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mortality rates and changing oviposition behaviour, 
however no temporal genetic studies have been con-
ducted. We collected P. downsi from nests and traps 
from a single island population over a 14-year period, 
and genotyped flies at 469 single nucleotide polymor-
phisms (SNPs) using restriction-site associated DNA 
sequencing (RADSeq). Despite significant genetic 
differentiation (FST) between years, there was no 
evidence for genetic clustering within or across four 
sampling years between 2006 and 2020, suggesting a 
lack of population isolation. Sibship reconstructions 
from P. downsi collected from 10 Darwin’s finch nests 
sampled in 2020 showed evidence for shifts in repro-
ductive behaviour compared to a similar genetic anal-
ysis conducted in 2004–2006. Compared with this 
previous study, females mated with fewer males, indi-
vidual females oviposited fewer offspring per nest, 
but more unique females oviposited per nest. These 
findings are important to consider within reproductive 
control techniques, and have fitness implications for 
both parasite evolution and host fitness.

Keywords  Reproductive behaviour · Philornis · 
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Introduction

Biological invasions by pathogenic and parasitic spe-
cies are an increasing threat to the health of humans, 
wildlife, and ecosystems (Fisher et  al. 2012; Early 

Abstract  Due to novel or dynamic fluctuations in 
environmental conditions and resources, host and par-
asite relationships can be subject to diverse selection 
pressures that may lead to significant changes dur-
ing and after invasion of a parasite. Genomic analy-
ses are useful for elucidating evolutionary processes 
in invasive parasites following their arrival to a new 
area and host. Philornis downsi (Diptera: Muscidae), 
the avian vampire fly, was introduced to the Galápa-
gos Islands circa 1964 and has since spread across 
the archipelago, feeding on the blood of developing 
nestlings of endemic land birds. Since its discovery, 
there have been significant changes to the dynam-
ics of P. downsi and its novel hosts, such as shifting 
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et al. 2016; Ricciardi et al. 2017; Jactel et al. 2020). 
Island populations are especially vulnerable to the 
impacts of invasive pathogens and parasites, given 
their isolation, susceptibility to disease and lack of 
evolved resistance (Wikelski et  al. 2004; Russell 
et al. 2017; Brettell et al. 2021). Invasions can exert 
extreme selection pressures on both introduced and 
native species, as well as parasites and hosts (Sakai 
et  al. 2001; Keller and Taylor 2008; Whitney and 
Gabler 2008; Le Roux 2021), which can influence 
both the success of invasions and the effectiveness of 
control methods (Leger and Espeland 2010; Chown 
et  al. 2016; Mayer et  al. 2021). This is particularly 
important for invasive parasites, which are affected 
by both novel environmental processes and novel 
hosts. Environmental variables within a parasite’s 
invasive range may impact its growth and life cycle, 
and thereby influence how parasites affect their novel 
hosts (e.g., Cline et al. 2014; Liu et al. 2021). Novel 
hosts exert unique selection pressures on invasive par-
asites that may lead to altered host-parasite dynamics 
(Telfer and Bown 2012; McIntire and Juliano 2021) 
via shifts in parasite strategy and population genetic 
structure (Brown et al. 2009; Emde et al. 2014; Beau-
repaire et  al. 2019). Long-term studies of parasite 
invasions are critical for identifying evolutionary 
changes within introduced populations, which may 
be consequential for the conservation and survival of 
vulnerable host species.

Long-term studies of invasion dynamics are rare, 
particularly for invasive species with complex life 
cycles, such as pathogens and parasites (Miura et al. 
2006; Feis et  al. 2016). Genetic analyses are useful 
for elucidating the invasion history, contemporary 
dispersal, and evolutionary shifts within introduced 
parasite populations (Lawson Handley et  al. 2011; 
Cristescu 2015; Kamenova et al. 2017). Understand-
ing these genetic processes within invasive species 
can inform management by identifying dispersal 
routes between populations, the risk of subsequent 
invasions, or the evolution of resistance to control 
measures (Sakai et  al. 2001; Gaskin et  al. 2011). 
The efficacy of biological control methods often 
requires rigorous and contemporary information on 
mating behaviour, selection patterns and demogra-
phy of the target population (Roderick and Nava-
jas 2003; Lance and McInnis 2005). For example, 
the Sterile Insect Technique (SIT) is a method used 
to suppress and eradicate insect pests (e.g., Diptera: 

Enkerlin et  al. 2017; Lepidoptera: Dyck et  al. 2021; 
Gato et  al. 2021; Coleoptera: Himuro et  al. 2022). 
SIT involves the release of large numbers of sterile 
adult males, and relies on low female remating fre-
quency (i.e., polyandry) and low dispersal (Hendrichs 
et al. 2005; Lance and McInnis 2005). Dispersal rates 
may increase significantly during insect invasions and 
range expansions as selection can favour individuals 
with greater dispersal capacity (Travis and Dytham 
2002; Lombaert et  al. 2014; Dudaniec et  al. 2022). 
Rates of female remating have been found to increase 
during range expansion in insects (Laugier et  al. 
2013; Crowther et al. 2019), potentially as a strategy 
to increase female fecundity and genetic diversity at 
colonised sites. Therefore, changes to parasite disper-
sal and reproductive behaviours can affect the feasi-
bility of costly and time-consuming control meas-
ures. Changes to parasite reproductive behaviour may 
also affect parasite relatedness, and therefore host 
fitness (Buckling and Brockhurst 2008; Gleichsner 
et al. 2018). Kin selection predicts that high parasite 
relatedness leads to decreased competition between 
parasites and more prudent exploitation of the host, 
therefore higher host fitness and lower host mortality 
(Frank 1992; Buckling and Brockhurst 2008). Thus, 
understanding these changes in invasive systems is 
critical for both effective management, and measuring 
impacts on affected native host species.

The avian vampire fly, P. downsi (Diptera: Musci-
dae) (Dodge and Aitken, 1968), was discovered in the 
nests of Darwin’s finches on the Galápagos Islands 
in 1997 (Fessl et al. 2001). It was accidentally intro-
duced to the Galápagos archipelago circa 1964 from 
its native distribution on the South American main-
land (Fessl et  al. 2001, 2018; Causton et  al. 2006). 
The free-living larvae of P. downsi reside in nests of 
many land bird species, feeding on the blood and tis-
sue of developing nestlings (Fessl et al. 2006b). This 
novel parasitism has significant effects on avian hosts 
on the Galápagos, causing anaemia, mortality, and 
permanent physical deformations (Fessl et al. 2006a; 
Kleindorfer and Dudaniec 2016; Katsis et  al. 2021). 
Philornis downsi has been detected on 15 of the 17 
islands across the archipelago, infesting nearly all 
studied passerine species (Wiedenfeld et  al. 2007; 
Fessl et  al. 2018; McNew and Clayton 2018). Due 
to its severe mortality effects on hosts, particularly 
critically endangered Darwin’s finch species (Law-
son et al. 2017; Kleindorfer et al. 2021), control and 
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eradication of P. downsi on the Galápagos is a high 
priority.

