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Introduction

As anthropogenic change alters and fragments habitats, it is apparent that evolutionary change can co-occur with ecological change, though the scale and consequences of this contemporary evolution remain unclear. In coastal salt marshes of eastern North America, the flood tolerant low elevation marsh grass (Spartina alterniflora), is displacing Spartina patens, the flood intolerant high elevation marsh grass. Rising seas restrict S. patens, once occupying large areas of many hectares, to increasingly small patches, some as small as a few square meters.





Methods

Using nine microsatellite loci, we examined the genetic diversity and population structure of Tumidagena minuta, a minute, flightless planthopper and specialist herbivore of S. patens. We sampled T. minuta from S. patens habitat patches of varying radius (3–82 meters) and distances (54–1,100 meters) to test how landscape variation affects population genetic parameters associated with microevolutionary processes. We sampled and genotyped 142 T. minuta individuals across six S. patens patches in a single marsh in New Jersey, USA.





Results

We observed high polymorphism, observing between 7 and 28 alleles per locus and an average of 13.3 alleles per locus. We observed no genetic differentiation among sampled patches (RST = –0.0109). The contemporary genetic effective population size (Ne) was estimated at approximately 360 (95% confidence interval: 208–1325) based on two-locus linkage disequilibrium. Based on an estimate of Nem = 32.4 in the finite island model, the estimated gene flow rate among these patches was 0.09 migrants per generation.





Discussion

These estimates, which are rarely produced for non-model insects, suggest that, despite rapid and precipitous decreases in habitat size and connectivity, T. minuta populations have remained large and have experienced little genetic differentiation due to drift. Ecological changes in patch size and isolation at this scale have not influenced population genetic processes like effective migration rate for T. minuta, consistent with our expectations for an insect with a large population size.
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1 Introduction

Anthropogenic activity has profoundly altered vegetation in many habitats, such that they exist as networks of patches (Saunders et al., 1991). In these patchy habitats, the importance of preserving large habitat patches and connecting them through “habitat corridors” for retaining species diversity has long been appreciated by ecologists and habitat managers (MacArthur, 1965; Beier and Noss, 1998; Connor et al., 2000). Research has also focused on predicting how patch area and connectivity might affect the genetic diversity within species (Holderegger and Wagner, 2008; Manel and Holderegger, 2013). Smaller patches support smaller population sizes, lower population densities, and lower effective population sizes (Frankham, 1995). Smaller and more isolated patches receive fewer migrants and have lower colonization rates (Wilson and MacArthur, 1967; Crooks et al., 2001). Further, smaller patches have a larger habitat edge to area ratio, which could compound negative population effects for species with negative edge responses (Ries et al., 2004; Ewers and Didham, 2006). These ecological changes can influence microevolutionary processes by altering drift–migration balance, decreasing effective population size, increasing genetic drift and reducing gene flow, leading to changes in neutral genetic diversity within and among patches subpopulations (Templeton et al., 1990; Keyghobadi, 2007). In addition, patchy systems can be modeled as metapopulations, wherein ecological changes to patch size and connectivity can alter extinction–colonization dynamics by increasing extinction rates, which can threaten metapopulation persistence without frequent recolonization (Hess, 1996). Frequent population turnover (i.e. high extinction and recolonization rates) can then lead to reduction of within and between patch genetic diversity (Pannell and Charlesworth, 2000).

Conserving genetic polymorphism has been considered important in species conservation because loss of polymorphism is expected to lead to (a) the loss of alleles that form high fitness genotypes and genetic variation required for response to selection, (b) increased homozygosity, and (c) the possible manifestation of inbreeding depression, which can negatively affect long-term fitness (Frankham et al., 2002; Reed and Frankham, 2003). Stochastic change in allele frequencies and loss of genetic polymorphism can also alter or reduce phenotypic variation, possibly impacting interspecific interactions (e.g. Bolnick et al., 2011). Reductions in census population size, by causing concurrent reductions in effective population size (Ne), can increase the rate of this stochastic genetic change. Thus, Ne describes an important parameter at the interface between the population ecology of a species and the strength of contemporary evolutionary processes it experiences (Lowe et al., 2017).

