimated individual 288 

plasticity as the mean increment in wing length of individuals measured with juvenile 289 

wing feathers (hatch year or second year) and subsequent, adult plumages (older).  290 

 291 

Phenological variables 292 

 293 

In order to explore the relationships between morphological change and possible 294 

phenology shifts, we analysed temporal trends in the date of first capture of breeding 295 

birds and young, which were used as proxies for arrival and fledging times, 296 

respectively. We only considered data from Las Minas in the analysis of arrival time, 297 

because the sampling in Presa del Rey started in April, when many nightingales had 298 

already arrived. In order to consider possible bias of annual average arrival times by the 299 

accumulation of late captures of individuals that arrived earlier, we conducted this 300 

analysis using the date of first capture of the earliest 20% individuals (n = 2 to 6 birds 301 
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depending of year), and repeated it with the data from all breeding birds captured before 302 

15 May (which roughly corresponds to the end of the first wave of captures in a 303 

bimodal distribution, with two peaks separated by a valley of low frequency of captures 304 

corresponding to the nesting period). Similarly, for the analysis of fledging time we 305 

conducted the analysis considering the date of first capture of the earliest young 306 

individual, and repeated it with the data of all young. The time elapsed from the capture 307 

of the earliest 20% breeding birds to the capture of the earliest young in Las Minas was 308 

used as an estimate of the time elapsed from arrival to breeding each year (hereafter 309 

arrival-breeding interval). Because estimated arrival and fledging times are sensitive to 310 

sampling interval, we analysed phenological trends excluding years with sampling gaps 311 

during critical dates (occasionally caused by unfavourable weather). All dates were 312 

converted to Julian date (1 January = 1).  313 

 314 

Analysis of temporal trends 315 

 316 

We analysed temporal trends in environmental, morphological and phenological 317 

variables. Temporal trends were assessed by general additive models (GAM) with a 318 

smooth function for years estimated through restricted maximum likelihood method 319 

(REML) (mgcv package in R; Wood 2017). The effective degrees of freedom (edf) 320 

indicate the degree of smoothing. When the data best fitted to a non-linear relationship 321 

(edf > 1), we also built general linear models (mixed if appropriate) to further explore 322 

the linear trend. In individual analyses we assessed temporal autocorrelation by plotting 323 

the residuals of the best model against year (we could not apply alternative analyses 324 

such as using autocorrelation functions because they need regular lag times through 325 

samples). We analysed variation in MFA, wing length, tarsus length and structural body 326 
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size including year as the smoothing term (or interaction between year and age: young, 327 

recruit or adult, when it was significant). Bird identity was included as a random factor 328 

in the analyses conducted at the individual level. Age and site (in the models involving 329 

data of the two localities) were included as fixed effects, as well as their interaction 330 

when it was significant. Land use category was included as a fixed factor for NDVI 331 

productivity indices. Statistical significance of the effects was assessed trough log-332 

likelihood ratio tests (LRT) using a chi-square distribution with df = 1 for mixed models 333 

and F statistics for simple models. Temporal trends of variation in environmental 334 

variables were modelled during the 20 years of nightingale monitoring. In order to 335 

explore the long-term patterns of environmental change in our study sites, we also 336 

analysed temporal trends of environmental variables during longer periods back in time, 337 

which had different duration for each variable depending on the temporal coverage of 338 

the available data. 339 

 340 

Phenotype-dependent recruitment and survival 341 

 342 

We evaluated the impact of phenotypic change on nightingale performance using two 343 

complementary approaches: a comparison of MFA between hatched individuals and 344 

second-year recruits, and an analysis of lifelong individual survival dependent on MFA. 345 

Because the first migration is an important selective event for long-distance migratory 346 

birds, we compared MFA between hatched and recruited nightingales using ANOVA. 347 

We also computed the intensity of survival-associated selection related to the first 348 

migratory journey as the difference MFAS - MFAH divided by the standard deviation of 349 

MFAH, where MFAS is the mean MFA of individuals that returned after the first 350 

migration (second-year recruits: survivors), and MFAH is the mean MFA of individuals 351 
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of the same cohort measured before migration (hatched the preceding calendar year and 352 

ringed as young). The intensity of selection thus calculated measures the change in the 353 

average trait value before and after the selection event in standard deviation units 354 

(Hereford et al. 2004). The sample of surviving birds included both recaptured and un-355 

banded recruits, which assumes that all breeding birds hatched at or near mist-netting 356 

sites and therefore breeding dispersal did not affect our results. Supporting this 357 

assumption, variation in MFA between recaptured and un-banded second-year recruits 358 

was not significant (LRT test of the effect in a mixed linear model with site as a fixed 359 

factor and year as a random factor: 2 = 2.12, P = 0.15). We regressed the intensity of 360 

selection against the year of hatching of each cohort (excluding the 2014 cohort, which 361 

had no data of recruits). We also regressed intensity of selection against MFAH to test if 362 

the strength of natural selection depends on the population average. Site was included as 363 

a fixed effect in these analyses. Finally, we correlated the average MFA of breeding 364 

birds measured each year (pooling second-year recruits and older individuals) with 365 

MFA of young hatched the same year as a rough proxy of the heritability of MFA. 366 

The lifelong survival probability of nightingales in relation to their MFA was 367 

modelled with RMark (version 2.2.2; Laake and Rexstad 2008) using capture-mark-368 

recapture data. This analysis required assigning a MFA value to each individual, but 369 

migratory birds increase wing length as they age (Pérez-Tris and Tellería 2001, De la 370 

Hera et al. 2014), and nightingales are not an exception (see morphological trends 371 

below). Therefore, using average individual morphology values would bias the analysis 372 

of MFA-dependent survival, as only survivors attain adult measures and these 373 

artificially increase their average MFA. To circumvent this problem, we standardized 374 

MFA values within each age category (young, second-year recruits and adults), and 375 

used the average of standardized MFA values of each individual as an age-standardized 376 
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morphology of the flight apparatus (MFAST) to be used in the analysis of phenotype-377 

dependent survival. Models were tested with the software Mark 6.2 (White and 378 

Burnham 1999). We used the Cormack-Jolly-Seber (CJS) open population model. For 379 

each model we obtained estimates of apparent survival () and recapture probabilities 380 

between years (p). We tested all combinations of the effect of constant, time (linear time 381 

trend), age at first capture, site and MFAST on survival, and constant, time (as a factor), 382 

age at first capture, site and sampling effort on recapture probability. Sampling effort 383 

was included as a dichotomous variable for years before and after 2009 in Presa del Rey 384 

(this year total mist net length changed from 66 m to 120 m). We used the all-385 

combination model strategy of model selection following Doherty et al. (2012). To 386 

verify CJS assumptions, we first assessed the goodness of fit of saturated models with 387 

RELEASE in RMark (P > 0.99 in all cases). We used AICc to select the best models (all 388 

models with  AICc ≤ 2 were treated as equally good (Burnham and Anderson 2002). 389 

390 

391 

RESULTS 392 

393 

Environmental trends 394 

395 

During the nightingale monitoring period springs have been linearly delaying (spring 396 

earliness, edf = 4.87, estimate = 0.023, SE = 0.009, F1,93 = 6.95, P = 0.01; Figure 1) while 397 

rate of spring advancement has been oscillating cyclically (edf = 6.19, F =3.73, P = 398 

0.001). In the long term (1982-2014) we only detected a non-linear pattern in spring 399 

earliness (edf = 2.96, F = 3.19, P = 0.02; Figure 1; not significant pattern for rate of spring 400 

advancement, P = 0.15). All spring season indices varied between land use categories (all 401 
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P values < 0.001). Regarding the summer season, we found a linear increase in intensity 402 

of summer drought in the period 1950-2014 (edf = 1.34, estimate = 0.017, SE = 0.006, 403 

F1,63 = 7.64, P = 0.007; see Figure 1; all other P values ≥ 0.44). In relation to insect 404 

phenology, the onset of high insect availability ranged from Julian day 101 to 163 during 405 

the period 1950-2014. Insect phenology varied among years only in the long term (edf = 406 

2.58, F = 4.02, P = 0.01), with a nearly significant negative linear trend (estimate = -407 

0.156, SE = 0.080, F1,63 = 3.83, P = 0.055; see Figure 1; the pattern was not significant 408 

for the period 1995-2014, P = 0.38). 409 

 410 

Morphological trends 411 

 412 

Average MFA of nightingales decreased during the study period (Table 1, Figure 2). 413 

Both uncorrected wing length and tarsus length of nightingales changed during the 414 

study period: wing length decreased 0.6 mm while tarsus length increased 0.4 mm 415 

(Table 1). Body size, measured as the PC1 of the two morphological traits, showed a 416 

slight but significant trend to increase during the study period (Table 1). Temporal 417 

trends in MFA, wing length, tarsus length and body size of nightingales did not 418 

significantly change between age classes (all P values > 0.12). For MFA, there was a 419 

small but significant interaction between age and site (LRT: 2 = 7.27, P = 0.03, see 420 

Supplementary Material S3 for post-hoc differences in the fixed term). None of the 421 

other variables differed between sites (all P values > 0.12), but body size and wing 422 

length were larger in adults (P < 0.001). Individual nightingales elongated their wings 423 

after the first complete moult (mean ± SE, juvenile plumage: 82.02 ± 0.20 mm; post-424 

juvenile plumage: 84.04 ± 0.18 mm; within-subjects ANOVA F1,92 = 180.11, P < 425 
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0.001). We did not find any temporal pattern of variation in the strength of this plastic 426 

change (Table 1). 427 

 428 

Phenological trends 429 

 430 

In Las Minas, average arrival time of the earliest 20% individuals ranged between April 431 

12 in 1995 (n = 4) and May 2 in 2013 (n = 3), representing a 20-day difference between 432 

the earliest and the latest year. Nightingales delayed arrival by 10.9 days during the 433 

study period (Table 1, Figure 3A). Results did not change when we computed arrival 434 

time as the average date of first capture of all breeding birds captured before 15 May. 435 

We used simple models due to lack of convergence in mixed model and random 436 

variances close to zero. 437 

 The date of capture of the first young was May 28 in 2011 and July 7 in 2007, 438 

representing a 40-day interval between the earliest and the latest year. We found a linear 439 

trend towards earlier fledging during the study period, which was significant both when 440 

we used the date of capture of the earliest young individual (which advanced 13.7 days 441 

over the study period; Table 1, Figure 3B), and when all young were included in the 442 

analysis (average date of capture advanced 12.3 days; Table 1). Nightingales fledged in 443 

average earlier in Presa del Rey than in Las Minas (estimate = -3.494, SE = 1.489, F1,382 444 

= 5.51, P = 0.02), but the date of capture of the first young did not differ between sites 445 

(F1,32 = 3.41, P = 0.07). Arrival-breeding interval in Las Minas varied from 38.6 days in 446 

2011 and 81 days in 1997, representing a 42.4-day difference between the shortest and 447 

the longest years, respectively. Arrival-breeding interval linearly decreased, becoming 448 

20.5 days shorter during the study period (Table 1, Figure 3C). We excluded from these 449 

analyses the years with sampling gaps (2000 and 2010 of Las Minas in the analysis of 450 
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arrival time and arrival-breeding interval, and 2010 and 2012 of Presa del Rey in the 451 

analyses of date of capture of the first young captured each year), although including all 452 

years did not change the results qualitatively. Results of correlations between phenology 453 

and morphological and environmental variables are available in Supplementary Material 454 

S4. 455 

 456 

Phenotype-dependent recruitment and survival 457 

 458 

Overall, second-year recruits captured after their first round-trip migration had larger 459 

MFA values than young measured before the first migration (ANOVA: F1,692 = 4.73, P 460 

= 0.03). The intensity of selection on MFA associated with the first migration tended to 461 

increase during the study period, but the temporal trend did not reach statistical 462 

significance (Table 1, Figure 4A). Nevertheless, natural selection for long-winged 463 

nightingales was stronger in cohorts with low MFA values (estimate = -0.886, SE = 464 

0.156, F1,32 = 32.46, P < 0.001; Figure 4B). MFA of breeding birds was positively 465 

correlated with MFA of young (estimate = 0.472, SE = 0.095, r = 0.76, F1,18 = 24.77, P 466 

< 0.001). 467 

 Age at first capture, site, a linear temporal trend and interactions between these 468 

effects were frequently included in the best CJS models of apparent survival (nine 469 

models with Δ AICc ≤ 2 compared to the model with minimum AIC), although only the 470 

effect of site was recovered by all models (the best model without an effect of site on  471 

was model number 66, with Δ AICc > 7; Table 2; see all models in Supplementary 472 

Material S5). Apparent survival was higher in Presa del Rey (model Site + pAge: 473 

estimate = 0.543, SE = 0.024) than in Las Minas (estimate = 0.436, SE = 0.029). In both 474 

sites nightingales that were first captured as hatch year scored lower apparent survival 475 
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(estimates ± SE in the model Site + Age + pAge; Las Minas: 0.360 ± 0.047, Presa del Rey: 476 

0.462 ± 0.048) than individuals first captured as second year (Las Minas: 0.463 ± 0.038, 477 

Presa del Rey: 0.568 ± 0.033) or adult birds (Las Minas: 0.448 ± 0.040, Presa del Rey: 478 

0.553 ± 0.036). Note that natal dispersal of hatch year individuals (and higher fidelity to 479 

breeding sites in second-year and after-second-year birds) might also contribute to the 480 

differences in apparent survival. Nevertheless, the effect of age at first capture on 481 

apparent survival did not reach statistical significance in likelihood ratio tests 482 

comparing competing models with or without the effect (P > 0.155). MFAST was 483 

included in the ninth model with Δ AICc ≤ 2, and it did not have a relevant influence on 484 

survival (beta = 0.019, SE = 0.074; Table 2).  485 

 486 

DISCUSSION 487 

 488 

Global change has been paralleled by contemporary phenotypic change of many 489 

migratory birds, although little is known about the interplay of adaptation and constraint 490 

driving these trends. Nightingales have shortened wing length compared to their body 491 

size in central Spain over two decades of monitoring (1995-2014). However, body size 492 

increased slightly during the same period, meaning that nightingales changed the shape 493 

of the flight apparatus rather than becoming smaller over time (Dunn et al. 2017). The 494 

trend was replicated in a reed bed and a forest, two habitat types with contrasting 495 

structure and quality for nightingales (Holt et al. 2010). Our combined analysis of 496 

morphological trends and phenotype-dependent survival shows that average wing shape 497 

moved away from the optimal shape for migration: natural selection during the first 498 

migratory journey favoured long-winged individuals, and the shorter the average wing 499 

length in the population, the stronger the selection for longer wings. Although we failed 500 
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to find conclusive evidence that long-winged nightingales remained better survivors at 501 

all ages, they had better chances to recruit and yet their frequency in the population 502 

decreased across generations. In sum, best-performing migrants were in clear 503 

disadvantage, which rules out the possibility that nightingales have shortened wing 504 

length as a consequence of relaxed natural selection associated with reduced costs of 505 

transport. Geolocator data are showing that nightingales winter in the sub-Sahel area 506 

regardless of the flyway they follow (Hahn et al. 2014), and Spanish populations are the 507 

ones with shortest migration distance (Hahn et al. 2016). Therefore, the only way in 508 

which these populations could reduce migratory distance would be establishing pre-509 