Previous studies have found that P. downsi shows 
little evidence for genetic differentiation across five 
islands in the Galápagos archipelago (Santa Cruz, 
Floreana, Isabela, Santiago and San Cristobal) and 
across the lowland and highland habitats (Dudaniec 
et al. 2008a; Koop et al. 2020), indicative of moder-
ate to high genetic dispersal. However, given strong 
selection pressures associated with invasion (Le 
Roux 2021), genetic drift in small founding popula-
tions (Polechová 2018), and interactions with multi-
ple novel hosts (Telfer and Bown 2012; McIntire and 
Juliano 2021), P. downsi is expected to show evolu-
tionary shifts since its introduction. Further, previ-
ous research detected morphological changes in P. 
downsi, with an ~ 11% decrease in female body length 
and a ~ 26% decrease in female abdomen size between 
2004–2016, the latter trait being strongly correlated 
with fecundity (Common et al. 2020). Similarly, host 
mortality rates and parasite intensity (number of 
parasites per nest) shifted between 2000 and 2014, 
increasing in some species while decreasing in others 
(Dudaniec et  al. 2007; Cimadom et  al. 2014; Klein-
dorfer and Dudaniec 2016). The oviposition behav-
iour of P. downsi also appears to be changing over 
recent decades. Previously, females oviposited pri-
marily during late incubation, so their eggs hatched 
simultaneously with eggs of their host (O’Connor 
et  al. 2010). In later years, larvae were detected in 
incubating nests of several host species, suggesting 
females are ovipositing earlier in the nesting cycle 
(Common et  al. 2019). These changes in body size, 
intensity, and oviposition behaviour lend support that 
shifts in dispersal and reproductive behaviour may be 
occurring across time and could be measurable at the 
genetic level.

The mating and oviposition behaviour of P. downsi 
has not been measured genetically since Dudaniec 
et al. (2010), which used microsatellite data to explore 
P. downsi remating frequency and oviposition behav-
iour with data from 2004 to 2006. Via microsatellite-
based sibship reconstructions (i.e., inference of full- 
and half-sibling relationships between individuals 
within a nest) and genetic relatedness, Dudaniec et al. 
(2010) found that one to six females infested a sin-
gle nest, each contributing an average of ~ 5 offspring 
per nest. Multiple mating was common, with each 
female P. downsi mating with an average of 1.9 males 

(Dudaniec et  al. 2010). In this study, we analyse P. 
downsi collected from traps and the nests of the small 
tree finch (Camarhynchus parvulus), medium tree 
finch (C. pauper) and small ground finch (Geospiza 
fuliginosa) on Floreana Island (Galápagos) with four 
sampling years that span a 14-year period. This time 
period represents 64% of the period in which the fly 
has been documented in finch nests (Fessl et al. 2001). 
With genomic dataset with higher resolution than the 
previous microsatellite study, derived from restriction 
site-associated DNA sequencing (RADSeq), we aim 
to examine temporal shifts in genetic structure and 
reproductive behaviour in P. downsi. Specifically, we 
examine inter-annual variation in (i) genetic diver-
gence, (ii) effective population size, and (iii) evidence 
for population bottlenecks. Within infra-populations 
(i.e., the parasites present within each host nest), we 
use sibship reconstructions to examine for tempo-
ral shifts in (iv) genetic relatedness, (v) the number 
of female flies ovipositing per nest, (vi) the number 
of offspring assigned per female, (vii) the number 
of male flies contributing to the offspring in each 
nest, and (viii) the number of males assigned to the 
offspring of each female, (i.e., an estimate of female 
remating frequency). We anticipate that this informa-
tion will offer an updated and temporal insight into P. 
downsi evolution within its invasive Galápagos range, 
with implications for host fitness, and future control 
programs.

Materials and methods

Study species

Philornis downsi is a Dipteran ectoparasite that 
feeds on developing nestlings (Fessl and Tebbich 
2002; Kleindorfer and Dudaniec 2016; Common 
et al. 2019). Adult P. downsi are vegetarian and non-
parasitic, feeding on decaying vegetable matter and 
fruit (Fessl et al. 2018). Adult females lay their eggs 
in incubating or brooding nests of 150 known host 
bird species across 10 Orders in their native distri-
bution across mainland South America, and their 
invasive range in the Galápagos Islands (Fessl et  al. 
2018; McNew and Clayton 2018). The eggs of P. 
downsi usually hatch concurrently with host species 
hatching, and first instar larvae move to the nares of 
the nestlings where they feed on blood and tissues 
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of the developing birds (Fessl et  al. 2006b). Second 
and third instar larvae also feed within the nares, 
but commonly move to the base of the nest dur-
ing the day, feeding both internally, within the nares 
and ear canals, and externally, piercing the skin of 
the nestling, at night (Fessl et  al. 2006b; O’Connor 
et al. 2010). Larvae pupate in the bottom of the nest 
after 4–7  days of feeding, emerging as adults after 
7–14  days (Kleindorfer et  al. 2014; Lahuatte et  al. 
2016; Bulgarella et al. 2017).

Field sample collection

Philornis downsi adults, larvae and pupae were col-
lected during the 2006, 2008, 2014 and 2020 Dar-
win’s finch (Passeriformes: Thraupidae) breeding 
seasons (January-April) from nests of small ground 
finches (G. fuliginosa), small tree finches (C. parvu-
lus) and medium tree finches (C. pauper) on Floreana 
Island. The study site was located in the highlands 
on Floreana (01°17’S, 090°27’W, 300–400 m asl), a 
humid Scalesia forest at the base of Cerro Pajas vol-
cano. Nests were located and monitored from incuba-
tion to nest termination (fledging or nestling death) 
following well-established field protocols (Kleindor-
fer et  al. 2014). Nests were monitored every three 
days during the egg phase and every two days dur-
ing the feeding phase, with nest activity determined 
using a borescope. Within 24  h of nest termination, 
nests were dismantled to collect all P. downsi speci-
mens residing within the base of the nest. All col-
lected specimens were identified to age class (i.e., 
first—third instar larvae, pupae, adult, Common et al. 
2019) under a Leica MS5 dissecting microscope, pre-
served in 90% ethanol and stored in a −20 ℃ freezer. 
The number of nests per year and the number of 
specimens collected from each nest are presented in 
Table S1.