Ne describes the rate of genetic drift, the stochastic sampling process leading to loss of polymorphism in finite populations, and is defined as the size of an idealized Wright-Fisher population that would match the rate of loss of heterozygosity by drift observed in an actual population (Wright, 1931). Ne can be estimated by sampling genotypes at a single time-point and measuring two-locus disequilibrium that is attributable to drift. This method generates an estimate of Ne in the very recent past and it is referred to as contemporary Ne, because the disequilibrium on which the estimate is based can change rapidly (e.g. tens of generations) and therefore does not carry a signature of older population history (Waples, 2005). Because Ne describes the tempo of drift, it is important for assessing the genetic vulnerability of a population due to loss of heterozygosity, adaptive polymorphism, and response to selection (Palstra and Ruzzante, 2008). Smaller effective population sizes and stronger drift reduces a population’s response to selection by decreasing the probability of fixing beneficial alleles and increasing the rate of fixation of deleterious alleles, slowing response to natural selection (e.g. Kimura, 1983; Whitlock, 2003). Ne also constrains polygenic adaptation by weakening the response to natural selection across numerous loci that cause variation in continuous phenotypes, with loci of smaller phenotypic effect experiencing weaker selection and therefore stronger drift (Barghi et al., 2020; Hamilton, 2021). Further, the probability of extinction due to the stochastic fixation of deleterious alleles depends on the effective size of the population (Lande, 1994).

Some experimental evidence points toward the role of larger Ne in lowering extinction risk. Experimentally increasing genetic polymorphism has been shown to reduce the number extinctions for experimental field populations (Newman and Pilson, 1997). A similar study in high disturbance ecosystems, however, showed that demographic factors prevail in reducing extinction risk (Wootton and Pfister, 2013). In the laboratory, combined demographic and genetic rescues (increase of N and Ne) most reduced the number of extinctions in experimental populations (Hufbauer et al., 2015). In examinations of literature, some find positive, but weak, relationships between neutral polymorphism and demographic performance (Carley et al., 2022). Others question a clear relationship between polymorphism and extinction risk based on an analysis of IUCN-designated “Red List” species (Teixeira and Huber, 2021). The role of Nein population persistence varies with the particulars of the analysis and the species and system in question, highlighting the importance of empirical estimations of polymorphism and Ne in a broad range of species and ecosystems.

We examined the neutral genetic polymorphism of a mostly flightless planthopper (Tumidagena minuta), which inhabits a patchy and rapidly declining habitat and has a negative density response to decreasing habitat size and high edge habitat (Wimp et al., 2011; Martinson et al., 2012). T. minuta inhabits the coastal salt marshes of eastern North America, which are composed of contiguous monocultures of Spartina grasses. Spartina patens is intolerant to daily tidal inundation and is restricted to relatively high elevation areas within the marsh. As mean tidal height has increased over the past sixty years, Spartina alterniflora, the tide tolerant marsh grass, has displaced S. patens in many areas (Watson et al., 2016). In some marshes, S. patens has declined by 40% and by as much as 80% since 2006 in others (Watson et al., 2016; Rippel et al., 2023). S. patens, once represented by fields as large as 200,000 m2, is now reduced to patches (Raupp and Denno, 1979). S. patens patches support T. minuta (Hemiptera: Delphacidae), the dominant, specialist herbivore found in S. patens, that exhibits a negative population response to the edges of S. patens patches (Wimp et al., 2011). Most T. minuta are short-winged and flightless and are expected to have limited capacity to migrate among patches (Denno and Dingle, 1981). Long distance dispersal of insects by wind and of salt marsh insects by tide can occur, though the effects of this kind of passive dispersal on population genetic parameters are less explored relative to flight dispersal, which is important in planthopper population dynamics and in producing patterns of population genetic differentiation in insects (Foster and Treherne, 1978; Antolin and Strong, 1987; Denno and Roderick, 1990; Hemminga et al., 1990; McCullough et al., 2009). We sought to determine the extent of microevolutionary effects at this scale of habitat loss by asking how S. patens patches size and isolation affects the genetic diversity of T. minuta. We tested the hypothesis that large patches with larger proportions of habitat interior will harbor more T. minuta genetic diversity through larger genetic effective population size and that there will be more genetic diversity among patches that are more geographically isolated. We expected that these patterns can be modeled by an increased rate of drift relative to rate of migration in small patches.