Saharan wintering grounds. However, to the best of our knowledge nightingales have 510 

never been reported wintering north of the Sahara.  511 

 The change in wing length of nightingales paralleled environmental and 512 

phenological trends. In central Spain, springs have delayed and the summer drought has 513 

increased intensity, while temperature has allowed insects to thrive earlier, a pattern that 514 

fits to the general climate change trend in the Mediterranean region (Giorgi and Bi 515 

2005). In this scenario, nightingales have delayed arrival but raise their offspring earlier, 516 

shortening the breeding season as the consequence. This phenological trend may be a 517 

response to the intensifying summer drought (Carbonell et al. 2003): compared to 518 

northern latitudes where the summer drought is not so influencing, the change in 519 

breeding conditions in these Mediterranean localities may lower fitness of individuals 520 

that fail to rear offspring before the environment deteriorates (Pérez-Tris et al. 2000). 521 

 Short wings lowered nightingale survival during the first round-trip migration, 522 

and therefore the observed phenotypic trend is most likely driven by breeding benefits 523 

accrued by short-winged individuals. Life-history theory predicts that in impoverished 524 

breeding environments natural selection should favour trait combinations that reduce 525 
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the cost of offspring rearing (Grant and Grant 2002, Ricklefs and Wikelski 2002). 526 

Therefore, nightingales confronted with a shrinking time frame of suitable breeding 527 

conditions may benefit from reducing reproductive investment, in particular if they tend 528 

to overlap offspring rearing with periods of intense drought due to climate change. If the 529 

new optimal clutch size has fewer eggs, a cliff-edge effect would strongly penalize 530 

individuals that keep laying clutches of the historical optimal clutch size (Boyce and 531 

Perrins 1987). Under the migratory gene package paradigm, natural selection for 532 

smaller clutch size may shorten wing length as a correlated response (Van Noordwijk et 533 

al. 2006, Merilä 2012). In fact, comparisons of populations of migratory passerines 534 

positioned along the slow-fast continuum of life-history variation provide compelling 535 

evidence that heritable slow pace of life is associated with shorter wings compared to 536 

body size and larger structural body size (Gwinner et al. 1995, Starck et al. 1995, Pérez-537 

Tris and Tellería 2002, Wikelski et al. 2003, Baldwin et al. 2010). Remarkably, a recent 538 

study of 52 species of North American migratory birds has found a generalised decrease 539 

in tarsus length but an increase in wing length parallel to climate warming (Weeks et al. 540 

2019). This morphological trend, which our study replicates in the opposite direction, 541 

further supports the idea that the different pieces of the migratory syndrome may change 542 

in concert in the face of rapid environmental change. The correlated expression of 543 

different traits may align with fitness to boost adaptation (Weeks et al. 2019), but it may 544 

harm more than help if maladaptive traits -such as short wings of nightingales- arise in 545 

the population (Radchuk et al. 2019). 546 

 We have no data of breeding success of nightingales, but different lines of 547 

evidence support our interpretation that maladaptive morphological change may be a 548 

correlated response to selection on life-history traits promoted in an impoverished 549 

environment. Late laying associated with delayed arrival could promote smaller clutch 550 
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size (Rowe et al. 1994, Smith and Moore 2005), which may be further favoured if 551 

reduced breeding investment allows late arriving nightingales to advance reproduction. 552 

Upon arrival, nightingales that are able to produce smaller clutches (or less costly to 553 

rear offspring) may become ready for laying earlier than those endeavouring larger 554 

breeding investments (Rowe et al. 1994). Supporting this interpretation, young 555 

nightingales with short wings appeared earlier than long-winged young in our study 556 

areas. Early hatched, short-winged nightingales may be in further advantage because 557 

they avoid overlapping growth with stressful drought (Pérez-Tris et al. 2000) and have 558 

time to attain better condition before migration (Gill et al. 2014). According to this 559 

view, short-winged nightingales would increase their fitness via reproductive benefits, 560 

increasing their frequency over time. Although we favour breeding benefits in our 561 

interpretation, wing morphology could also change if it is correlated with traits favoured 562 

on the wintering grounds, either directly or through diverse carry-over effects on 563 

individual fitness (Imlay et al. 2019). In fact, the sub-Sahel area is among the clearest 564 

examples of desertification associated with global warming (Huang et al. 2016), which 565 

might contribute to selection for slow pace of life if individuals with lower resting 566 

metabolic rates are favoured in these circumstances. 567 

 In most European localities, warmer springs have promoted earlier arrival of 568 

migratory birds (Usui et al. 2017, Mayor et al. 2017), although long-distance migrants 569 

show less evident responses than short-distance migrants (Rubolini et al. 2010). In 570 

contrast, nightingales have delayed their arrival during two decades of monitoring in 571 

central Spain, parallel to a trend towards delayed springs in this region, but clearly at 572 

odds with both an earlier period of insect proliferation and an intensified summer 573 

drought, two direct determinants of breeding success which should promote early 574 

arrival (Saino et al. 2011). However, the observation is consistent with the idea that 575 
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long-distance migrants are more constrained to advance their arrival to match habitat 576 

productivity, not only by migration distance but also by their morphology (Møller et al. 577 

2017). In order to arrive earlier, nightingales may need to be assisted by longer wings 578 

necessary to gain flight speed (Hahn et al. 2016). In fact, nightingales were subject to 579 

survival selection favouring migratory performance, and the shorter the wings, the 580 

stronger the selection for long wings. However, a breeding disadvantage of long-winged 581 

birds under impaired conditions may impede an adaptive increase in frequency of long 582 

wings in nightingales. 583 

 By uncovering a link between selected morphology of the flight apparatus and 584 

reduced recruitment in nightingales, our study challenges the idea that morphological 585 

trends of migratory birds necessarily represent adaptive biomechanical fitting (Radchuk 586 

et al. 2019), paving the ground for alternative interpretations of phenotypic trends, such 587 

as maladaptive trait evolution due to genetic constraints. Our interpretation assumes that 588 

the observed trends have a genetic basis (Gienapp et al. 2008, Hoffmann and Sgrò 2011, 589 

Teplitsky and Millien 2014). Supporting this idea, we did not find evidence of plasticity 590 

underlying morphological change: there was no trend in the magnitude of plastic change 591 

in wing length, and the morphological trend was found in all age classes. In addition, 592 

MFA of young was correlated with MFA of breeding birds within years, supporting the 593 

heritability of the trait. In fact, wing length is heritable in many birds (Merilä and 594 

Sheldon 2000, Teplitsky et al. 2009) and nightingales are likely not an exception 595 

(Kipper et al. 2006). 596 

 Whether migratory birds will be capable to adapt to climate change is cause of 597 

concern (Radchuk et al. 2019), and several studies have investigated the consequences 598 

of climate change on bird demography (Sæther et al. 2004). With its impact on 599 

phenology, climate change may affect different life-history traits, calling for a 600 
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comprehensive examination in order to identify such consequences (Stenseth and 601 

Mysterud 2002, Winkler et al. 2002). For example, the possibility that natural selection 602 

may favour a slow pace of life in some environments could contribute to explain 603 

negative population trends in species that have not shifted arrival dates (Møller et al. 604 

2008, Saino et al. 2011), or increasing phenological mismatch between spring green-up 605 

and arrival of migratory birds (Mayor et al. 2017). However, the evolution of slow life 606 

histories could put migratory bird populations at risk (Siliceo and Díaz 2010, Møller et 607 

al. 2017, Wegge and Rolstad 2017). The number and size of our gaps of knowledge are 608 

proportional to the complexity of possible population responses, putting forward the 609 

importance of long-term population monitoring of morphological and life-history 610 

variation (Clutton-Brock and Sheldon 2010, Tellería et al. 2013, Radchuk et al. 2019), 611 

including if possible the quantification of environmental and genetic influences on trait 612 

variation, as a tool for understanding avian adaptive responses to global change. 613 

614 

ACKNOWLEDGEMENTS 615 

616 

We are indebted to the many ringers and collaborators of the SEO-Monticola Ringing 617 

Group who collected the data. Special thanks to A. Bermejo, R. Moreno-Opo, J. Pinilla, 618 

C. Ponce and J. Seoane, who started and/or coordinated Las Minas and Presa del Rey 619 

constant effort sites. We will never be sufficiently grateful to the promoters and 620 

participants in these citizen science programs, without whose effort studies like this 621 

would be unachievable. Scott Sillett, Emily Cohen and three anonymous referees 622 

improved the study with insightful comments. 623 

Funding Statement: The study was funded by the Spanish National Research Agency 624 

(project CGL2017-82117-P co-funded by the European Regional Development Fund). 625 



27 

Part of the fieldwork and material used at the Las Minas Ringing Station was financed 626 

by Iberdrola, the Southeast Regional Park of Madrid and the Autonomous University of 627 

Madrid. Between 1998 and 2003, the ringing station Presa del Rey was financed by the 628 

project "Monitoring the real impact of the Madrid-Barcelona-French Border High-629 

Speed Line" carried out by SEO/BirdLife and funded by the Ente Gestor de 630 

Infraestructuras Ferroviarias (GIF). ARIPRESA facilitated the permits to access the 631 

Presa del Rey site through its land "El Porcal". 632 

Ethics statement: The City Council of San Martín de la Vega, the Regional Park of the 633 

Southeast of Madrid and the Council of Environment of the Community of Madrid 634 

provided the necessary permits to do the work at the ringing stations. 635 

Author contributions: CRe and JPT conceived the study; CRe, JPT, CRo, JP curated 636 

the database; CRe, JPT, CRo analysed the data; CRe, JPT drafted the manuscript. All 637 

authors contributed critically to the final version and gave their final approval for 638 

publication. 639 



 

28 

 

 640 

LITERATURE CITED 641 

Alerstam, T., M. Rosén, J. Bäckman, P. G. P. Ericson, and O. Hellgren (2007). Flight 642 

speeds among bird species: allometric and phylogenetic effects. PLoS Biology 643 

5:e197. 644 

Badeck, F.-W., A. Bondeau, K. Bottcher, D. Doktor, W. Lucht, J. Schaber, and S. Sitch 645 

(2004). Responses of spring phenology to climate change. New Phytologist 646 

162:295–309. 647 

Baldwin, M. W., H. Winkler, C. L. Organ, and B. Helm (2010). Wing pointedness 648 

associated with migratory distance in common-garden and comparative studies of 649 

stonechats (Saxicola torquata). Journal of Evolutionary Biology 23:1050–1063. 650 

Both, C., S. Bouwhuis, C. M. Lessells, and M. E. Visser (2006). Climate change and 651 

population declines in a long-distance migratory bird. Nature 441:81–83. 652 

Both, C., and M. E. Visser (2001). Adjustment to climate change is constrained by 653 

arrival date in a long-distance migrant bird. Nature 411:296–298. 654 

Both, C., and M. E. Visser (2005). The effect of climate change on the correlation 655 

between avian life-history traits. Global Change Biology 11:1606–1613. 656 

Boyce, M. S., and C. M. Perrins (1987). Optimizing Great Tit clutch size in a 657 

fluctuating environment. Ecology 68:142–153. 658 

Burnham, K. P., and D. R. Anderson (2002). Model selection and multimodel inference: 659 

A practical information-theoretic approach. 2nd edition. Springer-Verlag, New 660 

York. 661 

Carbonell, R., J. Pérez-Tris, and J. L. Tellería (2003). Effects of habitat heterogeneity 662 

and local adaptation on the body condition of a forest passerine at the edge of its 663 

distribitional range. Biological Journal of the Linnean Society 78:479–488. 664 



 

29 

 

Charmantier, A., C. Doutrelant, G. Dubuc-Messier, A. E. Fargevieille, and M. Szulkin 665 

(2016). Mediterranean blue tits as a case study of local adaptation. Evolutionary 666 

Applications 9:135–152. 667 

Chown, S. L., A. A. Hoffmann, T. N. Kristensen, M. J. Angilletta, N. C. Stenseth, and 668 

C. Pertoldi (2010). Adapting to climate change: a perspective from evolutionary 669 

physiology. Climate Research 43:3–15. 670 

Clutton-Brock, T., and B. C. Sheldon (2010). Individuals and populations: the role of 671 

long-term, individual-based studies of animals in ecology and evolutionary 672 

biology. Trends in Ecology & Evolution 25:562–573. 673 

Collar, N. (2005). Family Turdidae (thrushes). In Handbook of the birds of the world. 674 

Volume 10 (J. Del Hoyo, A. Elliott and D. A. Christie, Editors). Lynx Edicions, 675 

Barcelona, pp. 514–807. 676 

Dammhahn, M., N. J. Dingemanse, P. T. Niemelä, and D. Réale (2018). Pace-of-life 677 

syndromes: a framework for the adaptive integration of behaviour, physiology and 678 

life history. Behavioral Ecology and Sociobiology 72:62. 679 

De la Hera, I., F. Pulido, and M. E. Visser (2014). Longitudinal data reveal ontogenetic 680 

changes in the wing morphology of a long-distance migratory bird. Ibis 156:209–681 

214. 682 

Didan, K., A. M. Barreto, T. Miura, J. Tsend-Ayush, X. Zhang, M. Friedl, J. Gray, W. 683 

Van Leeuwen, J. Czapla-Myers, B. S. Doman, C. Jenkerson, et al. (2016). Multi-684 

sensor vegetation index and phenology Earth science data records: Algorithm 685 

theoretical basis document and user guide version 4.0. University of Arizona, 686 

Tucson. 687 

Dingle, H., and V. A. Drake (2007). What is migration? BioScience 57:113–121. 688 

Doherty, P. F., G. C. White, and K. P. Burnham (2012). Comparison of model building 689 



30 

and selection strategies. Journal of Ornithology 152:S317–S323. 690 

Dunn, J. C., K. C. Hamer, and T. G. Benton (2017). Dynamics of phenotypic change: 691 

wing length declines in a resident farmland passerine despite survival advantage of 692 

longer wings. Ibis 159:152–157. 693 

Emmenegger, T., S. Hahn, and S. Bauer (2014). Individual migration timing of common 694 

nightingales is tuned with vegetation and prey phenology at breeding sites. BMC 695 

Ecology 14:9. 696 

Gienapp, P., C. Teplitsky, J. S. Alho, J. A. Mills, and J. Merilä (2008). Climate change 697 

and evolution: disentangling environmental and genetic responses. Molecular 698 

Ecology 17:167–178. 699 

Gill, J. A., J. A. Alves, W. J. Sutherland, G. F. Appleton, P. M. Potts, and T. G. 700 