To sample adult P. downsi, McPhail traps (BioQuip 
Products, California, USA) were deployed in two of 
the four sampling years, 2014 (February 18th–April 
15th) and 2020 (January 19th–March 5th). McPhail 
traps were baited with 150 mL of fermented papaya 
sugar mixture (600 g ripe papaya, 75 g white sugar, 
4 L water, blended and fermented for three days; 
Lincango and Causton 2009). In 2014, 28 traps were 
placed every 15 m along four 90 m transects at two 
to seven metres high (m above ground). Bait lure was 
replaced, and specimens were collected every seven 

days, for a total of seven trapping events. In 2020, 32 
traps were placed every 50 m in a 200 m × 100 m lat-
tice in two study plots, and along two 200 m transects 
in two separate plots (Common et  al. 2022). Traps 
were hung at four and seven metres high, to capture 
both male and female P. downsi, as previous research 
found a difference in capture height between the sexes 
(Kleindorfer et al. 2016). Bait lure was replaced, and 
specimens were collected every five days, for a total 
of nine trapping events.

DNA extraction, sequencing, and filtering

DNA extraction was undertaken using whole speci-
mens of 285 P. downsi individuals (larvae, pupae 
and adults) by Eurofins BioDiagnostics Inc. (Wis-
consin, USA). Sample sizes for each sampling year 
were: 2006 = 27; 2008 = 40; 2014 = 43; 2020 = 175 
(Table  S2). The whole specimen was extracted for 
larvae (n = 26) and pupae (n = 199). For adult speci-
mens, the head, thorax, and several legs were used 
for extraction (n = 60). Extracted DNA concentra-
tions were standardised to 10  ng/μl and prepared in 
to paired-end RAD libraries with the Sbf I restriction 
enzyme, similar to the method of Baird et al. (2008) 
and following a protocol performed by Floragenex, 
Inc. (Oregon, USA), as described in Text S1. Samples 
were sequenced on the Illumina HiSeq4000 platform.

A bioinformatics pipeline implemented by Flo-
ragenex Inc. (Oregon, USA) was used to process the 
raw sequencing data, call variants and filtering, as 
described in Text S1. A locus was retained if it was 
present in a minimum of 60% of individuals and had 
a minor allele frequency (MAF) of 0.02 and a mini-
mum read depth > 8. Individual missingness (i.e., the 
percentage of missing data per individual specimen) 
was calculated in vcftools (Danecek et  al. 2011). 
Due to poor DNA quality, missing data was of con-
cern, therefore we subsampled and analysed the data 
for 10% and 30% missingness (Figure S1). These 
values for missing data were chosen to explore the 
effects of low and high missing data on our results, 
and to examine these patterns with a stringent (10%) 
data set and a dataset with more individuals (30%). 
Further filtering was conducted in Plink 1.9 (Chang 
et  al. 2015) for each dataset to identify and remove 
loci deviating from Hardy–Weinberg equilibrium 
(HWE) at P < 0.01. To minimise the effects of linkage 
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disequilibrium (LD), we excluded one marker from 
each pair with R2 > 0.5 using the window-based 
method.

Genetic variation and structure

To assess changes in genetic structure across the sam-
pling period, all specimens collected from nests and 
traps were analysed (1) for all years pooled, and (2) 
separately per year (2006, 2008, 2014, 2020), and for 
each of the 10% and 30% missingness datasets. Sam-
ples from a given year are independent generations as 
previous studies found that P. downsi only survives 
to the next year’s breeding season, but not subse-
quent breeding seasons, and our sampling periods are 
2–6 years apart (Causton et al. 2019; Bulgarella et al. 
2022).

To avoid potential bias in allele frequencies due 
to highly related individuals within nests, we calcu-
lated pairwise relatedness in vcftools (Danecek et al. 
2011), which calculates relatedness using the method 
developed by Manichaikul et  al. (2010). We subse-
quently removed one individual from each pair that 
had a relatedness value > 0.25 (i.e., full siblings) from 
the dataset. Trapping data represents a random sam-
ple of the adult fly population and therefore all trap-
ping samples were included in the analysis, together 
with those collected from nests. The sample sizes for 
analysing genetic structure per year were: 10% miss-
ingness: 2006 = 15, 2008 = 14, 2014 = 19, 2020 = 73; 
total N = 121; 30% missingness: 2006 = 20, 2008 = 22, 
2014 = 28, 2020 = 101; total N = 171.

Genetic diversity parameters were calculated per 
year using the R package hierfstat (Goudet 2005) 
including observed heterozygosity (Ho), expected 
heterozygosity (He), and the inbreeding coefficient 
(FIS). Allelic richness statistics were calculated per 
year using the R package PopGenReport (Adamack 
and Gruber 2014). Pairwise FST between years was 
calculated using the method developed by Weir, 
Cockerham (1984) implemented in hierfstat, with 
bootstrapped 95% confidence intervals and 10,000 
permutations to determine significance. An analysis 
of molecular variance (AMOVA) was calculated to 
determine the variance between years in GenoDive 
3.05 (Meirmans 2020).

We examined for genetic structure using two 
approaches: (1) pooling all samples across the four 
years, and (2) separating the samples by year to 

determine within-year substructure. Two methods to 
detect genetic structure were applied. We used dis-
criminant analysis of principal components (DAPC; 
Jombart et  al. 2010) implemented in the package 
adegenet (Jombart 2008). DAPC is a model-free 
approach that transforms genotypes into principal 
components (PC), applies a discriminant analysis to 
the number of PCs retained to optimize among-group 
variation and minimize within-group variation, calcu-
lating the optimum number of clusters using Bayesian 
Information Criterion. Finally, we used the software 
STRU​CTU​RE 2.3.4 (Pritchard et  al. 2000), which 
utilises an iterative Bayesian clustering method, to 
calculate allele frequencies and individual assign-
ments to genetic clusters. In STRU​CTU​RE, 10 runs 
with 20,000 Markov Chain Monte Carlo (MCMC) 
iterations after a 10,000-iteration burn-in period was 
conducted for each K value (all years combined: 
K = 1–10; per year analysis: K = 1–5). The number of 
distinct genetic clusters, K, was selected using STRU​
CTU​RESELECTOR (Li and Liu 2018), which imple-
ments two methods for K selection. The change in K 
(ΔK) approach compares the rate of change of the log 
probability to predict the optimal K (Evanno et  al. 
2005). STRU​CTU​RESELECTOR also reports four 
estimators MEDMEDK, MEDMEAK, MAXMEDK, 
and MAXMEAK to determine the optimal K (Puech-
maille 2016). These methods assign subpopulations 
to a cluster if the mean or median individual member-
ship coefficient was above the threshold of 0.5.

