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Abstract 23 

Effective population size (Ne) is a key parameter to understand evolutionary processes 24 

and the viability of endangered populations as it determines the rate of genetic drift 25 

and inbreeding. Low Ne can lead to inbreeding depression and reduced population 26 

adaptability. In this study we estimated contemporary Ne using genetic estimators 27 

(LDNE, ONeSAMP, MLNE and CoNe) as well as a demographic estimator in a 28 

natural insular house sparrow metapopulation. We investigated whether population 29 

characteristics (population size, sex ratio, immigration rate, variance in population 30 

size, and population growth rate) explained variation within and among populations in 31 

the ratio of effective to census population size (Ne/Nc). In general, Ne/Nc-ratios 32 

increased with immigration rates. Genetic Ne was much larger than demographic Ne, 33 

probably due to a greater effect of immigration on genetic than demographic 34 

processes in local populations. Moreover, although estimates of genetic Ne seemed to 35 

track Nc quite well, the genetic Ne estimates were often larger than Nc within 36 

populations. Estimates of genetic Ne for the metapopulation were however within the 37 

expected range (<Nc). Our results suggest that in fragmented populations, even low 38 

levels of gene flow may have important consequences for the interpretation of genetic 39 

estimates of Ne. Consequently, further studies are needed to understand how Ne 40 

estimated in local populations or the total metapopulation relates to actual rates of 41 

genetic drift and inbreeding.42 
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Introduction 43 

Effective population size (Ne) is a key parameter to understand the evolution of 44 

populations in general and the viability of small and endangered populations in 45 

particular, as it determines the rate of loss of genetic variation by genetic drift and 46 

inbreeding (Wright 1938; Frankham 1996, 2010). Furthermore, Ne affects the 47 

interplay between genetic drift and selection affecting for instance the probability of 48 

fixation of advantageous alleles (Kimura & Crow 1963). Ne is defined as the size of 49 

an ideal Wright-Fisher population in which the rate of change in heterozygosity 50 

(inbreeding effective size, NeI) or allele frequencies (variance effective size, NeV) is 51 

the same as in the observed population (Wright 1931). Populations with small Ne risk 52 

inbreeding depression and loss of evolutionary potential, which in turn may increase 53 

the probability of extinction (Franklin & Frankham 1998). Census population size 54 

(Nc) can be misleading in this context as Ne << Nc for most natural populations 55 

(Wright 1931, 1938; Frankham 1995; Nunney 1995). Thus, knowledge about the 56 

effective population size is crucial for understanding the evolutionary processes in 57 

populations. Furthermore, for endangered populations or species, knowledge of Ne 58 

may help evaluating and minimizing any negative genetic effects. For instance, the 59 

effective population size can be maximized by artificially increasing gene-flow or 60 

carrying out strict breeding regimes (Templeton & Read 1984; Schwartz et al. 2007; 61 

Hedrick & Fredrickson 2010).  62 

There are two different approaches to estimating Ne; using demographic 63 

ecological data or using genetic markers, or, sometimes a combination of both 64 

(Anderson & Garza 2009). The demographic approach provides an estimate of the 65 

contemporary Ne and hence current rate of genetic drift, based on demographic 66 
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characteristics of the population. Unfortunately, most methods (e.g. Felsenstein 1971; 67 

Hill 1972; Engen et al. 2005) require extensive data on several demographic variables 68 

such as population size, variance in reproductive success, age-distribution, sex ratio 69 

etc. Such data are rarely obtainable for most natural populations. In addition, many of 70 

these methods are based on assumptions that are rarely fulfilled for most natural 71 

populations (e.g. stable age-distribution, constant population size, no density 72 

dependence). This is why considerable effort has been put into developing Ne 73 

estimators based on genetic data in recent years. This development has been fueled by 74 

a revolution in the advancement of techniques to efficiently genotype individuals on 75 

polymorphic molecular markers (Anderson & Garza 2009; Luikart et al. 2010). 76 

Genetic estimates of contemporary Ne can be derived from a single sample (in 77 

time), which provides the basis for an estimate of inbreeding effective size (NeI), or 78 

multiple samples spaced by one or more generations (temporal method), which can be 79 

used to estimate variance effective population size (NeV) (Waples & Yokota 2007). 80 

The choice of method has several important consequences for further interpretation: 81 

NeI predicts the rate at which heterozygosity is lost and depends on the number of 82 

individuals in the parent generation, whereas NeV reflects the variance of change in 83 

allele frequency from one generation to the next and depends on the number of 84 

offspring (Kimura & Crow 1963; Crow & Denniston 1988; Waples 2005). As a 85 

consequence, NeI will lag behind any reductions in population size or bottlenecks by at 86 

least one generation because it is affected by the population decline only when 87 

inbreeding accumulates due to increased mating between relatives (Luikart et al. 88 

2010). In contrast, because the number of offspring usually is low in declining 89 

populations NeV will decline rapidly and thus be more sensitive to reductions in 90 

population size (Luikart et al. 2010). Due to these differences NeV may be more 91 
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relevant when monitoring endangered species (Schwartz et al. 2007). However, NeI 92 

and NeV should be equal in a single isolated population of constant size (Kimura & 93 

Crow 1963).  94 

Because of the fundamental importance of Ne in conservation, population 95 

genetics and evolutionary biology, it is relevant to quantify Ne and particularly the 96 

Ne/Nc-ratio. The Ne/Nc-ratio is affected by several factors such as sex ratio (Wright 97 

1931), variation in family size (Wright 1938), inbreeding (Crow & Kimura 1970), age 98 

structure (Hill 1972; Engen et al. 2005), fluctuating population size (Kalinowski & 99 

Waples 2002), selection (Waples 1989); and spatial structure (e.g. Hedrick & Gilpin 100 

1997; Wang & Caballero 1999). For more extensive reviews on Ne and Ne estimators, 101 

see Wang (2005), Anderson & Garza (2009), Charlesworth (2009), Luikart et al. 102 