Gunnarsson (2014). Why is timing of bird migration advancing when individuals 701 

are not? Proceedings of the Royal Society B: Biological Sciences 281:20132161. 702 

Giorgi, F. (2006). Climate change hot-spots. Geophysical Research Letters 33:1–4. 703 

Giorgi, F., and X. Bi (2005). Updated regional precipitation and temperature changes 704 

for the 21st century from ensembles of recenet AOGCM simulations. Geophysical 705 

Research Letters 32:1–4. 706 

Giorgi, F., and P. Lionello (2008). Climate change projections for the Mediterranean 707 

region. Global and Planetary Change 63:90–104. 708 

Grant, P. R., and B. R. Grant (2002). Unpredictable evolution in a 30-year study of 709 

Darwin’s finches. Science 296:707–711. 710 

Gwinner, E., S. König, and C. S. Haley (1995). Genetic and environmental factors 711 

influencing clutch size in Equatorial and Temperate zone stonechats (Saxicola 712 

torquata axillaris and S. t. rubicola): an experimental study. The Auk 112:748–713 

755. 714 



31 

Hahn, S., T. Emmenegger, S. Lisovski, V. Amrhein, P. Zehtindjiev, and F. Liechti 715 

(2014). Variable detours in long-distance migration across ecological barriers and 716 

their relation to habitat availability at ground. Ecology and Evolution 4:4150–717 

4160. 718 

Hahn, S., F. Korner-Nievergelt, T. Emmenegger, V. Amrhein, T. Csörgő, A. Gursoy, 719 

M. Ilieva, P. Kverek, J. Pérez-Tris, S. Pirrello, P. Zehtindjiev, and V. Salewski 720 

(2016). Longer wings for faster springs - wing length relates to spring phenology 721 

in a long-distance migrant across its range. Ecology and Evolution 6:68–77. 722 

Helm, B., R. Ben-Shlomo, M. J. Sheriff, R. A. Hut, R. Foster, B. M. Barnes, and D. 723 

Dominoni (2013). Annual rhythms that underlie phenology: biological time-724 

keeping meets environmental change. Proceedings of the Royal Society B: 725 

Biological Sciences 280:20130016. 726 

Hereford, J., T. F. Hansen, and D. Houle (2004). Comparing strengths of directional 727 

selection: how strong is strong? Evolution 58:2133–2143. 728 

Hoffmann, A. A., and C. M. Sgrò (2011). Climate change and evolutionary adaptation. 729 

Nature 470:479–485. 730 

Holt, C. A., R. J. Fuller, and P. M. Dolman (2010). Experimental evidence that deer 731 

browsing reduces habitat suitability for breeding Common Nightingales Luscinia 732 

megarhynchos. Ibis 152:335–346. 733 

Huang, J., H. Yu, X. Guan, G. Wang, and R. Guo (2016). Accelerated dryland 734 

expansion under climate change. Nature Climate Change 6:166–171. 735 

Imlay, T. L., F. Angelier, K. A. Hobson, G. Mastromonaco, S. Saldanha, and M. L. 736 

Leonard (2019). Multiple intrinsic markers identify carry-over effects from 737 

wintering to breeding sites for three Nearctic-Neotropical migrant swallows. The 738 

Auk 136:1–15. 739 



 

32 

 

IPCC (2013). Climate Change 2013: The Physical Science Basis. Working Group I 740 

contribution to the fifth assessment report of the Intergovernmental Panel on 741 

Climate Change. Cambridge University Press, Cambridge. 742 

Jarošík, V., A. Honěk, R. D. Magarey, and J. Skuhrovec (2011). Developmental 743 

database for phenology models: Related insect and mite species have similar 744 

thermal requirements. Journal of Economic Entomology 104:1870–1876. 745 

Jenni, L., and R. Winkler (1994). Moult and ageing of European Passerines. Academic 746 

Press, London. 747 

Johnson, M. T. J., and J. Munshi-South (2017). Evolution of life in urban environments. 748 

Science 358:eaam8327. 749 

Kaiser, A. (1993). A new multi-category classification of subcutaneous fat deposits of 750 

songbirds. Journal of Field Ornithology 64:246–255. 751 

Karell, P., K. Ahola, T. Karstinen, J. Valkama, and J. E. Brommer (2011). Climate 752 

change drives microevolution in a wild bird. Nature Communications 2:208. 753 

Kemp, M. U., E. Emiel van Loon, J. Shamoun-Baranes, and W. Bouten (2012). 754 

RNCEP: Global weather and climate data at your fingertips. Methods in Ecology 755 

and Evolution 3:65–70. 756 

Kipper, S., R. Mundry, C. Sommer, H. Hultsch, and D. Todt (2006). Song repertoire 757 

size is correlated with body measures and arrival date in common nightingales, 758 

Luscinia megarhynchos. Animal Behaviour 71:211–217. 759 

Knudsen, E., A. Lindén, C. Both, N. Jonzén, F. Pulido, N. Saino, W. J. Sutherland, L. 760 

A. Bach, T. Coppack, T. Ergon, P. Gienapp, et al. (2011). Challenging claims in 761 

the study of migratory birds and climate change. Biological Reviews 86:928–946. 762 

Laake, J., and E. Rexstad (2008). RMark - an alternative approach to building linear 763 

models in MARK. In Program MARK: a gentle introduction (E. Cooch and G. C. 764 



 

33 

 

White, Editors). 9th edition. Colorado State University, Fort Collins, pp. C1–C115. 765 

Lessells, C., and P. T. Boag (1987). Unrepeatable repetabilities. The Auk 104:116–121. 766 

Liedvogel, M., S. Åkesson, and S. Bensch (2011). The genetics of migration on the 767 

move. Trends in Ecology & Evolution 26:561–569. 768 

Lo Cascio Sætre, C., C. Coleiro, M. Austad, M. Gauci, G.-P. Sætre, K. L. Voje, and F. 769 

Eroukhmanoff (2017). Rapid adaptive phenotypic change following colonization 770 

of a newly restored habitat. Nature Communications 8:14159. 771 

Mayor, S. J., R. P. Guralnick, M. W. Tingley, J. Otegui, J. C. Withey, S. C. Elmendorf, 772 

M. E. Andrew, S. Leyk, I. S. Pearse, and D. C. Schneider (2017). Increasing 773 

phenological asynchrony between spring green-up and arrival of migratory birds. 774 

Scientific Reports 7:1902. 775 

Merilä, J. (2012). Evolution in response to climate change: In pursuit of the missing 776 

evidence. BioEssays 34:811–818. 777 

Merilä, J., and B. C. Sheldon (2000). Lifetime reproductive success and heritability in 778 

nature. The American Naturalist 155:301–310. 779 

Møller, A. P., D. Rubolini, and E. Lehikoinen (2008). Populations of migratory bird 780 

species that did not show a phenological response to climate change are declining. 781 

Proceedings of the National Academy of Sciences 105:16195–16200. 782 

Møller, A. P., D. Rubolini, and N. Saino (2017). Morphological constraints on changing 783 

avian migration phenology. Journal of Evolutionary Biology 30:1177–1184. 784 

Van Noordwijk, A. J., F. Pulido, B. Helm, T. Coppack, J. Delingat, H. Dingle, A. 785 

Hedenström, H. van der Jeugd, C. Marchetti, A. Nilsson, and J. Pérez-Tris (2006). 786 

A framework for the study of genetic variation in migratory behaviour. Journal of 787 

Ornithology 147:221–233. 788 

Parmesan, C., and G. Yohe (2003). A globally coherent fingerprint of climate change 789 



 

34 

 

impacts across natural systems. Nature 421:37–42. 790 

Pérez-Tris, J., R. Carbonell, and J. L. Tellería (2000). Abundance distribution, 791 

morphological variation and juvenile condition of robins, Erithacus rubecula (L.), 792 

in their Mediterranean range boundary. Journal of Biogeography 27:879–888. 793 

Pérez-Tris, J., and J. L. Tellería (2001). Age-related variation in wing shape of 794 

migratory and sedentary Blackcaps Sylvia atricapilla. Journal of Avian Biology 795 

32:207–213. 796 

Pérez-Tris, J., and J. L. Tellería (2002). Regional variation in seasonality affects 797 

migratory behaviour and life-history traits of two Mediterranean passerines. Acta 798 

Oecologica 23:13–21. 799 

Pettorelli, N., J. O. Vik, A. Mysterud, J.-M. Gaillard, C. J. Tucker, and N. C. Stenseth 800 

(2005). Using the satellite-derived NDVI to assess ecological responses to 801 

environmental change. Trends in Ecology & Evolution 20:503–510. 802 

Piersma, T., J. Pérez-Tris, H. Mouritsen, U. Bauchinger, and F. Bairlein (2005). Is there 803 

a ‘migratory syndrome’ common to all migrant birds? Annals of the New York 804 

Academy of Sciences 1046:282–293. 805 

Pulido, F. (2007). The genetics and evolution of avian migration. BioScience 57:165–806 

174. 807 

R Development Core Team (2019). R: A language and environment for statistical 808 

computing. R Foundation for Statistical Computing, Vienna. 809 

Radchuk, V., T. Reed, C. Teplitsky, M. Van de Pol, A. Charmantier, C. Hassall, P. 810 

Adamík, F. Adriaensen, M. P. Ahola, P. Arcese, J. M. Avilés, et al. (2019). 811 

Adaptive responses of animals to climate change are most likely insufficient. 812 

Nature Communications 10:1–14. 813 

Revelle, W. (2019). Procedures for psychological, psychometric, and personality 814 



 

35 

 

research [R package psych version 1.8.12]. [Online.] Available at https://cran.r-815 

project.org/package=psych. 816 

Ricklefs, R. E., and M. Wikelski (2002). The physiology/life-history nexus. Trends in 817 

Ecology & Evolution 17:462–468. 818 

Rising, J. D., and K. M. Somers (1989). The measurement of overall body size in birds. 819 

The Auk 106:666–674. 820 

Rolshausen, G., G. Segelbacher, K. A. K. A. Hobson, and H. M. M. Schaefer (2009). 821 

Contemporary evolution of reproductive isolation and phenotypic divergence in 822 

sympatry along a migratory divide. Current Biology 19:2097–2101. 823 

Rowe, L., D. Ludwig, and D. Schluter (1994). Time, condition, and the seasonal decline 824 

of avian clutch size. The American Naturalist 143:698–722. 825 

Rubolini, D., N. Saino, and A. P. Møller (2010). Migratory behaviour constrains the 826 

phenological response of birds to climate change. Climate Research 42:45–55. 827 

Sæther, B.-E., W. J. Sutherland, and S. Engen (2004). Climate influences on avian 828 

population dynamics. Advances in Ecological Research 35:185–209. 829 

Saino, N., R. Ambrosini, D. Rubolini, J. von Hardenberg, A. Provenzale, K. Huppop, O. 830 

Huppop, A. Lehikoinen, E. Lehikoinen, K. Rainio, M. Romano, and L. Sokolov 831 

(2011). Climate warming, ecological mismatch at arrival and population decline in 832 

migratory birds. Proceedings of the Royal Society B: Biological Sciences 278:835–833 

842. 834 

Salewski, V., K.-H. Siebenrock, W. M. Hochachka, F. Woog, and W. Fiedler (2014). 835 

Morphological change to birds over 120 years is not explained by thermal 836 

adaptation to climate change. PLoS ONE 9:e101927. 837 

Siliceo, I., and J. A. Díaz (2010). A comparative study of clutch size, range size, and the 838 

conservation status of island vs. mainland lacertid lizards. Biological Conservation 839 



 

36 

 

143:2601–2608. 840 

Smith, R. J., and F. R. Moore (2005). Arrival timing and seasonal reproductive 841 

performance in a long-distance migratory landbird. Behavioral Ecology and 842 

Sociobiology 57:231–239. 843 

Starck, J. M., S. König, and E. Gwinner (1995). Growth of Stonechats Saxicola 844 

torquata from Africa and Europe: an analysis of genetic and environmental 845 

components. Ibis 137:519–531. 846 

Stenseth, N. C., and A. Mysterud (2002). Climate, changing phenology, and other life 847 

history traits: nonlinearity and match-mismatch to the environment. Proceedings of 848 

the National Academy of Sciences of the United States of America 99:13379–849 

13381. 850 

Tellería, J. L., and R. Carbonell (1999). Morphometric variation of five Iberian 851 

Blackcap Sylvia atricapilla populations. Journal of Avian Biology 30:63–71. 852 

Tellería, J. L., I. De la Hera, and J. Pérez-Tris (2013). Morphological variation as a tool 853 

for monitoring bird populations: a review. Ardeola 60:191–224. 854 

Tellería, J. L., J. Pérez-Tris, and R. Carbonell (2001). Seasonal changes in abundance 855 

and flight-related morphology reveal different migration patterns in Iberian forest 856 

passerines. Ardeola 48:27–46. 857 

Teplitsky, C., and V. Millien (2014). Climate warming and Bergmann’s rule through 858 

time: is there any evidence? Evolutionary Applications 7:156–168. 859 

Teplitsky, C., J. A. Mills, J. W. Yarrall, and J. Merilä (2009). Heritability of fitness 860 

components in a wild bird population. Evolution 63:716–726. 861 

Teplitsky, C., N. G. Mouawad, J. Balbontin, F. De Lope, and A. P. Møller (2011). 862 

Quantitative genetics of migration syndromes: a study of two barn swallow 863 

populations. Journal of Evolutionary Biology 24:2025–2039. 864 



 

37 

 

Thorup, K., A. P. Tøttrup, M. Willemoes, R. H. G. Klaassen, R. Strandberg, M. L. 865 

Vega, H. P. Dasari, M. B. Araújo, M. Wikelski, and C. Rahbek (2017). Resource 866 

tracking within and across continents in long-distance bird migrants. Science 867 

Advances 3:e1601360. 868 

Usui, T., S. H. M. Butchart, and A. B. Phillimore (2017). Temporal shifts and 869 

temperature sensitivity of avian spring migratory phenology: a phylogenetic meta-870 

analysis. Journal of Animal Ecology 86:250–261. 871 

Vágási, C. I., P. L. Pap, O. Vincze, G. Osváth, J. Erritzøe, and A. P. Møller (2016). 872 

Morphological adaptations to migration in birds. Evolutionary Biology 43:48–59. 873 

Visser, M. E., A. J. Van Noordwijk, J. M. Tinbergen, and C. M. Lessells (1998). 874 

Warmer springs lead to mistimed reproduction in great tits (Parus major). 875 

Proceedings of the Royal Society B: Biological Sciences 265:1867–1870. 876 

Weeks, B. C., D. E. Willard, M. Zimova, A. A. Ellis, M. L. Witynski, M. Hennen, and 877 

B. M. Winger (2019). Shared morphological consequences of global warming in 878 

North American migratory birds. Ecology Letters:ele.13434. 879 

Wegge, P., and J. Rolstad (2017). Climate change and bird reproduction: warmer 880 

springs benefit breeding success in boreal forest grouse. Proceedings of the Royal 881 