Effective population size

The effective population size (Ne) of P. downsi on 
Floreana Island was estimated using the program 
COLONY 2.0.6.7 (Jones and Wang 2010). COLONY 
uses a maximum likelihood method on the frequency 
of full- and half-sibling assignments within pairs of 
randomly selected individuals to determine effec-
tive population size (Wang 2009). This method was 
selected as it is more flexible than other Ne estima-
tion methods, and therefore more robust in handling 
violations of assumptions, such as non-random mat-
ing (Wang 2009). As COLONY assumes all individu-
als are from the same population within a single gen-
eration, the samples were split per year and analysed 
separately. Highly related individuals (r > 0.25) were 
removed from the dataset for the purpose of Ne esti-
mation, and the 10% and 30% missingness datasets 
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were further analysed separately. To explore the effect 
of genotyping error rate on Ne estimates (e.g., allelic 
dropouts and missing data), all datasets were analysed 
using three error rates: 1%, 5% and 10% (Wang 2019; 
Guppy et al. 2020).

Bottleneck detection

We used the program BOTTLENECK 1.2.02 (Piry 
et al. 1999) to assess whether a recent population bot-
tleneck has occurred. BOTTLENECK tests for het-
erozygosity excess compared to expectations under 
mutation-drift equilibrium (Cornuet and Luikart 
1996) by comparing expected and observed heterozy-
gosity and allele frequency per locus to determine 
if a locus is in heterozygosity excess or deficit, and 
whether this difference is significant. Data were ana-
lysed for each year (and for each of the 10% and 30% 
datasets) under two mutation models, the infinite 
allele model (IAM) and the stepwise mutation model 
(SMM) as these models are most suitable for biallelic 
SNP data (Cornuet and Luikart 1996; Kogura et  al. 
2011). The sign test with 1000 permutations was used 
to determine the significance of heterozygosity excess 
across loci. To detect a mode-shift in allele frequen-
cies that may be indicative of a population bottleneck 
(Luikart et  al. 1998), we examined the allele fre-
quency distribution. An approximately L-shaped dis-
tribution is expected under mutation-drift equilibrium 
(Luikart et al. 1998).

Within‑nest relatedness and sibship reconstruction

To estimate genetic relatedness and reconstruct sib-
ships within each sampled nest, P. downsi were ana-
lysed from seven small ground finch (G. fuliginosa) 
and three small tree finch (C. parvulus) nests col-
lected in 2020. Parasite intensity in sampled nests was 
41.7 ± 7.6 (N = 10). Due to the small body size of first 
and second instar larvae, only third instar, pupae and 
adult specimens collected from nests were sequenced. 
Dudaniec et al. (2010) found relatedness did not vary 
with the number of individuals sampled from a nest 
and concluded a subsample of 10% of the infra-popu-
lation was deemed sufficient to estimate in-nest relat-
edness. Thus, at least 10% of each infrapopulation 
was analysed (average 24%, range 13.3–36.0%) for a 
total of 98 specimens sampled from 10 nests.

Mean pairwise genetic relatedness was calculated 
between individuals within each nest in vcftools using 
the method of Manichaikul et  al. (2010). The pro-
gram COLONY 2.0.6.7 (Jones and Wang 2010) was 
used to reconstruct sibship and parentage within each 
infrapopulation. COLONY uses a maximum likeli-
hood method to infer parentage and sibship structure 
from multi-locus genotype data (Jones and Wang 
2010). We ran COLONY across the two datasets: 
10% and 30% missingness. Each nest was run using 
an error rate of 1%, 5% and 10% to explore the effect 
of genotyping error on number of putative maternal 
and paternal genotypes identified in each nest (Wang 
2019; Guppy et al. 2020). Polyandry was selected for 
females, as studies on other Dipterans (Arnqvist and 
Nilsson 2000; Dunn et  al. 2005), and on P. downsi 
specifically (Dudaniec et  al. 2010), found evidence 
for multiple mating. As in Dudaniec et  al. (2010), 
monogamy was selected for males because it is highly 
unlikely that females that mated with the same male 
are ovipositing in the same nest due to random mat-
ing and a large population size.

We explored the effects of individual missingness 
(10% and 30%) and error rate on the number of puta-
tive maternal and paternal genotypes inferred from 
COLONY using ANOVA in R 4.1.0 (R Core Devel-
opment Team 2020). Furthermore, to test the assump-
tion that 10% of the infrapopulation sampled is suf-
ficient to assess relatedness, we used multiple linear 
regression in R to explore the effect of the percentage 
of the total infrapopulation genotyped and total infra-
population size (parasite intensity) on the number of 
putative female and male genotypes, and on mean 
pairwise individual relatedness within nests.

Results

Data filtering

A total of 127,871 SNP variants were obtained from 
RAD sequencing. After removing SNPs due to low 
quality or missing data, 7021 SNPs remained. The 
total number of reads and RAD clusters per dataset 
are presented in Table S3. After removing SNPs with 
a MAF < 0.02, those in linkage disequilibrium and 
deviating from HWE, a total of 469 SNPs remained in 
the 10% missingness dataset (N = 138) and 462 SNPs 
remained in the 30% missingness dataset (N = 188) 
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(Table S4). For analyses that required only unrelated 
individuals (i.e., genetic structure), individuals with 
pairwise relatedness greater than 0.25 were removed, 
giving final sample sizes of: 10% = 121, 30% = 171.

Genetic diversity and structure

Across years combined, observed heterozygosity was 
lower than the expected heterozygosity (Ho = 0.290, 
He = 0.383, Table  1; Table  S5 for results at 30% 
missingness) and the inbreeding coefficient (FIS) 
was = 0. 243 (Table  1). Within years, Ho ranged 
from 0.255 to 0.323 and FIS from 0.112 to 0.352 
(Table  1). Mean allelic richness increased consist-
ently from 2006 (1.91) to 2020 (2.00, Table 1). The 
study year 2020 was the only year with private alleles 
(i.e., unique alleles found only within this sampling 
year), with four alleles being unique to the 2020 
specimens (Table  1). Pairwise FST between years 
ranged from 0.003 to 0.010. All pairwise FST values 
between years were significant to P < 0.05, suggest-
ing some genetic differentiation between study years 
(Table  S6a). However, analysis of molecular vari-
ance (AMOVA) comparing years showed that only 
0.7% of the molecular variance was explained by year 
(mean FST = 0.007 ± 0.001 standard deviation (SD), 
P < 0.001), with 12.2% of the variation explained 
among individuals (mean FIS = 0.123 ± 0.017 SD, 
P < 0.001), and 87.1% explained within individuals 
(mean FIT = 0.129 ± 0.017).