(2010), and Waples (2010).  103 

In this study we use data from a long-term study of an insular house sparrow 104 

metapopulation at Helgeland, Norway, to estimate Ne with four different genetic 105 

estimators; LDNE (Waples and Do 2008, 2010), ONeSAMP (Tallmon et al. 2008), 106 

MLNE (Wang 2001, Wang & Whitlock 2003) and CoNe (Berthier et al. 2002, 107 

Anderson 2005), and one demographic estimator (Engen et al. 2007). Our study 108 

includes 15 islands, which allows us to analyze variation in Ne/Nc locally as well as in 109 

the whole metapopulation. Estimates of several parameters known to affect Ne 110 

(Caballero 1994) such as population size (census population size, Nc), recruitment 111 

rates, adult mortality rates, sex-ratio, migration rates, and inter- and intra-individual 112 

genetic variation are available because individual-based data have been collected 113 

since 1993 (Jensen et al. 2003, 2004, 2008; Husby et al. 2006; Engen et al. 2007; Pärn 114 

et al. 2009).  115 
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 We have the following objectives with this study. Initially, the congruence of 116 

different genetic estimators of Ne will be assessed by comparing estimates from 117 

different methods based on the same data set. Then for each estimator we will 118 

examine which population characteristics potentially explain variation in the Ne/Nc–119 

ratio across local populations and years within this metapopulation. Furthermore, we 120 

will compare Ne estimates from analyses of genetic data with demographic estimates 121 

of Ne (Engen et al. 2007). Finally, we will investigate how population structure and 122 

gene-flow affect genetic Ne estimates by comparing Ne calculated for the entire 123 

metapopulation (metaNe) with the sum of Nc for local populations (metaNc) under the 124 

prediction that the metaNe/metaNc-ratio > 1 in Wright’s island model (Wang & 125 

Caballero 1999). We will also compare metaNe with the sum of Ne for all local 126 

populations (ΣNe), predicting that given a Wright’s island model metaNe > ΣNe, but 127 

given more complex metapopulation dynamics this relationship will be the opposite 128 

(metaNe < ΣNe) (Hedrick & Gilpin 1997;Wang & Caballero 1999). 129 
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Materials and Methods 130 

Study system 131 

The study area consisted of fifteen islands in Northern Norway from Sleneset 132 

(66°22´N, 12°36´E) in the southeast to Myken (66°46´N, 12°29´E) in the northwest 133 

(Fig. 1). These islands were populated by house sparrows continuously or periodically 134 

during the 17 year study period (1993-2009). For more extensive information 135 

regarding this study system, see Sæther et al. (1999), Ringsby et al. (2002), Pärn et al. 136 

(2009, 2012).  137 

Data collection and sampling scheme 138 

From 1993-2009 we captured adult and juvenile individuals using mist nets, while 139 

nestlings were sampled from the nest. A blood sample (25 µL by venipuncture) was 140 

collected from each individual. We designated each bird a metal ring with an 141 

individual number and a unique combination of three colored bands on its tarsi. This 142 

allowed us to estimate various demographic parameters from recapture and 143 

observation data. As the average generation time for the house sparrow is 144 

approximately 2 years (Jensen et al. 2008) we assumed that samples spaced by 3 years 145 

were from separate generations. To represent six generations we selected the 146 

following years: 1994, 1997, 2000, 2003, 2006 and 2009. For the single sample 147 

estimators of Ne, we obtained one point estimate for each population in each of these 148 

years. For the temporal estimators of Ne, we used data from pairs of samples spaced 149 

by 1, 4 or 7 generations (i.e. 3, 9 or 15 years respectively) for each population. 150 
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Population characteristics 151 

We estimated annual adult census population size (Nc) in one of two ways: on the 152 

islands where the percentage of marked individuals was high (>70%, and usually 153 

close to 100%) we estimated Nc as the number of marked adult individuals that were 154 

either captured or observed in a given year, or captured/observed in both a previous 155 

and a subsequent year (Jensen et al. 2006, 2013). Otherwise we estimated annual Nc 156 

by counting number of adults present in the population at the start of the breeding 157 

season (Pärn et al. 2012). There is a strong correlation between these two methods 158 

(r=0.959, P<0.001; see Jensen et al. 2013), and Nc was assumed equal to actual adult 159 

population size. For single sample estimators we compared Nc with N�e, but for 160 

temporal estimators we compared N�e with the harmonic mean census population size 161 

(NH) across the years since the previous sampling event (both years of sampling 162 

included). This is because the single sample N�e represents Ne at the time of sampling, 163 

whereas the temporal N�e represents the harmonic mean Ne in the time interval 164 

considered (Waples 2010). We calculated the variance in population size (σNc

2 ) and the 165 

population growth rate (dN/dt) between two samples; for single sample N�e between 166 

the sampling year and the previous sampling year, for temporal N�e between the two 167 

sampling years. The sex ratio (SR) was defined as the proportion of males in the 168 

population (for temporal N�e the SR was averaged over the two sampling years). We 169 

calculated the average immigration rate (m) for either the generation preceding the 170 

sampling event (single sample N�e) or the time interval between sampling years 171 

(temporal N�e). Information on sampling schemes can be found in Supporting 172 

Information (Table S3 (single sample) and Table S4 (temporal)).  173 
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Molecular analyses 174 

We extracted DNA from blood samples as described in Elphinstone et al. (2003) and 175 

used polymerase chain reactions (PCR) to amplify DNA and genotype each individual 176 

on 13 polymorphic nuclear microsatellite loci (see Supporting Information Appendix 177 

S1) that  appeared to be selectively neutral, unlinked and in Hardy Weinberg 178 

equilibrium. For more information on the genotyping and use of these loci in e.g. 179 

population genetic studies see Griffith et al. (2007), Kekkonen et al. (2011), Billing et 180 

al. (2012), Dawson et al. (2012) and Jensen et al. (2013). The widespread and 181 

successful use of these loci suggests they are suitable for estimating genetic effective 182 

population size. 183 

Estimation of genetic Ne 184 

Single sample estimators 185 

LDNE 186 

The LDNE program implements a moment-based method for estimating Ne based on  187 

linkage disequilibrium (LD), defined as the non-random association of alleles at 188 

different loci, that arises due to random genetic drift (Waples & Do 2008, 2010). 189 