Society B: Biological Sciences 284:20171528. 882 

White, G. C., and K. P. Burnham (1999). Program MARK: survival estimation from 883 

populations of marked animals. Bird Study 46:S120–S139. 884 

Wikelski, M., L. Spinney, W. Schelsky, A. Scheuerlein, and E. Gwinner (2003). Slow 885 

pace of life in tropical sedentary birds: a common-garden experiment on four 886 

stonechat populations from different latitudes. Proceedings of the Royal Society of 887 

London. Series B: Biological Sciences 270:2383–2388. 888 

Wilbanks, T. J., and R. W. Kates (1999). Global change in local places: How scale 889 



 

38 

 

matters. Climatic Change 43:601–628. 890 

Winkler, D. W., P. O. Dunn, and C. E. McCulloch (2002). Predicting the effects of 891 

climate change on avian life-history traits. Proceedings of the National Academy of 892 

Sciences of the United States of America 99:13595–13599. 893 

Wood, S. N. (2017). Generalized additive models: An introduction with R. 2nd edition. 894 

CRC Press, Boca Raton. 895 

Yom-Tov, Y., S. Yom-Tov, J. Wright, C. J. R. Thorne, and R. Du Feu (2006). Recent 896 

changes in body weight and wing length among some British passerine birds. 897 

Oikos 112:91–101. 898 

 899 

  900 



39 

FIGURE CAPTIONS 901 

Figure 1. Temporal trend of spring earliness (light grey and continuous line), summer 902 

drought intensity (dark grey and continuous line) and onset of high insect availability 903 

(medium grey and dash line) as smooth functions of the years. Shaded areas represent 904 

95% confidence intervals. 905 

906 

Figure 2. Temporal trend of variation in the morphology of the flight apparatus of 907 

nightingales (MFA, an index which increases with increasing wing length and 908 

decreasing tarsus length relative to body size) during the period 1995-2014 (edf = 5.06). 909 

The graph shows the best non-linear fit (smooth function of the years with 95% 910 

confidence intervals). Ochre circles represent values for Las Minas and blue circles for 911 

Presa del Rey. 912 

913 

Figure 3. Temporal trends of variation in phenology of nightingales during the period 914 

1995-2014. Phenological variables are (A) breeding birds' arrival time (date of first 915 

capture of the earliest 20% of breeding birds captured each year, measured in Las Minas 916 

alone, circle size is proportional to sample size; day 1 = 1st January), (B) fledging time 917 

(residual date of first capture of the earliest young individual controlling by site), and 918 

(C) arrival-breeding interval (time elapsed from breeding birds' arrival to the date of 919 

capture of the first young individual, measured in Las Minas alone). The graph shows 920 

the best linear fit with 95% confidence intervals. Ochre circles represent values for Las 921 

Minas and blue circles for Presa del Rey. 922 

923 

Figure 4. Variation in the intensity of selection on the morphology of the flight 924 

apparatus (MFA) associated with the first round-trip migratory journey of nightingales 925 



40 

(best linear fit with 95% confidence intervals). The graphs show the temporal trend (A) 926 

of change in the intensity of selection during the period 1995-2014, and the relationship 927 

between the average MFA in the population before selection and the intensity of 928 

selection (B). Ochre circles represent values for Las Minas and blue circles for Presa del 929 

Rey. Deletion of extreme points in plot B did not change the results. 930 
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Table 1. Results of the analysis of temporal trends of change in morphology (and its 931 

variation within and among individuals) and phenology of nightingales. Morphological 932 

traits include wing length and tarsus length, an index of structural body size (PC1 from 933 

a PCA of these two variables), and an index of the morphology of the flight apparatus 934 

(MFA, PC2), which increases with increasing wing length and decreasing tarsus length 935 

compared to body size. The models also analyse temporal trends in wing length 936 

plasticity (individual increase in wing length after the first complete moult) and 937 

intensity of natural selection on MFA associated with the first migratory journey. 938 

Phenological variables are breeding birds' arrival time (date of first capture of the 939 

earliest 20% breeding birds captured each year, measured in Las Minas alone), fledging 940 

time (date of first capture of either the earliest young individual or all young captured in 941 

the season), and arrival-breeding interval (time elapsed from breeding birds' arrival to 942 

the date of capture of the first young individual, measured in Las Minas alone). The 943 

trends were tested using general additive models (GAM), but linear trends were also 944 

tested using linear models. For each trend, the effect size (adjusted R2) and linear 945 

estimates of temporal change in each variable (with standard errors) are provided. When 946 

edf = 1, GAM are equivalent to linear models. Statistical significance of the linear trend 947 

(P) was derived from likelihood ratio tests (for mixed effects models, 2) or F statistics 948 

(for linear models with fixed effects). 949 

950 

951 

952 

953 

954 

955 
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956 

957 

GAM Linear model 

edf Adj. R2 Estimate SE 2 F (df) P 

Morphology: 

MFA 5.06 0.179 -0.034 0.005 38.90 <0.001 

Wing length 3.91 0.238 -0.030 0.012 6.28 0.01 

Tarsus length 5.23 0.026  0.021 0.004 24.11 <0.001 

Body size 4.44 0.105  0.011 0.005 4.26 0.04 

Individual plasticity: 

Wing length increase 1 -0.007  0.022 0.029 0.60 (1,90) 0.44 

Natural selection: 

MFA selection 

intensity 

1 0.136  0.033 0.018 3.24 (1,32) 0.08 

Phenology: 

Breeding birds' arrival 

time * 

1 0.119  0.575 0.185 9.62 (1,63) 0.003 

Fledging time (earliest 

young) 

1.09 0.264 -0.720 0.232 9.68 (1,32) 0.004 

Fledging time (all 

young) 

1.01 0.069 -0.649 0.133 23.68 (1,382) <0.001 

Arrival-breeding 

interval * 

1 0.269 -1.081 0.401 7.26 (1,16) 0.02 

* Data from Las Minas only958 

959 

960 
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Table 2. Best Cormack-Jolly-Seber models of variation in apparent survival () and 961 

probability of recapture (p) of nightingales as functions of age at first capture, site, time 962 

(effect of a linear temporal trend), MFAST (an age-standardised index which increases 963 

with increasing wing length and decreasing tarsus length compared to body size) and 964 

sampling effort. The models are arranged by Akaike information criterion corrected for 965 

small sample sizes. The table shows the nine models that showed the best balance 966 

between fit to the data and complexity (those scoring lowest AICc values; models with 967 

Δ AICc ≤ 2 compared to the model with lowest AICc are considered equally good). The 968 

best model including MFAST is highlighted in bold. The best model that did not include 969 

an effect of site on  is also shown at the bottom of the table. The number of 970 

parameters in each model (n) and Akaike weights (based on all possible models) are 971 

indicated. 972 

973 

Model n AICc Δ AICc Weight 

1: Age * Time + Site + pAge 10 1662.65 0.00 0.09 

2: Site + Time + pAge 6 1663.25 0.59 0.07 

3: Age + Site + Time + pAge 8 1663.82 1.17 0.05 

4: Site + pAge 5 1664.27 1.61 0.04 

5: Age * Time + Site + pAge + Site 11 1664.47 1.82 0.04 

6: Age * Time + Site + pAge + Site + Sampling effort 12 1664.52 1.87 0.04 

7: Age + Site + pAge 7 1664.58 1.93 0.03 

8: Site + Time + pAge + Site + Sampling effort 8 1664.62 1.97 0.03 

9: Age * Time + Site + MFAST + pAge 11 1664.63 1.98 0.03 

66: Time + pAge + Site + Sampling effort 7 1669.82 7.16 0.003 

974 

975 
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SUPPLEMENTARY MATERIAL S1 

 

Nightingale data collection and quality control 

 

Temporal frequency of captures 

 

Las Minas is a constant effort year-round ringing station that has been operated weekly 

since April 1995. Presa del Rey has been operated with less temporal coverage: most 

years the work on this site aimed at sampling breeding birds, and therefore it was limited 

to the period April-July (year-round sampling only took place between 1998 and 2002). 

Total mist net length in Las Minas was 138 m (144 m in 1995 and 132-144 m in 1996). 

In Presa del Rey, mist net length was 66 m during 1998-2008, and 120 m since 2009. In 

both sites, nets were visited every hour, five times from sunrise each sampling day. 

Further details about the sampling protocols and characteristics of the ringing sites may 

be found in Figure S1.1 and Bermejo (2004). 

 

Data quality control 

 

One crucial step in our analyses was to ensure that we worked with local individuals 

(breeding birds or locally hatched young). We filtered the data to select those individuals 

meeting the following criteria: 

 

1. We considered a conservative breeding period between May 15 and July 15 (Julian 

dates: 134-135 and 195-196). Individuals that were captured at least once in their lifetime 

within this time window were considered to be local. 



2 
 

 

2. For young birds, we also included individuals captured between 15 and 31 of July 

(Julian date: 211-212) to include birds hatched in years with a late breeding season. 

However, we excluded two birds with fat score > 3 that might be on passage. Birds that 

were classified as local young following the above criteria were considered to be local 

recruits if they were captured in subsequent years. 

 

3. Data of adults captured before May 15 or young captured after July 31 were included 

only when the individual had been observed at least once within the conservative breeding 

period. 

 

References 

 

Bermejo, A. (2004). Migratología, estructura y dinámica poblacional de paseriformes 

asociados a vegetación de ribera. PhD Thesis. Universidad Autónoma de Madrid. 

[Online.] Available at http://hdl.handle.net/10486/664088. 
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Figure S1.1. Annual distribution of sampling dates and nightingale captures in each 

ringing station (Las Minas and Presa del Rey). The size of the symbols is proportional to 

the number of nightingales captured each day. Local young (hatch year birds) and 

breeding individuals (after-hatch year, second year and after second year) are shown in 

blue and red respectively. White circles represent individuals that could not be identified 

as local and therefore were not included in the analyses. Red and blue vertical lines 

indicate the boundaries of the breeding period (May 15 and July 15) and the end of the 

period when young were considered to be local (July 31), respectively. Stars indicate 

sampling gaps. 
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SUPPLEMENTARY MATERIAL S2 

 

NDVI data filtering process 

 

Grid extent selection 

 

We used standardized NDVI data from VIP07 series (Didan et al. 2016), a database which 

takes into account the bias due to the incorporation of different advanced very-high-

resolution radiometer (AVHRR) sensors during the sampling period. Each image 

summarizes seven daily images with 0.05-degree spatial resolution (5,600 meters) in 

geographic (latitude/longitude) grid format. Vegetation phenology is highly dependent on 

the type of vegetation considered, and signals from different land uses need to be isolated 

to produce reliable regional NDVI trends (Badeck et al. 2004, Alcaraz-Segura et al. 2009). 

We extracted NDVI data from a first extent of 285 grids (extent 1, latitude/longitude 

range: 39.56, 40.30 / -4.0, -3.04), including Las Minas and Presa del Rey ringing stations 

(Figure S2.1). This area is crossed by the Jarama and Henares rivers, and is dominated by 

cultivated land with a mosaic of small natural patches mixed with different types of 

vegetation, such as broad-leaved forest or natural grassland. When NDVI data are 

excessively influenced by human mediation, as it happens in the agricultural landscape 

where our study sites are included, considering nearby pixels where natural vegetation 

predominates may help to correctly capture environmental change in natural habitats 

(Doktor et al. 2009). Therefore, we incorporated data from a second extent with natural 

habitat categories, covering 665 grids located also in central Spain (extent 2, 

latitude/longitude range: 39.77, 40.71 / -5.93, -4.18; Figure S2.1). 
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Figure S2.1. Location in the Iberian Peninsula of the spatial extents 1 (E1: 285 grids) and 

2 (E2: 685 grids) used for the extraction of NDVI data. An area within extent 2 (indicated 

by an arrow) is amplified to show the position of the two banding stations (Las Minas and 

Presa del Rey). Dark blue lines represent rivers and colour polygons indicate CORINE 

2012 land uses (grey: artificial land, green: natural areas, yellow: agricultural areas, blue: 

water areas).  

 

Filtering NDVI data 

 

As a preliminary step, we exhaustively filtered NDVI data to avoid potential sources of 

bias in the estimation of phenology metrics, like noise by different sources (cloudy days, 

etc.) and departure from expected gradual vegetation dynamics (mostly by landscape 

heterogeneity in the grid). The NDVI data filtering procedure is summarized in Figure 

S2.2, and included the following steps: 

 

Noise reduction. The interference of atmospheric effects and cloud mask with satellite 

data may be derived from the pixel reliability layer. We included only data with values 
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between 0 and 2 (0 = Excellent, 1 = Good, 2 = Acceptable). Discarded categories range 

from 3 = Marginal to 11 = Long term average database, and include negative scores 

representing waterbodies or pixels with no data.  

  

Phenological trend detection. We classified VIP07 grids by land cover categories using 

CORINE layers (Coordination of Information on the Environment, https://land. 

copernicus.eu/pan-european/corine-land-cover/clc-2012, https://land.copernicus.eu/pan-

european/corine-land-cover/clc-2006). CORINE spatial resolution is higher (minimum 

polygon size 250,000 m2) than VIP grid resolution (31,360,000 m2). Therefore, we 

subdivided each VIP grid in 16 subpixels and overlapped CORINE land cover layers from 

2006 and 2012. We assigned to each VIP grid the most frequent land use class. We 

discarded grids with unreliable trends of NDVI following different criteria: (1) we 

discarded grids with different land use categories assigned in 2006 and 2012, because 

land use changes may lead to misleading long-term temporal patterns. (2) Pixels with 

mixed land uses (when two categories were equally frequent) were discarded because 

mixed signals resulting from heterogeneous landscape can distort phenological patterns 

(Doktor et al. 2009). We excluded land use categories with completely artificial 

phenological pattern: category 212 (permanently irrigated land), category 131 (mineral 

extraction sites) and category 242 (complex cultivation patters). (3) Phenological trends 

are strongly influenced by the temporal continuity of NDVI values, for example, long 

cloudy periods during spring time in some areas and years may bias the analysis of the 

patterns due to lack of consecutive data. We plotted NDVI trends by grid to discard grids 

with a significant departure from expected gradual vegetation dynamics. We also 

excluded outliers by visually inspecting differences of NDVI higher than 1,000 between 

two consecutive dates. Finally, we calculated the Shannon index of diversity (Shannon 
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1948) for each grid to have additional information about the landscape heterogeneity 

when patterns were not gradual. 

  

 

 

Figure S2.2. Summary of the NDVI filtering data procedure prior to the computation of 

environmental indices. 

 

NDVI filtering method

VIP grid resolution

16 subpixel resolution
CORINE Land cover layers

(2006, 2012)

Overlap

1111

3131

3131

3322

GRID Land use 1 Land use 2 … Land use n Tot. Land uses Most frequent category

1 8 2 … n 16 Land use 1

2 1 9 … n 16 Land use 2

n … … … … 16 Land use n

Frequency table of land uses in each VIP grid.