For the analysis of genetic structure pooling all 
years using DAPC, the lowest BIC value suggested an 
optimal K of 1 at 10% missingness, and K = 2 at 30% 
missingness (Figure S2). The result of K = 2 was not 
explained by year, sex or age and therefore is not bio-
logically meaningful. The most likely number of clus-
ters of all years pooled determined by the maximum 

likelihood method of STRU​CTU​RE was K = 2 for 
10% missingness and K = 1 for 30% missingness, and 
the ΔK method of cluster selection suggested K = 3 
for both datasets. However, the assignment probabili-
ties of each individual to the second or third clusters 
were low (e.g., 10%: cluster 1 = 0.46 ± 0.009, cluster 
2 = 0.46 ± 0.009; cluster 3 = 0.08 ± 0.01), suggesting 
little to no support for genetic clustering across years. 
DAPC analysis on data separated by year suggested 
an optimal K of 1 for each year, with the exception 
of 2020 using the 30% missingness dataset, which 
had an optimal K of 2 (Figure S3). The mean per-
centage of individual missingness was high in indi-
viduals assigned to cluster 2 compared to cluster 1 
(e.g., 2020; cluster 1: 3.78% ± 0.40, N = 82; cluster 2: 
21.15% ± 1.14, N = 18), which may partially explain 
the detection of two genetic clusters. Furthermore, 
the clusters did not follow any pattern of clustering 
by age, sex or host species. When analysing each 
year separately using STRU​CTU​RE, K = 1 was also 
deduced with the MedK method for each year. Across 
all analyses, the individuals assigned to the second 
or third clusters were not supported by assignment 
probabilities and did not show a pattern across year, 
host species, age or sex. Therefore, the P. downsi 
population on Floreana shows little to no evidence for 
restricted gene flow or genetic divergence across the 
sampling period.

Effective population size and bottlenecks

Estimates of the effective population size of P. downsi 
on Floreana Island were low and varied across years 
(Table S7). Estimated Ne using COLONY was high-
est in 2006 (10% missingness: Ne = 420, 95% jack-
knifed CI = 115–∞, Table S7) and 2014 (10% miss-
ingness: Ne = 342, 95% jack-knifed CI = 133–∞, 

Table 1   Observed heterozygosity (Ho), expected heterozygosity (He), inbreeding coefficient (FIS), allelic diversity and richness cal-
culated for all years combined and separated by year on the 10% missingness dataset. Mean AR = Mean Allelic Richness

N Ho He FIS # of alleles Mean AR # 
Private 
alleles

All 121 0.290 0.383 0.243
2006 15 0.323 0.363 0.112 1.913 2.06 0
2008 14 0.255 0.393 0.352 1.934 2.30 0
2014 19 0.278 0.394 0.294 1.966 2.35 0
2020 73 0.290 0.383 0.206 2.000 2.38 4



570	 L. K. Common et al.

1 3
Vol:. (1234567890)

Table  S7). Estimated Ne was lowest in 2020 (10% 
missingness: Ne = 64, 95% jack-knifed CI = 45–93, 
Table  S7). However, many of the upper 95% jack-
knifed confidence intervals were undefined, and so 
we interpret the Ne values as relative estimates across 
years and with significant caution. Evidence for pop-
ulation bottlenecks was supported by a mode-shift 
distortion of allele frequencies from the expected 
L-shaped distribution in all study years (Figure S4), 
detected by BOTTLENECK. There was a significant 
deviation from expected equilibrium heterozygosity 
using both the IAM and the SMM (Table  S8, sign 
test: P < 0.001) in all study years.

Infrapopulation genetic relatedness and sibship 
reconstruction

Mean individual pairwise relatedness varied between 
P. downsi infrapopulations, ranging from -0.089 to 
0.205 (10%: 0.079 ± 0.016; 30%: 0.027 ± 0.030). 
Relatedness did not vary with the percentage of the 
infrapopulation genotyped (Table  S9, 10% range: 
13.3–36.0% genotyped per nest; 0.001 ± 0.003, 
P = 0.709) or infrapopulation size in either dataset 
(Table  S9, 10%: −0.001 ± 0.001, P = 0.344). There-
fore, our genetic relatedness estimates were not 
affected by genotyping effort per infrapopulation.

The percentage of individual missingness (i.e., 10% 
or 30% dataset) did not significantly affect the number 
of putative parental genotypes identified in each nest 
(Table S10, putative maternal genotypes: F1,50 = 1.63, 
P = 0.405; putative paternal genotypes: F1,50 = 10.21, 
P = 0.182). There was also no effect of error rate on 

number of parental genotypes (Table  S10, putative 
maternal genotypes: F1,50 = 2.11, P = 0.636; putative 
males: F1,50 = 13.78, P = 0.299). The number of puta-
tive maternal or paternal genotypes did not differ with 
percentage of the infrapopulation genotyped or infra-
population size (Table S11- S12). Thus, our genotyp-
ing effort was sufficient to characterise the sibship 
relationships within infrapopulations.

All results below are presented for the 10% 
missingness dataset at 5% error rate (Table  2, see 
Table  S13 for results of 30% missingness dataset, 
which gave similar results). Multiple female infes-
tations per nest were common, with an estimate 
of 4.88 ± 0.48 (range = 3–7) maternal genotypes 
estimated from each nest. Each of these maternal 
genotypes were associated with 14.3–33.3% of the 
infrapopulation. The number of P. downsi offspring 
assigned to each maternal genotype ranged between 
1.00 and 3.00 (Table  2, mean = 1.89 ± 0.28). The 
number of paternal genotypes contributing to each 
infrapopulation was 6.13 ± 0.61 (range = 3–7). There 
was evidence for female multiple mating, with a mean 
of 1.27 ± 0.09 (range = 1.00–1. 75) paternal genotypes 
per maternal genotype.

Discussion

Understanding how demographic and reproductive 
processes change throughout parasite invasion is criti-
cal for tracking novel host-parasite interactions and 
the success of control techniques, especially when 
native host species are at risk. We found evidence 

Table 2   Results of sibship reconstruction analysis for all 2020 
data with 10% individual missingness (N = 10 nests). Data are 
presented as mean ± SE; range. Value descriptions are as fol-
lows: # female infestations: mean number of reconstructed 
female genotypes per infrapopulation; # paternal genotypes: 
mean number of reconstructed male genotypes per infrapopu-

lation; # males per female: mean number of males assigned to 
the offspring of each female per nest; # offspring per female: 
mean number of offspring assigned to each maternal genotype; 
% total offspring per female: mean percentage of the total off-
spring contributed by each female per infrapopulation

Error rate # Female infestations # Paternal genotypes # Males per female # Offspring per female % Total 
offspring per 
female