2 Materials and methods



2.1 Study site and organisms

We collected T. minuta samples in the Great Bay Boulevard Wildlife Management Area in Ocean County, New Jersey (39.548° N, 74.332° W) in August 2021. Our study site is a well-protected wildlife refuge with relatively little impact from direct pollution, diking, and development. It is impacted by sea level rise and S. patens has been observed to be highly patchy. T. minuta is a Delphacid phloem feeding planthopper (Hemiptera : Delphacidae) that is abundant on S. patens in eastern coastal salt marshes from New Hampshire to North Carolina. T. minuta is polymorphic for wing-length and there is a tradeoff wherein flighted, long-winged individuals have lower fecundity and a delayed reproduction. Most individuals (>99%) are short-winged and flightless (Denno and Roderick, 1991). Macroptery is polygenic, heritable, and related to the insulin signaling pathway in planthoppers and is also responsive to environmental cues like plant quality and intraspecific crowding (Roff, 1986; Denno and Roderick, 1990; Xu and Zhang, 2017).




2.2 Sampling and DNA extraction

We used a gas engine-driven D-vac suction sampler (Rincon-Vitova Insectaries, Ventura, California, USA) to sample whole arthropod communities of thirteen S. patens patches on August 17th 2021. The samples were stored in 100% ethanol before T. minuta individuals were identified and counted. We recorded the wing-form of each individual. We obtained at least ten individuals from six patches and chose these patches for microsatellite analysis (Figure 1). The patches are named SP1 through SP6. We sampled 142 individuals from patches ranging in size from ~21,000 m2 to ~34 m2 and with pairs of patches ranging from ~54 m to 1.1 km apart, and with some separated by a road. Each entire insect was homogenized with a micropestle in 100 μL of 10% Chelex solution. We added 2 μL of Proteinase K to each sample and incubated at 55°C for 30 minutes and 100°C for 8 minutes. After we centrifuged the samples at maximum speed for 2 mins, we pipetted the supernatant to a fresh tube and discarded the Chelex (Walsh et al., 1991).




Figure 1 | Map showing an aerial photograph of the study site. S. patens is shown in light green, while S. alterniflora is shown in dark green. The sampled patches are labeled with dots (green: SP3, blue: SP2, red: SP1, purple: SP4, orange: SP5, yellow: SP6).



We sampled live S. patens biomass from near the center of each patch using a 0.047 m2 quadrant in August 2021. We separated the live culms from each sample quadrat and dried each sample for at least 3 days at ~ 60°C, and then weighed each sample to assess live biomass. We calculated T. minuta density by dividing patch counts by patch live biomass (Denno, 1980).




2.3 Amplification and fragment analysis

We employed nine polymorphic microsatellite markers (Molecular Ecology Resources Primer Development Consortium et al., 2011) (Table 1). We amplified the loci in two multiplexes using the Type-it Microsatellite PCR Kit (Qiagen, Valencia, California, USA) and a GeneAmp 9700 thermal cycler (PE Applied Biosystems, Waltham, Massachusetts, USA) in a 12 μL volume containing 10 uL of Type-it master mix (6.5 µL Type-it plus 3.5 µL water), 1 μL of template gDNA, and 1 μL primer multiplex mix (2 mM of each oligonucleotide). The thermal profile was: denaturation for 5 minutes at 95°C, followed by 30 cycles of 30 seconds at 95°C, 60 seconds of annealing at 58°C, 75 seconds of extension at 72°C, and, after the cycles, a final extension for 30 minutes at 60°C. PCR products from multiplex 1 (TmAAC252, TmAAC057, TmAAC165, TmAAC062, TmAAC095) amplified strongly and were diluted 1/50 in TE buffer for fragment analysis. PCR products from multiplex 2 (TmAAC236, TmAAC252, DdAAC053, DdAAC206) were not diluted. Forward primers for each locus were labeled with one of four fluorescent dyes: 6FAM (blue), VIC (green), NED (yellow), or PET (red). For multiplex 1, where there were more loci than unique dyes, we labeled both TmAAC252 and TmAAC057 with 6FAM, because they had strongly non-overlapping allele size distributions (TmAAC252: 63–135, TmAAC057: 176–283), allowing us to distinguish between loci in the electropherograms. We conducted fragment analysis by capillary electrophoresis with an Applied Biosystems 3500 Series Genetic Analyzer (Thermo Fisher Scientific, Waltham, Massachusetts, USA), using POP7 polymer on a 50 cm capillary. We used 1 μL of full-strength or dilute PCR product combined with 10.8 μL of formamide and 0.2 μL of GeneScan 500 LIZ dye Size Standard (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Electropherogram files were exported to Geneious R10.2.6 (Geneious, San Diego, California, USA) for allele calling, using a 3rd order least squares sizing method. We created bins for each peak call with a ± 1.0 bp buffer. We took care to call the true peaks, and not stutter peaks nor peaks resulting from non-templated A addition.