1. Selection of grids with CORINE land use in 2006 = 2012

2. Discard mixed and artificial categories with non natural NDVI trends

3. Plot NDVI annual trend by grid and discard outliers and non natural 
phenological pattern

Extent 1Extent 2

Spatial matrix of grids used for NDVI phenological patterns. Each combination of 
color-texture pattern represents a land use category (attached legend), black 
squares are excluded grids

Noise reduction

Phenological trend detection

(a) Land use assignment

(a) Grid selection

Final grid selection
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Selected grids 

 

We used the average grid value of CORINE land use categories with a minimum of 4 

grids (grids from extent 2 were used when we could not meet this criterion with extent 

1). We finally selected 74 out of 285 grids in extent 1 and 106 out of 665 grids in extent 

2 (Figure S2.2). We had enough reliable data for the following CORINE land use 

categories: non-irrigated arable land, vineyards, sclerophyllous vegetation, broad-leaved 

forest and natural grasslands (Figure S2.3). 

 

 

Figure S2.3. Frequencies of selected land use categories in extent 1 (dark grey) and extent 

2 (light grey). CORINE land use codes are shown between parentheses.  
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SUPPLEMENTARY MATERIAL S3 

 

Post-hoc differences in the fixed term (interaction age by site) for the trend of 

variation in the morphology of the flight apparatus (MFA)  

 

We performed general mixed models including the interaction between age and site as a 

fixed factor, year as a covariate and individual identity as a random factor. The 

morphology of the flight apparatus (MFA) differed between age classes depending on the 

site. We used Tukey post-hoc tests in emmeans R package (Lenth et al. 2019) to test for 

pairwise differences between the relevant factor levels. Breeding nightingales had higher 

MFA values than younger individuals in both areas, nevertheless we found that second-

year recruits had higher values than young individuals in Presa del Rey (Figure S3.1, Las 

Minas comparison age young vs. second-year recruits, t1024 = 0.80, P = 0.70; all other 

pairwise comparisons P < 0.01).  
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Figure S3.1. Variation in MFA (least square means ± 95% confidence intervals) between 

age classes in Las Minas (ochre) and Presa del Rey (blue). Statistical significance of the 

pairwise comparisons was assessed with Tukey method. Young was used as the reference 

age level within plots (** P < 0.01, *** P < 0.001). 
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SUPPLEMENTARY MATERIAL S4  

 

Correlation between phenology and morphological or environmental variables 

 

We further examined phenotypic trends by analysing within-year correlations between 

morphology and phenology, which might help to gain insight into the drivers of 

morphological change found in our study. These correlations were analysed with simple 

or mixed linear models (lme4 package in R; Bates et al. 2015). When the analysis 

involved individual data, we z-standardized arrival and fledging times within years, 

Finally, we used simple linear models to analyse the relationships between nightingale 

phenology and environmental conditions (spring earliness, rate of spring advancement, 

summer drought, summer earliness, or onset of high availability of insects as estimated 

from accumulated degree days [FAhigh]).  

Arrival time in Las Minas was not significantly correlated with spring earliness or 

rate of spring advancement, nor was it correlated with FAhigh. However, nightingales 

arrived later in years with more intense summer drought and later summer peak. 

Individual arrival time (standardized by year) was not correlated with MFA, either 

considering the earliest 20% individuals (estimate = -0.02, SE = 0.06, t39.1 = -0.42, P = 

0.67) or all breeding individuals caught in the season (estimate = -0.09, SE = 0.05, t320.4 

= -1.73, P = 0.08). We failed to detect a significant correlation between arrival time and 

average MFA of young nightingales (Table S4.1). 

We found a positive relationship between the average date of capture of all young 

and spring earliness and between the date of capture of the first young and FAhigh. We did 

not find any relationship between average fledging time and rate of spring advancement, 

summer indices, or FAhigh, nor between date of capture of the first young and spring or 
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summer indices (Table S4.2). However, the relationship between average fledging time 

and FAhigh was highly significant when we excluded from the analysis the outlier year 

1997 (date of capture of the first young: estimate = 0.41, SE = 0.11, t31 = 3.82, P < 0.001; 

average date of capture of all young: estimate = 0.32, SE = 0.10, t33 = 3.06, P = 0.004). 

Fledglings were captured earlier in years when breeding birds had lower mean MFA 

values if we considered mean date of first capture of all young. However, this relationship 

was not significant when we analysed it using the date of capture of the first young. At 

the individual level, fledglings with lower MFA values fledged earlier in the season 

(relationship between the date of first capture of fledglings standardized among years and 

MFA of young individuals: estimate = 0.12, SE = 0.05, t342 = 2.28, P = 0.02).  

 We did not find any significant relationship between arrival-breeding interval and 

the environmental variables. Arrival-breeding interval in Las Minas tended to be shorter 

in years when nightingales had low MFA values in average, although the correlation did 

not reach statistical significance (Table S4.3).  

We excluded from the previous analyses various years with sampling gaps, which 

could have decreased the accuracy of dates. Thus, we excluded from the analysis of 

arrival time and arrival-breeding interval the years 2000 and 2010. Including all years did 

not change the results qualitatively, except for the fact that the relationship between 

arrival time and summer earliness turned not significant (t17 = 1.80, P = 0.09), and we 

found a significant negative correlation between arrival time and average young MFA 

(estimate = -5.89, SE = 2.79, t18 = 2.11, P = 0.049). Arrival-breeding interval also became 

significantly shorter in years when young scored lower values of MFA (estimate = 13.64, 

SE = 6.08, t18 = 2.24, P = 0.04). In the analyses of date of capture of the first young each 

year, we excluded the data from Presa del Rey of 2010 and 2012, although including all 

years did not change the results qualitatively. 
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Table S4.1. Effects describing the relationships between arrival date of the earliest 20% of 

breeding nightingales and morphology or environmental variables during the 1995-2014 

period. Some effects that changed statistical significance when they were tested including 

years with sampling gaps are highlighted in red (see key at the foot of the table and details in 

the main text of this Supplementary Material).  

 

 Arrival date 

 Estimate SE t (df) P 

Morphological variables:     

MFA of young -5.76 3.01 -1.92 (16) 0.07* 

Environmental variables:     

Spring earliness 2.95 3.24 0.91 (15) 0.38 

Rate of spring advancement 0.98 2.18 0.45 (15) 0.66 

Summer drought intensity 3.66 1.55 2.37 (15) 0.03 

Summer earliness 3.78 1.70 2.23 (15) 0.04§ 

Onset of high availability of insects 0.13 0.10 1.20 (16) 0.25 

 

Statistical significance of the effect when it was tested including years with sampling gaps 

in the analyses: *P = 0.049, §P = 0.09. 
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Table S4.2. Effects describing the relationships between nightingale fledging time (measured 

using data of the date of capture of the first fledgling or using data of average date of capture 

of all fledglings) and morphology or environmental variables during the 1995-2014 period. 

Some effects that changed statistical significance when they were tested excluding the outlier 

year 1997 are highlighted in red (see key at the foot of the table and details in the main text 

of this Supplementary Material). 

 

 Date of capture  

of the first fledgling 

Average date of capture  

of all fledglings 

 Estimate SE t (df) P Estimate SE t (df) P 

Morphological variables: 

MFA of  

breeding birds 

6.47 4.66 1.39 

(32) 

0.17 10.56 3.63 2.91 

(34) 

0.006 

Environmental variables: 

Spring earliness 4.38  3.51 1.25 

(31) 

0.22 6.26  3.03 2.06 

(33) 

0.047 

Rate of spring  

advancement 

-1.16  2.34 -0.50 

(31) 

0.62 -1.54 2.05 -0.75 

(33) 

0.46 

Summer drought 

intensity 

1.58 2.03 0.78 

(31) 

0.44 0.80 1.87 0.43 

(33) 

0.67 

Summer earliness 0.64 1.99 0.32 

(31) 

0.75 1.79 1.72 1.04 

(33) 

0.31 

Onset of high 

availability of insects 

0.26 0.12 2.28 

(32) 

0.03* 0.19 0.11 1.75 

(34) 

0.09§ 

 

Statistical significance of the effect when the outlier year 1997 was excluded: *P < 0.001; §P = 

0.004.  
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Table S4.3. Effects describing the relationships between nightingale arrival-breeding interval 

and morphology or environmental variables during the 1995-2014 period. Significant effects 

are highlighted in bold. An effect that changed statistical significance when it was tested 

including years with sampling gaps is highlighted in red (see key at the foot of the table and 

details in the main text of this Supplementary Material). 

 

 Arrival-breeding interval 

 Estimate SE t (df) P 

Morphological variables:     

MFA of breeding birds 12.33 6.85 1.80 (16) 0.09 

MFA of young 12.81 6.46 1.98 (16) 0.07* 

Environmental variables:     

Spring earliness 0.77 7.14 0.11 (15) 0.92 

Rate of spring advancement -3.88 4.80 -0.81 (15) 0.43 

Summer drought intensity -2.89 3.98 -0.73 (15) 0.48 

Summer earliness -3.69 4.37 -0.84 (15) 0.41 

Onset of high availability of insects 0.12 0.23 0.50 (16) 0.63 

 

Statistical significance of the effect when it was tested including years with sampling gaps 

in the analyses: *P = 0.04.  
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SUPPLEMENTARY MATERIAL S5 

 

Cormack-Jolly-Seber models of variation in apparent survival and probability of 

recapture of nightingales 

 

Table S5.1. Complete list of Cormack-Jolly-Seber models of variation in apparent 

survival () and probability of recapture (p) of nightingales. The list includes all 

possible simple and double interactions combining age at first capture, site, linear time 

trend and MFAST for , and simple combinations of age at first capture, site, time as 

factor and sampling effort for “p”. Models were ordered by Δ AICc, from lowest (the 

best model according to the balance between fit to the data and model complexity) to 

highest values. 

 

Model n AICc Δ AICc Weight 

Phi (~Age * Time + Site) p(~Age) 10 1662.65 0.00 0.09 

Phi (~Site + Time) p(~Age) 6 1663.25 0.59 0.07 

Phi (~Age + Site + Time) p(~Age) 8 1663.82 1.17 0.05 

Phi (~Site) p(~Age) 5 1664.27 1.61 0.04 

Phi (~Age * Time + Site) p(~Age + Site) 11 1664.47 1.82 0.04 

Phi (~Age * Time + Site) p(~Age + Site + Sampling effort) 12 1664.52 1.87 0.04 

Phi (~Age + Site) p(~Age) 7 1664.58 1.93 0.03 

Phi (~Site + Time) p(~Age + Site + Sampling effort) 8 1664.62 1.97 0.03 

Phi (~Age * Time + Site + MFAst) p(~Age) 11 1664.63 1.98 0.03 

Phi (~Site * Time) p(~Age) 7 1665.05 2.39 0.03 

Phi (~Site + Time) p(~Age + Site) 7 1665.09 2.44 0.03 

Phi (~MFAst + Time + Site) p(~Age) 7 1665.24 2.59 0.02 

Phi (~Site * Time + Age) p(~Age) 9 1665.68 3.03 0.02 

Phi (~Age + Site + Time) p(~Age + Site + Sampling effort) 10 1665.68 3.03 0.02 

Phi (~Age + Site + Time) p(~Age + Site) 9 1665.70 3.05 0.02 

Phi (~MFAst + Time + Site + Age) p(~Age) 9 1665.79 3.14 0.02 

Phi (~Site + MFAst) p(~Age) 6 1666.00 3.35 0.02 

Phi (~Site) p(~Age + Site) 6 1666.15 3.50 0.02 
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Phi (~Age + Site + MFAst) p(~Age) 8 1666.24 3.59 0.02 

Phi (~Age * Time + Site + MFAst) p(~Age + Site) 12 1666.45 3.80 0.01 

Phi (~Age + Site) p(~Age + Site) 8 1666.50 3.85 0.01 

Phi (~Age * Time + Site + MFAst) p(~Age + Site + Sampling 

effort) 13 1666.51 3.86 0.01 

Phi (~Site * Time) p(~Age + Site + Sampling effort) 9 1666.60 3.95 0.01 

Phi (~MFAst + Time + Site) p(~Age + Site + Sampling effort) 9 1666.63 3.98 0.01 

Phi (~Site * Time) p(~Age + Site) 8 1666.88 4.23 0.01 

Phi (~Site * Time + MFAst) p(~Age) 8 1667.05 4.40 0.01 

Phi (~MFAst + Time + Site) p(~Age + Site) 8 1667.09 4.44 0.01 

Phi (~Age * Site + Time) p(~Age) 10 1667.10 4.45 0.01 

Phi (~MFAst * Site + Time) p(~Age) 8 1667.22 4.57 0.01 

Phi (~Age * Time + Site) p(~1) 8 1667.25 4.60 0.01 

Phi (~Site * Time + Age) p(~Age + Site) 10 1667.55 4.90 0.01 

Phi (~Site * Time + Age + MFAst) p(~Age) 10 1667.65 5.00 0.01 

Phi (~MFAst + Time + Site + Age) p(~Age + Site + Sampling 

effort) 11 1667.67 5.02 0.01 

Phi (~Site * Time + Age) p(~Age + Site + Sampling effort) 11 1667.67 5.02 0.01 

Phi (~MFAst + Time + Site + Age) p(~Age + Site) 10 1667.68 5.03 0.01 

Phi (~Site) p(~Age + Site + Sampling effort) 7 1667.70 5.05 0.01 

Phi (~MFAst * Site + Age + Time) p(~Age) 10 1667.78 5.13 0.01 

Phi (~MFAst * Age + Site + Time) p(~Age) 11 1667.78 5.13 0.01 

Phi (~Site + MFAst) p(~Age + Site) 7 1667.89 5.24 0.01 

Phi (~MFAst * Site) p(~Age) 7 1667.99 5.34 0.01 

Phi (~Age * Site) p(~Age) 9 1668.13 5.48 0.01 

Phi (~Age + Site + MFAst) p(~Age + Site) 9 1668.16 5.51 0.01 

Phi (~Age + Site) p(~Age + Site + Sampling effort) 9 1668.21 5.56 0.01 

Phi (~MFAst * Site + Age) p(~Age) 9 1668.24 5.59 0.01 

Phi (~MFAst * Age + Site) p(~Age) 10 1668.33 5.67 0.01 

Phi (~Age + Site + Time) p(~1) 6 1668.38 5.73 0.01 

Phi (~Age * Time + Site) p(~Sampling effort) 9 1668.49 5.83 0.00 

Phi (~MFAst * Site + Time) p(~Age + Site + Sampling effort) 10 1668.52 5.87 0.00 

Phi (~Site * Time + MFAst) p(~Age + Site + Sampling effort) 10 1668.61 5.96 0.00 

Phi (~Site * Time + MFAst) p(~Age + Site) 9 1668.89 6.24 0.00 

Phi (~Age * Site + Time) p(~Age + Site) 11 1668.93 6.28 0.00 

Phi (~Age * Site + Time) p(~Age + Site + Sampling effort) 12 1668.96 6.31 0.00 

Phi (~Age * Time + Site) p(~Site) 9 1668.99 6.34 0.00 

Phi (~MFAst * Site + Time) p(~Age + Site) 9 1669.08 6.43 0.00 

Phi (~Age * Site + Time + MFAst) p(~Age) 11 1669.10 6.45 0.00 

Phi (~Age * Time + Site + MFAst) p(~1) 9 1669.20 6.55 0.00 
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Phi (~Age + Site) p(~1) 5 1669.23 6.58 0.00 