Although single sample estimates of Ne usually apply to the parental generation, 190 

estimates based on LD may provide information on Ne more than one generation prior 191 

to the sampling because LD may take several generations to decay, particularly if 192 

linked loci are used (Waples 2010, Luikart et al. 2010). Here we assumed random 193 

mating, as the house sparrows in this study system appears not to be strictly 194 

monogamous (Jensen et al. 2008).  195 

ONeSAMP 196 

The ONeSAMP program implements approximate Bayesian computation (ABC) to 197 

estimate Ne by comparing eight summary statistics (including LD) obtained for the 198 
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population in question with the same statistics calculated for 50 000 simulated 199 

populations (Tallmon et al. 2008). We chose two as the lower bound of the prior, and 200 

because Ne theoretically can be at most twice as high as Nc (Wright 1938), 2Nc was 201 

chosen as its upper bound. The repeat motif was specified for each locus (for repeat 202 

motif for the different loci, see Griffith et al. (2007) and Dawson et al. (2012)).   203 

Temporal methods: Multiple samples estimators 204 

For both temporal methods the upper bound of the prior in the estimation procedure 205 

was chosen to be 2Nc for the sampling year with the highest Nc.  206 

MLNE 207 

The MLNE method estimates N�e from temporally spaced samples using a pseudo-208 

likelihood method which assumes that temporal changes in allele frequencies are 209 

caused by genetic drift alone (Wang 2001; Wang & Whitlock 2003). The estimation 210 

procedure is based on the Wright-Fisher model, but has less restrictive assumptions as 211 

it allows for migration (open populations) assumed to be from an infinite, unchanging 212 

source population, estimating N�e and m�  jointly (Wang & Whitlock 2003).  213 

We estimated N�e assuming both isolated populations (N�e(MLNE,	closed)), and 214 

open populations (N�e(MLNE, open)). Consequently, N�e(MLNE, open) are estimates for which 215 

a “genetic immigration rate” (referred to as (m� (MLNE�) has been taken into account. 216 

When estimating N�e(MLNE, open) we pooled individuals from all the island populations 217 

except the focal population, and defined this pool as the source population for any 218 

migrants. Furthermore, MLNE requires that a relationship between drift and 219 

migration is specified; we assumed non-equilibrium as this is more realistic for the 220 

small populations in this study. 221 

To examine whether choice of prior affected our results we also estimated Ne 222 

using the MLNE(closed) method when the upper bound of the prior was set to 40Nc 223 

Page 10 of 49Molecular Ecology



For Review
 O

nly

for the sampling year with the highest Nc (see Supporting Information Tables S2 and 224 

S4).  225 

CoNe 226 

The program CoNe gives the likelihood of Ne given genetic data sampled from the 227 

same population at different points in time (Anderson 2005). This method is based on 228 

coalescent theory and assumes that coalescent events are only driven by genetic drift 229 

while ignoring mutations and dispersal (Anderson 2005).  230 

Metapopulation Ne  231 

Genetic data from each local population was pooled for each year or combination of 232 

years to estimate metaNe for each estimator. Additionally, Ne-values were summed 233 

across islands for each year/combinations of years, giving ΣNe. Census population 234 

size was summed across islands to give an estimate of metaNc. When Ne for a local 235 

population was not available (see Supporting Information Table S2) the same 236 

population was excluded from the other estimates to make direct comparisons 237 

possible. Note that neither the metaNe nor the ΣNe are expected to be entirely correct 238 

estimates of Ne for a metapopulation. We therefore only qualitatively compared 239 

estimates of metaNe and ΣNe with metaNc, and metaNe/metaNc–ratios with 240 

subpopulation Ne/Nc-ratios to examine variation in Ne at different population levels, 241 

and thus indicate how ignoring population structure may affect estimates of Ne.  242 

Estimation of demographic Ne 243 

Demographic methods are often based on very restrictive assumptions (e.g. 244 

Felsenstein 1971; Hill 1972) or a large number of parameters (e.g. Engen et al. 2005). 245 

Here we based our estimates on the approach of Engen et al. (2007), which assumes 246 

constant mean vital rates independent of age. This simplifies the estimation 247 

considerably. Ne was calculated for each sex separately as vital rates can be sex-248 
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specific. Ne for females (Nef) was based on a simplification of Engen et al. (2005) and 249 

is given by 250 

 
Nef = 

Nf

σdgf
2 Tf

 = 
Nf

�bf 4 ⁄ + σf
2/4 + sf�1 - sf� + cf�Tf

 
(2) 

where Nf is the number of females, σ2
dgf is the demographic variance of a hypothetical 251 

female subpopulation of heterozygotes carrying a rare allele, bf is the mean number of 252 

female offspring born to each female, σ2
f is the variance in number of female 253 

offspring per female, sf is the probability of survival for females, cf is the covariance 254 

between an individual’s number of offspring and the indicator variable (0 or 1) for its 255 

survival, and Tf is the generation time for the female population given by Tf = λ/(λ – 256 

sf) where λ is the deterministic growth rate. Ne for males (Nem) was calculated in the 257 

same way. Second, the Ne of the total population was calculated as follows, based on 258 

Wright’s formula for uneven sex ratios modified to also allow for non-overlapping 259 

generations (Engen et al. 2007) 260 

 
Ne = 

4λ
2
bNefNem

bfNef + bmNem

 
(3) 
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N�e(demographic) was obtained from the same sampling intervals as temporal genetic N�e, 261 

by multiplying the mean population size during the sampling interval for each island 262 

with the Ne/Nc-ratio given in Table 1 in Engen et al. (2007). Note that this approach 263 

assumes a constant Ne/Nc-ratio across years. Metapopulation Ne was not estimated 264 

using the demographic method as this approach was currently only possible for a 265 

limited number of years on 6 out of 15 islands. More information about the method 266 

and exact values used in the calculations can be found in Engen et al. (2007). 267 

Statistical analyses 268 

We used Pearson’s correlation coefficient (r) to investigate the relationship between 269 

estimates from different estimators (N�e(LDNE) and N�e(ONeSAMP), and N�e(MLNE) and 270 

N�e(CoNe)), and between N�e and Nc (NH for temporal estimates), and finally between N�e 271 

and N�e(demographic). In order to determine the importance of population characteristics 272 

for N�e/Nc, we modeled N�e/Nc and N�e/NH as a function of the following predictor 273 

variables: SR, m, Nc or NH, dN/dt, σNc

2  and the number of generations between samples 274 

(g). Additionally, the interactions were included in the a priori global models: Nc×SR 275 

and Nc×m as the effect of SR and m on N�e/Nc could vary with Nc (NH for temporal 276 

estimators). Hence, the global models included five or six covariates (for single 277 

sample and temporal methods, respectively) and two two-way interactions. All 52 or 278 