1% 5.13 ± 0.52;
3–7

6.63 ± 0.71;
3–8

1.30 ± 0.12;
1.00–2.00

1.80 ± 0.26;
1.00–3.00

21.07 ± 2.29;
14.29–33.33

5% 4.88 ± 0.48;
3–7

6.13 ± 0.61;
3–8

1.27 ± 0.09;
1.00–1.75

1.89 ± 0.28;
1.00–3.00

22.00 ± 2.22;
14.29–33.33

10% 4.75 ± 0.53;
3–7

5.63 ± 0.60;
3–7

1.21 ± 0.10;
1.00–1.75

2.01 ± 0.34;
1.00–3.20

23.04 ± 2.63;
16.67–33.33
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that female reproductive behaviour has shifted since 
the 2004–2006 genetic study conducted by Dudaniec 
et  al. (2010). Compared to 2004–2006, the number 
of female infestations per nest increased by ~ 70% 
from 2004 to 2020 (Fig.  1). The number of pater-
nal genotypes per nest remained stable (5.44 ± 0.45 
in Dudaniec et  al. 2010, compared to 6.13 ± 0.61, 
Fig. 1), but the number of reported males per female 
(i.e., rate of multiple mating) decreased ~ 35%. Con-
cordantly, the genetically assigned females in 2020 
had fewer offspring assigned to each of them per 
nest, with a smaller percentage of the infrapopula-
tion assigned to each maternal genotype compar-
ing time periods (2004–2006: 43.6% ± 4.38, from 
Dudaniec et  al. 2010; 2020: 22.0% ± 2.22). Female 
P. downsi are investing fewer offspring per nest, but 
more females are ovipositing in each nest. These 
changed have occurred with no significant change 

to parasite intensity within nests over the sampling 
period (2004–2006: 30.8 ± 16.5, Dudaniec et al. 2010; 
2021: 43.4 ± 8.3; Common et al. 2021). Our study did 
not detect any genetic clustering of P. downsi on Flo-
reana Island across our four sampling years between 
2006 and 2020, however FST indicated some genetic 
differentiation between years. Although there was no 
compelling evidence for neutral genetic structure, the 
changes in reproductive behaviour we report suggest 
that P. downsi may be under selection pressures that 
could lead to adaptation to its novel environment and 
hosts.

Shifts in reproductive behaviour

Sibship reconstructions of P. downsi offspring col-
lected from nests revealed temporal shifts in female 
reproductive behaviour over a 14-year period. 

Fig. 1   Summary of COLONY results, comparing the results 
found by Dudaniec et  al. (2010) from P. downsi collected 
in Darwin’s finch nests between 2004 and 2006 (microsat-
ellite data, with typing errors (5%); N nests = 57; N indi-

viduals = 1020), to P. downsi collected from Darwin’s finch 
nests in 2020 (SNP data, 10% missingness, 5% error data-
set; N nests = 10; N individuals = 77). Data are presented as 
mean ± standard error
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Between 2004 and 2006, Dudaniec et  al. (2010) 
found that on average, approximately three females 
oviposited in a single nest, each mating with an 
approximate average of two males and contributing 
an average of five offspring per nest. Compared to the 
previous microsatellite data that used the same ana-
lytical approach (Dudaniec et al. 2010), we found evi-
dence that P. downsi females are mating with fewer 
males on average, more females are ovipositing per 
nest, and each female is contributing fewer offspring 
per nest (Fig.  1). Although the number of loci used 
in this study was low (469 loci at 10% missingness 
and 462 loci at 30% missingness), it is sufficient for 
reconstructing family structure as ~ 10 SNPs is equiv-
alent to one microsatellite (Wang and Santure 2009). 
Thus, this genetic dataset has much higher resolu-
tion than the previous 2010 study (Dudaniec et  al. 
2010), which used eight microsatellites (Dudaniec 
et  al. 2008b). The two different datasets may have 
differences in data resolution and therefore this may 
account for some of the differences in the results. 
However, studies evaluating the performance of SNPs 
versus microsatellites found high power to resolve 
relatedness and parentage when using 100–500 SNPs, 
and results between the two types of data were highly 
congruent (Flanagan and Jones 2019; Premachandra 
et  al. 2019; Weng et  al. 2021). Despite the congru-
ence of the two datasets, we note that there may be 
inherent variation in their results due to the differ-
ences in genetic approach, thus care should be taken 
when comparing them. The maximum likelihood 
method implemented in COLONY (Jones and Wang 
2010) is robust even with high inbreeding coefficients 
(~ 0.4; Wang and Santure 2009). It is also important 
to note that we were unable to genotype smaller first 
and second instar larvae collected from the nests, and 
therefore we may have missed offspring from females 
ovipositing later in the nesting cycle. This method-
ology was also used by Dudaniec et al. (2010), with 
only a small proportion (1%) of genotyped specimens 
being second instar. Hence, our estimates of the num-
ber of females per nest may be underestimated but are 
comparable to Dudaniec et al. (2010).

Mating of females to multiple males (i.e., polyan-
dry) is common in insects and generally beneficial to 
female fecundity (Arnqvist and Nilsson 2000; Dunn 
et al. 2005; Abraham et al. 2011). However, increased 
multiple mating can decrease female longevity in 
insects, due to the increased cost of both mating and 

egg production (Arnqvist and Nilsson 2000; Kawagoe 
et  al. 2001; Gotoh and Tsuchiya 2008). Given that 
females must survive during the arid, non-breeding 
period on the Galápagos (Causton et  al. 2019; Bul-
garella et  al. 2022), selection for increased female 
longevity may be driving the observed decrease in 
multiple mating. The costs and benefits of polyandry 
in P. downsi are currently not understood. Research 
into the fitness of invasive species under different 
rates of multiple mating may further our understand-
ing of the functional significance of changes to mat-
ing behaviour.

There are several potential explanations for, and 
fitness consequences of, changing oviposition behav-
iour in P. downsi. Female body size, in particular 
abdomen size, has decreased on Floreana Island 
between 2004 and 2016 (Common et  al. 2020). 
Female body and abdomen size are correlated with 
fecundity (i.e., number of eggs laid: Pincheira-Don-
oso and Hunt 2017; Common et  al. 2020). Smaller-
bodied females may have fewer eggs to lay, and there-
fore may lay fewer eggs overall or per nest. Because 
of this, more females may be able to oviposit per 
nest, without increasing intensity. Female insects 
and parasites have been known to adjust their clutch 
size depending on conspecific density, competition, 
or host quality (Van Alphen and Visser 1990; Dam-
man 1991; Visser and Rosenheim 1998; Díaz-Fleis-
cher and Aluja 2003; Aluja et  al. 2019). A decrease 
in the number of eggs laid per nest may also be due 
to smaller host size (Díaz-Fleischer and Aluja 2003; 
Dudaniec et  al. 2007). Nestlings are dying younger, 
and younger nestlings are smaller than older nestlings 
(G. fuliginosa and C. parvulus nestling body mass 
increases approximately 1  g per day: Kleindorfer 
et al. unpublished data) meaning P. downsi larvae are 
feeding on smaller hosts than in earlier years (Klein-
dorfer et al. 2014). Earlier age of host death also cre-
ates an unreliable resource, as host death, often due 
to P. downsi parasitism, could occur before larvae are 
ready to pupate. The unreliability of host resources 
could contribute to declining parasite clutch sizes, as 
females oviposit fewer eggs in more nests as a form 
of spatial bet hedging (Hopper 1999; McLaughlin and 
Wasserberg 2021). Due to small sample sizes of our 
two host species, we were unable to analyse P. downsi 
reproductive behaviour between species, which is 
important for continued monitoring of host-parasite 
dynamics. Exploration of P. downsi clutch size on 
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larger-bodied hosts, such as the Galápagos Mocking-
bird (Mimus parvulus), which is better able to tolerate 
P. downsi parasitism (Knutie et al. 2016), may reveal 
differences in oviposition behaviour between different 
host species.