Phi (~Site + MFAst) p(~Age + Site + Sampling effort) 8 1669.36 6.71 0.00 

Phi (~Site * Time + Age + MFAst) p(~Age + Site) 11 1669.53 6.88 0.00 

Phi (~Age + Site + Time) p(~Sampling effort) 7 1669.58 6.93 0.00 

Phi (~MFAst * Site + Age + Time) p(~Age + Site + Sampling 

effort) 12 1669.59 6.94 0.00 

Phi (~Site * Time + Age + MFAst) p(~Age + Site + Sampling 

effort) 12 1669.66 7.01 0.00 

Phi (~MFAst * Age + Site + Time) p(~Age + Site) 12 1669.67 7.01 0.00 

Phi (~MFAst * Site + Age + Time) p(~Age + Site) 11 1669.68 7.02 0.00 

Phi (~Age + Site + MFAst) p(~Age + Site + Sampling effort) 10 1669.81 7.15 0.00 

Phi (~Time) p(~Age + Site + Sampling effort) 7 1669.82 7.17 0.00 

Phi (~Age * Site + MFAst) p(~Age) 10 1669.83 7.18 0.00 

Phi (~MFAst * Age + Site + Time) p(~Age + Site + Sampling 

effort) 13 1669.87 7.21 0.00 

Phi (~MFAst * Site) p(~Age + Site) 8 1669.89 7.24 0.00 

Phi (~Age * Site) p(~Age + Site) 10 1670.02 7.37 0.00 

Phi (~MFAst * Site + Age) p(~Age + Site) 10 1670.17 7.52 0.00 

Phi (~Age + Site + Time) p(~Site) 7 1670.18 7.53 0.00 

Phi (~MFAst * Age + Site) p(~Age + Site) 11 1670.24 7.59 0.00 

Phi (~Site * Time + Age) p(~1) 7 1670.26 7.61 0.00 

Phi (~MFAst + Time + Site + Age) p(~1) 7 1670.34 7.69 0.00 

Phi (~Age * Time + Site + MFAst) p(~Sampling effort) 10 1670.45 7.80 0.00 

Phi (~Age * Time) p(~Age + Site + Sampling effort) 11 1670.59 7.94 0.00 

Phi (~Age + Time) p(~Age + Site + Sampling effort) 9 1670.63 7.98 0.00 

Phi (~Time) p(~Age + Site) 6 1670.77 8.12 0.00 

Phi (~Age + Site + MFAst) p(~1) 6 1670.85 8.20 0.00 

Phi (~Age * Site + Time + MFAst) p(~Age + Site) 12 1670.94 8.29 0.00 

Phi (~Age * Time + Site + MFAst) p(~Site) 10 1670.95 8.30 0.00 

Phi (~Age * Time) p(~Age + Site) 10 1670.97 8.32 0.00 

Phi (~Age * Site + Time + MFAst) p(~Age + Site + Sampling 

effort) 13 1670.97 8.32 0.00 

Phi (~Age + Time) p(~Age + Site) 8 1671.04 8.39 0.00 

Phi (~Age + Site) p(~Site) 6 1671.08 8.43 0.00 

Phi (~Age + Site) p(~Sampling effort) 6 1671.23 8.58 0.00 

Phi (~1) p(~Age + Site) 5 1671.26 8.61 0.00 

Phi (~Age) p(~Age + Site) 7 1671.29 8.64 0.00 

Phi (~MFAst * Site) p(~Age + Site + Sampling effort) 9 1671.34 8.69 0.00 

Phi (~MFAst + Time + Site + Age) p(~Sampling effort) 8 1671.55 8.90 0.00 

Phi (~Age * Site + Time) p(~1) 8 1671.56 8.91 0.00 
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Phi (~Time) p(~Age) 5 1671.61 8.96 0.00 

Phi (~Site * Time + Age) p(~Sampling effort) 8 1671.61 8.96 0.00 

Phi (~Age + Site + MFAst + Time + Site:Age + Site:Time + 

Age:Time + MFAst:Site + MFAst:Age) p(~Age) 17 1671.69 9.03 0.00 

Phi (~Age * Site + MFAst) p(~Age + Site) 11 1671.72 9.07 0.00 

Phi (~Age * Site) p(~Age + Site + Sampling effort) 11 1671.78 9.13 0.00 

Phi (~MFAst * Site + Age) p(~Age + Site + Sampling effort) 11 1671.80 9.15 0.00 

Phi (~MFAst + Time) p(~Age + Site + Sampling effort) 8 1671.83 9.18 0.00 

Phi (~Age + Time) p(~Age) 7 1671.92 9.27 0.00 

Phi (~MFAst * Age + Site) p(~Age + Site + Sampling effort) 12 1671.99 9.34 0.00 

Phi (~Age * Time) p(~Age) 9 1672.01 9.36 0.00 

Phi (~Site * Time + Age) p(~Site) 8 1672.05 9.40 0.00 

Phi (~1) p(~Age) 4 1672.10 9.45 0.00 

Phi (~MFAst + Time + Site + Age) p(~Site) 8 1672.15 9.50 0.00 

Phi (~Age) p(~Age) 6 1672.18 9.53 0.00 

Phi (~Site * Time + Age + MFAst) p(~1) 8 1672.23 9.57 0.00 

Phi (~MFAst * Site + Age + Time) p(~1) 8 1672.31 9.66 0.00 

Phi (~MFAst * Age + Site + Time) p(~1) 9 1672.39 9.74 0.00 

Phi (~1) p(~Age + Site + Sampling effort) 6 1672.42 9.77 0.00 

Phi (~Age * Time + MFAst) p(~Age + Site + Sampling effort) 12 1672.60 9.95 0.00 

Phi (~Age + MFAst + Time) p(~Age + Site + Sampling effort) 10 1672.63 9.98 0.00 

Phi (~Age * Site) p(~1) 7 1672.68 10.02 0.00 

Phi (~Age) p(~Age + Site + Sampling effort) 8 1672.69 10.04 0.00 

Phi (~Age + Site + MFAst) p(~Site) 7 1672.70 10.05 0.00 

Phi (~MFAst + Time) p(~Age + Site) 7 1672.78 10.13 0.00 

Phi (~Age * Site + Time) p(~Sampling effort) 9 1672.79 10.14 0.00 

Phi (~MFAst * Site + Age) p(~1) 7 1672.83 10.18 0.00 

Phi (~Age + Site + MFAst) p(~Sampling effort) 7 1672.84 10.19 0.00 

Phi (~MFAst * Age + Site) p(~1) 8 1672.97 10.32 0.00 

Phi (~Age * Time + MFAst) p(~Age + Site) 11 1672.98 10.33 0.00 

Phi (~Age + MFAst + Time) p(~Age + Site) 9 1673.04 10.39 0.00 

Phi (~Age + MFAst) p(~Age + Site) 8 1673.07 10.42 0.00 

Phi (~MFAst) p(~Age + Site) 6 1673.09 10.44 0.00 

Phi (~Age * Site + Time) p(~Site) 9 1673.35 10.70 0.00 

Phi (~Age * Site + MFAst) p(~Age + Site + Sampling effort) 12 1673.42 10.77 0.00 

Phi (~Age + Site + MFAst + Time + Site:Age + Site:Time + 

Age:Time + MFAst:Site + MFAst:Age) p(~Age + Site) 18 1673.44 10.79 0.00 

Phi (~MFAst * Site + Age + Time) p(~Sampling effort) 9 1673.48 10.83 0.00 

Phi (~Age * Site + Time + MFAst) p(~1) 9 1673.55 10.90 0.00 

Phi (~Site * Time + Age + MFAst) p(~Sampling effort) 9 1673.59 10.93 0.00 
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Phi (~MFAst + Time) p(~Age) 6 1673.63 10.98 0.00 

Phi (~MFAst * Age + Site + Time) p(~Sampling effort) 10 1673.74 11.09 0.00 

Phi (~Age + Site + MFAst + Time + Site:Age + Site:Time + 

Age:Time + MFAst:Site + MFAst:Age) p(~Age + Site + Sampling 

effort) 19 1673.84 11.19 0.00 

Phi (~Age + MFAst + Time) p(~Age) 8 1673.93 11.28 0.00 

Phi (~MFAst) p(~Age) 5 1673.96 11.31 0.00 

Phi (~Age + MFAst) p(~Age) 7 1673.99 11.34 0.00 

Phi (~Site * Time + Age + MFAst) p(~Site) 9 1674.02 11.37 0.00 

Phi (~Age * Time + MFAst) p(~Age) 10 1674.03 11.38 0.00 

Phi (~MFAst * Site + Age + Time) p(~Site) 9 1674.13 11.48 0.00 

Phi (~MFAst) p(~Age + Site + Sampling effort) 7 1674.16 11.50 0.00 

Phi (~MFAst * Age + Site + Time) p(~Site) 10 1674.19 11.54 0.00 

Phi (~Age * Site + MFAst) p(~1) 8 1674.34 11.69 0.00 

Phi (~Age + MFAst) p(~Age + Site + Sampling effort) 9 1674.38 11.73 0.00 

Phi (~Age * Site) p(~Site) 8 1674.52 11.87 0.00 

Phi (~MFAst * Site + Age) p(~Site) 8 1674.69 12.04 0.00 

Phi (~Age * Site) p(~Sampling effort) 8 1674.70 12.05 0.00 

Phi (~Age * Site + Time + MFAst) p(~Sampling effort) 10 1674.79 12.14 0.00 

Phi (~MFAst * Site + Age) p(~Sampling effort) 8 1674.82 12.17 0.00 

Phi (~MFAst * Age + Site) p(~Site) 9 1674.82 12.17 0.00 

Phi (~MFAst * Age + Site) p(~Sampling effort) 9 1674.99 12.34 0.00 

Phi (~MFAst * Age + Time) p(~Age + Site + Sampling effort) 12 1675.06 12.41 0.00 

Phi (~MFAst * Age + Time) p(~Age + Site) 11 1675.29 12.63 0.00 

Phi (~Age * Site + Time + MFAst) p(~Site) 10 1675.35 12.70 0.00 

Phi (~MFAst * Age) p(~Age + Site) 10 1675.39 12.74 0.00 

Phi (~Age * Time) p(~Sampling effort) 8 1675.70 13.05 0.00 

Phi (~Age + Time) p(~Sampling effort) 6 1675.73 13.08 0.00 

Phi (~Age * Time) p(~Site) 8 1675.86 13.21 0.00 

Phi (~Age + Time) p(~Site) 6 1675.94 13.29 0.00 

Phi (~Age + Site + MFAst + Time + Site:Age + Site:Time + 

Age:Time + MFAst:Site + MFAst:Age) p(~1) 15 1676.14 13.49 0.00 

Phi (~Age * Site + MFAst) p(~Site) 9 1676.18 13.53 0.00 

Phi (~MFAst * Age + Time) p(~Age) 10 1676.22 13.57 0.00 

Phi (~Age) p(~Site) 5 1676.24 13.59 0.00 

Phi (~Age * Site + MFAst) p(~Sampling effort) 9 1676.35 13.70 0.00 

Phi (~MFAst * Age) p(~Age) 9 1676.36 13.70 0.00 

Phi (~Age + Time) p(~1) 5 1676.72 14.06 0.00 

Phi (~MFAst * Age) p(~Age + Site + Sampling effort) 11 1676.82 14.17 0.00 

Phi (~Age * Time) p(~1) 7 1676.82 14.17 0.00 
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Phi (~Age) p(~1) 4 1677.02 14.36 0.00 

Phi (~Age * Time + Site) p(~Age + time) 28 1677.53 14.88 0.00 

Phi (~Site + Time) p(~Age + time) 24 1677.67 15.02 0.00 

Phi (~Age + Site + MFAst + Time + Site:Age + Site:Time + 

Age:Time + MFAst:Site + MFAst:Age) p(~Sampling effort) 16 1677.69 15.04 0.00 

Phi (~Age * Time + MFAst) p(~Sampling effort) 9 1677.71 15.06 0.00 

Phi (~Age + MFAst + Time) p(~Sampling effort) 7 1677.74 15.09 0.00 

Phi (~Age + Site + MFAst + Time + Site:Age + Site:Time + 

Age:Time + MFAst:Site + MFAst:Age) p(~Site) 16 1677.85 15.20 0.00 

Phi (~Age * Time + MFAst) p(~Site) 9 1677.86 15.21 0.00 

Phi (~Age + MFAst + Time) p(~Site) 7 1677.94 15.28 0.00 

Phi (~Age) p(~Sampling effort) 5 1677.97 15.32 0.00 

Phi (~Age + MFAst) p(~Site) 6 1678.00 15.35 0.00 

Phi (~Age + MFAst + Time) p(~1) 6 1678.72 16.07 0.00 

Phi (~Age + MFAst) p(~1) 5 1678.81 16.16 0.00 

Phi (~Age * Time + MFAst) p(~1) 8 1678.83 16.18 0.00 

Phi (~Age + Site + Time) p(~Age + time) 26 1678.95 16.30 0.00 

Phi (~Site) p(~Age + time) 23 1679.18 16.53 0.00 

Phi (~Age + Site) p(~Age + time) 25 1679.42 16.76 0.00 

Phi (~Age * Time + Site) p(~Age + time + Sampling effort) 29 1679.53 16.88 0.00 

Phi (~Age * Time + Site) p(~Age + Site + time) 29 1679.61 16.96 0.00 

Phi (~Age * Time + Site + MFAst) p(~Age + time) 29 1679.62 16.96 0.00 

Phi (~Age + MFAst) p(~Sampling effort) 6 1679.67 17.02 0.00 

Phi (~Site * Time) p(~Age + time) 25 1679.70 17.05 0.00 

Phi (~Site + Time) p(~Age + time + Sampling effort) 25 1679.73 17.08 0.00 

Phi (~MFAst + Time + Site) p(~Age + time) 25 1679.76 17.10 0.00 

Phi (~Site + Time) p(~Age + Site + time) 25 1679.76 17.10 0.00 

Phi (~MFAst * Age + Time) p(~Site) 9 1680.26 17.61 0.00 

Phi (~MFAst * Age + Time) p(~Sampling effort) 9 1680.29 17.64 0.00 

Phi (~MFAst * Age) p(~Site) 8 1680.39 17.74 0.00 

Phi (~Age + Site + Time) p(~Age + time + Sampling effort) 27 1680.97 18.31 0.00 

Phi (~Age + Site + Time) p(~Age + Site + time) 27 1681.02 18.37 0.00 

Phi (~Site * Time + Age) p(~Age + time) 27 1681.02 18.37 0.00 

Phi (~MFAst + Time + Site + Age) p(~Age + time) 27 1681.03 18.38 0.00 

Phi (~MFAst * Age + Time) p(~1) 8 1681.10 18.45 0.00 

Phi (~Site + MFAst) p(~Age + time) 24 1681.12 18.46 0.00 

Phi (~Site) p(~Age + time + Sampling effort) 24 1681.12 18.47 0.00 

Phi (~Site) p(~Age + Site + time) 24 1681.20 18.55 0.00 

Phi (~MFAst * Age) p(~1) 7 1681.25 18.60 0.00 

Phi (~Age + Site) p(~Age + time + Sampling effort) 26 1681.28 18.63 0.00 



7 

 