104 models nested within the global models were tested (for single sample and 279 

temporal methods, respectively). Analyses were carried out using both generalized 280 

linear models (GLM) with a Gaussian error structure (using the lm function in R; R 281 

Development Core Team 2011) and generalized linear mixed models (GLMM, with a 282 

Gaussian error structure, using the nlme package (Pinheiro et al. 2011)) with 283 

population as a random factor. As GLMs and GLMMs gave similar results only the 284 

results from the GLMs are presented. Model selection was carried out using Akaike’s 285 
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Information Criterion with a correction for smaller sample sizes (AICC) following 286 

Burnham & Anderson (2002). Detailed results of the model selection procedures are 287 

given in Supporting Information Appendix S2. All statistical analyses were carried 288 

out using R (R Development Core Team 2011). For an overview of removed data, 289 

including justification for removing outliers, see Supporting Information Table S2.290 
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Results 291 

There was large variation in Nc within and among insular house sparrow populations 292 

in Northern Norway across the 17 year study period (Fig. 2, 3). Aldra was colonized 293 

in 1998 and populated continuously thereafter (see Billing et al. 2012). The 294 

populations on Sundøy and Ytre Kvarøy went extinct in 2000 (see Ringsby et al. 295 

2006), and the Selvær population went effectively extinct in 2000 (only four males 296 

present), but quickly rebounded due to immigration (see Supporting Information 297 

Figure S2). For the other island populations the population sizes ranged from less than 298 

10 individuals (e.g. Selsøyvik) to more than 150 individuals (e.g. Hestmannøy).  299 

Estimates of local Ne 300 

N�e(LDNE) and N�e(ONeSAMP) were both significantly positively correlated with Nc and 301 

tracked fluctuations in Nc over time (Fig. 2, Table 1, Supporting Information Table 302 

S3). The two estimators showed different patterns; N�e(LDNE) were mostly lower than 303 

Nc in relatively large populations (i.e. populations larger than Nc ≈ 25, see Supporting 304 

Information Fig. S1), while N�e(ONeSAMP) typically were higher than Nc. For small 305 

populations, the relationship between N�e and Nc appeared to be opposite for both 306 

estimators (Supporting Information Fig. S1).  307 

N�e(MLNE,	closed) and  N�e(MLNE, open) were significantly positively correlated with 308 

each other and with NH (Table 1), whereas N�e(CoNe) was significantly correlated only 309 

with N�e(MLNE, open) (Table 1). All three temporal estimators seemed to track 310 

fluctuations in NH over time (Fig. 3, Supporting Information Table S4). Temporal N�e 311 

was generally higher than NH; except for N�e(MLNE,	open) (Fig. 3). Overall the MLNE 312 
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and CoNe methods produced quite similar estimates, although the estimates given by 313 

CoNe were generally higher than those from MLNE (Fig. 3). 314 

 Estimates of immigration rates from MLNE (m� (MLNE�) ranged from 0.00 to 315 

1.00, with a mean value of 0.43 (Supporting Information Table S4). These estimates 316 

were much higher than the observed (ecological) migration rate m calculated based on 317 

observed natal dispersal events of recruiting individuals between the islands (range: 318 

0.00 - 0.14, mean = 0.04; see Pärn et al. 2009, 2012 and Supporting Information 319 

Figure S2). 320 

Population characteristics and variation in local Ne/Nc 321 

The most parsimonious model explaining 35% of the variation in N�e(LDNE)/Nc included 322 

two parameters: sex ratio (SR) and immigration rate (m) (model 1, Table 2a). SR and 323 

m were positively related to N�e(LDNE)/Nc  (Table 3a), indicating that N�e(LDNE) was 324 

relatively higher compared to Nc when the population was more male biased and there 325 

were more immigrants.  326 

The most parsimonious model explaining 31% of the variation in 327 

N�e(ONeSAMP)/Nc included only Nc (model 1, Table 2b). This model showed that Nc was 328 

positively related to N�e(ONeSAMP)/Nc (Table 3b), thus  N�e(ONeSAMP) was relatively higher 329 

compared to Nc at higher values of Nc (see also Supporting Information Fig. S1b). 330 

Variation in N�e(MLNE,	closed)/NH was best explained by population size (NH), sex 331 

ratio (SR), immigration rate (m) and population growth rate (dN/dt) (model 1, Table 332 

2c). In this model, which explained 35% of the variance in N�e(MLNE,	closed)/NH, 333 

N�e(MLNE,	closed)/NH was negatively related to NH and SR, and positively related to m and 334 

dN/dt (Table 3c). This implied that N�e(MLNE,	closed) was relatively smaller compared to 335 
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NH at higher population sizes and at higher proportions of males in the population, 336 

and relatively higher than NH at higher population growth rates and immigration rates.  337 

According to the best model, which explained 47% of the variation in 338 

N�e(MLNE,	open�/NH (model 1, Table 2d), NH was negatively related to	N�e(MLNE,	open�/NH 339 

and σNc

2  were positively associated with N�e(MLNE,	open�/NH  (Table 3d). Consequently, 340 

N�e(MLNE,	open� was relatively larger compared to NH at smaller values of NH and with 341 

higher σNc

2 . 342 

The most parsimonious model explaining 71% of the variation in N�e(CoNe)/NH 343 

included population size (NH), immigration rate (m), population growth rate (dN/dt) 344 

and the interaction term NH×m (model 1, Table 2e). Parameter estimates for model 1 345 

(Table 3e) showed that m and dN/dt had a positive effect on N�e(CoNe)/NH , whereas NH 346 

and the interaction term NH×m had negative parameter estimates. However, the main 347 

effect of NH was not significant (p = 0.20). Thus, N�e(CoNe) was relatively higher 348 

compared to NH when the number of immigrants increased and with higher population 349 

growth rate. The magnitude of the positive effect of m on N�e(CoNe)/NH was reduced 350 

when population size increased. 351 

The relationship between genetic and demographic local Ne 352 

The estimates of Ne from the demographic method were significantly positively 353 

correlated with estimates from the MLNE method, as well as with estimates from the 354 