The changes in oviposition behaviour we report 
may also have implications for avian host fitness, as 
their nests are forced to sustain increasingly unrelated 
cohorts of parasites in their nest. When the most opti-
mal parasite strategy requires prudent exploitation of 
the host (i.e., when parasite transmission requires a 
living host or requires host resources to reach matu-
rity), increasing parasite relatedness is predicted to 
decrease virulence (i.e., damage to the host, Buckling 
and Brockhurst 2008). This is because cooperation 
between highly related individuals results in indirect 
fitness benefits for the parasite, i.e., lowered virulence 
ensures the host survives, allowing for parasites to 
reach maturity at greater rates, therefore maximis-
ing inclusive fitness (Buckling and Brockhurst 2008). 
Alternatively, where cohorts are highly unrelated, 
more virulent parasites have a competitive advantage, 
selecting for increased host exploitation to increase 
individual parasite development and fitness (Frank 
1992; Buckling and Brockhurst 2008). Increased par-
asite relatedness has further been found to increase 
parasite transmission, decrease host reproduction and 
survival (Davies et al. 2002; Gleichsner et al. 2018). 
Darwin’s finches may therefore be facing increased 
exploitation by P. downsi as infrapopulation related-
ness decreases, potentially increasing nestling mortal-
ity and driving decreasing host age at death (Klein-
dorfer et al. 2014).

Genetic diversity and bottlenecks

Genetic drift or bottleneck events after species’ 
introductions can decrease genetic variation, with a 
strong negative effect on allelic richness, particularly 
shortly after the event occurs (Dlugosch and Parker 
2008; Santos et  al. 2012). Allelic richness increased 
in P. downsi across years from 2.06 to 2.38. Allelic 
richness and heterozygosity in invasive populations 
increase and stabilize over large time scales, with high 
gene flow, and with multiple introductions (Dlugosch 
and Parker 2008; Greenbaum et al. 2014). Observed 
heterozygosity in P. downsi was lower compared to 
Dudaniec et  al. (2008a, b) from 2004 to 2006, but 
consistent with Koop et al. (2020) from 2015 to 2017. 

The decrease in heterozygosity we detect across time, 
particularly in earlier years (2006–2014) may be due 
to genetic drift after introduction or bottleneck effects. 
Multiple introductions of P. downsi to the archipelago 
from the mainland have not been investigated, so 
historical introductions may have occurred. As no P. 
downsi have been detected on the Galápagos prior to 
1964, there may have been enough generations after 
invasion to recover from founder effects.

We found evidence for a recent bottleneck in all 
years, consistent with past studies (Dudaniec et  al. 
2008a). With low rainfall and hence a paucity of 
active hosts, coupled with shorter male survivorship 
(188 days) compared with females (265 days; Causton 
et al. 2019), the annual bottleneck on Floreana Island 
may be associated with high male (and likely female) 
mortality at the end of the year, prior to the onset of 
the next fly breeding season. Therefore, large varia-
tion in annual P. downsi populations are expected, not 
only because of the initial colonisation bottleneck, but 
also given annual reductions in population size after 
the host breeding season ends (Causton et al. 2019). 
Only relatively small numbers of adults survive to the 
next breeding season (Causton et  al. 2019; Bulgar-
ella et  al. 2022), and therefore only a small propor-
tion of the census population contributes to the next 
generation.

We report a high inbreeding coefficient (FIS) in 
P. downsi across years of 0.243. Studies have found 
that FIS can be correlated with the proportion of miss-
ing data, and when data were not missing at random 
(Marandel et al. 2020). Therefore, our results may be 
biased towards a higher FIS; although values of our 
10% dataset are in line with those found on Floreana 
by Koop et al. (2020; FIS = 0.19). Although high, our 
reported FIS was also consistent with estimates for 
P. downsi on other islands, on the South American 
mainland (Koop et al. 2020), and with other invasive 
insect populations (Karsten et  al. 2013; Kirk et  al. 
2013; Andersen and Mills 2018; Do et al. 2022).

Lack of genetic structure

Our study found no evidence for genetic clustering in 
the P. downsi Floreana Island population within and 
across years, suggesting significant gene flow that is 
consistent across time, and thus, suggests the island 
is not genetically isolated. Genetic differentiation 
(FST) was lower in this study than previously found in 
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P. downsi populations (Dudaniec et al. 2008a; Koop 
et al. 2020). However, this is not unexpected as pre-
vious studies compared genetic differentiation across 
islands and habitats, whereas this study compared 
within a single island and habitat across time. Despite 
low FST values, pairwise comparisons between years 
were all significant, indicating subtle genetic differen-
tiation across the years examined. This differentiation 
may be affected by the annual population bottlenecks 
we detected and as suggested by other studies of P. 
downsi (Dudaniec et al. 2008a; Causton et al. 2019). 
Philornis downsi shows high dispersal capability 
between habitats and islands (Dudaniec et al. 2008a; 
Fessl et  al. 2018; Koop et  al. 2020), and combined 
with frequent tourist movement (Toral-Granda et  al. 
2017) and strong air currents (Peck 1994) between 
islands, it is likely that the island populations of P. 
downsi are well-connected. The lack of genetic struc-
ture detected in this study could support this, however 
more study is required to fully understand P. downsi 
movement and gene flow across the entire archipel-
ago, and how these drive or restrict genetic differen-
tiation of separate island populations.

High gene flow may swamp selection and there-
fore local adaptation to specific islands or host spe-
cies (Tigano and Friesen 2016; Jacob et  al. 2017), 
but testing for selection was beyond the scope of our 
data resolution. It is possible that P. downsi may still 
be adapting to the habitat and hosts of the Galápa-
gos Islands, given high genetic differentiation and 
low gene flow reported between the archipelago and 
mainland source populations in Ecuador (Koop et al. 
2020). Evidence for gene flow between islands in 
more recent studies (Koop et al. 2020), and the lack of 
genetic structure we report on Floreana suggests that 
P. downsi on this island is no longer showing signs 
of genetic isolation from other islands, as concluded 
by Dudaniec et al. (2008a) who examined gene flow 
between three islands.