Table 1 | Microsatellite loci are listed with estimates of number of alleles (NA), observed heterozygosity (Hobs), expected heterozygosity (Hexp), Hardy-Weinberg exact test (*** indicates significant deviation), fixation index with a stepwise mutation model (RIS), and frequency of null alleles (NullA).






2.4 Population genetic diversity analysis

We estimated the relationship between patch size and T. minuta count and density (count per gram of live S. patens biomass) using a simple linear regression implemented in R v4.2.1 (R Core Team, 2013). We estimated RST as a measure of population differentiation and RIS as a measure of inbreeding for each pair of populations and for all populations using GENEPOP v4.7 (Rousset, 2008). RST is an analog of FST formulated to account for allele size in the analysis of microsatellite data via a stepwise mutation model. To test for an association between pairwise inter-patches geographic distance and genetic distance we employed a mantel test in the package “ape” v5.6-2 for R (Paradis et al., 2004). Allele counts and allelic richness were calculated with the package “hierfstat” v0.5-11 in R v4.2.1 (Goudet, 2005). We estimated the observed and expected heterozygosity, deviation from Hardy-Weinberg equilibrium, and the frequency of null alleles using INEST v2.2 (Chybicki and Burczyk, 2009). We inferred population structure and population assignment using Bayesian population assignment approach implemented in STRUCTURE v2.3.4 (Pritchard et al., 2000).

We estimated effective population size (Ne) based on two-locus linkage disequilibrium using SpEED-Ne (Hamilton et al., 2018). We estimated Ne via the squared correlation of gametic disequilibrium using the composite haplotype table method. We used the median of 5000 iterations of random permutation of multilocus genotypes to estimate and account for effects of finite sample size, rare alleles, and within-locus disequilibrium on background disequilibrium. We employed both allele frequency weighting (AFW) and an allele frequency threshold (AFT) of 0.05 to account for the disproportionate impact of low frequency alleles. This estimation approach was shown by Hamilton et al. (2018) to provide better accuracy and precision compared to other estimation approaches using simulated microsatellite data similar to the empirical data reported here. We used a delete-one jackknife over all unique pairs of loci to estimate percentile confidence intervals, shown by Hamilton et al. (2018) to yield 95% confidence intervals that were too broad, and therefore conservative, with 12–24 loci and real Ne of 250. Because there are numerous approaches to estimate Ne and its confidence intervals (see Hamilton et al., 2018), we also report estimates based on a range of estimators and assumptions. The estimate employed genotype permutation to account for effects of finite sample size, rare alleles, and within-locus disequilibrium on background disequilibrium, which can bias estimates of Ne.

Estimates of the scaled migration rate Nem were made according to Slatkin (1995), using an estimate of RST and the independent estimate of Ne. Under the assumptions associated with the infinite island model, the fixation index is a function of the effective migration rate (Nem) (Slatkin, 1985; Whitlock and McCauley, 1999). Slatkin (1995) method relaxes some of these assumptions by incorporating the effect of a finite number of demes.





3 Results

There was no relationship between patches size and T. minuta density (slope = 0.71; F = 2.357; df = 1, 11; p = 0.153). SP6, the largest patches, measured 21,600 m2, while SP2, the smallest patches measured 24 m2. SP2 and SP3, the nearest patches, measured 54 meters apart, and the furthest SP3 and SP6 were 2,100 meters apart. The radii of the sampled patches ranged from ~3 m to ~82 m (Table 2). We observed no macrocopters or flight-capable morphs in our samples.


Table 2 | The sampled patches are listed, along with their area, number of sampled individuals (n), density of individuals, and allelic richness (NA).