Phi (~Age + Site + MFAst) p(~Age + time) 26 1681.32 18.67 0.00 

Phi (~Age + Site) p(~Age + Site + time) 26 1681.38 18.72 0.00 

Phi (~Age * Time + Site + MFAst) p(~Age + time + Sampling 

effort) 30 1681.62 18.97 0.00 

Phi (~Age * Time + Site) p(~Age + time + Site + Sampling effort) 30 1681.65 19.00 0.00 

Phi (~MFAst * Site + Time) p(~Age + time) 26 1681.67 19.02 0.00 

Phi (~Age * Time + Site + MFAst) p(~Age + Site + time) 30 1681.70 19.05 0.00 

Phi (~Age * Time + Site) p(~time) 26 1681.75 19.10 0.00 

Phi (~Site * Time + MFAst) p(~Age + time) 26 1681.79 19.14 0.00 

Phi (~Site * Time) p(~Age + Site + time) 26 1681.79 19.14 0.00 

Phi (~Site * Time) p(~Age + time + Sampling effort) 26 1681.80 19.15 0.00 

Phi (~MFAst + Time + Site) p(~Age + time + Sampling effort) 26 1681.82 19.17 0.00 

Phi (~Site + Time) p(~Age + time + Site + Sampling effort) 26 1681.83 19.18 0.00 

Phi (~MFAst + Time + Site) p(~Age + Site + time) 26 1681.85 19.20 0.00 

Phi (~MFAst * Age) p(~Sampling effort) 8 1682.23 19.58 0.00 

Phi (~Age * Site + Time) p(~Age + time) 28 1682.34 19.69 0.00 

Phi (~MFAst * Site + Age + Time) p(~Age + time) 28 1682.96 20.31 0.00 

Phi (~MFAst + Time + Site + Age) p(~Age + time + Sampling 

effort) 28 1683.04 20.39 0.00 

Phi (~Age * Site) p(~Age + time) 27 1683.05 20.40 0.00 

Phi (~Site + MFAst) p(~Age + time + Sampling effort) 25 1683.06 20.41 0.00 

Phi (~MFAst * Site) p(~Age + time) 25 1683.06 20.41 0.00 

Phi (~Age + Site + Time) p(~Age + time + Site + Sampling effort) 28 1683.07 20.42 0.00 

Phi (~Site * Time + Age) p(~Age + time + Sampling effort) 28 1683.07 20.42 0.00 

Phi (~MFAst + Time + Site + Age) p(~Age + Site + time) 28 1683.10 20.45 0.00 

Phi (~Site * Time + Age) p(~Age + Site + time) 28 1683.10 20.45 0.00 

Phi (~Site * Time + Age + MFAst) p(~Age + time) 28 1683.11 20.45 0.00 

Phi (~Site + MFAst) p(~Age + Site + time) 25 1683.14 20.49 0.00 

Phi (~Age + Site) p(~time) 23 1683.15 20.50 0.00 

Phi (~Age + Site + MFAst) p(~Age + time + Sampling effort) 27 1683.19 20.54 0.00 

Phi (~Site) p(~Age + time + Site + Sampling effort) 25 1683.20 20.55 0.00 

Phi (~MFAst * Site + Age) p(~Age + time) 27 1683.27 20.62 0.00 

Phi (~Age + Site + MFAst) p(~Age + Site + time) 27 1683.29 20.64 0.00 

Phi (~Age + Site) p(~Age + time + Site + Sampling effort) 27 1683.35 20.70 0.00 

Phi (~Age + Site + Time) p(~time) 24 1683.36 20.71 0.00 

Phi (~MFAst * Age + Site + Time) p(~Age + time) 29 1683.41 20.75 0.00 

Phi (~MFAst * Age + Site) p(~Age + time) 28 1683.63 20.98 0.00 

Phi (~MFAst * Site + Time) p(~Age + time + Sampling effort) 27 1683.72 21.07 0.00 

Phi (~Age * Time + Site + MFAst) p(~Age + time + Site + 

Sampling effort) 31 1683.73 21.08 0.00 
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Phi (~MFAst * Site + Time) p(~Age + Site + time) 27 1683.76 21.11 0.00 

Phi (~Age * Time + Site + MFAst) p(~time) 27 1683.81 21.16 0.00 

Phi (~Age * Time + Site) p(~Site + time) 27 1683.81 21.16 0.00 

Phi (~Site * Time + MFAst) p(~Age + Site + time) 27 1683.89 21.24 0.00 

Phi (~Site * Time + MFAst) p(~Age + time + Sampling effort) 27 1683.89 21.24 0.00 

Phi (~Site * Time) p(~Age + time + Site + Sampling effort) 27 1683.90 21.25 0.00 

Phi (~MFAst + Time + Site) p(~Age + time + Site + Sampling 

effort) 27 1683.93 21.28 0.00 

Phi (~Time) p(~Age + Site + time) 24 1684.02 21.36 0.00 

Phi (~Age) p(~Age + Site + time) 25 1684.14 21.49 0.00 

Phi (~Age * Time) p(~Age + Site + time) 28 1684.16 21.51 0.00 

Phi (~Age * Site + Time) p(~Age + time + Sampling effort) 29 1684.40 21.75 0.00 

Phi (~1) p(~Age + Site + time) 23 1684.43 21.78 0.00 

Phi (~Age * Site + Time + MFAst) p(~Age + time) 29 1684.44 21.79 0.00 

Phi (~Age * Site + Time) p(~Age + Site + time) 29 1684.44 21.79 0.00 

Phi (~Age + Time) p(~Age + Site + time) 26 1684.66 22.01 0.00 

Phi (~MFAst * Site + Age + Time) p(~Age + time + Sampling 

effort) 29 1684.95 22.30 0.00 

Phi (~MFAst * Site) p(~Age + time + Sampling effort) 26 1684.97 22.31 0.00 

Phi (~Age * Site) p(~Age + time + Sampling effort) 28 1684.97 22.32 0.00 

Phi (~Age * Site + MFAst) p(~Age + time) 28 1684.99 22.34 0.00 

Phi (~MFAst * Site + Age + Time) p(~Age + Site + time) 29 1685.03 22.38 0.00 

Phi (~Age + Site + MFAst) p(~time) 24 1685.05 22.39 0.00 

Phi (~Age * Site) p(~Age + Site + time) 28 1685.07 22.42 0.00 

Phi (~MFAst * Site) p(~Age + Site + time) 26 1685.09 22.43 0.00 

Phi (~MFAst * Site + Age) p(~Age + time + Sampling effort) 28 1685.09 22.44 0.00 

Phi (~Age + Site) p(~Site + time) 24 1685.13 22.48 0.00 

Phi (~Site + MFAst) p(~Age + time + Site + Sampling effort) 26 1685.15 22.50 0.00 

Phi (~MFAst + Time + Site + Age) p(~Age + time + Site + 

Sampling effort) 29 1685.15 22.50 0.00 

Phi (~Site * Time + Age + MFAst) p(~Age + time + Sampling 

effort) 29 1685.16 22.51 0.00 

Phi (~Site * Time + Age) p(~Age + time + Site + Sampling effort) 29 1685.18 22.53 0.00 

Phi (~Site * Time + Age + MFAst) p(~Age + Site + time) 29 1685.18 22.53 0.00 

Phi (~MFAst * Site + Age) p(~Age + Site + time) 28 1685.23 22.58 0.00 

Phi (~Age + Site + MFAst) p(~Age + time + Site + Sampling effort) 28 1685.27 22.61 0.00 

Phi (~Age + Site + Time) p(~Site + time) 25 1685.40 22.75 0.00 

Phi (~MFAst + Time + Site + Age) p(~time) 25 1685.42 22.77 0.00 

Phi (~Site * Time + Age) p(~time) 25 1685.45 22.80 0.00 
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Phi (~MFAst * Age + Site + Time) p(~Age + time + Sampling 

effort) 30 1685.46 22.81 0.00 

Phi (~MFAst * Age + Site + Time) p(~Age + Site + time) 30 1685.49 22.84 0.00 

Phi (~MFAst * Age + Site) p(~Age + time + Sampling effort) 29 1685.58 22.93 0.00 

Phi (~MFAst * Age + Site) p(~Age + Site + time) 29 1685.63 22.98 0.00 

Phi (~MFAst * Site + Time) p(~Age + time + Site + Sampling 

effort) 28 1685.83 23.17 0.00 

Phi (~Age * Time + Site + MFAst) p(~Site + time) 28 1685.88 23.22 0.00 

Phi (~Time) p(~Age + time + Site + Sampling effort) 25 1685.88 23.23 0.00 

Phi (~Age * Time + Site) p(~Site + time + Sampling effort) 28 1685.88 23.23 0.00 

Phi (~Age) p(~Age + time + Site + Sampling effort) 26 1685.90 23.25 0.00 

Phi (~Age * Time) p(~Age + time + Site + Sampling effort) 29 1685.95 23.30 0.00 

Phi (~Site * Time + MFAst) p(~Age + time + Site + Sampling 

effort) 28 1686.00 23.35 0.00 

Phi (~MFAst + Time) p(~Age + Site + time) 25 1686.11 23.46 0.00 

Phi (~Age + MFAst) p(~Age + Site + time) 26 1686.13 23.47 0.00 

Phi (~1) p(~Age + time + Site + Sampling effort) 24 1686.19 23.54 0.00 

Phi (~Age) p(~Age + time + Sampling effort) 25 1686.21 23.55 0.00 

Phi (~Age * Time + MFAst) p(~Age + Site + time) 29 1686.26 23.60 0.00 

Phi (~Time) p(~Age + time + Sampling effort) 24 1686.28 23.63 0.00 

Phi (~1) p(~Age + time + Sampling effort) 23 1686.36 23.71 0.00 

Phi (~MFAst) p(~Age + Site + time) 24 1686.44 23.78 0.00 

Phi (~Age + Time) p(~Age + time + Site + Sampling effort) 27 1686.49 23.84 0.00 

Phi (~Age * Site + Time + MFAst) p(~Age + time + Sampling 

effort) 30 1686.50 23.85 0.00 

Phi (~Age * Site + Time) p(~Age + time + Site + Sampling effort) 30 1686.51 23.86 0.00 

Phi (~Age * Site + Time + MFAst) p(~Age + Site + time) 30 1686.54 23.89 0.00 

Phi (~Age * Time) p(~Age + time + Sampling effort) 28 1686.58 23.93 0.00 

Phi (~Age * Site) p(~time) 25 1686.68 24.02 0.00 

Phi (~Age * Site + Time) p(~time) 26 1686.70 24.05 0.00 

Phi (~Time) p(~Age + time) 23 1686.73 24.08 0.00 

Phi (~Age + MFAst + Time) p(~Age + Site + time) 27 1686.75 24.10 0.00 

Phi (~Age * Site + MFAst) p(~Age + time + Sampling effort) 29 1686.91 24.26 0.00 

Phi (~Age + Time) p(~Age + time + Sampling effort) 26 1686.95 24.30 0.00 

Phi (~MFAst * Site + Age) p(~time) 25 1686.95 24.30 0.00 

Phi (~Age * Site + MFAst) p(~Age + Site + time) 29 1687.01 24.36 0.00 

Phi (~Age + Site + MFAst) p(~Site + time) 25 1687.03 24.38 0.00 

Phi (~MFAst * Site + Age + Time) p(~Age + time + Site + 

Sampling effort) 30 1687.06 24.40 0.00 

Phi (~MFAst * Site) p(~Age + time + Site + Sampling effort) 27 1687.06 24.41 0.00 
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Phi (~Age * Site) p(~Age + time + Site + Sampling effort) 29 1687.07 24.42 0.00 

Phi (~MFAst * Site + Age) p(~Age + time + Site + Sampling effort) 29 1687.17 24.52 0.00 

Phi (~Age + Site) p(~Site + time + Sampling effort) 25 1687.18 24.53 0.00 

Phi (~Site * Time + Age + MFAst) p(~Age + time + Site + 

Sampling effort) 30 1687.26 24.61 0.00 

Phi (~Age + Site + MFAst + Time + Site:Age + Site:Time + 

Age:Time + MFAst:Site + MFAst:Age) p(~Age + time) 35 1687.31 24.65 0.00 

Phi (~1) p(~Age + time) 22 1687.31 24.66 0.00 

Phi (~MFAst * Site + Age + Time) p(~time) 26 1687.32 24.67 0.00 

Phi (~Age) p(~Age + time) 24 1687.36 24.70 0.00 

Phi (~MFAst * Age + Site) p(~time) 26 1687.39 24.73 0.00 

Phi (~MFAst + Time + Site + Age) p(~Site + time) 26 1687.47 24.81 0.00 

Phi (~Age + Site + Time) p(~Site + time + Sampling effort) 26 1687.48 24.82 0.00 

Phi (~Site * Time + Age) p(~Site + time) 26 1687.50 24.85 0.00 

Phi (~Site * Time + Age + MFAst) p(~time) 26 1687.51 24.86 0.00 

Phi (~MFAst * Age + Site + Time) p(~Age + time + Site + 

Sampling effort) 31 1687.57 24.92 0.00 

Phi (~MFAst * Age + Site) p(~Age + time + Site + Sampling effort) 30 1687.66 25.01 0.00 

Phi (~Age * Time) p(~Age + time) 27 1687.67 25.01 0.00 

Phi (~Age + Time) p(~Age + time) 25 1687.70 25.05 0.00 

Phi (~MFAst * Age + Site + Time) p(~time) 27 1687.79 25.14 0.00 

Phi (~Age + MFAst) p(~Age + time + Site + Sampling effort) 27 1687.89 25.24 0.00 

Phi (~Age * Time + Site + MFAst) p(~Site + time + Sampling 

effort) 29 1687.95 25.30 0.00 

Phi (~MFAst + Time) p(~Age + time + Site + Sampling effort) 26 1687.98 25.33 0.00 