CoNe method (Table 1). Thus, this suggests that these methods reflected current rates 355 

of drift in these populations. However, both the MLNE method and the CoNe method 356 

always produced estimates that were larger than N�e(demographic) (see Supporting 357 

Information Figure S1). 358 
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The effect of population structure 359 

Metapopulation estimates of Ne based on the pooled samples from all local 360 

populations for a given year (or two points in time for the temporal estimator) were 361 

only estimated for ONeSAMP, LDNE and MLNE (closed). Metapopulation Ne could 362 

not be estimated using CoNe due to too many missing estimates for each local 363 

population (see Supporting Information Table S2) and estimating metapopulation Ne 364 

using MLNE(open) is not possible as we currently do not have data on the genetic 365 

composition of the potential source of immigrants into the house sparrow 366 

metapopulation. Even though the sample size was too small for proper statistical 367 

testing, some patterns were apparent; for LDNE, ΣNe was lower than metaNc, while 368 

for MLNE it was always higher (Figure 4, Supporting Information Table S5). For 369 

both LDNE and MLNE ΣNe was in general more than twice the metaNe (Figure 4, 370 

Supporting Information Table S5). Also, for both LDNE and MLNE metaNe/metaN 371 

was in the range 0.260-2.521, and mostly below 1 (Supporting Information Table S5).  372 
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Discussion 373 

As expected, estimates of local Ne within island populations were strongly positively 374 

related to Nc (Table 1, Fig. 2 and 3). However, although estimates of genetic Ne 375 

seemed to track Nc quite well, Ne estimates within local populations were in general 376 

larger than census population size (Fig. 2 and 3), with N�e(LDNE) being the only 377 

exception (Fig. 2). On the metapopulation level we found that metaNe was usually 378 

smaller than metaNc (Fig. 4).   379 

There was an overall congruence between different genetic estimators of Ne, 380 

and between temporal genetic and demographic estimators of Ne (Table 1). Temporal 381 

genetic Ne was however always larger than demographic Ne. The differences between 382 

the estimators are partly due to the estimators being affected differently by 383 

immigration and fluctuating population size (see discussion below). The estimators 384 

can also be inaccurate, which is very likely in many natural populations given the 385 

restrictive assumptions underlying the estimators (constant population size, no gene-386 

flow, non-overlapping generations etc.). As we do not know the true value of Ne it is 387 

however difficult to assess the magnitude and direction of a potential bias. For 388 

example, when the upper bound of the prior was increased from 2 times Nc to 40 389 

times Nc many of the Ne-estimates from the MLNE(closed) method increased 390 

considerably, showing that this estimator is sensitive to the prior distribution 391 

(Supporting Information Table S4). The Ne-estimates increased on average by more 392 

than 10-fold when the two population samples were spaced only one generation apart 393 

but remained almost the same when spaced four or seven generations apart 394 

(Supporting Information Fig. S3). This suggests that the bias introduced by age 395 

structure when using a method which assumes non-overlapping generations (such as 396 
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e.g. MLNE) can be reduced by increasing the number of generations between the 397 

samples (Waples & Yokota 2007). Furthermore, some estimates were either infinite 398 

or clear outliers (see Supporting Information Tables S2, S3 and S4), perhaps due to 399 

the combined effects of relatively few genetic marker loci and small sample sizes 400 

(Waples 1989; England et al. 2006). Although these estimates were excluded from the 401 

analyses, they do highlight a general concern with at least some of the genetic Ne 402 

estimators; ˆ
eN  may in certain cases be very biased. Given that Ne > Nc for most 403 

estimates in our study (Table 1, Fig. 2 and 3) it seems likely that there exist an upward 404 

bias for genetic Ne estimators on the local population level. The most likely cause of 405 

this potential bias is immigration. We recommend the use of different estimators of Ne 406 

to obtain some notion of how robust the estimate is, and that ˆ
e

N  should be interpreted 407 

with caution if no other information is available from the population in question. 408 

Different bounds of the prior should also be tried out; if the estimates returned are 409 

much higher and even equal to the upper bound of the prior this might indicate that 410 

there is not enough information in the molecular data for the method to properly 411 

quantify the genetic drift component and give reliable estimates of Ne, perhaps 412 

because too few generations have passed between the temporal samples. 413 

Population characteristics and variation in Ne/Nc 414 

Contemporary estimates of Ne will mainly reflect local demographic and evolutionary 415 

processes that have occurred during recent generations(Waples 2010), with single 416 

sample estimators generally reflecting processes that occurred in the parental 417 

generation, and temporal estimators reflecting the processes that have occurred during 418 

the time span considered (Luikart et al. 2010). Accordingly, demographic 419 

characteristics of the populations during one or a few generations prior to sampling 420 
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explained between 31 and 71 % of the observed variance in local Ne/Nc for the 421 

different genetic estimators. This pattern was however complex, as the population 422 

characteristics affecting the Ne/Nc-ratio differed between estimators (Table 2 and 3).  423 

Population size and population growth rate  424 

According to theory there should be no relationship between Ne/Nc and Nc 425 

(Kalinowski & Waples 2002). However, Nc positively affected Ne/Nc for the 426 

ONeSAMP method and negatively affected Ne/NH for the MLNE and CoNe methods 427 

(Table 3). A negative relationship between Ne/Nc  and Nc was found in other studies as 428 

well (Ardren & Kapuscinski 2003; Beebee 2009). These studies attributed this pattern 429 

to either genetic compensation (which is a higher than expected Ne at low values of Nc 430 

because reproductive variance may be lower in small populations), or simply an 431 

artifact of plotting a fraction against its denominator. ONeSAMP gave relatively 432 

higher Ne with higher Nc prior, consistent with results from Phillipsen et al. (2011), 433 

and metaNe estimates for this estimator were therefore extremely high (i.e. >2500). 434 

This is most likely an artifact of the estimation procedure used in ONeSAMP, which 435 

seems to be inappropriate for higher values of Ne as the signal from drift attenuates 436 

with increasing Ne (see Phillipsen et al. (2011)), and not an effect of population 437 

structure. As expected from theory, Ne/NH was positively related to population growth 438 

rate for the two temporal methods, which estimate NeV (Waples 2005). Fluctuations in 439 

population size are expected to influence NeI and NeV differently, as variance in allele 440 

frequencies and inbreeding relates differently to population dynamics (Crow & 441 