We observed between 7 and 28 alleles per locus and an average of 13.3 across all loci. Observed genotype frequencies did not differ from HW expectations, save DdAAC053, which exhibited a deficit of heterozygosity due to a relatively high estimated frequency of null alleles (Table 1). Based on these 9 polymorphic microsatellite loci, we estimated an RST of −0.0109 and RIS of 0.0192 across all populations. We obtained similarly low estimates for all pairwise comparisons among patches and we found no correlation between inter-patch distance and RST (z = −35.08702, p = 0.851). Bayesian population assignment analysis showed the highest likelihood of K = 1, consistent with panmixia. ΔK provides strong evidence that K is not equal to 5 or 6 (Evanno et al., 2005), and there is no evidence that these samples are structured with respect to any K (Figure 2). There is no evidence of individuals recently migrating from genetically diverged populations. We found no effect of patch size or isolation on allelic richness of heterozygosity.




Figure 2 | Panel (A) shows the likelihood of the T. minuta microsatellite genotypes being assigned to each possible category of K populations. Panel (B) shows the proportion of each T. minuta multilocus genotype assigned to each inferred population for K = 6. Panel (C) displays K = 4 and panel (D), K = 2. Individuals are represented by columns in the column chart and are separated by vertical white bars into groups that correspond to the patches from which they are sampled, which represent SP1 through SP6 in sequential order from left to right.



The frequency of null alleles estimated with INEST are shown in Table 1. DdAAC053 was the only locus observed to have a deficit of heterozygotes and the only locus with strong evidence for a frequency of null alleles greater than zero. We found that the model including null alleles (n) and genotyping failures (b) fit the data best with the lowest deviance information criterion value (DIC= 7527.8), though models including mating among relatives (f) and excluding genotyping failures performed similarly. The models not including null alleles (n) fit the data least well, with DICs increased by more than 10.

Using random permutation to remove background disequilibrium and allele frequency weighting (AFW), we estimated Ne to be 973 (CI: 678–∞) for all individuals pooled from all patches. Using allele frequency thresholding (AFT), we estimated Ne to be approximately 360 (CI: 208–1,325) across all patches. Using the widely employed Waples regression fit estimation method with AFT, we estimated Ne to be 361 (CI: 279–507).

Using the finite island model, we estimated Nem = 32.4 or on the order of 101. Taken with our independent estimate of Ne, the number of migrants per generation is estimated to 0.09 or on the order of 10−2, reflecting approximately one migrant in ten generations.




4 Discussion

In the study, we characterized the population genetic diversity of Tumidagena minuta in its patchy habitat in a single marsh in southern New Jersey USA. Our results show that little population structure has emerged among T. minuta inhabiting habitat patches 1 km apart. Our estimates of Ne and Nem reveal little evidence of gene flow among patches. This is consistent with the expectation that T. minuta has a low dispersal ability given its predominantly brachypterous (short-winged) morphology (Denno and Dingle, 1981). Previous research using allozymes similarly documented little population structure in T. minuta across among marsh sites, some as far as 400 km apart (Peterson et al., 2001). Because Peterson et al. (2001) reported low variation in their allozyme data and because microsatellites evolve more rapidly than allozymes, we expected to be able to resolve population structure in T. minuta for more recent genetic divergence and therefore at finer geographic scales (Shaw et al., 1999; Ellegren, 2004).

Using microsatellite markers, we still found little population structure among T. minuta populations within a single salt marsh. We observed that the lack of divergence among subpopulations is due to the maintenance of sufficiently large effective population sizes to prevent neutral divergence by drift, rather than migration among patches homogenizing subpopulations through gene flow, given our low estimates of migration rate. We modeled this system as continuously occupied subpopulations connected by gene flow and in drift–migration equilibrium, though our results are also consistent with extinction–colonization dynamics where extinction is rare and colonization from a migrant pool is frequent. Both scenarios result in the observed pattern of homogeneity and little population genetic differentiation (McCauley, 1991; Pannell, 2003). Distinguishing between these two models would require a temporal sampling strategy to assess densities across the seasons and years, and would be a fruitful avenue for future research.

Raupp and Denno (1979) found T. minuta census sizes (estimated and reported as densities) did not differ between “small” (10,000 m2) and “large” (200,000 m2) S. patens patches in the same marsh where this study was conducted. What those authors called a “small patch” approaches the size of the single largest patch remaining in the marsh and a typical patch in the marsh is now nearer a patch 100 to 1,000 m2 in size (personal observations). In other marshes, researchers have quantified 40–80% loss in S. patens area within this time (Watson et al., 2016; Rippel et al., 2023). We also observed that habitat patch size did not correlate with insect census size and our density estimates are qualitatively similar to those inferred from Raupp and Denno (1979), despite several orders of magnitude of habitat loss. We observed little evidence of density decline or neutral divergence due to drift in T. minuta populations.