Phi (~Age * Time + MFAst) p(~Age + time + Site + Sampling 

effort) 30 1688.05 25.40 0.00 

Phi (~Age) p(~Site + time) 23 1688.16 25.51 0.00 

Phi (~MFAst) p(~Age + time + Site + Sampling effort) 25 1688.20 25.55 0.00 

Phi (~Age + MFAst) p(~Age + time + Sampling effort) 26 1688.20 25.55 0.00 

Phi (~MFAst) p(~Age + time + Sampling effort) 24 1688.37 25.72 0.00 

Phi (~MFAst + Time) p(~Age + time + Sampling effort) 25 1688.37 25.72 0.00 

Phi (~Age * Time) p(~Site + time) 26 1688.40 25.75 0.00 

Phi (~Age + MFAst + Time) p(~Age + time + Site + Sampling 

effort) 28 1688.58 25.93 0.00 

Phi (~Age * Site + MFAst) p(~time) 26 1688.60 25.95 0.00 

Phi (~Age * Site + Time + MFAst) p(~Age + time + Site + 

Sampling effort) 31 1688.62 25.97 0.00 

Phi (~MFAst * Age) p(~Age + Site + time) 28 1688.67 26.02 0.00 

Phi (~Age * Time + MFAst) p(~Age + time + Sampling effort) 29 1688.67 26.02 0.00 
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Phi (~Age * Site) p(~Site + time) 26 1688.68 26.03 0.00 

Phi (~Age * Site + Time) p(~Site + time) 27 1688.76 26.11 0.00 

Phi (~Age * Site + Time + MFAst) p(~time) 27 1688.78 26.13 0.00 

Phi (~MFAst + Time) p(~Age + time) 24 1688.82 26.17 0.00 

Phi (~MFAst * Site + Age) p(~Site + time) 26 1688.92 26.27 0.00 

Phi (~Age * Site + MFAst) p(~Age + time + Site + Sampling effort) 30 1689.01 26.36 0.00 

Phi (~Age + MFAst + Time) p(~Age + time + Sampling effort) 27 1689.04 26.39 0.00 

Phi (~Site + Time) p(~1) 4 1689.07 26.42 0.00 

Phi (~Age + Site + MFAst) p(~Site + time + Sampling effort) 26 1689.08 26.43 0.00 

Phi (~Age + Time) p(~Site + time) 24 1689.12 26.46 0.00 

Phi (~MFAst * Age + Time) p(~Age + Site + time) 29 1689.33 26.67 0.00 

Phi (~MFAst) p(~Age + time) 23 1689.33 26.68 0.00 

Phi (~MFAst * Site + Age + Time) p(~Site + time) 27 1689.36 26.71 0.00 

Phi (~Age + MFAst) p(~Age + time) 25 1689.37 26.72 0.00 

Phi (~MFAst * Age + Site) p(~Site + time) 27 1689.39 26.74 0.00 

Phi (~Age + Site + MFAst + Time + Site:Age + Site:Time + 

Age:Time + MFAst:Site + MFAst:Age) p(~Age + time + Sampling 

effort) 36 1689.41 26.76 0.00 

Phi (~Age + Site + MFAst + Time + Site:Age + Site:Time + 

Age:Time + MFAst:Site + MFAst:Age) p(~Age + Site + time) 36 1689.44 26.79 0.00 

Phi (~MFAst + Time + Site + Age) p(~Site + time + Sampling 

effort) 27 1689.54 26.89 0.00 

Phi (~Site * Time + Age + MFAst) p(~Site + time) 27 1689.56 26.91 0.00 

Phi (~Site * Time + Age) p(~Site + time + Sampling effort) 27 1689.58 26.93 0.00 

Phi (~Age * Time + MFAst) p(~Age + time) 28 1689.77 27.12 0.00 

Phi (~Age + MFAst + Time) p(~Age + time) 26 1689.80 27.15 0.00 

Phi (~MFAst * Age + Site + Time) p(~Site + time) 28 1689.85 27.20 0.00 

Phi (~Age) p(~Site + time + Sampling effort) 24 1690.09 27.44 0.00 

Phi (~Site + Time) p(~Sampling effort) 5 1690.13 27.47 0.00 

Phi (~Age + MFAst) p(~Site + time) 24 1690.15 27.49 0.00 

Phi (~Age * Time) p(~Site + time + Sampling effort) 27 1690.34 27.69 0.00 

Phi (~Site) p(~1) 3 1690.49 27.84 0.00 

Phi (~Age * Time + MFAst) p(~Site + time) 27 1690.49 27.84 0.00 

Phi (~MFAst * Age) p(~Age + time + Site + Sampling effort) 29 1690.52 27.86 0.00 

Phi (~Age * Site + MFAst) p(~Site + time) 27 1690.61 27.96 0.00 

Phi (~Age * Site) p(~Site + time + Sampling effort) 27 1690.74 28.09 0.00 

Phi (~Age * Site + Time) p(~Site + time + Sampling effort) 28 1690.85 28.20 0.00 

Phi (~Age * Site + Time + MFAst) p(~Site + time) 28 1690.85 28.20 0.00 

Phi (~Site + Time) p(~Site) 5 1690.93 28.28 0.00 

Phi (~Site * Time) p(~1) 5 1690.93 28.28 0.00 
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Phi (~MFAst * Age) p(~Age + time + Sampling effort) 28 1690.94 28.29 0.00 

Phi (~MFAst * Site + Age) p(~Site + time + Sampling effort) 27 1690.95 28.30 0.00 

Phi (~Age + Time) p(~Site + time + Sampling effort) 25 1691.08 28.43 0.00 

Phi (~MFAst + Time + Site) p(~1) 5 1691.08 28.43 0.00 

Phi (~Age + MFAst + Time) p(~Site + time) 25 1691.20 28.54 0.00 

Phi (~MFAst * Age + Time) p(~Age + time + Site + Sampling 

effort) 30 1691.22 28.57 0.00 

Phi (~Age + Site + MFAst + Time + Site:Age + Site:Time + 

Age:Time + MFAst:Site + MFAst:Age) p(~time) 33 1691.31 28.66 0.00 

Phi (~Age) p(~time) 22 1691.42 28.77 0.00 

Phi (~MFAst * Site + Age + Time) p(~Site + time + Sampling 

effort) 28 1691.42 28.77 0.00 

Phi (~MFAst * Age + Site) p(~Site + time + Sampling effort) 28 1691.48 28.82 0.00 

Phi (~Age + Site + MFAst + Time + Site:Age + Site:Time + 

Age:Time + MFAst:Site + MFAst:Age) p(~Age + time + Site + 

Sampling effort) 37 1691.56 28.91 0.00 

Phi (~Site * Time + Age + MFAst) p(~Site + time + Sampling 

effort) 28 1691.65 29.00 0.00 

Phi (~MFAst * Age + Time) p(~Age + time + Sampling effort) 29 1691.80 29.15 0.00 

Phi (~MFAst * Age) p(~Age + time) 27 1691.94 29.29 0.00 

Phi (~MFAst * Age + Site + Time) p(~Site + time + Sampling 

effort) 29 1691.96 29.30 0.00 

Phi (~Age + MFAst) p(~Site + time + Sampling effort) 25 1692.08 29.43 0.00 

Phi (~Age * Time) p(~time) 25 1692.12 29.47 0.00 

Phi (~MFAst + Time + Site) p(~Sampling effort) 6 1692.13 29.48 0.00 

Phi (~Site * Time) p(~Sampling effort) 6 1692.15 29.50 0.00 

Phi (~Site + MFAst) p(~1) 4 1692.21 29.56 0.00 

Phi (~Site) p(~Site) 4 1692.38 29.73 0.00 

Phi (~Age + Time) p(~time) 23 1692.39 29.74 0.00 

Phi (~MFAst * Age + Time) p(~Age + time) 28 1692.41 29.76 0.00 

Phi (~Age * Time + MFAst) p(~Site + time + Sampling effort) 28 1692.43 29.78 0.00 

Phi (~Site) p(~Sampling effort) 4 1692.49 29.84 0.00 

Phi (~Age * Site + MFAst) p(~Site + time + Sampling effort) 28 1692.68 30.03 0.00 

Phi (~MFAst * Age) p(~Site + time) 26 1692.73 30.07 0.00 

Phi (~Site * Time) p(~Site) 6 1692.78 30.12 0.00 

Phi (~MFAst + Time + Site) p(~Site) 6 1692.94 30.28 0.00 

Phi (~Site * Time + MFAst) p(~1) 6 1692.94 30.28 0.00 

Phi (~Age * Site + Time + MFAst) p(~Site + time + Sampling 

effort) 29 1692.94 30.29 0.00 

Phi (~MFAst * Site + Time) p(~1) 6 1693.00 30.35 0.00 
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Phi (~Age + MFAst + Time) p(~Site + time + Sampling effort) 26 1693.16 30.51 0.00 

Phi (~Age + Site + MFAst + Time + Site:Age + Site:Time + 

Age:Time + MFAst:Site + MFAst:Age) p(~Site + time) 34 1693.42 30.76 0.00 

Phi (~Age + MFAst) p(~time) 23 1693.44 30.78 0.00 

Phi (~MFAst * Age + Time) p(~Site + time) 27 1693.78 31.13 0.00 

Phi (~MFAst * Site + Time) p(~Sampling effort) 7 1693.99 31.34 0.00 

Phi (~Site + MFAst) p(~Site) 5 1694.11 31.46 0.00 

Phi (~MFAst * Site) p(~1) 5 1694.15 31.50 0.00 

Phi (~Site * Time + MFAst) p(~Sampling effort) 7 1694.16 31.50 0.00 

Phi (~Site + MFAst) p(~Sampling effort) 5 1694.20 31.55 0.00 

Phi (~Age * Time + MFAst) p(~time) 26 1694.21 31.56 0.00 

Phi (~Age + MFAst + Time) p(~time) 24 1694.47 31.82 0.00 

Phi (~MFAst * Age) p(~Site + time + Sampling effort) 27 1694.72 32.07 0.00 

Phi (~Site * Time + MFAst) p(~Site) 7 1694.79 32.13 0.00 

Phi (~MFAst * Site + Time) p(~Site) 7 1694.87 32.22 0.00 

Phi (~Age + Site + MFAst + Time + Site:Age + Site:Time + 

Age:Time + MFAst:Site + MFAst:Age) p(~Site + time + Sampling 

effort) 35 1695.54 32.89 0.00 

Phi (~MFAst * Age + Time) p(~Site + time + Sampling effort) 28 1695.80 33.15 0.00 

Phi (~MFAst * Site) p(~Site) 6 1696.06 33.40 0.00 

Phi (~MFAst * Age) p(~time) 25 1696.08 33.42 0.00 

Phi (~MFAst * Site) p(~Sampling effort) 6 1696.13 33.48 0.00 

Phi (~MFAst * Age + Time) p(~time) 26 1697.13 34.48 0.00 

Phi (~Time) p(~Site) 4 1697.24 34.59 0.00 

Phi (~Time) p(~Sampling effort) 4 1697.38 34.73 0.00 

Phi (~1) p(~Site) 3 1698.05 35.40 0.00 

Phi (~Time) p(~1) 3 1698.91 36.26 0.00 

Phi (~MFAst + Time) p(~Site) 5 1699.26 36.61 0.00 

Phi (~MFAst + Time) p(~Sampling effort) 5 1699.40 36.75 0.00 

Phi (~1) p(~1) 2 1699.70 37.05 0.00 

Phi (~MFAst) p(~Site) 4 1699.88 37.23 0.00 

Phi (~1) p(~Sampling effort) 3 1700.50 37.85 0.00 

Phi (~MFAst + Time) p(~1) 4 1700.93 38.28 0.00 

Phi (~MFAst) p(~1) 3 1701.57 38.92 0.00 

Phi (~MFAst) p(~Sampling effort) 4 1702.27 39.62 0.00 

Phi (~Site + Time) p(~time) 22 1704.08 41.43 0.00 

Phi (~Site) p(~time) 21 1704.28 41.63 0.00 

Phi (~Site + Time) p(~Site + time) 23 1706.08 43.43 0.00 

Phi (~Site * Time) p(~time) 23 1706.16 43.51 0.00 

Phi (~MFAst + Time + Site) p(~time) 23 1706.17 43.52 0.00 
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Phi (~Site) p(~Site + time) 22 1706.20 43.55 0.00 

Phi (~Site + MFAst) p(~time) 22 1706.26 43.61 0.00 

Phi (~MFAst * Site + Time) p(~time) 24 1707.98 45.33 0.00 

Phi (~MFAst * Site) p(~time) 23 1708.10 45.45 0.00 

Phi (~Site + Time) p(~Site + time + Sampling effort) 24 1708.17 45.52 0.00 

Phi (~Site * Time) p(~Site + time) 24 1708.17 45.52 0.00 

Phi (~MFAst + Time + Site) p(~Site + time) 24 1708.17 45.52 0.00 

Phi (~Site + MFAst) p(~Site + time) 23 1708.19 45.54 0.00 

Phi (~Site * Time + MFAst) p(~time) 24 1708.25 45.60 0.00 

Phi (~Site) p(~Site + time + Sampling effort) 23 1708.27 45.61 0.00 

Phi (~1) p(~Site + time) 21 1709.67 47.02 0.00 

Phi (~MFAst * Site + Time) p(~Site + time) 25 1709.97 47.32 0.00 

Phi (~MFAst * Site) p(~Site + time) 24 1710.00 47.35 0.00 

Phi (~Time) p(~Site + time) 22 1710.26 47.61 0.00 

Phi (~MFAst + Time + Site) p(~Site + time + Sampling effort) 25 1710.26 47.61 0.00 

Phi (~Site + MFAst) p(~Site + time + Sampling effort) 24 1710.26 47.61 0.00 

Phi (~Site * Time) p(~Site + time + Sampling effort) 25 1710.26 47.61 0.00 

Phi (~Site * Time + MFAst) p(~Site + time) 25 1710.26 47.61 0.00 

Phi (~1) p(~Site + time + Sampling effort) 22 1711.66 49.01 0.00 

Phi (~MFAst) p(~Site + time) 22 1711.72 49.07 0.00 

Phi (~MFAst * Site + Time) p(~Site + time + Sampling effort) 26 1712.05 49.40 0.00 

Phi (~MFAst * Site) p(~Site + time + Sampling effort) 25 1712.05 49.40 0.00 

Phi (~Time) p(~Site + time + Sampling effort) 23 1712.26 49.61 0.00 

Phi (~MFAst + Time) p(~Site + time) 23 1712.35 49.70 0.00 

Phi (~Site * Time + MFAst) p(~Site + time + Sampling effort) 26 1712.36 49.71 0.00 

Phi (~MFAst) p(~Site + time + Sampling effort) 23 1713.70 51.05 0.00 

Phi (~1) p(~time) 20 1714.10 51.45 0.00 

Phi (~MFAst + Time) p(~Site + time + Sampling effort) 24 1714.35 51.70 0.00 

Phi (~Time) p(~time) 21 1714.73 52.07 0.00 

Phi (~MFAst) p(~time) 21 1716.16 53.51 0.00 

Phi (~MFAst + Time) p(~time) 22 1716.80 54.15 0.00 

 

 