Denniston 1988). Changes in NeV are expected to follow changes in Nc because 442 

variance in allele frequency is directly dependent on Nc. On the other hand, NeI will 443 

lag by at least one generation, as it relates to the number of parents that produced the 444 

sample. Although it may seem that the single sample estimators track Nc better than 445 
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the temporal estimators (Fig. 2, 3), there is no evidence that this is the case based on 446 

the observed correlations between Ne estimates and Nc (Table 1).   447 

 Variance in population size should lead to a reduction in Ne and Ne/Nc 448 

(Kalinowski & Waples 2002). Therefore, the positive relationship between 449 

N�e(MLNE,open� and σNc

2  is puzzling. This relationship could however arise if there is a 450 

positive relationship between population size and the magnitude of fluctuations in 451 

population size. 452 

Sex ratio 453 

A prediction from Wright’s theory is that a skewed sex ratio will decrease Ne toward 454 

the effective size for the rarest sex (Wright 1931, 1938). Empirical studies have 455 

reported that unequal sex ratio had a negative effect on Ne/Nc (Frankham 1995). 456 

However, the effect of sex ratio on Ne/Nc depends on the mating system (Nunney 457 

1993). The house sparrow mating system is probably dominance polygyny, resulting 458 

in higher variance in reproductive success for males than females (Anderson 2006; 459 

but see Jensen et al. 2004). The maximum value of Ne/Nc is then expected in a male 460 

biased population (Nunney 1993). This is concordant with the results for the LDNE 461 

method, where sex ratio (i.e. proportion of males) affected Ne/Nc positively (Table 462 

3a). However, for MLNE(closed) the opposite result was found (Table 3c). This could 463 

be due to effects of the other parameters included in the model (population size, 464 

immigration and population growth rate), as other factors could interact with sex ratio 465 

and influence its relationship with Ne/Nc.  466 

Immigration 467 

Immigration rate had a positive effect on Ne/Nc for three of the estimators: LDNE, 468 

MLNE(closed) and CoNe (Table 3). The positive relationship between immigration 469 

rate and Ne/N could be a direct consequence of the increased genetic variation 470 
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introduced by immigrants (Charlesworth 2009), because immigrants that are 471 

genetically different from residents are expected to increase levels of LD and hence 472 

reduce Ne in the local population (Waples & England 2011). The effect of 473 

immigration will therefore depend on the genetic differentiation between the source 474 

population and recipient population (Wang & Whitlock 2003). Preliminary analyses 475 

suggest that the average pairwise FST value among the island populations in this 476 

metapopulation is ca. 0.03, indicating moderate genetic differentiation (Jensen et al. in 477 

prep.). Moreover, Jensen et al. (2013) found that genetic differentiation between 478 

island populations increased with distance on a larger scale along the Norwegian 479 

coast, and previous studies have shown that dispersal distances in the house sparrow 480 

are generally very short (Tufto et al. 2005; Anderson 2006) and occur most frequently 481 

between neighboring islands (Pärn et al. 2012). As a consequence, the average 482 

immigrant seems likely to be sufficiently genetically similar to the average individual 483 

in the recipient population to avoid increasing LD levels at the typed genetic markers, 484 

and the direct effect of immigration to reduce the rate of loss of genetic variation is 485 

probably the cause for its positive effect on Ne/Nc. This assumes that the recorded 486 

migrants are a part of the breeding population, which is not always the case in our 487 

study metapopulation in which male immigrants have lower fitness than resident 488 

males (Pärn et al. 2009). A comparison of the temporal genetic estimates from MLNE 489 

and CoNe and the demographic estimates of Ne revealed that demographic estimates 490 

were not affected by immigration in the same way, as the values of local Ne fall 491 

within what is expected with respect to NH (Ne < NH). The demographic method is on 492 

the other hand sensitive to local population demography such as the mean and 493 

variance in vital rates and deviation from a 1:1 sex ratio (Engen et al. 2005, 2007). 494 

Thus, immigration is expected to reduce demographic Ne slightly because the lowered 495 
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fitness of male immigrants would reduce the mean and increase the variance in male 496 

reproductive success (see eqn. 2). In contrast, genetic Ne will be directly affected and 497 

elevated by immigration, because immigration counteracts the effect of genetic drift. 498 

The true Ne probably lies between Ne estimated using the demographic approach and 499 

Ne estimated using genetic methods.   500 

 Immigration rates estimated using the MLNE method (m� (MLNE), mean = 0.43) 501 

were much higher than what is reasonable given the (ecological) m (mean = 0.044), 502 

calculated based on observed dispersal events (Pärn et al. 2009, 2012; see also 503 

Supporting Information Figure S2). The reason for the improbably high m� (MLNE) may 504 

be related to the fact that individuals from all other islands than the one for which Ne 505 

was estimated were pooled and defined as the source population in our analyses. 506 

Hence, a continent-island system was assumed, when in fact the metapopulation is an 507 

island-island system, with local populations of very different sizes and asymmetrical 508 

exchange of migrants (Pärn et al. 2012, Supporting Information Figure S2). Similarly, 509 

improbably large estimates of m were also found in the frog Rana pipiens and were 510 

also attributed to the MLNE method’s assumption regarding source of immigrants 511 

(Hoffman et al. 2004).  512 

Population structure and the importance of spatial scale  513 

Given that gene-flow between local populations has such a large impact on Ne it may 514 

be more appropriate to study Ne for the total metapopulation (metaNe). However, this 515 

may be very challenging as the metapopulation Ne is not equal to the sum of all the 516 

local population Ne-values (Hedrick & Gilpin 1997). Under Wright’s island model, Ne 517 

for a metapopulation is higher than the equivalent panmictic population. However, 518 

many assumptions of the island model are unrealistic in natural populations. For 519 

example, if there is higher variance in reproductive success between local populations 520 
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than expected by a Poisson distribution or if extinction-recolonization dynamics are 521 

accounted for, then metapopulation Ne will be (much) smaller than Ne for a panmictic 522 

population with the same Nc (Hedrick & Gilpin 1997, Whitlock & Barton 1997, Wang 523 