Effective population size

It is important to note the infinite values and upper 
bounds in our estimates of effective population size, 
which indicate that values of Ne could be much 
higher than reported (Wang 2009; Do et  al. 2014). 
We emphasize that these results should be interpreted 
with caution. The small Ne values may be an arte-
fact of our sampling design or poor data resolution. 

Particularly in the 2020 study year, a higher pro-
portion of specimens were collected from nests. 
Although highly related individuals were removed 
before analysis, it is possible that this sampling 
design artificially inflated sibship frequencies and 
hence underestimated the effective population size. 
Larger numbers of individuals collected from traps 
with increased number of loci analysed could refine 
the estimation of effective population size.

The ‘relative’ effective population size of P. 
downsi on Floreana Island showed considerable 
variation between years. Ne was highest in 2006 and 
2014 (but values for 2008 could not be obtained for 
the 10% missingness dataset), and lowest in 2020. 
Notably, this temporal decrease matches a decrease 
in mean in-nest P. downsi intensities (Common et al. 
2021) and daily catch rates of adult P. downsi across 
the sampling years (2014: 0.35 ± 0.03; Kleindorfer 
et  al. unpublished data; 2020: 0.28 ± 0.02; Common 
et al. 2022). The estimated values for effective popu-
lation size were significantly smaller than expected, 
given the widespread distribution and high in-nest 
intensity of P. downsi. However, there are many rea-
sons why Ne may be lower than expected. Positive 
selection (Charlesworth 2009), individual variation 
in reproductive success (Hedrick 2005), and tempo-
ral variation in population size (Hedrick 2009) can 
all result in smaller Ne in relation to census size, with 
evidence for all these factors present in P. downsi.

Missing data

Due to high rates of missing data in our dataset, we 
considered the effects of individual missingness on 
our results. To maximise the number of individuals 
included in the dataset, we analysed the data with a 
maximum of 30% missingness, and to maximise the 
confidence in our data, we analysed the data with a 
maximum of 10% missingness. Overall, we found 
results between the 10% and 30% individual missing-
ness data sets were congruent. As stated previously, 
the inbreeding coefficient, FIS, was also higher in the 
30% missingness dataset, likely because FIS is cor-
related with missingness where missing data is non-
random (Marandel et al. 2020). Although there were 
differences in cluster assignments between the two 
datasets, the number of genetic clusters remained at 
one for both rates of missingness. We anticipate that 
missingness in the data likely drove the detection of 
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K = 2 or 3, and therefore it is important to understand 
how missingness is distributed across individuals 
within each cluster, as this may bias results and lead 
to falsely identifying genetic clusters (Yi and Latch 
2022). For the in-nest relatedness and sib-ship recon-
struction analyses, we did not find an effect of miss-
ingness on the number of putative maternal or pater-
nal genotypes. Therefore, although 30% missingness 
was sufficient in our study to explore genetic struc-
ture and relatedness, researchers must be aware of 
the biases associated with high missingness datasets. 
Where missing data is a problem, we recommend a 
more conservative value of 10% individual missing-
ness to ensure high confidence of results.”

Management implications

The lack of genetic structure and divergence in P. 
downsi between years suggests a lack of isola-
tion and frequent gene flow from other islands to 
Floreana, and possibly throughout the archipel-
ago. Therefore, a targeted, island-specific control 
method for P. downsi may not be effective in the 
face of ongoing colonisations. Archipelago-wide 
strategies, such as increasing quarantine restrictions 
on boats moving between islands, may be more 
effective in the longer term. More information on 
gene flow and migration between human inhabited 
and uninhabited islands, and Galápagos and the 
mainland, is needed to fully determine the efficacy 
of targeted control methods. Changing reproduc-
tive behaviours may affect some control methods 
as female remating is a key factor in the success of 
SIT. The decrease in remating frequency reported 
in this study may decrease the risk of females mat-
ing with a viable male, and therefore increase SIT 
success (Hendrichs et al. 2005; Lance and McInnis 
2005). Another potential control technique is the 
utilisation of synthetic gene drives; selfish trans-
genic elements that bias heredity with the aim to 
suppress or eradicate populations, such as pests or 
invasive species (Sinkins and Gould 2006; Bunting 
et  al. 2022). Determining the efficacy of synthetic 
gene drives requires detailed information of both 
the genetic structure and life history of target popu-
lations (James et  al. 2020). The lack of population 
isolation on Floreana suggests that use of a self-
sustaining gene drive on this island could spread 
throughout the archipelago. Our study, and other 

recent genetic and ecological studies on P. downsi 
provide the knowledge base upon which potential 
control methods can be explored.

Conclusions

While some previous studies have examined spa-
tial genetic variation in P. downsi (Dudaniec et  al. 
2008a; Koop et al. 2020), here we investigated tem-
poral changes in genetic variation and reproductive 
behaviours and provided insight into the evolutionary 
dynamics of this invasive host-parasite system. For 
the Floreana Island population of P. downsi sampled 
between 2006 and 2020, we characterised genetic pro-
cesses and changes approximately 25 years after the 
fly’s discovery in Darwin’s finch nests. There was evi-
dence for subtle genetic differentiation between years, 
however there was limited to no evidence for genetic 
clustering. If gene flow was restricted to Floreana 
and the P. downsi population was isolated, we would 
expect to see genetic differentiation across the 14-year 
sampling period, particularly given the population 
bottlenecks we observe, the low estimated effective 
population size and previous studies indicating host-
parasite co-evolution over this period. Changes to 
reproductive behaviour are concordant with previous 
morphological shifts in P. downsi, and may suggest 
host-parasite co-evolutionary interactions or envi-
ronment adaptations that require further study. The 
inclusion of multiple locations and comparison to the 
mainland for exploring signatures of selection would 
provide a more comprehensive idea of how P. downsi 
is responding to novel habitats and hosts during its 
invasion. Decreased relatedness among parasites in 
nests could be leading to increased host exploitation, 
and therefore increasing rates of mortality in threat-
ened Darwin’s finch populations. Historical and con-
temporary estimates of genetic migration rates could 
further resolve the parasite’s colonisation history and 
gene flow across the archipelago. This information 
could then be used to predict the success of targeted 
management strategies and how control will affect 
gene flow and adaptation. Continued research into 
temporal genetic changes in parasitic populations is 
imperative for planning adaptive and effective control 
strategies, and hence the conservation of vulnerable 
host species.
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