We estimated contemporary Ne to be 360 across all patches using two-locus linkage disequilibrium with AFT to control for low frequency alleles. This estimate was on the same order of magnitude as the estimate made using the AFW method, though the upper bound of the AFT estimate confidence interval was finite. The estimate based on the widely employed Waples AFT approach was very similar, though we choose to focus on an estimation approach shown to have lower variance across replicated simulated datasets and robustness to null alleles in the dataset (Hamilton et al., 2018). Estimates of Ne from metapopulations with strong genetic subdivision are expected to be deflated due to variance in vital rates among subpopulations owing to asymmetrical colonization-extinction dynamics (Palstra and Ruzzante, 2011). However, we did not expect our estimate to be similarly deflated given that there was no genetic differentiation among sampling sites and little evidence of mating among relatives within patches.

Prior estimates of Ne for insects are few and are mostly for model species like Drosophila (Frankham, 1995; Nolte and Schloötterer, 2008; Barker, 2011), Estimates of Ne from 240 to 14,000 for mosquitos are also available, usually in the context of vector population control efforts, which exhibit seasonal variation and precipitous reductions after population control measures have been implemented (Athrey et al., 2012; Hodges et al., 2013; Wiltshire et al., 2018).

Some effective population sizes estimates have been made for insects of conservation concern, particularly those found in diminished and patchy habitats (Watts et al., 2007; Saarinen et al., 2010; Monroe and Britten, 2015), as well as crickets and wasps (Dyson et al., 2021; Kaňuch et al., 2021). Monroe and Britten (2015) and Saarinen et al. (2010) report genetic effective population sizes as low as 20 for an endangered dragonfly and critically endangered butterfly, respectively and Watts et al. (2007) reported effective population sizes ranging from 60 to 2,700 and migration rates from 0.06 to 0.75 for a metapopulation of an endangered damselfly that has retained locally large census population sizes. Ne estimates for Delphacid planthoppers have previously been made only for the brown rice planthopper, an important pest of cultivated rice (Sun et al., 2015). As far as we know, Ne has never been estimated for Delphacid or other planthopper in a natural population or conservation context. Such estimates are valuable because they provide insight into the strength of genetic drift in natural populations and provide benchmarks with which to evaluate and compare changing populations and habitats in the future. For example, in salt marshes, researchers showed a decline in Tabanid fly genetic effective population size in areas affected ecologically by the DeepWater Horizon oil spill (Husseneder et al., 2016). Ecological change leading to census size declines (i.e. oil spills, mosquito population control measures) result in clearly detectable reductions in effective population size.

Effective population sizes on the order of 102, such as what we observed, are expected to lead to relatively little allele frequency change due to drift on ecological timescales (Lande, 1988). Among demographically stable populations, Ne estimates vary markedly, from ~50 to ~5,000 (Palstra and Ruzzante, 2008). The scale of habitat loss at which Ne will become small enough that the effects of drift will be apparent in T. minuta populations remain unclear. It is possible, given the high insect densities even in patches one thousand fold smaller than legacy habitats, that the complete collapse of S. patens habitat will occur before genetic effects in T. minuta become clear. Given the Ne we observed, T. minuta is likely to maintain its response to selection, even as its habitat shrinks (Lande, 1988). Future work may investigate if other S. patens specialist herbivores like Delphacodes detecta, which show more clear negative responses to decreasing habitat area, show population genetic effects at this scale of habitat loss (Raupp and Denno, 1979).

We estimated the contemporary effective population size and migration rate for T. minuta, an abundant insect occupying a patchy saltmarsh habitat, using nine microsatellite loci. We estimated little genetic differentiation among our sampling sites, a low migration rate, and a sufficient effective population size to explain the lack of differentiation among our sites. We estimated effective population size, a parameter that describes an important link between demography and evolution, to be 360, which is consistent with other estimates of wild insect populations from the literature. Our approach has been successful in detecting reductions in effective size due to demographic collapse in other studies, and therefore our results suggest that despite several orders of magnitude of habitat loss, T. minuta populations remain large and are likely to retain their response to selection in the face of precipitous declines in habitat.
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