& Caballero 1999, Ovaskainen & Hanski 2004). In our house sparrow study 524 

metapopulation we have shown that metaNe generally is smaller than the 525 

metapopulation census population size (metaNc) and clearly smaller than the sum of 526 

the local population Ne-values (ΣNe; Fig. 4, Supporting Information Table S5). The 527 

true value of Ne for the total metapopulation probably lies in the range between 528 

metaNe and metaNc. Proper estimation of genetic metapopulation Ne using e.g. the 529 

model of Whitlock & Barton (1997) was not possible in this study, but should be 530 

carried out when information on the variance among local populations in reproductive 531 

success is available and can be combined with information on local population sizes 532 

and the level of genetic differentiation among populations (measured by Wright’s FST, 533 

which depends on dispersal rates). 534 

 Our results strongly show the importance of identifying the proper spatial 535 

scale for estimating Ne; if unaware of population structure and metapopulation 536 

dynamics one might risk either overestimating local Ne or underestimating 537 

metapopulation Ne (see also Fraser et al. 2007, Palstra & Ruzzante 2011). Our study 538 

also suggests the importance a metapopulation structure can have for preserving 539 

genetic variation, especially when the environmental stochasticity is high. The 540 

different island populations have undergone major fluctuations in population size, 541 

including severe bottlenecks and extinction events (Fig. 2 and 3). However, LDNE 542 

metaNe (but not single-generation MLNE metaNe) remains relatively stable across 543 

years (Fig. 4). One can speculate whether this may be due to the stabilizing effect of 544 
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migration between islands; we have shown here that migration has a positive impact 545 

on local Ne and thus maintenance of genetic variation. 546 

Conclusions and implications 547 

Genetic Ne estimated with proper caution with respect to potential biases or 548 

imprecisions, can be used to guide management decisions (Leberg 2005). Identifying 549 

Ne and the factors causing low values of Ne is vital for conservation (Wang 2009). 550 

Knowledge of how Ne can be maximized by management is also necessary. From our 551 

analyses it is clear that population size itself is an important factor, as Ne increased 552 

with Nc for all estimators. Frankham (1995) conclude that a fluctuating population 553 

size is the most important factor responsible for reducing the Ne/Nc ratio. Immigration 554 

had a positive effect on Ne/Nc and facilitating gene flow in fragmented habitats may 555 

therefore be an important conservation measure to reduce loss of genetic variation. 556 

We suggest that more effort should be put into providing empirical estimates of Ne for 557 

both local populations and metapopulations. Because more populations will become 558 

fragmented in the future, an increased understanding of how different factors affect 559 

the rate of genetic drift at every level in such systems is essential (Hedrick & Gilpin 560 

1997, Waples 2010).561 
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Table S2: Overview of missing data/excluded data along with justification for removal of 758 

outliers.  759 

Table S3: Estimates of effective population size using the single sample estimators LDNE 760 

and ONeSAMP. 761 

Table S4: Estimates of effective population size using the temporal methods MLNE and 762 

CoNe.  763 
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Table S5: Estimates of effective population size for the total metapopulation for the two 764 

methods LDNE and MLNE. 765 

Figure S1: The relationship between Ne and Nc or NH within local populations for the four 766 

genetic estimators (LDNE, ONeSAMP, MLNE and CoNe) and the demographic estimator.  767 

Appendix S1: Brief description of genotyping procedures.  768 

Appendix S2: Description of model selection procedures. 769 

Figure S2: The number of immigrants to each island population during three year 770 

intervals. 771 

Figure S3: The relative increase in Ne-estimates from the MLNE(closed) method when the 772 

upper prior limit was increases from 2 times Nc to 40 times Nc, for temporal samples 773 

spaced either 1, 4 or 7 generations apart.  774 

  775 

Page 37 of 49 Molecular Ecology



For Review
 O

nly

Figure Legends 776 

 777 

Figure 1 The house sparrow metapopulation study system consisting of 18 island 778 

populations (shown in black) off the coast of Norway. The 15 islands included in this study 779 

are named. 780 

Figure 2 Single sample effective population size estimates and population size over time 781 

in 15 house sparrow populations in Northern Norway. Census population size (Nc) is 782 

indicated as orange dots, Ne-estimates from LDNE are shown as green triangles, and Ne-783 

estimates from ONeSAMP are shown as blue squares.  784 

Figure 3 Temporal effective population size estimates and population size over time in 15 785 

house sparrow populations in Northern Norway. Census population size (Nc) is indicated 786 

as orange dots, Ne-estimates from MLNE(closed) are shown in red, Ne-estimates from 787 

MLNE(open) are shown in green, and Ne-estimates from CoNe are shown in blue. For each 788 

estimator triangles show estimates based on samples separated by one generation, dots 789 

show estimates from samples separated by four generations, and squares show estimates 790 

from samples separated by seven generations. 791 

Figure 4. Estimates of effective population size from (a) LDNE and (b) MLNE(closed) for 792 

the whole metapopulation, consisting of 15 insular house sparrow populations in Northern 793 

Norway. Census population size (Nc) is indicated as orange dots. For (a) LDNE the Ne-794 

estimates for the total metapopulation (metaNe) are shown in yellow whereas the sums of 795 

local population Ne (ΣNe) are shown in green. For (b) MLNE(closed) the Ne-estimates for 796 

the total metapopulation (metaNe) are shown in blue whereas the sum of local population 797 

Ne (ΣNe) are shown in red; triangles show estimates based on samples separated by one 798 
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generation, dots show estimates from samples separated by four generations, and squares 799 

show estimates from samples separated by seven generations. 800 

  801 
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Tables 802 

Table 1: Correlation between different estimators of effective population size (N�e) in a 803 

house sparrow metapopulation, and between N�e and adult census population size (harmonic 804 

mean census population size NH or annual census population size Nc). The upper left section gives 805 

the correlations between the temporal estimators (MLNE and CoNe) and demographic Ne; the 806 

lower right section gives the correlations for the single sample estimators (LDNE and ONeSAMP). 807 

P-values and the number of estimates (n) included in the correlation analyses are shown in 808 

brackets.  809 

 N�e(MLNE, open) N�e(MLNE, closed) N�e(CoNe) N�e(demographic) N�e(LDNE) N�e(ONeSAMP) 

NH 0.63 

(p<<0.001, 

n=86) 

0.83  

(p<<0.001, 

n=86) 

0.16 

(p=0.269, 

n=51) 

0.99  

(p<<0.001,  

n=41) 

- - 

N�e(MLNE, open) 

- 

0.69  

(p<<0.001, 

n=86) 

0.23 

(p=0.122, 

n=51) 

0.55  

(p<0.001, 

n=41) 

- - 

N�e(MLNE, closed) 

- - 

0.36 

(p=0.012, 

n=51) 

0.83 

(p<<0.001, 

n=41) 

- - 

N�e(CoNe) 

- - - 

0. 40 

(p=0.035, 

n=29) 

- - 

Nc 

- - - - 

0.63 

(p<<0.001, 

n=65) 

0.93 

(p<<0.001, 

n=70) 

N�e(LDNE) - - - - - 0.62 
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(p<<0.001, 

n=65) 

  810 
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Table 2. Modeling variation in N�e/Nc in a house sparrow metapopulation for the genetic 811 

estimators of effective population size (LDNE, ONeSAMP, MLNE and CoNe, 812 

respectively), as a function of population characteristics (sex ratio (SR), immigration rate 813 

(m), census population size (NH or Nc), number of generations between samples (g; for the 814 

temporal estimators), population growth rate (dN/dt) and variance in population size (σNc

2 )). All 815 

models nested within the global models were tested (see Statistical analyses), however 816 

only a subset containing the highest ranked models are listed. K denotes the number of 817 

parameters, L is the log Likelihood of the model, AICC is Aikaike’s information criterion 818 

for small sample sizes, ∆i is the difference in AICC between the best model and model i, wi 819 

is the Aikake weight of model i, and ER is the evidence ratio. The “best” model for each 820 

estimator is indicated in bold.  821 

N�e/N and model K L AICC ∆i wi ER 

a) N�e(LDNE)/Nc       

SR + m 2 -43.96 96.61 0.00 0.155 1.00 

Nc + SR + m + Nc*SR 4 -41.87 97.24 0.63 0.114 1.36 

SR + m + dN/dt 3 -43.26 97.57 0.96 0.096 1.61 

Nc + SR + m 3 -43.34 97.72 1.11 0.089 1.74 

Nc + SR + m + dN/dt + Nc*SR 5 -40.99 98.02 1.41 0.077 2.01 

b) N�e(ONeSAMP)/Nc       

Nc 1 -20.41 47.19 0.00 0.227 1.00 

Nc + σ��
2  2 -19.96 48.55 1.36 0.115 1.97 

c) N�e(MLNE,	closed)/NH       

NH + SR + m + dN/dt 4 -93.70 200.47 0.00 0.072 1.00 

NH + SR + σNc

2  + m + dN/dt + NH*m 6 -91.35 200.56 0.09 0.069 1.04 

NH + SR + σNc

2  + m + dN/dt 5 -92.61 200.65 0.18 0.066 1.09 

NH + SR + σNc

2 	+ m + dN/dt + NH*SR + NH*m 7 -90.44 201.25 0.78 0.049 1.47 

NH + SR + m + dN/dt + NH*m 5 -92.91 201.25 0.78 0.049 1.47 

NH + SR + σNc

2  + m + NH*m 5 -92.93 201.30 0.83 0.048 1.50 

NH + SR + σNc

2  + m 4 -94.22 201.50 1.03 0.043 1.67 

NH + SR + m + dN/dt + NH*SR 5 -93.23 201.89 1.42 0.035 2.06 
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NH + SR + m + dN/dt + NH*SR + NH*m 6 -92.10 201.97 1.50 0.034 2.12 

NH + SR + σNc

2 	+ m + dN/dt + NH*SR 6 -92.17 202.21 1.74 0.030 2.40 

NH + SR + σNc

2  + m + NH*SR  + NH*m 6 -92.26 202.38 1.91 0.028 2.57 

d) N�e(MLNE,	open)/NH       

NH + σNc

2  2 -132.80 274.03 0.00 0.200 1.00 

NH + SR + σNc

2   3 -132.54 275.80 1.77 0.082 2.44 

NH + σNc

2  + m + NH*m 4 -131.41 275.85 1.82 0.080 2.50 

NH + σNc

2 	+ m  3 -132.60 275.92 1.89 0.077 2.60 

e) N�e(CoNe)/NH       

NH + m + dN/dt + NH*m 4 -70.64 155.44 0.00 0.232 1.00 

NH + σNc

2 	+ m + dN/dt + NH*m 5 -69.64 156.23 0.79 0.156 1.49 

 822 

  823 
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Table 3. Parameter estimates (coefficient) and standard error (SE) for the explanatory 824 

variables (sex ratio (SR), immigration rate (m), census population size (NH or Nc), population 825 

growth rate (dN/dt) and variance in population size (σNc

2 )) in the “best” models explaining 826 

variance in a) N�e(LDNE)/Nc and b) N�e(ONeSAMP)/Nc, c) N�e(MLNE,	closed)/NH, d) N�e(MLNE,	open)/NH 827 

and e) N�e(CoNe)/NH, respectively, in a house sparrow metapopulation.  828 

Model parameter β SE p-value 

a) N�e(LDNE)/Nc    

Intercept -0.502 0.368 0.178 

SR 2.083 0.674 0.003 

m 6.563 1.489 <0.001 

b) N�e(ONeSAMP)/Nc    

Intercept 0.934 0.066 <<0.001 

Nc 0.007 0.001 <0.001 

c) N�e(MLNE,	closed)/NH    

Intercept 4.352 0.787 <0.001 

NH -0.017 0.003 <0.001 

SR -2.992 1.369 0.032 

m 7.004 2.646 0.010 

dN/dt 0.260 0.120 0.033 

d) N�e(MLNE,	open)/NH    

Intercept 3.170 0.200 <0.001 

NH -0.031 0.004 <0.001 

σNc

2  0.002 0.000 <0.001 

e) N�e(CoNe)/NH    

Intercept 2.574 0.600 <0.001 

NH -0.015 0.011 0.197 

m 52.220 10.268 <<0.001 

dN/dt 0.938 0.310 0.004 

NH*m -0.549 0.248 0.032 
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